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ABSTRACT

We study the dealloying of Ti from Cu,_,Ti, (x ~ 10 atom percent) alloy films on oxidized Si substrates in the
temperature range of 375 to 490°C and an estimated O, partial pressure of ~107° to 107 Torr. Reaction products were
determined to be TiO and Ti,0; and possibly TiO, at the free surface, and TiO at the SiO, interface, according to Rutherford
backscattering spectrometry and Auger electron spectroscopy. We found that the Cu lattice parameter varies linearly with
Ti concentration, and this variation is independent of temperature in this composition range. As a consequence, we were
able to study the dealloying kinetics using in situ x-ray diffraction by monitoring the time dependence of the Cu lattice
parameter. We observe that the reaction kinetics obey a parabolic rate law, i.e., X5 c.crea = K¢, with a single activation energy
of 1.6 = 0.1 eV, suggesting that one process governs dealloying kinetics over this temperature range. In addition, we note
a pronounced composition dependence, in that the reaction rate increases sharply with increasing Ti concentration. These
observations suggest that Ti diffusion in Cu is the rate-limiting kinetic process for the dealloying reactions in this temper-
ature regime. We model the dealloying reaction and in so doing estimate the diffusion coefficient for Ti in these alloy films.

Introduction

Interest in copper metallization for very large scale inte-
gration (VLSI) in recent years has spawned numerous re-
search endeavors. The advantages of using copper instead
of aluminum for on-chip metallization schemes lie in its
higher electrical conductivity and higher resistance to elec-
tromigration.’® As with any developing materials system,
much of the current research is directed toward circum-
venting the limitations of copper for this application
through novel processing techniques. Two important ob-
stacles to the introduction of copper for on-chip metalliza-
tion are (i) the poor adhesion of copper to dielectric layers,
such as Si0,, and (ii) the high reactivity of copper, relative
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® Present address: Department of Chemical, Bio and Materials
Engineering, Arizona State University, Tempe, AZ 85287-6006.

to aluminum, with oxygen in the ambient. Therefore, any
fabrication scheme using copper as an on-chip intercon-
nect must account for these materials limitations.

A novel approach proposed to address both of these
problems simultaneously is to co-deposit Cu and another
element, such as Ti [~10 atom percent (a/o)] onto SiQ,, then
react In a nitriding ambient. Pure Ti reacts with SiQ, to
form Ti;Si; and TiOy to an appreciable degree above
~700°C 3 but may occur as low as 400°C. * The occurrence of
this reaction at the alloy/SiQ, interface promotes the adhe-
sion of Cu to Si0, > and limits the drift of Cu into the oxide
under bias thermal stress (BTS).*

In addition, Ti co-deposited with Cu reacts with nitrid-
ing agents such as N, at 800°C *° to form a TiN layer on the
alloy surface. Li et dl. reacted alloy films in NH; instead of
N, to reduce the nitridation temperature from 800 to
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550°C. ' This process has been shown to form a nitride on
the free surface that protects the underlying Cu from sub-
sequent oxidation' as well as interdiffusion with AL * The
simultaneous segregation of Ti to all alloy interfaces effec-
tively encapsulates the Cu, which simultaneously promotes
adhesion, provides oxidation protection, and limits bias
thermal stress one processing step, independent of the ge-
ometry of the Cu, i.e., blanket film or patterned line.

Cu and Ti also form several intermetallic compounds
that might be expected to precipitate in the composition
range of these co-deposited alloy films, such as Cu;Ti and
Cuy,Ti. "' Forming these compounds degrades the electro-
migration resistance of the Cu relative to that of the alloy,'
and in addition, would be expected to increase the line
resistance by consuming Cu. Thus, the SiO, reduction at the
lower interface and the nitridation reaction at the free sur-
face must both compete with intermetallic compound for-
mation within the alloy film.

The disadvantage of using alloys is that the presence of
an alloying element greatly increases the electrical resistiv-
ity.)” Ti was found to increase the resistivity of Cu linearly
in co-evaporated alloys up to ~25 a/o Ti with a slope of
=6.45 nQ-cm/a/o Ti, yielding a value of 72 uQ-cm at 10 a/o
Ti. ® To demonstrate feasibility as a manufacturable pro-
cess, processing steps subsequent to deposition must in-
sure that the final resistivity approaches that of pure Cu,
1.7 pQ-cm. ¥

Other elements have been proposed as potential alloying
elements for Cu in integrated circuit applications. Cu al-
loyed with 1 a/o Cr was found to have better adhesion to
Si0, without sacrificing low resistivity,” although more
than 15 a/o was required for better adhesion to ALO,. *
Ding et al.** demonstrated that the addition of Al or Mg
to Cu via co-sputtering improves both adhesion to SiO, via
an interfacial reaction and resistance to oxidation via for-
mation of surface and interfacial oxides (Al;O; or MgO),
which act as diffusion barriers/adhesion promoters. Of
these two elements, Mg appears the most promising be-
cause of postprocessing resistivity approaching 2 nQ-cm,
which is the same value obtained for as-sputtered Cu. Nev-
ertheless, such oxide barriers may suffer due to their rela-
tively high resistivity and high dielectric constant as com-
pared to metal nitrides.

The simultaneous nitridation and interfacial reaction of
Cu,_,Ti, films is appealing from a processing point of
view, but in a scientific sense, one would like to examine
each reaction separately. This study investigates the reac-
tion between Cu,_, Ti, alloy films and an SiO, substrate. To
minimize the competition between the substrate reaction
and ambient reactions, reactions were performed in a nom-
inal vacuum (~107° Torr). However, the O, partial pressure
in these systems remained high enough to cause some of
the Ti to segregate to the free surface to form an oxide
layer, and so these two separate reactions were monitored
simultaneously.

