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Oxidation process in titanium thin films
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The first stages of the oxidation process of titanium thin films deposited on top(@DQsubstrates have
been studied by means of Auger electron spectroscopy. Using principal component analysis we found different
oxidation regimes for Ti films depending on their thickness. While for a film thickness up to 1 ML only one
oxide phase (Ti§) is present, in thicker films a new oxide phase (JiGx<2) is detected. As the Ti film
grows, the passivating effect of the titanium oxide stops the process of oxygen adsorption. Finally, for the
thickest films &7 ML) the effect of the interface turns out to be negligible and the oxidation characteristics of
bulk titanium are recovered; i.e., only Tj@ detected agaifS0163-18207)05019-4

I. INTRODUCTION energy electron diffractiofLEED) facilities. The samples
were prepared by Ti thermal evaporation on top of a high-
The study of titanium and its oxides, as well as the oxi-purity copper monocrystal, oriented along tf00 axes.
dation process, is a matter of current interest. Due to itShe copper surface was repeatedly cleaned by ion bombard-
intrinsic properties, titanium and titanium oxides are used irment (Ar" 0.7 keV) and annealing at 850 K, until carbon
areas as different as catalysis, medicine, aircraft constructio@nd oxygen contamination was below the AES detection
corrosion, and so on. On the other hand, and in spite of thémit, and clear and narrow LEED spots were visible. Tita-
large amount of work devoted to the study of the surfacenium was evaporated from a high-purity Ta-Ti alfyat a
oxidation process, there are several aspects of the procelgical evaporation rate of 410 2 ML/s. The carbon and
that are still not well understood. oxygen levels were kept below the AES detection limit along
The Ti oxidation kinetic is characterized by a fast oxygenthe whole film growth process. The AES spectra were ac-
adsorption followed by a slowing down of the process untilquired using a single-pass cylindrical mirror analyzer with a
saturation is reached. This experimental behavior has beeesolution of 0.6% and 2-V modulation amplitude. The pri-
explained in two different waysi) through a fast adsorption mary beam energy was 3 keV, and to minimize electron-
stage followed by a slow oxidation chand (i) through a induced desorption effects the electron-beam density was
fast oxidation stage followed by a slowing down due to thekept very low (0.5uA/mm?). In this way, no electron-beam
formation of a passivating fili® Another point of debate is effect could be detected once the oxygen was evacuated from
the stoichiometry of the oxide film. The presence of severathe UHV chamber. In addition, the electrons impinged the
oxide phases has been reported in the literature, i.e.* TiOsurface only during the acquisition of the Auger spectra. The
TiO,;3*" a mixture of TiO and Tig! TiO, with minor  oxidation of bulk Ti is pressure independérit the low-
quantities of other oxides also presémiO or Ti,O3;8 TiO, pressures range. After checking this pressure independence
Ti,0z, and TiG,.° In a recent work, based on the analysis of for the thin-film regime we performed all the exposures at a
the Auger line shape, we found that the oxidation of titaniumconstant pressure of X110 ° Torr, and raised it up to
proceeds from the beginning of the process; i.e., no adsorfkx 10" Torr to obtain the saturation valug80 L; 1 L
tion stage was detected and only titanium dioxide ())i® =10"° Torr 9. The oxygen used was of high puritpetter
present along the whole process. On the other hand, a phag&n 99.997%and filled the whole UHV chamber. The pres-
Ti,O; was found when the process is undertaken at higtsure was measured by means of a noncorrected Bayard-
temperatures T>>500 K).1° In the present work, we study Alpert gauge.
the oxidation process of titanium thin films. Here again the
interest comes from applied and basic points of view. In the
first case, thin-film titanium oxides are interesting as protec-
tive coatings against corrosidhwhile, on the other hand, The method of principal component analydigPCA) has
the transition from surfacelike to bulklike oxidation and the been successfully applied on different analysis techniques
interface effect on the oxidation are subjects of current interincluding AES**~?*The application of PCA in the sequential
est. way to study chemical reactions occurring at surfaces, as
well as to follow depth profiling of reactive interfaces, has
been extensively discussed in our previous wdrks:®20
Il. EXPERIMENTAL SETUP AND DATA TREATMENT Therefore, we will limit ourselves here to a brief description
of the method.
In PCA one works with the covariance matri&) formed
The experiments have been carried out in an ultrahigiwith the data matrixD); A=DTXD. In any sequential pro-
vacuum system with a base pressure in the'%Torr range,  cess involving AES, such as in an oxidation stuByjs an
equipped with Auger electron spectroscdES) and low- mXn matrix whosen columns are formed by the Auger

