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Structural evolution and thermal stability of deuterated titanium thin films
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The thermal stability and structural evolution of titanium thin films deposited in a deuterium atmosphere
were studied by x-ray diffractiofiXRD), thermal-desorption spectroscopyDS), and differential scanning
calorimetry. Samples deposited at a 423-K substrate temperature present the ftikeCstFucture ofs-TiD.

TDS experiments showed that deuterium thermal desorption follows a first-order kinetic characterized by a free
activation energy of 1.680.03 eVV. When samples made of the fcc phase were submitted to thermal annealing
at 723 K, XRD measurements revealed a crystalline transformation to the-ficistructure. These results
indicate that the titanium deuteride decomposition is the rate-limiting process in deuterium desorption. Films
deposited at 573- and 723-K substrate temperatures are made of deuteTatédr these samples deuterium
desorption followed a second-order kinetics with a free activation energy of-DBR eV, and the rate-
limiting process was the surface recombinative desorption of D ati@®04.63-18208)04831-(

[. INTRODUCTION positional measurements executed during the exposure of
thin Ti films to H, at room temperature gave quite different
Due to the very high storage capacity of Ti for hydrogenresults® revealing ane-a+ 8 boundary at 6-at. % H and an
isotopes, titanium and titanium alloys have in the past rea+ 8-8 boundary at 40-at. % H. MalinowsKyused Auger
ceived considerable attention for various technological applielectron spectroscopy to study, through the analysis of the
cations: titanium was proposed, for example, as a materidlVV andLMV Ti peaks, the deuteration process of Ti films
for hydrogen storage and transportatfoas a getter pump and the decomposition of the resulting titanium deuteride:
for hydrogen isotopes in prototype fusion reactoesid as a  the author found that heating deuterated samples in vacuum
neutron energy moderatdBulk properties of the Ti-Ksys-  with a linear temperature ramp of 0.34 K/s caused a com-
tem have been widely studied, and consequently the phagsete deuteride decomposition much before the temperature
diagram, thermodynamic functions, and transport propertiesf 680 K suggested by the phase diagram.
are well characterized. In a previous paper it was observed that, duraagun
Conversely, very little is known about the dynamics of evaporation of titanium thin films in a deuterium atmosphere,
hydrogen in titanium thin films, even if the system presentdilms with different crystalline structure could be obtained
both fundamental and applicative interest as, for example, mist by changing the substrate temperatirkeeping the Ti
supermirror for the transport of cold neutron beamg&ry  deposition rate fixed at 0.2 nm/s and the fartial pressure
few experimental studies on the interaction between hydroat 10 # torr, x-ray diffraction (XRD) revealed that, at a
gen isotopes and titanium thin films are present in the sciend23-K substrate temperature, substoichiometéricH, lay-
tific literature, and most of them are dedicated to the evaluers with the fcc Cajlike structure were produced, while at
ation of the H sticking coefficienf;” in connection with the higher substrate temperature the resulting films were made of
use of Ti as sublimation pump in high vacuum technology.deuteratedr-Ti. Elastic recoil detection analysis(ERDA)
These studies have revealed very unexpected and interestingvealed that the deuterium content of as-deposited samples
aspects of the Ti-kisystem. The hydrogen-titanium ratio in decreases by increasing the substrate temperature during
titanium hydrides does not normally exceed 2:1, the dihy-deposition: the deuterium concentration was between 30 and
dride representing the limiting stoichiometry in the system:35 at. % in the samples deposited at 423 K substrate tem-
conversely, Badayal, Gellman, and LamBesbserved the perature; it was lower than 6 at. % in the samples deposited
formation of a hydride with Tid composition when expos- at 573 K, and below the ERDA detection linfit-1 at. %9 at
ing evaporated titanium very thin film®.g., monolayerto 723 K.
gaseous hydrogen at 140 K. According to the Ti-H phase This paper reports on a study of the structural evolution
diagram, at room temperature, theTi phase(hcp Ti with  and thermal stability of titanium thin films deposited in a
interstitially distributed H atomsis stable fo a H content deuterium atmosphere that we carried out by XRD, thermal-
less than 0.14 at. %, followed by a mixedt § phase for desorption spectroscopy, and differential scanning calorim-
H/Ti ratio less than 1.5 and finally by a single phdédcc  etry. In the first part of Sec. IV we present an analysis of
titanium hydride for a H/Ti ratio between 1.5 and 2: com- deuteratedr-Ti thin films, and the results are discussed with
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reference to literature data. In the second part of Sec. 1V, the
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Samples were prepared in a high vacuum stainless-stee
chamber evacuated by turbomolecular pump: after one nigh2
pumping, the base pressure of the system was in thé-F& o 10
range: in these vacuum conditions the dominant componenx
among the residual gases is hydrogamre than 90% of the
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residual pressuyedue to the very low compression ratio of 0 o 0 s s 100 i 10 160
turbo pumps for this gas with respect to higher mass numbe CHANNEL NUMBER