Rutherford backscattering spectrometry (RBS) was used
to determine the initial compositions and thicknesses of the
as-deposited Cu,_,Ti, alloy films and to quantify Ti segre-
gation in reacted films. To perform additional composi-
tional depth profiling, especially for low Z elements, we
used Auger electron spectroscopy (AES) combined with ion
sputtering. The chemical state of the various titanium ox-
ide phases that formed at the free surface and at the SiO,
interface were identified by the shape of the Ti Auger peak.

We found that the Cu lattice parameter varied linearly
with Ti concentration over the temperature and composi-
tional range of interest. Making use of this behavior, we
investigated the kinetics of Ti dealloying by monitoring the
position of the Cu (111) peak, and in so doing the Cu lattice
parameter, as a function of time during in situ x-ray dif-
fraction (XRD) at various temperatures.

Previous researchers have monitored the intensity of
crystalline XRD peaks in situ to determine the kinetics of
such solid-state processes as the crystallization of amor-
phous materials,” bulk crystalline-phase transforma-
tions,” precipitation from a supersaturated solid solu-
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tion,” phase growth in diffusion couples,*” surface oxida-
tion,” and diffusion-induced grain boundary migration.?
Few researchers have chosen to investigate the kinetics of
a transformation by using én situ XRD to monitor the time
evolution of the position of a particular peak. Koster et al. >
studied a-Fe precipitation from Feq; ,Cu;Nb;,Siy;,Bg, and
correlated the a-Fe lattice parameter with Si concentration
in the precipitates. They monitored how the Si concentra-
tion varied with the amount crystallized, which in itself
was measured by the XRD peak linewidth.

The study most similar to that described in this paper
was given by Biegel et al.,* who used the position of the
diffraction peak of Nb supersaturated with Co to monitor
the kinetics of Co dealloying to form an amorphous phase.
In this study, the angular position of the NbCo (110) peak
varied as t*. By a Taylor expansion of Bragg’s law, A = 2d
sin 0, one can show that the d-spacing varies linearly with
20 over a small angular range, i.e., d =~ d, — (A cos 8,/sin®
0,)(26 — 20,) with d,=d at 26 = 26,. Therefore, this observed
kinetic dependence coupled with a linear variation in the
Nb lattice parameter with increasing Co content indicates
diffusion-controlled growth of the amorphous phase.

Two possibilities exist to drive Ti dealloying from
Cu, . Ti, alloy films. These are (i) the precipitation of inter-
metallics within the bulk of the film, and (i7) the reaction of
Ti at the free surface and at the SiO, interface to form Ti
oxides such as Ti,0, a-TiO, y-Ti;05, Ti,0;, or TiO,. We show
that titanium oxide formation dominates over the tempera-
ture range 375 to 490°C, with Ti diffusion out of the Cu alloy
matrix being the rate-limiting kinetic process. A simple
model describing the reaction kinetics is developed to esti-
mate the Ti diffusion coefficient in these films.

Experimental

Alloy films of Cu,,Ti, were co-deposited by electron
beam evaporation with a base pressure of ~5 X 107® Torr
onto oxidized Si (100) substrates, with an SiO, thickness of
~7000 A. The pressure rose to ~1 X 107 Torr during the
evaporation. Deposited and reacted film composition pro-
files were measured with RBS using a General Ionex 1 MV
tandetron accelerator with a 2.8 MeV He** beam at a 7° tilt
angle, and by AES using a Perkin-Elmer 590 Auger elec-
tron spectrometer with a 1 keV Ar* ion gun for sputtering
and a 5 keV primary electron beam. The energy windows
for elemental profiling were 401 to 423 eV for the Ti LMV
Auger peak, 490 to 517 eV for O KLL, 900 to 925 eV for
Cu LMM, and 1592 to 1626 eV for Si KLL. The Auger
profile was used in conjunction with RBS to quantify the
layer compositions; the shape of the Ti LMV Auger peak
was used to determine the chemical state of Ti in the vari-
ous layers.

Dealloying kinetics were performed by monitoring the
shift in the position of the Cu (111) peak during in situ XRD
in ®-® mode using Cu Ka radiation (A = 1.5418 A) on a
vacuum (5 X 1079 to 5 X 107° Torr) hot stage mounted on a
Scintag I diffractometer. The (111) peak was chosen be-
cause of its intensity due to the high degree of (111) textur-
ing in these films. Samples were mounted onto a PtgRhy,
strip and affixed with silver paint to insure good thermal
contact. Samples were heated by passing an electrical
current through this strip. The temperature was indepen-
dently monitored by a Pt/PtyRh;, thermocouple mounted
on the other side of the heating strip from the sample. A
feedback loop was employed to precisely control the tem-
perature, and a vacuum of ~5 X 10~° Torr was maintained
during anneals.

Results

Elemental profiling using RBS and AES.—A schematic
diagram of the sample configuration both before and after
the dealloying reaction is shown in Fig. 1 and may be used
for reference throughout this paper. Figure 2 is an RBS
spectrum of an as-deposited film. This spectrum identifies
the film as CugyTi;, of thickness 2350 A. The kinetics of this
particular film was subsequently studied using in situ
XRD. Spectra of films after annealing are shown in Fig. 3.
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Fig. 1. Schematic diagram depicting the reaction of co-deposited
Cu;_,Ti, films on SiO;, substrates in a slightly oxidizing ambient.