B. Data treatment

A. Experimental setup
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FIG. 1. Titanium, copper, and oxygen Auger yigldeak to FIG. 2. Ti Auger line shape evolution for a set of films of

peak evolution [normalized to clean copper peak: different thickness over GlOO).
Cuynn(60 eV)] vs titanium evaporation time. Gy (H); Ti ym
(O); Ok (D). ing process. The breaks observed in the time evolution of
both Cu and Ti peaks correspond to the completion of suc-
spectra acquired sequentially during the experiment, witltessive layeré? The lines are least-square fits to the experi-
each spectrum being formed log (energy channels. The mental data. This result shows a layer-by-layer growth of Ti
rank of A will be equal to the number of independent com- over CY100), in agreement with the findings of iacangas,
ponents ofD. Therefore, for a set of perfectly noise-free Williams, and Park® over Cy111). The curve shown in Fig.
spectra, the determination of the numlmenf independent 1 is used in this work as a calibration curve to determine Ti
chemical components is reduced to the determination of thé#im thickness. A Ti evaporation rate of around
number of nonzero eigenvalues Af Since noise is always 4x10~2 ML/s is obtained from the figure for the calibration
present in a real experimental case, all eigenvalues afe  conditions.
different from zero. The key point in PCA is then the deter- In Fig. 2 we show the evolution of the Ti Auger line
mination of those eigenvalues that have physical meaningshape as a function of the film thickness. Theyki transi-
i.e., those eigenvalues that are statistically different frontion line shape dependence on film thickness is apparent
zero®® from these results. Since this transition involves electrons
The last step in this method is the decomposition of therom the valence band, one can conclude that this,Ji
data matrix into a product of two matrices, in such a way thatlependence is related to a charge transfer between Ti and Cu
one matrix contains the Auger spectra of the pure compoand that this charge transfer is film thickness dependent. Re-
nents and the other one their relative weighits*® This  sults in close agreement with these findings have been pre-
step, the so-called target transformation metti@d), re-  sented for the system Ti/W by Herman and Petfen.
quires additional information. In the conventional TT one In Fig. 3 we show, through the /@, Auger peak, the
needs to know the concentration of-1 components in at evolution of the oxygen amount at the surface as a function
least one point of the profile. On the other hand, in the seof the oxygen exposure, for a set of different Ti film thick-
guential method, the number of eigenvalues is fixed and theesses. In this figure, the results for pure bulk titanium and
evolution of the error performed in reproducing the data ma<copper surfaces are also included. Comparing the results for
trix is followed as a new spectrum is added to the experipure Cu and Ti, one can observe the large difference in the
mental sequencE. Each time the error in reproducing the chemical activity for both of these metals in the presence of
data matrix withN fixed independent factors turns out to be oxygen. The oxygen evolution in the Ti thin film regime
larger than the experimental error, it is necessary to assunmshows a behavior similar to the bulk oxidation process, i.e.,
the existence of a new factor in the process; i.e., from thisan initial fast increase of the oxygen content at the surface
point the system must be characterized by the presence &fllowed by a slowing down and a plateau. These stages are
N+1 components. clearly dependent on the Ti film thickness.
In Fig. 4 the oxygen saturation value as a function of the
. RESULTS Ti film thickness is displayed. The amount of oxygen at the
surface has been corrected for coverages below 1 ML to
In Fig. 1 we show the peak-to-peak intensities corre-consider only the oxygen adsorption at the titanium surface.
sponding to the Tiyy (418 eV) and Cy,yn (60 €V) Auger  To do that we use the results shown for pure copper in Fig. 3,
transitions as a function of the Ti evaporation time. The in-and assume that the oxygen adsorption process on copper is
tensity of the Q, transition is also plotted to show the low independent of the presence of titanium. The straight lines
level of contamination achieved along the whole film grow-drawn in this figure correspond to the theoretica| OAuger
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signal expected on the basis of layer-by-layer growth of sto-
ichiometric titanium dioxide. The outcoming Auger electrons
are only affected by the attenuation due to the finite escape
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depth, i.e., expfa) where a is the attenuation coefficient Energy (eV)
[a=d/\ cos(), d is the film thicknessg the emission angle, . . . .
and \ the Auger escape degthwithin this model one ex- FIG. 5. Timm, TiLmy, and Q. Auger line shape evolution

pects a linear dependence of thg, @ Auger yield with film for a set of films of different thicknesses over(C00), as function
thickness, separated by breaks corresponding to the compl@f the oxygen exposure.

tion of each monolayer, just like the behavior observed for Ti . N . .

in Fig. 1. A value ofw=0.42 for the oxygen Auger electrons saturation value with film thickness starts to deviate from
through titanium oxide is obtained based on measuremenfg's model after a coverage of about 2 ML' .Thls.result points
of the attenuation of the copper Auger signal through theelther to the passivating nature of the Ti c_un_Jle f||m_, or to the
same oxide film, and assuming an energy depend&nie presence of oxide phases with lower stoichiometries.