gases? Titanium thin films were deposited onto($00) wa- . . . .

fers by electron-beam evaporation of Ti atoms in a deuterium FIG. 1. Elastic recoil detection spectra samples deposited at 423
atmosphere_ Ti was evaporated from a titanium ta,rgem'“_ K: Ti:D after thermal annealingjdotted ||n6 and as-deposited Ti
nal purity >99.99% by e-gun at a deposition rate of 0.2 (solid _Iine). _For comparison, _the ERDA_ spectrum of the as-
nm/s. During deposition, deuterium high-purity gas was supdeposited Ti:D sampléRef. 11 is reported in the inset.

plied to the deposition chamber through a calibrated leak ) o )

valve: the B inlet flux was controlled to maintain the total @ constant heating rate of 30 K/min in a flowing Ar atmo-
pressure at 8610 2 Pa. Films with different thicknesses sphere to avoid thermal noise related to oxidation reactions.

(75, 150, and 300 njmwere deposited at substrate tempera-

tures of 423, 573, and 723 K. A second set of samples was IIl. RESULTS
prepared with the same deposition conditions, but without . . .
deuterium in the deposition chamber. In the vacuum condi- A. Elastic recoil detection

tions used for the Sample deposition, as evidenced by Ruth- The ERDA Spectra of as_deposited Samp'es were exten-
erford backscatteringRBS) analysis (not reported hele  sjvely presented in a previous papérFigure 1 shows the
bulk contaminant concentration was under a few atRBS ~ ERDA spectrum of the Ti:D sample deposited at 423 K after
detection limiy. In the following, films deposited in deute- thermal annealing at 723 Klotted ling: for comparison, in
rium atmosphere will be called Ti:D films, while films de- the inset we show the spectrum of the as-deposited sample.
pOSited in a h|gh vacuum conditions will be called Ti films. AsS can be observed, deuterium iS Comp|ete|y desorbed dur_
To study structural evolution and compositional changesing the thermal process. A similar ERDA spectrinot re-
some of the samples were submitted to thermal annealing @orted in the figurewas also observed studying deuterated
723 K in a UHV furnace(background pressure of 10Pa  samples deposited at a 573-K substrate temperature after
during the procegs thermal annealing. For comparison, Fig. 1 also reports the
The deuterium content of the samples was measured bYRDA spectrum of the as-deposited Ti sample at 423 K
ERDA using a 1.6-MeV*He" beam, with a 10-nA current (solid line).
density at an incidence angle of 10°. A Si surface barrier
detector was positioned at an angle of 150° relative to the
incident beam direction, and was covered with arfi-thick
mylar foil, sufficient to stop alfHe and heavier nuclei. A detailed analysis of the XRD spectra of as-deposited Ti
X-ray-diffraction patterns were collected by a high- and of Ti:D films was also presented in a previous paper:
resolution RIGAKU PMG-VH diffractometer, by using the the following we will show a comparison between the spec-
traditional Bragg-Brentano geometry. The instrument wadra of as-deposited samples and those of the same samples
equipped with graphite bent crystal analyzer in the diffractedafter thermal treatment. Figures 2 and 3 show the XRD pat-
beam to cut background aritl; contributions from the Cu tern of Ti and Ti:D samples deposited on Si wafers: Ti de-
radiation produced at 40 kV and 45 mA. posited at 723 HFig. 2(a)] and 423 K[Fig. 2(b)], and Ti:D
The thermal stability of the deposited samples was studiedeposited at 723 KFig. 3(a)] and 423 K[Fig. 3(b)]. In all
by thermal-desorption spectroscogyDS) and differential  figures, the solid line represents the XRD pattern of the as-
scanning calorimetry(DSC). TDS measurements were deposited sample, while the dashed line is the XRD pattern
performed in an UHV stainless-steel chamber pumped bwf the sample after thermal annealing at 723 K.
vacuum ion pump and provided by quadrupole mass Generally it can be seen that as-deposited Ti samples ex-
spectrometet? the base pressure prior to the experiment washibit the -Ti diffraction peaks:(101) and (002 reflections
about 108 Pa. Experiments were carried out heating theand(100) and(002) reflections for samples deposited at 723
sample with a linear temperature ramp of 0.07, 0.25, 0.50and 423 K, respectively. After thermal annealing the samples
and 1.0 K/s up to 750 K. DSC tests were done using anaintain thea-Ti structure. Films deposited at 723 K do not
Perkin-Elmer Model 7/7 apparatus: a known mass of samplehange their orientatiojwe can only observe a small shift in
was placed in a covered W pan and ramped in temperature peak positions, mainly for thé002) line]; conversely, films

