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Abstract

Thermal desorption spectra of Ni and Cu were measured on electrodeposited samples and those heat-treated under high hydroge
pressures and high temperatures. Major desorption peaks observed in these two groups of samples agreed reasonably with each othe
from which it is concluded that a large number of vacancy—hydrogen clusters are incorporated in the process of electrodeposition.
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1. Introduction tures were necessary to facilitate introduction of SAVs by
solid-state diffusion.

The presence of a fairly large amount of hydrogen in In order to verify this expectation, we have decided to
electrodeposited metals is a well-known fact among metal- make a detailed comparison of the thermal desorption
lurgists, but its nature has not been clarified so far. Even in spectra of electrodeposited samples with those of heat-
metals having limited hydrogen solubilities, the residual treated ones undepftigh, T for which the conditions
hydrogen often amounts te=[H]/[M] =10 *~10"°, and of SAV formation are well established. We have examined
remains indefinitely—more than 10 years—under ambient two metals Ni and Cu in detail, and also made preliminary
conditions. Thermal desorption measurements have shown measurements on Cr, Mn and Fe, all of which have limited
that in many cases there are distinct desorption stages at hydrogen solubilities under ambient conditions. Results of
500~900 K. The purpose of this paper is to identify these comparative TDS measurements are described in Section
stages to the release from Vac—H clusters introduced in the 2, followed by some discussions in Section 3.

process of electrodeposition.

This experiment has been motivated by our discovery of
the formation of superabundant vacancies (SAVs) under 2. Results of comparative TDS measurements
high hydrogen pressures and temperatures [1-7]. This

phenomenon has been shown to be caused by the forma- Thermal desorption measurements on Ni and Cu were

tion energy reduction of a vacancy by trapping H atoms, made on specimens prepared by three different methods:

which implies that defect structures containing SAVs are in (1) Electrodeposited samples under well-defined condi-

fact the most stable structure of M—H alloys [8—11]. Then tions of electrolysis, (2) commercial electrolytic samples,

it can be expected that these defect structures should be and (3) heat-treated samples ung@H,high for

formed in the process of electrodeposition because M and sufficiently long times for introduction of Vac—H clusters.

H atoms are deposited simultaneously incorporating M- The mpgH,), T treatments were performed by our

atom vacancies in appropriate proportions. This is in ordinary method (see, e.g. [4—6]), with, NEBFOH),

contrast to our previous experiments where high tempera- as an internal hydrogen source. For TDS measurements,

sample of 0.020.1 g was placed in an evacuated quartz
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from 0.1 mm thick foil of 99.99% Ni purchased from

Johnson-Matthey & Co. Samples were heat-treated under

several diffguét), T conditions for variable lengths of
time, and immediately transferred for TDS measurements.
A thermal desorption spectrum measured after a heat
treatment ap(H,)=3 GPa,T=1223 K for 2 h is shown in
Samples for highp(H,), T treatment were prepared Fig. 1(a) [12]. The lowest-temperature pegk380 K),
which disappeared in a few days after preparation, is
identified to be the desorption of H atoms on regular
interstitial sites. The remaining two desorption peaks

temperatures, the sample size was made small (powder of
100 mesh or a foil of=0.1 mm thick), and the tem-
perature-ramping speed was kept low (5 K/min).

2.1. Ni

Temperature, T /K

400 600 800 1000 1200 (Tp,=640 K and T,,=800 K), the magnitude of which
80 T ' ' - L changed with holding time and temperature of the heat
: . ) treatment, are identified to be the decomposition of Vac—H
o NI heat-freated clusters. The amount of hydrogen desorbed in these two
60F .- 3GPa, 950°C, 2hr peaks isx=6.8X10°.
. 5K/min ] Fig. 1(b) shows a desorption spectrum observed with a
L commercial electrolytic sample aged over 32 years. Two

40F - . | major peaks are located at nearly the same temperatures as
above T,,=624 K andT =763 K), indicating that Vac—
H clusters had remained stable over long times. The total

LA
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shown in Fig. 1(c). The electrodeposition was performed at
313 K in a solution of 1.0 mol/l NiCl and 0.5 mol/I
H,BO,, at a current density of 500 A/m . The thickness of
Electrolytic Ni  * the foil was 25um. The peak' temperatures 590 K and 780
5 K/min * o) K agree reasonably well witff,, and T, of the heat-

treated sample, and the total amount of desorbed hydrogen
wasx=1.1x10"*.
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. An example of TDS measurements on higfH,), T
. - treated samples is shown in Fig. 2(a). The sample was a
kY 4-9's foil supplied by Johnson-Matthey & Co., and the
\,M/m.&n?'.':.'f heat treatment was performed®H,)=5 GPa,T=1173 K

for 2 h. Comparison to the case of Ni indicates that a
pronounced peak corresponds tp F,,E£550 K), and a
small peak corresponding to, P is also visiblg, £~720
K). The total amount of desorbed hydrogem@.8x10*)
(c) ] is much smaller than in Ni, which is consistent with
smaller solubilities of hydrogen (and hence smaller Vac—H
concentrations) in Cu [13].