Cu

After annealing the sample at 375°C for 12 h, little apparent
change is resolvable in the RBS spectrum as compared to
that of the as-deposited film, although appreciable Ti seg-
regation to both the Cu/SiO, interface and to the free sur-
face can be seen after annealing for 2 h at both 440 and
525°C. A slight surface segregation of Ti in each annealed
sample is observed, as is the appearance of a small O sur-
face peak, suggesting that some Ti oxide phase formed at
the surface. The sample annealed at 525°C for 2 h is shown
with an overlayed simulation in Fig. 4. The thickness of the
surface Ti-O layer as estimated by RBS is 375 A and the
composition of this layer was found to be in the range TiO~
TiO,. The layer formed between the Cu and the SiO, sub-
strate was estimated to have a thickness of ~200 A and a
composition of ~TiOSi,;.

AES profiles of these three samples are given in Fig. 5-7.
Several features are readily apparent from these profiles.
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Fig. 2. RBS spectrum of the as-deposited Cu;_,Ti, film with simula-
tion overlayed. Incident beam energy 2.8 MeV He?; tilt angle 7°.
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Fig. 3. RBS spectra of CuyTiy, after annealing at 375, 440, and
525°C.

The Si and O concentrations in the as-deposited film
(Fig. 5) are nearly zero; these signals are well within the
experimental noise levels. No Ti segregation to either inter-
face is observed. The discontinuity at the Cu/SiO, interface
is a result of charging that occurs as the insulating oxide is
exposed by Ar* ion sputtering. We estimate the sputtering
rate through the alloy film as approximately 2350 A/
75 min, or 300 A/min, by comparing the AES depth profile
with the RBS spectrum.

Anneals of 375°C for 12 h results in some segregation of
Ti to the free surface and a corresponding increase in O,
suggesting that a surface Ti-O layer has formed (Fig. 6). An
increase in the Cu intensity adjacent to both interfaces is
suggestive of an increase in Cu concentration due to Ti
dealloying, although a Ti-rich interfacial layer is not ob-
served at this temperature, possibly due to charging effects.
We use the AES intensities of Ti and O from the TiOy layer
formed by annealing pure Ti on 810, as a calibration® and
RBS to determine the actual compositions. Assuming Co/
Cy =k (Ip/I), with k constant, we find k = 0.82 t0 0.83. Beam
parameters are identical {o those of the calibration experi-
ment, and so this value for k is used to determine the com-
position of the surface layer which formed on Cu;.,Ti, al-
loy films as ~TiO, ¢-TiO, ;. No penetration of either O or Si
into the film is observed. Ti-depleted regions exist below

Energy (MeV)

1.0 1.2 1.4 1.6 1.8 2.0 2.2
40 T T T T T T
3ol o 20081 51708 [375%

( < -
20 ]

2 hrs at 525°C
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T 1 1 I |
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Channel

Fig. 4. RBS spectrum of CuyTi;, annealed 2 h at 525°C with simu-
lation overlayed.
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Fig. 5. AES depth profile of as-deposited CuyTiyo film, with Cu
{LMM), Ti {LMV), Si (KLL}, and O {KLL) signals plotted.

the surface oxide layer and adjacent to the SiO,, but be-
tween these depleted zones is an area of roughly constant
composition. The peak Ti concentration in the Cu,_,Ti,
layer is ~7 a/o lower than that of the as-deposited film.
Charging is observed at the Cu/SiO, interface as a disconti-
nuity in all Auger signals.

Annealing at 525°C results in complete segregation of Ti
to both the free surface and the Cu/SiO, interface (Fig. 7).
The near-surface Ti-oxide layer varies in composition from
TiO to TiOys, and the Ti-oxide layer at the Cu/SiO, inter-
face varies in composition from TiOg,-TiO. The residual Ti
content in the Cu layer is ~0.8 a/o. All results are in good
agreement with RBS.

Chemical analysis by Auger peak shape.—Information
about the chemical environment of the various elements in
these films can be obtained from the Auger spectra in select
regions of each sample, in comparison to the known spectra
of previously investigated compounds, such as the titanium
oxides. Figures 8-10 are the differential Ti LMV Auger
spectra for Cu,eTi;, on Si0O, as deposited, 12 h anneal at
375°C, and 2 h anneal at 525°C, respectively. The Ti LMV
peak is shown since it exhibits the most pronounced
changes from layer to layer, the Cu LMM peak remains
nearly unchanged in position and shape throughout these
heat-treatments. These peaks are sensitive to metal-oxygen
bonding and can suggest which oxide phases have formed.

i T T T
Cugoliye/Si0; 12 hrs at 375°C Silicon KLL
/(_/)\ - IBS —-— Oxygen KLL |
= o~ - —— Titanium LMV
% 4 N BN — .- Copper LMM
e ~ TN e~ ]
! o \

Ti—depleted regions (I
next to interfaces \

Auger intensity (arb.
‘ —

Sputter time (min)

Fig. 6. AES depth profile of CugTiy, after annedling 12 h at 375°C
depicting formation of Ti oxide at the free surface and depletion of Ti
adjccent to each interface.
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Fig. 7. AES depth profile of CugTi;, affer annealing 2 h af 525°C
depicting formation of Ti oxides af the free surface and adjacent to
the SiO,. Ti has been dlmost completely removed from the alloy.