B. X-ray diffraction
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FIG. 3. XRD spectra of Ti:D samples deposited at 72@Kand

FIG. 2. XRD spectra of Ti samples deposited at 728Kand 423 K (b): as-deposited sampleolid line); after thermal annealing
423 K (b): as-deposited samplsolid line); after thermal annealing (dashed ling

(dashed ling

value measured with the Ti:D sample deposited at 423 K:
deposited at 423 K show recrystallization, with a clearexperimental errors were estimated from the mean value of
change in orientation. The XRD pattern of the Ti:D samplethe fluctuations in then/e=4 QMS background level. Fig-
deposited at 723 K is very similar to that of the Ti sampleure 4 shows the Pdesorption flux pertinent to Ti:D samples
deposited at the same temperature: in both casesl®®  deposited at 573 Ka) and 723 K(b); in these experiments
and (002 diffraction lines of thea-Ti phase are present; we the temperature ramp was fixed to 0.25 K/s. Figure 5 reports
can also observe that thermal annealing does not changgtypical TDS spectrum of Ti:D samples deposited at 423 K
grain orientation and the pattern is similar, except for a lim-when the temperature ramp was fixed at 0.07 (s 0.25
ited peak shift, as previously observed for the corresponding/s (b), 0.5 K/s(c), and 1.0 K/9(d). Figure 6 shows the TDS
Ti sample. spectrum of Ti:D samples with different thickness, deposited

The XRD pattern of the Ti:D deposited at 423 K exhibits gt 423 K: 75 nm(a), 150 nm(b), and 300 nm(c).
a single broad line, which might be attributed to theTi
phase as well as the Ti deuteride ph¥sa. detailed texture
analysis was necessary to understand the true strutture;
pole figures at 35.15° and 40.54° revealed the fccCE DSC scansions for samples deposited at 423 K are re-
structure of thes-TiD, (titanium deuteridg which grew ported in Fig. 7 for Ti:D(a) and Ti (b) thin films. Both
with a strong111] orientation. During the thermal annealing curves present a broad exothermic peak with a maximum in
at 723 K, samples underwent a phase transformation from the 650—720-K temperature range. As shown in Fig), ho
fcc TiD, to a hep Ti structure witl§101) and (002) orienta-  detectable DSC signal was observed with Ti samples depos-
tions. ited at a higher substrate temperature; the same occurs in the

Ti:D samples.

D. Differential scanning calorimetry

C. Thermal-desorption spectroscopy
. . . IV. DISCUSSION
TDS experiments were carried out by studying the evolu-

tion of the D, (m/e=4) quadrupole mass spectrometer Titanium thin films deposition in a deuterium atmosphere