Fig. 2(b) shows a spectrum observed with a commercial
electrolytic sample aged over 11 years. The position of the
. pronounced desorption peaks (580 K and 720 K) agrees

. ° o* reasonably with the heat-treated sample, indicating the
¢ . same origin of the peak, i.e. the decomposition of Vac—H
. * . . * clusters. The amount of hydrogen desorbed in these peaks
_4,::.., L J..,-,":'L L is x=2.5x10"°. A pronounced peak at960 K is due to
0 200 400 600 800 1000 desorption from H bubbles which precipitated during the
Temperature, T/°C long aging time.
A result obtained for an electrodeposited sample is
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Fig. 1 ermal desorption spectra of Ni observed in specimens preparedshOWn in Fig. 2(C). The electrodeposmon was performed at

in three different ways: (a) Recovered after heat treatment atiigh), . /
T, (b) a commercial electrolytic Ni aged over 32 years, () an electrodepo- 313 K in a solution of 0.9 mol/l CuSO and 0.6 mol/I

H,SO, with 120 ppm CI ions, at a current density of
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780 K peak, which appeared sporadically, is unknown. The
sharpness of the peak suggests decomposition of some
unstable hydride phase, but the decomposition temperature
of CuH is reported to be much lowe=@00 K) [14].

2.3. Other metals

Preliminary results of thermal desorption measurements
on commercial electrolytic samples of Cr, Mn and Fe
showed that in all the cases, a pronounced peak existed at
500-900 K. Although a detailed comparison with heat-
treated samples is hampered in these metals by structural
transitions during and after high(H,), T treatments, the
observed range of the desorption peak temperatures strong-
ly suggests the release from Vac—H clusters. (The release
from voids and grain boundaries usually occurs at much
higher temperatures, and the release from impurities at
lower temperatures.)

3. Discussion

The occurrence of distinct desorption stages implies that
residual H atoms after electrolysis exist in well defined
energy states, and their comparison with those of heat-
treated samples leads to the identification that most of
these H atoms are in the form of Vac—H clusters. This is a
proof of our expectation that a large number of Vac—H
clusters should be incorporated in the electrodeposition of
metals. In fact, our expectation was preceded by Roy and
Gibb [15], who, trying to explain complex structural
properties of electrodeposited Cr films, suggested that a
defect structure containing vacancies might be formed in
the electrodeposition process.

The Vac—H binding energies can be estimated from the
observed desorption temperatures taking the lowest-tem-
perature peak (P ) of Ni as a reference. Assuming a
proportionality

€
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H H
_ em+ebl: €1t €
Tey Teo

(1

to hold between the three desorption peaks in Fig. 1(a), and
substituting the migration energy of H atoms on regular

Fig. 2. Thermal desorption spectra of Cu observed in specimens preparedjnterstitial siteseﬂ =0.41 eV [16], we obtain the binding

in three different ways: (a) Recovered after heat treatment at(igh),
T, (b) a commercial electrolytic Cu aged over 11 years, (c) an elec-
trodeposited sample 4 months after preparation.

2000 A/nf . The thickness of the foil was §m. Except

energiese,; =0.28 eV ande,,=0.45 €V for Ni. Similarly,
for Cu, substituting the Ni date,/T,,=0.41 €V/380 K in
the left-hand side, andl,,=550-610 K,T,,=710-720 K
(Fig. 2(a)4c)) and eﬂ=0.40 eV [16] in the right-hand
sides, we obtain the binding energieg =0.19-0.26 eV
and e,,=0.36-0.37 eV. These binding energies agree

for a sharp peak at 780 K, the shape of the spectrum isreasonably well with those deduced from ion implantation-
similar to the case of the heat-treated sample, with two annealing experiments; 0.28 and 0.44 eV for Ni [17], 0.22
remaining peaks located at 610 K and 710 K. The amount and 0.42 eV for Cu [18].

of desorbed hydrogen in these two peaks0.9x10 *,
an order of magnitude smaller than in Ni. The origin of the

According to the model proposed on the basis of
previous ion implantation-annealing experiments, the max-
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imum number of H atoms trapped by a vacancy is 6, of These phenomena are believed to be the consequence of

which the first 2 H atoms have a larger binding energy, and hydrogen-induced vacancies.

the remaining 4 H atoms a smaller one [19,20]. The

validity of this model is, however, rather suspect. Our

present experiments indicate that the lower-temperature

peak R always shows up in the three groups of samples,

both in Ni and Cu, whereas the appearance of P is rather

variable. In heat-treated samples, P shows up only after

prolonged heat treatments at relatively higt,), T, and

its magnitude is larger in Ni than in Cu. Apparently, the

deep traps are formed only at high hydrogen (and Vac—-H

cluster) concentrations, which is in marked disagreement

with the previous model. The position of P is even more

susceptible to the way of sample preparation. Not only the

small variations in peak positions but also the splitting into Acknowledgements

two peaks (at 710 K (P ) and 860 K {P )) occurred in a

few cases in Ni, both in heat-treated and electrodeposited We wish to thank S. Naotsuka for his help in the initial

samples, although the condition for its occurrence has notstage of this work.