The LMV peak for the as-deposited film (Fig. 8) is at
~416.5 eV (the position corresponds to the minimum in the
differential spectra, as per convention), which is near the
expected position for metallic Ti. Despite the dissolution of
Ti in the face-centered cubic (fce) Cu lattice, there is little
change in this Auger peak. The general characteristics of
thespeak shape are expected for the LMV transition of pure
Ti. %

The spectrum from the 375°C anneal is characterized by
several distinct regions, as seen in the depth profile of
Fig. 6. The Ti LMV peak from the near-surface oxide layer
(Fig. 9a) has a shoulder on its low energy side at 406 eV. The
shoulder is at nearly the same height as the main peak,
itself shifted by ~0.5 eV relative to that of Ti in the as-de-
posited Cug,Ti;;. The peak corresponding to the remaining
Cu, . Ti, (Fig. 9b) is featureless and of the expected shape
for metallic Ti.

Figure 10 shows spectra from two regions: (a) the near-
surface oxide layer and (b) the oxide layer adjacent to SiO;.
A chemical change has occurred in the near-surface layer
(Fig. 10a) due to the extended heat-treatment. The LMV
peak is broad with a low energy shoulder at 406 eV, similar
to that of Fig. 9a, with the main peak shifted by almost the
same amount (~0.5 eV) relative {o that of the as-deposited
Ti. However, at 525°C the low energy shoulder is higher
than the main peak, whereas at 375°C, the main peak is

L e B A LI s ot B St M B R HRL S B

L—Cu‘mTi10 on Si0, as deposited J

d[E*N(E)]/dE

Ti LMV Auger peak

PSS WNT S G T WG SRS ST SN ST SR ST TUUS M SN S S N S S

400 405 410 415 420 425
Auger electron energy, eV

Fig. 8. Differential Ti LMV peak of CugTio for the as-deposited
CuggTiyg film. Shape and position are those expecied for metdllic Ti.
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Fig. 9. Differenfial Ti LMV peak of CuqTiy, after annedling 12 h at
375°C (a) from the near-surface oxide, (b} from the underlying alloy.

greater. The LMV peak from Ti accumulating at the Cu/
Si0, interface (Fig. 10b) exhibits an asymmetric shape, un-
shifted relative to the as-deposited Ti. Although the ap-
pearance of a low energy shoulder near ~406 eV is
apparent, this shoulder is much smaller than those corre-
sponding fo Ti in the near-surface oxide formed after 375°C
(Fig. 9a) or 525°C (Fig. 10a) anneals.

These spectra indicate the chemical environment-of Ti in
the various layers since the Ti LMV peak (416 €V) is sensi-
tive to the presence of oxygen.” For TiO, the Ti LMV peak
exhibits a low energy shoulder at ~407 eV, while the pri-
mary peak is shifted by ~1 eV to higher energies relative to
metallic Ti. For TiO,, the LMV peak broadens and shifts to
lower energies by ~2 eV. Ti,0; exhibits characteristics of
both TiO and TiO, in that the LMV peak forms a low energy
shoulder, but the shoulder is closer in height to the main
peak than that found in TiO. These results indicate that TiO
and/or Ti,O; form at the free surface at 375°C and have
grown thicker by 525°C, with perhaps TiO, forming as well.
At the Cu/Si0, interface, the chemical state of Ti is what is
expected for TiO. The Ti remaining in the Cu,. . Ti, layer
remains in a similar chemical state to that of the as-de-
posited Ty, as it does not exhibit any of the distinctive peak
shape changes characteristic of Ti oxidation.

Cu lattice parameter as a function of Ti concentration
and temperature.—An expansion of the fee Cu lattice was
observed due to Ti incorporation upon co-evaporation. We
performed a series of co-depositions (Xy =0, 4, 5, 6.5, 7.5,

YT 1 ] k3 T T Aj T T LR ‘ T ¥ T T l T 1 T T
|- — —(a) Near—surface oxide % 2 houras —
—--(b) Oxide adjacent ta Si0, at 525°C
- —— -
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Fig. 10. Differential Ti LMV peak after annealing 2 h at 525°C ()
from the near-surface oxide, (b) from the oxide adjacent to SiO,.
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Fig. 11. Variation of Cu lattice parameter with Ti conceniration at
room temperature, according to Eq. 1, found by fitting a Lorentzian
to the Cu {111} XRD peak using Cu-Ka radiation (x» = 1.5418 Al

10, 12, and 13 a/o, as measured by RBS) to determine the
variation in the Cu lattice parameter with Ti concentration.
The lattice parameter was found by a Lorentzian fit to the
Cu (111) XRD peak after a linear background subtraction;
i.e, I(20) = I(20;) X w?/[w? + (20 ~ 20,)], where I(203) is
the maximum intensity at the Bragg angle 205, and w is the
full-width at half-maximum. We then calculate the d-
spacing from Bragg’s law, A = 2d sin 0, and the lattice
parameter from ac, = VY3d,;. A linear relationship between
ac, and Xy held over this composition range, but at higher
concentrations the as-deposited films were found to be
amorphous. This relationship is expressed as

Qcy = Gy + 80Xy [1]

with 8 = dag,/dXy. This relation is plotted in Fig. 11, with
Gc, =3.613 A (3.615 A from ASTM card 4-836) and 8 = 3.0 X
107? for Xy, in a/o. This linearity was observed to hold up to
the Ti concentration at which an identifiable (111) peak
was no longer observed, ~15 a/o. Using the value a = 2.950
A for HCP «-Ti (ASTM card 5-682) fo define the size of the
Ti atom, an fcc lattice of Ti would have aq = 4.172 A. Veg-
ard’s law for the Cu-Ti system can be expressed as ac, =
3.615 + 0.00557X in A for Xy in a/o. The measured value of
8 is ~43% smaller than that predicted by Vegard’s law.
Thermodynamically, this implies a negative deviation from
ideality in the Cu,_,'Ti, solid solution, consistent with the
presence of intermetallic compounds in this system.
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Fig. 12. Variation of Cu lattice parameter with temperature accord-
inci] to Eq. 2 for 4, 5, 7.5, 10 a/o Ti in Cu. Solid line is the expected
value for pure Cu.
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Fig. 13. Time evolution of the Cu lattice parameter at 375°C, found
by fitting a Lorentzian to the Cu (111) peaks using in situ XRD. Shown
in the insert are selected XRD scans at 5, 92, 228, 444, and 813 min
after reaching the final anneal temperature.