(QMS) signal during the temperature ramp. To compare thet substrate temperatures of 573 and 723 K produced deuter-
relative amounts of desorbed deuterium, after subtraction cdted titanium layers with a hcp structure. When the deposited
the previously measured background level, the intensity ofamples were subjected to a temperature ramp from room
each signal was normalized with respect to the maximuntemperature up to 723 K, TDS measurements showed a deu-
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0.07 ; . ' . ; . - process in the desorption kinetics.
& 006_' S (@) ] When the desorption kinetics can be describgd as a singly
"§ - T" s 5'73 K activated process, the theory of abs_olute reaction rates pro-
£ (05 dep ] vides a convenient framework to discuss our détahis
2 ramp = 0.25 K/s J theory assumes that a deuterium atom must overcome an
X 0044 AG = 1534002 eV . activation free energy barriexG to be desorbed, this addi-
T . tional energy being supplied by thermal fluctuations. The
g 0031 1 frequencyv, at which this energy barrier is confronted by
E ] ] the atom is given byK,T/h), whereT is the absolute tem-
ol 0‘02__ i perature anth the Planck constant: therefore the frequency is
% 0ord i 6.2x 10*2 s at room temperature and X202 st at 600
a ] by ] K. The energy barrier is associated with a change in enthalpy
2 o0 . . . ) . . . AH and entropyAS by the relationAG=AH—-TAS; for a
300 400 500 600 700 process of orden the equation describing the desorption rate
TEMPERATURE (K) is given by
1.2x10* T T T T T T
R=—d(c/cg)/dt=(K,T/h)(1—c/cy)"exp(AS/Ky)
1.0x10* Ti:D/ Si (b) 1
1 T, =723K 1 Xexp(—AH/K,T), (1)
8.0x10° i A
1 ramp = 0.25 K/s 1 wherec, is the initial deuterium concentratigassumed uni-
6.0x10° AG = 1.53£0.02 eV I _

form along film thicknesks ¢ the desorbed deuterium concen-
tration, andn the order of the process, that is established by
the shape of the desorption spectrum. The frequencis

often assumed as independent of the temperature and ap-
proximated by the Debye frequency-(0** s™1): however,

this approximation cannot completely account for the mea-
700 sured TDS data, having a simulated peak with a width much
TEMPERATURE (K) broader(~100 K) than that measured-20 K). In Figs. 4a)

and 4b), we report, together with the experimental points, a

FIG. 4. Thermal-desorption spectrum of Ti:D samples depositecpumerlcal modelling of desorption data for deuterated Ti

at 573 K(a) and 723 K(b). Experimental data are reported as open SamP'eS based on E@l) (straight _"né.: the best fit \{vas
symbols with experimental errors; the solid line is a numerical fit ofObtamed for both samples by can|derlng the desorption as a
data based on Edl). second order process1€2) with AH=4.45eV andAS

=5.31x10 2 eV/K, equivalent to a free-energy barrier
) . , AG=1.53+0.02 eV(the experimental desorption peak tem-
terium effusion peak at-550 K. XRD did not reveal any neratyre is 5582 K). Second-order desorption processes
recrystallization of the deposited Iayers_ up to a temperaturg ;e peen observed very often when studying the release of
of 723 K, and no detectable DSC signal was observedignt atoms forming diatomic molecules from solution in
A simple model to analyze deuterium effusion considers theqiais. They were generally interpreted by considering the

kinetics as governed by three processéd: release of | ocompinative desorption of gas atoms at the metal surface
deuterium atoms from the lattice site where they are conyq e rate-limiting proce<s,

tained,(b) atomic diffusion to the surface, and) recombi-

native desorption of the D atoms from the surface to the gas

phase. Experimental investigations by proton magnetic 2Dsyr—Da(gas.

resonancE and neutron diffractiolf have shown that in

deuteratedr-Ti layers, hydrogen isotopes form an interstitial When hydrogen is solubilized in metals in small concentra-
solid solution(H or D atoms occupy tetrahedral and octahe-tions (that is, when its solubility in the metal follows
dral sites in the hcp lattiggsince the interstitial diffusion of ~ Sieverts’ law a theory developed by Pride and Titcothib
light elements in metals is very fast, a simple order-of-predicts an activation energy of desorption numerically equal
magnitude estimate allows us to exclude the diffusion proio the heat of solution measured from equilibrium solubility.
cess as rate limiting in the desorption kinetics. Using pub-This prediction was experimentally confirmed by the authors
lished diffusion data of H diffusion ine-Ti,'” we can studying the kinetics of evolution of hydrogen contained as a
estimate a characteristic diffusion timgg by the random-  dilute solution in Nb in isothermal desorption experimefits:
walk expression g =d?/D 4 , Whered is the film thickness the measured value of the activation energy for the process
andD g4 the diffusion constant: at 550 K, this gives a valuewas 67.561.26 kJ/mol (0.76:0.01 eV per molecule very

of 10”2 s. The characteristic time for deuterium desorptionclose to the value of 68.94 kJ/m¢.71 eV per molecule
T,/B (in this expressionT, is the temperature peak afgl measured for the heat of solutiéhAs a second example, Ko
the heating rampis typically of 1& s in our experiments. and Schmidt measured a value of 18 kcal/m@.78 eV per
While this estimate has only a qualitative meaning, it allowsmoleculg for the activation energy of hydrogen desorption
us to role out the deuterium diffusion as the rate-limitingfrom Ta in temperature ramp measurements at low heating