been clarified so far. It may also be noted that in both

metals, the peak height of,P relative tqg P is larger in

electrodeposited samples than in heat-treated samples.
Based on these observations, we propose the following

model for thg trapped conflguratlpns. The Iower-tempera}- (1] Y. Fukai, N. Okuma, Jpn. J. Appl. Phys. 32 (1993) L1256,

tqre peak P is due to the desorptl.on of H atoms trapped in [2] Y. Fukai, N. Okuma, Phys. Rev. Lett. 73 (1994) 1640,

single vacancies, whereas the higher-temperature peak(s) [3] H. Osono, T. Kino, Y. Kurokawa, Y. Fukai, J. Alloys Comp. 231

P, (P, and B ) are due to those trapped by pairs of (1995) 41.

vacancies. The multiple-vacancy trapping configurations [4] Y. Fukai, Y. Ishii, T. Goto, K. Watanabe, J. Alloys Comp. 313

may probably be the consequence of local ordering of  (2000) 121. _ , )

. . [5] Y. Fukai, T. Haraguchi, E. Hayashi, Y. Ishii, Y. Kurokawa, J.
vacancies—a precursor to the hydride of?Ll structu're vanagawa, Defect Diffusion Forum 194 (2001) 1063,
(MyVacH,) which has been observed from time to time in (g] v. Fukai, Y. Shizuku, Y. Kurokawa, J. Alloys Comp. 329 (2001)
Pd and Ni at high concentrations of Vac—H clusters [2,6]. 195.

In the M,VacH, structure, 75% of O sites are located [7] Y. Fukai, M. Mizutani, Mater. Trans. 43 (2002) 1079.

between two vacancies. This model provides a natural [8] Y- Fukai, J. Alloys Comp. 231 (1995) 35.

explanation for the relative increase of the P component in ! gég”ka" Y- Kurokawa, H. Hiraoka, J. Japan Inst. Metals 61 (1997)
electrodeposited samples in comparison to heat-treatedq) v. Fukai, Physica Scripta 103 (2003) 11.

ones because the ordered structure should be more easily11] Y. Fukai, J. Alloys Comp. 356—357 (2003) 263—269.
attainable at lower temperatures. Admittedly, more details [12] M. Mizutani, Y. Fukai, M. Kosaka, to be published.

of these trapped configurations are yet to be elucidated. [13] H. Sugimoto, Y. Fukai, Acta Metall. Mater. 40 (1992) 2327.

P : 4] B.B. Siegel, G.G. Libowitz, in: W.M. Mueller, J.P. Blackledge, G.G.
Presence of superabundant vacancies in electrodeposne@i1L Libowitz (Eds.), Metal Hydrides, Academic Press, 1968, p. 548,

metals, latent in most cases, may show up under appro-(;5; g j. Roy, T.R.P. Gibb Jr., J. Inorg. Nucl. Chem. 29 (1967) 341.
priate circumstances to affect some physical properties of[16] J.volki, G. Alefeld, in: A.S. Nowick, J.J. Burton (Eds.), Diffusion in
the matrix. The enhancement of creep and grain growth in Solids, Recent Developments, Academic Press, 1975, pp. 231-302.
electrodeposited Cu is one such example. Fujikawa et al.[17] S:M. Myers, P. Nordlander, F. Besenbacher, J.K. Ngrskov, Phys.
21,22] discovered in their attem velop efficien Rev. B 33 (1986) 851
[ " ] .d scove ?d t e. atte pt' to deve op etncie t [18] F. Besenbacher, B.B. Nielsen, S.M. Myers, J. Appl. Phys. 56 (1981)
fabricating techniques of fine-scale interconnect layers in 3384,
ULSIs (Ultra Large Scale Integrated circuits), that electro- [19] s.m. Myers, P.M. Richards, W.R. Wampler, B. Besenbacher, J. Nucl.
chemically deposited (ECD) Cu was more easily deform- Mater. 165 (1989) 9.
able than physically vapor-deposited (PVD) Cu under [20] W. Maller, F. Besenbacher, J. Battiger, Appl. Phys. A27 (1982) 19.
Subsequent HIP treatment, and capable of fiIIing small [21] T. Fujikawa, K. Suzaki, T. Matsw,‘T. Ohnishi, in: Prpc. Ady.

. . Metall. Conf. Orlando, 1999, Materials Research Society, Pitts-
holes and trenches having large aspect ratios. They also burgh, 2000, p. 187
found that this deformability and acceleration of grain- [22] T. Fujikawa, T. Yoshikawa, T. Ohnishi, T. Sato, Jpn. J. Appl. Phys.

growth could be transferred from ECD to PVD layers. 40 (2001) 2191.

4. Summary and conclusions

It is concluded from close similarities between the
thermal desorption spectra measured in electrodeposited
samples and higlp(H,), T treated samples that Vac—H
clusters are formed in the electrodeposition process and
remain as such over indefinite lengths of time.
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