To quantify the Cu;_, Ti, composition at all temperatures,
we must relate a¢, to T for different compositions. For pure
Cu, ac, varies linearly with temperature

Aoy = ao(l + OLCuAT) [2]

where ag, = (1/6c){dac,/dT) is the thermal expansion coef-
ficient, =17.6 X 107%/°C. ** If o, varies with Ti concentra-
tion, then the expansion due to Ti incorporation, 8, will also
vary with temperature, making subsequent analysis more
difficult.

Co-deposited alloy films of four different Ti concentra-
tions are monitored in situ by XRD, following the evolution
of the Cu (111) peak at temperatures of 27, 100, 200, 300,
and 400°C. In Fig. 12, a¢, is given as a function of tempera-
ture for these four concentrations. The fitted values of ag,
for samples of4,5,7.5, and 10 a/o Ti are 18.4,19.1,18.1, and
18.4 X 107%/°C, respectively. The literature value for ac(T)
for pure Cu is also plotted for comparison; our measured
values for o, are within 5% of that value. Above 400°C, Ti
dealloying becomes important in the time scale required
for this measurement, and therefore we could no longer
assume that all of the originally deposited Ti remains dis-
solved in the fcc Cu phase.

Dealloying kinetics of Cug,Ti;,/Si0, by in situ x-ray dif-
fraction.—As we observe that the Cu lattice parameter
varies linearly with Ti concentration over the temperature
range of interest (Eq. 1), we may in turn calculate the com-
position of the fce Cu phase by measuring the lattice
parameter. This approach assumes that only Cu and Ti are
constituent elements, which the Auger and RBS results in-
dicate. Using in situ x-ray diffraction, we monitor the time
evolution of the Cu (111) peak at 375, 400, 420, 435, 440,
455, 470, 480, and 490°C. Sample temperatures were
ramped from room temperature to the final annealing tem-
perature at a rate of 100°C/min. The “zero time” for anneal-
ing was taken as the time at which the final temperature
was reached. Spectra of this peak taken at successive times
at 375°C are shown in the insert in Fig. 13. The dominant
feature is a shifting of this peak to higher angles, i.e,
smaller d-spacings. By fitting a Lorentzian to each peak,
we determine the peak position within 0.002-0.003° 26.
This corresponds to an accuracy in d-spacing of (\/4)
(cos ®/sin? ©)A(20), or £0.0005 t0 0.0008 Afor®=21.7°and
A =1.5418 A. The five peaks shown, taken after 5, 92, 228,
444, and 813 min at 375°C, correspond to positions of 20 =
42.66, 42.73, 42.78, 42.83, and 42.90°, implying an average
Cu lattice parameter of a(t) = 3.6676, 3.6620, 3.6579,
3.6537, and 3.6482 A, respectively. The time evolution of
the Cu lattice parameter at 375°C is plotted in Fig. 13.

Using the linear relationship between the Cu lattice
parameter and the Ti concentration (Eq. 1), we can easily
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Fig. 14. Square of the amount of Ti reacted (a/o) as a function of
time at 375°C. The slope of this line is the reaction rate k, defined in
Ea. 5.

relate ac, to the amount of (unreacted) Ti remaining in the
fce Cu phase. With a(0) = 3.6687 A to 10 a/o Ti at this
temperature, the amount of Ti remaining in the Cu is calcu-
lated as 9.7, 7.9, 6.6, 5.2, and 3.5 a/o at these anneal times.

An absolute error in the x-ray peak position resulting
from any misalignment of the heating stage may occur, and
we must account for this possibility. To do this, we take the
difference between the measured initial value of the lattice
parameter a(0) and the instantaneous value a(t). This dif-
ference was used in all calculations rather than the differ-
ence between a(t) and a¢, [=a(«)], and by treating data in
this manner rather than via Eq. 1, we eliminate this error.
As a result, the amount of Ti that has reacted is calculated
directly. In units of a/o, the amount of reacted Ti, Xy rcacteds
is given by

X’I‘i,reacted(t) = M [4]

where a(0) and a (t) are the initial and instantaneous lattice
parameters of Cu, respectively, and 8 = dac,/dXy. The lat-
tice parameters above correspond to 0.3, 2.1, 3.4, 4.8, and
6.5 afo Ti reacted.

If we plot the square of X rcaerea(t) vs. £, linear behavior is
observed, indicating that the dealloying process obeys a
parabolic rate law

X’Iz‘i,reacted = kxt [5]
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Fig. 15. Square of the amount of Ti reacted (atom/cm? as a func-
fion of time at 375 to 490°C. The slopes of these lines are the reaction
rates ky [{atom/cm??/s. ky = k,pc,h/100.