D, DESORPTION FLUX (arb.units)
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FIG. 5. Thermal-desorption spectrum of Ti:D samples, 150 nm thick, deposited at 423 K with different heating ram{zs; 0.23(b),
0.5(c), and 1.0 K/s(d).

rate: this value is very close to the solution energy of 17drogen dissociation reaction may still occur. Conversely the
kcal/mol (0.74 eV per moleculemeasured by Pryde and authors observed that an oxide layer of sufficient thickness
Tsong* in pressure-composition experiments carried out in(at least~1 nm thick completely passivates the Ti surface
equilibrium conditions. Our result can be compared withagainst hydrogen absorption. The authors attributed this pas-
measurement of Habsorption on clean Ti films: calorimetric sivation effect to the absence of sites foy iolecular dis-
measurements gave a heat of reaction of 35-kcal/mpl Hsociation on the oxidized surface, and not to the formation of
equivalent to 1.52 eV per moleculdhis is in good agree- a diffusion barrier to hydrogen migration. This result was
ment with the activation energy for effusion measured in thigproved by showing that the evaporation of a small amount of
experiment. fresh Ti onto the oxidized surface also restored the absorp-
RBS analyses carried out on Ti and Ti:D samples havdion capability of the material beneath the oxide layer. Com-
revealed that the concentration of bulk contamination isng back to our experiments, since we have measured an
lower than a few at. %, and thus that this probably does noactivation energy for deuterium desorption equal to the heat
influence the deuterium kinetics; on the other hand, it isof solution measured by Wedler and Strothenk clean Ti
known that an oxide layer readily forms on Ti during expo-films, we tentatively suggest that, even if present, the oxide
sure to air. It is important thus to discuss the influence of thidayer does not influence the deuterium effusion kinetics, with
surface layer on deuterium effusion kinetics. Kasemo andhe recombination of the D atoms possibly occurring at the
Tornqvist® and Burrel and Armstrorf§ studied the effect of interface between the thin surface oxide and the Ti layer.
O and CO impurities on the hydriding/dehydriding process It is interesting to compare some aspects of the deuterium
of titanium at room temperature. The authors observed thaffusion process from titanium studied in our experiment
small amounts of oxygen on the Ti surfacel ML) only  with the results obtained by Piek al?®in a different metal-
slightly reduce the absolute values of the adsorptionhydrogen system. These authors studied the hydrogen uptake
desorption rate without changing the kinetics with respect tand release form Nb by measuring the room-temperature
a clean Ti surface. As observed by Brignolas, Bujar, andconductivity of thin Nb foils exposed to}yas, and analyzed
Bardollo?” the first two monolayers of oxygen adsorbed bytheir experimental results with the help of a very general
Ti are incorporated below the surface, and thus Ti atomsnodel for the kinetics of hydrogen-metal systems developed
remain at the surface; in these conditions the necessary hin Ref. 29, which includes both surface and bulk effects,
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atoms from the surface to the bulk is higher than the barrier
Eg for the migration from the bulk to the surface, hydrogen
0.8 (b) . accumulates at the Nb surface, so that when the bulk con-
centration is low(~1 at. 99 the surface coverage is nearly 1.
An important consequence of this surface effect is the slow-
0.6+ . ing down of the adsorptiofand desorptionrate which goes
as (1-60)2. It was in fact observed that if the difference
0.4 betweenE, andEg can be made lower, for example by the

' s 1 deposition of a very thin Pd layer on the Nb surface, both the
hydrogen uptake and release can be accelerated. From the
surface energy models for the Ti;Hsystem proposed by
Pick’® and by Brown and Buxbaurt,a value of 7.1-kcal/
. ) mol H, can be obtained foE,-Eg: this value is not much
0.0 S, "— . lower than the value of 8.5-kcal/mol ;Hpertinent to the
0 20 40 60 80 100 Nb-H, systeni® and it cannot be excluded the occurrence of
. ——— . deuterium surface accumulation. But in this case, the surface
coverage being~1 (as discussed above for the Nb-H sys-
tem), we should expect a zeroth-order desorption kinetics
instead of a second-order procé3ss observed in our ex-
0.8 (©) i periment.

Before discussing the results of TDS measurements car-
ried out on deuterated samples deposited at 423 K, it is im-
0.6- - portant to remember that deuteratedrli deposited at 573

. and 723 K exhibited the same behavior as pure Ti samples
deposited at the same temperature: considering XRD and
0.4+ ] DSC measurements after thermal annealing at 723 K, neither

D, DESORPTION FLUX (arb.units)

1.0 - .

recrystallization of thex-Ti layers nor detectable DSC sig-
nals were observed.

D, DESORPTION FLUX (arb.units)

021 T The behavior of Ti films deposited in a deuterium atmo-
' sphere at a 423-K substrate temperature can be briefly de-
0.0 : A.dj' \'. —_— — scribed in this way: as-deposited samples have the fcg CaF
0 20 40 60 80 100 structure of titanium hydride with é111) orientation. When
TIME (s) submitted to a linear temperature ramp in the 300-723-K

interval, the samples shoya) a very narrow deuterium ef-
FIG. 6. Thermal-desorption spectra of Ti:D samples deposited afusion peak at 570 K in TDS measuremerits, a crystallo-

423 K for three different thicknesses: 75 @, 150 nm(b), and  graphic transformation from a fcc titanium hydride structure
300 nm(c). The heating ramp was 7 K/s. to a hcp Ti structure by XRD, an¢t) a broad exothermic

peak in the 620—-723-K temperature range by DSC. We be-
namely, the H(gag—2H(surf) process and the gin the second part of the discussion by analyzing the results
H(surf)«~H(bulk) process. The model suggests that hydrogerof TDS experiments. Figure§&—5(d) report, together with
bulk concentration and surface coveragjare in quasiequi- the experimental points, a numerical modelling of desorption
librium and, if the energy barrieE, for migration of H data for titanium hydride samples based on &g.(straight
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line): in this case the best fit was obtained by considering th&73 K reported for the eutectoid reactiant+ 5+ 8 in the
desorption spectra as the overlapping of two peaks: a firstfi-H, systent' The measured activation energy for desorp-
order process (=1) with AH=6.61eV andAS=8.80 tion can be compared with values reported in literature for
x 1072 eV/K, equivalent to a free-energy barriekG  the heat of dissociation of TiD Morton and Stark* mea-
=1.63-0.03eV and a not completely resolved broadsured the value of 22.5—-22.7-kcal/mo} Bbr x=0.02-0.1,
second-order peaknE2), with AH andAS values compat-  which is 0.98-0.01 eV per molecule; and 29-31-kcal/mol
ible with a free-energy variatioAG of 1.5 eV. Taking into D, for x=0.1-1.8, which is 1.3080.04 eV per molecule.
account the area of the two separated peaks, the deuteriumtelkonian found a value of 40.25 kcal/mol, equivalent to
content related to the second-order peak is abjputf the  1.74 eV per molecule, for the heat of dissociation of the
content related to the first-order one. The first peak, beingydride in the two phaser+ & region. This last value is

characterized by a second-order process-2), probably  comparable to the desorption activation energy measured in
corresponds to the deuterium recombinative desorption frorfhe present experiment.

the surface of titanium deuteride layers. We can observe that psc measurements of titanium deuteride thin films de-

the free-energy barriekG pertinent to this release process, posited at 423 K show a broad exothermic peak in the 620—
considering the experimental errors, is similar to the free-53 temperature rangfFig. 7(@]. The temperature at
energy barrier measured with deuterated Ti samples: the fa%hich the onset of the DSC signé820 K) is seen is much
that the desorption process from the surface of titanium I?ﬂgher than the desorption temperatures of the titanium deu-

similar to the desorption process from the surface of titamun}eride layers(564 K): therefore, the thermal release is not

deuteride is not very surprising, the deposited fcc titanium_; g o )
deuteride films and deuterated hcp titanium films having th&'Ven by the decomposition of the titanium deuteride. More-

same surface geometry, presenting (&¢1) and hcp(002) over, Fig. 1b) shows_ that this thermal relegse is also ob-
lattice planes, respectively, which are equivaféms to the ~ S€Tved when analyzing a Ti sample deposited at the same
first-order peak, the recombination of deuterium atoms at th€Position temperature of 423 K. An order of magnitude for
surface of the films can be ruled out as the rate-limitingth's energy rel_ea_\se can be calculated:_con_5|der|ng that the
process, as it would give a second-order peak as in the cageass of the Ti film used for the DSC in Fig(b7 was 2