Downloaded on 2016-09-16 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

1314
Temperature {°C)
500 480 460 440 420 400 380
T T T
23504 CugyTiio/SIO,
5 |
8 10 0
N AL = 1.640.1 eV
:/\ © NzTi, reacted th
&
(@]
™~
£
14
S 10 —
]
&)
.
z
'Y
kno = 25.8 (Ti atoms/cm?)?/sec o
E 0 12 N U O UV S SOvIA LS S S S
1.30 1.35 1.40 1.45 1.50 1.55
1000/T (K1)

Fig. 16. Arrhenius plot of the reaction rates ky at 375 = T < 490°C.

This is plotted in Fig. 14 during a 375°C anneal. A Kkinetic
expression such as this implies that diffusion-controlled
layer growth is likely to be the rate-limiting process gov-
erning the dealloying reaction.

We can relate the a/o Ti reacted to the number of reacted
Ti atoms per unit area of the film, Ny ... (atom/em?®) by
knowing the film thickness, 2, and the film density, p. The
film thickness is 2350 A according to RBS; the film density
is close to that of pure Cu, pe, = 8.47 X 10?* atom/cm?®. This
number is calculated using the relationship Nrescteq =
(X reactea/ 100)penh. Therefore, the dealloying rate may also
be given by N3 ..qea(t) = kyt. This relationship is plotted in
Fig. 15 at each reaction temperature. Only anneals at tem-
peratures from 375 to 490°C were used in the kinetic study;
above 490°C, the dealloying reaction occurs too rapidly to
be monitored accurately in real time using in situ XRD.
From the Arrhenius plot given in Fig. 16, we extract an
activation energy of AE = 1.6 = 0.1 eV for the dealloying
reaction and an exponential prefactor ky, equals 25.8 (Ti
atom/em??/s, assuming ky = ky, exp (—AE/kpT), with kg =
Boltzmann’s constant.

Composition dependence of dealloying kinetics.—Deal-
loying kinetics were found to depend strongly on the initial
film composition, with films initially richer in Ti possess-
ing more rapid reaction rates. Four films, similar in thick-
ness but of initially different compositions, were annealed
at 490°C with in situ XRD to monitor dealloying kinetics.
The compositions chosen were 4.0, 5.0, 7.5, and 10.0 a/o Ti
and film thicknesses were 2250, 2350, 2525, and 2350 A,
respectively. In Fig. 17, we plot X3 e vs. time for each
composition; straight lines represent linear fits to the ini-
tial stages of dealloying. Note that a departure from
parabolic kinetics occurs at shorter times for films contain-
ing initially less Ti. With X3 jaeea = Kot, the measured values
of k, are 0.60, 0.86, 2.5, and 4.9 (a/o Ti)*/min at 490°C, re-
spectively. In other words, a two and one-half-fold increase
in X, results in more than an eightfold increase in k. These
samples were also used to determine the composition de-
pendence of the thermal expansion coefficient (Fig. 12).
The composition dependence of k, is plotted in Fig. 18. A
cubic equation was found to exhibit the best fit, as may be
explained by our model below.

Discussion

Driving forces for titanium dealloying.—Several possi-
ble physical driving forces exist for titanium dealloying. Ti
and Cu form a series of intermetallic compounds according
to the phase diagram, as discussed previously in this paper.
Since the stoichiometries of these compounds are more Ti-
rich than that of the as-deposited Cu,_,Ti, alloy film, pre-
cipitation of any of these compounds would lead to a net
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Fig. 17. Square of the amount of Ti reacted (a/o) as a function of
time at 490°C for four different initial Ti concentrations.

removal of Ti from the Cu lattice. In addition, Ti forms
several oxides by reacting with both ambient oxygen and
with Si0,. With an operating total pressure in the range 5 X
107% to 5 X 107° Tory, it is likely that annealing occurs well
above the equilibrium O, partial pressure for the known
Ti-O reactions, which is ~3.5 X 107 atm (3 X 107°° Torr)
for TiO, formation at 500°C. * Lastly, the Ti in the as-de-
posited Cu,;_, Ti, alloy is supersaturated; the solubility of Ti
in Cu is small due to their dissimilar lattice structures,
varying from ~0.8 a/o at 500°C to a maximum of ~8.0 a/o
at 800°C. ™ The resulting lattice expansion due to Ti incor-
poration in the Cu lattice produces an elastic strain energy
proportional to (Aa/a.)®. For 10 a/o Ti in Cu, Aa/a, = 0.0088
at room temperature. Given that Young’s modulus for Cu is
110 GPa, * the strain energy per unit volume is 3.8 J/cm?,
which is 26.9 J/mol. This number must be compared to the
relevant free energies of oxide formation in this system. For
the oxidation of Ti, AG{ equals —474 kJ/mol for a-TiO,
-1320 kJ/mol for Ti, O, and —2033 kJ/mol for Ti;O, at T =
427°C, ¥ all of which are orders of magnitude larger than
the strain energy. It is therefore likely that the driving force
for Ti dealloying is chemical in nature.

The appearance of Ti-O bonding at both interfaces in the
annealed samples, as evidenced by Auger peak shape and
by both RBS and Auger depth profiling, suggests that Ti
segregates to each interface due to the presence of oxygen
and/or silicon. At the Cu,_,Ti,/SiO, interface, both Si and
O are likely to be contributing to the driving force for Ti
segregation; at the free surface, only O from the ambient
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Fig. 18. Concentration dependence of the reaction rate k, at 490°C.
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contributes. From our previous knowledge of the Ti/SiO,
system,” we infer that such a double layer might indicate
the formation of both Ti-Si and Ti-O layers from decompo-
sition of Si0O,.

The temperature at which the alloyed Ti begins to reduce
Si0, as found in this study (375°C) is approximately that
observed for the onset of the pure Ti/SiO, reaction.®® How-
ever, the geometry of the reaction zone is distinctly differ-
ent for the alloy films in this study than for the pure metal,
in which the Ti which has not been consumed by silicide
formation acts as a sink for O atoms liberated by the SiO,
reduction. The Ti lattice fills uniformly with interstitial O,
eventually forming the «-TiO phase; this has been shown to
result in nonparabolic Ti silicide formation kinetics.*** By
contrast, in the alloy geometry, no Ti lattice exists into
which the O must diffuse for the reaction to proceed. The
composition of the TiO phase which forms is probably con-
stant during the course of the reaction as a result, and our
Auger results seem to verify this.

Rate-limiting kinetic process for titanium dealloying.—
A parabolic time dependence for the amount of dealloyed
titanium suggests that diffusion is the rate-limiting kinetic
process, either across the growing Ti oxide phases or out of
the Cu,_, Ti, alloy. The former scenario results in parabolic
reaction kinetics since the oxide growth rate dR,.4./dt
(Roxae = 0xide thickness) is proportional to the flux across
the oxide, which in turn varies as 1/R 4. This leads upon
integration to a rate law of the form R2. = kt. The latter
scenario results in parabolic reaction kinetics since as the
oxide layer grows, it depletes a region in the underlying
alloy film of Ti, and Ti atoms must diffuse across this de-
pleted zone to sustain further growth. As the width of this
region increases as R4 With continued oxide growth, we
again expect a rate law of the form R2.. = kt. In either case,
the kinetics are determined by diffusion over a distance
that widens as growth continues, leading to parabolic
growth. A parabolic rate law cannot distinguish between
these two growth modes.

From our experiments, we ought to be able to determine
which of these modes operates in the Cu,_, Ti,/SiO, system.
Two of our experiments strongly indicate that diffusion of
Ti out of the alloy film is the rate-limiting process. First,
the existence of a concentration gradient in a particular
phase in a thin film system suggests that diffusion across
this phase may be slow relative to other processes. The
Auger depth profile of the sample annealed at 3756°C (Fig. 6)
shows a distinct concentration gradient in the alloy film
underneath the growing oxide layer. If diffusion across the
oxide were slow relative to diffusion out of the alloy, we
would expect the Ti profile within the alloy to remain uni-
form but decrease steadily with time, rather than exhibit a
concentration gradient. Second, a dependence of the
growth rate on Ti concentration is unlikely if diffusion
across the oxide is rate limiting, but is necessary if diffu-
sion within the alloy is rate limiting. The lower the concen-
tration of Ti in the alloy film, the greater the width of the
depletion zone within the film for the same amount of oxide
formed. The greater the zone width, the slower the oxide
growth rate, since the Ti atoms supplying oxide growth
must diffuse a greater distance. The reaction rate at 490°C
increases by a factor of 8.25 as the concentration of Ti in
Cu,_,Ti, increases from 4 to 10 a/o, as shown in Fig. 18. It
is likely that an increase in this magnitude is due to the
decreased distance across which Ti in the alloy must diffuse
for more Ti-rich alloys to oxidize.

Modeling the kinetics of Ti dealloying.—If Ti diffusion
within the alloy is the rate-limiting step, then we should be
able to estimate the diffusion coetficient of Ti in Cu given
the measured rate constants. To accomplish this, the fol-
lowing assumptions are made to simplify analysis: (i)
the oxides at each interface have identical compositions
and densities, begin growing at the same time and are
growing at the same rate; (ii) the Ti profile in the alloy
adjacent to each interface is linear, with the concentration
equal to a constant (equilibrium) value adjacent to the ox-
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ide interfaces, and is equal to its initial concentration
within the bulk of the alloy; (iéi) the diffusion coefficient of
Ti in the alloy is composition-independent; and (iv) diffu-
sion across each oxide layer is rapid relative to diffusion
within the alloy.

First, we must relate the amount of reacted Ti to a thick~
ness of oxide grown. The amount of reacted Ti per unit area
must be accounted for by the growth of a reaction produet.
If an oxide of thickness R g, atomic density pyuq., and a/o
X,..cc forms at each interface, then the number of Ti atoms
that have reacted per unit area must be given by

XopCu

Xoxldepoxide —

100 (n

N Ti,reacted = 2-Roxicle
where X, is the initial amount (a/o) of Ti in the alloy, pe, is
the atomic density of Cu (assumed constant), and the factor
of two reflects the fact that two oxides are growing simul-
taneously. Using the relationship between Xy .coeea and
Ni; reactea; and defining b as the ratio of the atomic density of
the oxide to that of Cu (b = poyae/Pcu), We obtain

X’I‘i reactedh
2(onxide - Xu)

Roxide = [8]
X, reaciea Varies parabolically with time, i.e., X3 e = Kuts
with k, the parabolic growth rate in units of (a/0)?/s. From
Eqg. 6, we determine that the corresponding oxide thickness
growth rate ky is related to k, according to

k.h?