of deuterated Ti films. Hydrogen diffusivity is a little bit <107 g, and given the area under Fighy (2x1072 J),
lower in titanium hydride than ine-Ti:3 using literature ~ an enthalpy variatiol\H~ 10 J/g is obtained, correspond-
data, a diffusion time on the order of 1®s can be esti- ing to a value of 510 2 eV per Ti atom. The observed
mated, and, considering the same argument as in the casetbfrmal process can in principle be related to many different
deuterated Ti films, we can exclude deuterium transport fronphysical processes like recrystallization, structural relaxation
the bulk sites to the surface as the rate-limiting process in thef the deposited layers, or phase transitions. During thermal
deuterium desorption. The importance of diffusivity could betreatment, Ti samples deposited at 423 K change théit)-
assessed by studying the deuterium desorption rate as a fun©02) preferred orientation to th€100-(002) one, as shown
tion of the sample thickness. In fact, if the diffusion processin Fig. 2(b). This recrystallization process does not take
was the rate-limiting one, by doubling the sample thicknesglace during the thermal annealing of Ti samples deposited
the effusion peak should translate to desorption times foust higher substrate temperatufsse Fig. 2a)], and accord-
times longer. Figure 6 shows the deuterium effusion pealingly no DSC signal is observedFig. 7(c)]. Bulk recrystal-
from titanium deuteride thin films for three different thick- lization in metal Systems costs an energy of the order of
nesses, namely, 7&), 150 (b), and 300 nm(c), using a  10~* eV per metal aton® that is two orders of magnitude
7-K/s heating rate: as can be observed, no shift is presenbwer than that observed. We suggest that the observed effect
The process limiting the deuterium desorption rate is probis connected with the structural relaxation of the Ti deposited
ably the release of deuterium atoms from the bulk site contayers occurring during the recrystallization process and in-
taining them, and this process physically takes place througfiolving the annealing of point or extended defects present in
the decomposition of the titanium deuteride layers: after deuthe disordered Ti latticét We have not been able to find
teride decomposition, the resulting Ti layers are oversaturedimilar results concerning thin metal films, but the current
with deuterium(as shown by the Ti-biphase diagrarithe Jiterature is rich in calorimetric studies concerning the crys-
maximum hydrogen solubility at temperatures near 570 K igallization and structural relaxation of silic¥hand germa-
lower than 7 at. % and thus gas atoms are released verhjum films3 it has been observed that this process gives rise
quickly. This decomposition has obviously occurred in cor-to a heat release equal to one-third of the heat of crystalliza-
respondence to the effusion peall ERDA analysis of as- tion; that is, an energy release of the order of aboit?1€V

deposited and thermally treated samples have revealed thgér atom, comparable with the DSC result of the present
all deuterium atoms contained in the Ti layers were releaseglxperiment.

in the thermal procesgb) TDS measurements revealed that

the only D, effusion peak is in the 558-577-K temperature

range, depending on the heating ramp; #0dXRD mea- V. CONCLUSIONS

surements showed, in the analyzed temperature range, the

occurrence of the phase transformation from fcc titanium The study of the thermal stability and structural evolution
deuteride to hcp titanium. It is important to remember thatof deuterated titanium thin films produced bygun evapo-

the thermal-desorption process is observed to occur with gation of titanium in a molecular Patmosphere showed that
narrow peak(~20 K) centered around 564 K, and that this the deposited layers present the #d1D, fcc structure for
temperature is in good agreement with the temperature of23-K substrate temperature, and are made of deuterated
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a-Ti thin films (hcp structurgfor higher temperature. 5-TiD, thin films have shown that Peffusion occurs pro-

The deuterium desorption spectrum, measured during linduced a narrow~20 K) first-order peak at 564 K related to
ear heating of deuterateeTi thin films, shows that Bef-  the transformation of the deposited fcc layers to the hcp Ti
fusion occurs through a second-order peak at 550 K, indicatstructure. A weak exothermic signhal was observed at higher
ing recombinative desorption as the rate-limiting process irtemperature, in the 650-720-K interval, related to the struc-
the deuterium effusion. Similar experiments carried out ortural relaxation of the titanium layers.
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