kR - 4:(b-‘}(oxide - Xo)z

[91
The growth rate of the oxide, dR q./dt, is proportional to
the diffusional flux of Ti arriving at the interface, i.e.,
(Coxige — Ca)dRogae/dt = D(3C/ 37 ) intertace; With D the chemical
diffusion coefficient of Ti in Cu, C,.q. the concentration of
Ti in the oxide phase, and Cy the (equilibrium) concentra~
tion of Ti in the alloy at the interface. The concentration of
an element j in phase i is p;X};, and so we recast the growth
rate in terms of atomic fractions

dRomde . 1 (Qf)
dt ~ b-Xoxide - XE ar

[10]
interface
with all atomic percents referring to titanium in this paper.
To obtain the concentration gradient at the oxide/alloy
interface, one must first solve the diffusion equation within
the alloy subject to the relevant boundary conditions. The
exact profile for an infinitely thick alloy film with one com-
ponent forming an external oxide has been shown by Wag-
ner® to be of the form [X (% t) — Xg)/IX, — Xz} ~ erf [/
2(Dt)"*]. This profile is shown schematically in Fig. 19a. To
simply estimate the diffusion coefficient, we can approxi-
mate the profile as varying linearly from X; at the alloy/ox-
ide interface to some distance AR within the alloy, at which
point X = X, the initial composition of the alloy. This sim-
plification of the profile is shown in Fig. 19b (h = film thick-
ness). This linear approximation enables us to replace (3X/
ar) in Eq. 8 with AX /AR, defining AX, = X, — X,
whereupon Eq. 8 becomes

AR oyige DAX,
dt - (banlde - XE)AR

The parameter AR is the width of the depleted Ti zone in
the alloy. AR can be calculated using mass conservation
arguments simply by equating the amount of Ti depleted
from the alloy to the amount required to create an oxide of
width R e

[11]

BogaebXoso — X)) = 3 ARAX, [12]

Substituting Eq. 9 into Eg. 10 and integrating yields a par-
abolic oxide growth rate
2 (A)(tj)2

oxide = (onxjde - XE)(onxide -

X Dt [13]

Downloaded on 2016-09-16 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

1316
!
olioy
c
.
=
&)
| .
-+
c
[
8]
c
o]
O
i=
4 I i
i b (b)
alloy :oxide:
| |
c
S
-
[o}
.
D
c
[
Q
c
[+
&)
=
|
H—h/z————ﬁ
I

Distance

Fig. 19. Concentration profile in an alloy below a growing oxide
of one component only, (a) according to Wagner,”’ and (b) according
to the linear approximation used in our model. Shaded areas are
equal by mass conservation.

which is of the form Rl = kgt. Comparing Eq. 11 with
Eq. 7, we can derive an expression for the variation of k,
with the initial a/o Ti, X,, in the alloy

k - 4D (onxide - Xo)(AXo)z
= hz(onxide ~ Xg)

[14]

In other words, k, can be fitted with a cubic equation, as
was done in Fig. 18. Rather than do this, however, we ma-
nipulate Eq. 12 to a form which can be analyzed in a linear
fashion

k. h? vz 4D >1 »
(onxide - X0> B (onxide - X AX, [15]

If we plot [k, h%/(bX xae — X1V vs. X, as in Fig. 20 for the
four samples discussed (4, 5, 7.5, and 10 a/o Ti at 490°C), we
can estimate the diffusion coefficient D and X5, Linear in-
terpolation yields a slope of ~1.2 X 107 em/s"* and an
x-intercept of ~1.4 a/o. The x-intercept from this linear fit
corresponds to X in Eq. 9, which is the concentration of Ti
that remains in the alloy after oxidation. From Auger depth
profiling, we measured this as ~0.8 a/o at 525°C (Fig. 7).
The slope of the linear fit is given by [4D /(bX 4. — Xu)1'7,
from which we can estimate the diffusion coefficient of Ti
in Cu as ~2.0 X 107 ecm?/s at this temperature. Iljima et al.
used a Matano-Boltzmann experiment to determine the
diffusion coefficient of Ti in Cu as a function of composi-
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tion and temperature for highly dilute alloys.** Extrapolat-
ing from this work, we predict a value for the bulk diffusion
coefficient of Ti in Cu of ~4.0 X 107* cm?/s at 490°C, using
the value for an infinitely dilute alloy. If we assume that Xy
is temperature independent, we can estimate D as a func-
tion of temperature (Fig. 21) and compare the value so ob-
tained to Iljima’s data, also plotted in Fig. 21. The predicted
values of D are five to ten times greater than what is pre-
dicted by Iljima in this temperature range, which is reason~
able given the approximations used to arrive at a diffusion
coefficient for Ti in these alloy films.

Conclusion

The reaction of Cu,_,Ti, alloy films on Si0, for composi~
tions of 4-10 a/o Ti is dominated by the dealloying of Ti to
form oxides at both the free surface and at the SiO, inter-
face. Segregation to each interface was apparent from both
RBS and Auger depth profiling. The chemical state of the
Ti varied at the free surface from Ti,O; to TiO with increas-
ing depth from the surface and consisted of TiO at the SiO,
interface. Kinetics of dealloying are diffusion limited, with
X% reactea = Kot, as determined by in situ x-ray diffraction
monitoring the Cu (111) peak and thereby the Cu lattice
parameter. An activation energy of 1.6 = 0.1 €V for this
process was found for Cu,,Ti;,. By making certain simplify-
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Fig. 21. Arrhenius plot of our estimate of the diffusion coefficient of
Tiin Cuy_,Ti, alloy films. Dashed line is an extrapolation of data from
lljima et al.,*' shown for comparison.

Downloaded on 2016-09-16 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

J. Electrochem. Soc., Vol. 142, No. 4, April 1995 © The Electrochemical Society, Inc.

ing assumptions, such as a linear gradient of Ti within the
alloy, we establish that Ti diffusion out of the alloy rather
than across the oxides is rate limiting and estimate the
diffusion coefficient of Ti in these alloy films as 2 X
107 em?/s at 490°C.
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