: In Fig. 5 we show the evolution of the Ti and oxygen
for the Auger escape depth.The behavior of the oxygen Auger line shapes for four different Ti films, ranging from

below 1 ML to bulk, as a function of the oxygen exposure. In
these figures the capability of AES to detect chemical
changes and the [T\ dependence on film thickness are
evident. One startling point is the evolution of the Ti Auger
@ o 1 line shape for 0.9 and 1.9 ML. In fact, although the starting
point is clearly different, showing the dependence of the
charge transfer between Ti and Cu on film thickness, already
J discussed, the final shapes are quite similar to the line shape
of TiO,. This result suggests that the interaction Ti-O is so
strong that the Ti-Cu charge transfer becomes irrelevant.
Based in the fact that only one of the main Ti Auger
transitions involves valence electrons (), it has been
proposed that the ratio between iy and Tiym Auger
yield, hereafter called Jj,, can be used as a good indicator
of the Ti oxidation staté?® However, we have already
showr{ that the analysis of this ratio, without taking into
account the variations of the Auger line shape, can lead to
0.0, 2 7 PR erroneous conclusions. In the particular case of Ti oxidation,
Ti film thickness (ML) while the analysis of the Jj, evolution ratio suggests the
presence of an adsorption stAdgeo chemical reactionin
FIG. 4. Saturation value of the oxygen amount at the surface athe process, a careful study of the Auger line shape through
a function of the titanium film thicknes&l). Straight lines repre- factor analysis shows that the oxidation of Ti proceeds from
sent TiQ growing layer by layer. the very beginning of the proce&sn spite of this, it is clear
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— —T The oxygen saturation content depends on Ti film thickness.
1_3Jm J The linear dependence of thec@ Auger yield versus Ti
0::”%/3 I | coverage shows a layer-by-layer growth of this titanium ox-
.., . A ide phase up to 2 ML, followed by a slowing dowfiii)
1.2 ¥ o, MR s T There is a lack of an adsorption stage for the thinnest films in
e, % ’. “ th'e .TW picture, as well as different final oxidation states
aabk Ce, °. . %A ] within the same picture.
E 1 o o ’.
___l a [ ]
':E 1.0 -E"JDD L ° 3’ ] IV. DISCUSSION
= - D“u '. ° . ’; As the main interest of the present work is the study of the
09l o . o ¢ . oxidation process of Ti thin films, it is crucial to work with a
. M c% substrate that acts as an effective barrier for the oxygen mi-
" B H < gration and allows the growth of films with minimum distor-
081 B & 2 1 tions. From the point of view of an oxygen migration barrier,
l ® i an oxide substrat€TiO,, for instance would be ideal. How-
00 02 o4 o6 o8 10 ever, in this case the interaction of the growing Ti film with
Oy, /Cuyyn(Clean) the substrate oxygen could not be negleéfe@ihe use of a

Cu substrate minimizes, but does not eliminate completely,

FIG. 6. Ti_yy/Ti_yy ratio as a function of the oxygen amount the metal-metal interaction, as can be observed in Fig. 2. In
at the titanium surface for different Ti film thicknesses: In ML, 0.25 @ny case this represents a good enough barrier for oxygen
(M); 0.75(0); 1.45(@); 3.2(0); 6.7 (#); bulk (A). migration, as observed from the results in Fig. 3. On the

other hand, Ti by itself acts as a barrier for oxygen migration

that the evolution of the Tj, ratio can be used as a first (passivating coating filinas shown for bulk T{Ref. 7 and
indicator for a qualitative analysis. In Fig. 6, we show theNi.?” Based on these facts, we analyze our results on the
evolution of the ratio Tjy versus the amount of oxygen at basis of a pure interaction between oxygen and titanium con-
the surface. It is clear that, within the\Jj picture, the oxi-  sidering copper as an inert substrate as long as the Ti oxida-
dation process is strongly dependent on film thickness. Théon process is concerned. Supporting our model, the linear
first startling result in Fig. 6 is the film thickness dependenceatio between the oxygen amount at the surface and the tita-
of the stationary stage of Jj;, i.e., the stage where no nium coverage below 1 MI(Fig. 4), suggests the existence
variation of Ti,, with oxygen exposure is observed. This of a local effect; i.e., the enhancement of oxygen incorpora-
stationary stage, as mentioned above, has been associatamh occurs at the titanium growing film.
with the oxygen adsorption stafeAs can be observed in There are two different effects involved in the saturation
Fig. 6, this adsorption stage tends to disappear for the thinsf the oxygen incorporation observed in Figs. 3 and 4. In
nest films. Since we have already shown that titanium dioxfact, while the saturation of the oxygen at the surface for the
ide is formed from the very beginning of the procéshjs  thinner films is due to the exhaustion of metallic titanium,
indicates that the ratio between adsorbed and reacted oxygerg., the oxidation process stops when all the titanium has
i.e., the initial Ti reactivity, depends on film thickness. reacted, the saturation for the thicker films occurs when a

Another interesting result shown in Fig. 6 is the alreadypassivating oxide film has been developed at the titanium
pointed out film thickness dependence of theyli Auger  surface. Although the same oxygen evolution at the surface
transition for pure Ti films. This dependence on Ti film for thicker films could be explained through the penetration
thickness appears in this figure as having a different startingf oxygen beyond the Auger electron escape depth, we have
value for the Tj,, ratio (no oxygen at the surfageOn the already showhthat the developing of the passivating film is
other hand, the saturation value of,Jjjiis also dependent on responsible of the saturation stage for the bulk case. This
film thickness. This fact may be due to different sourdes: demonstration was based in the detection of metallic tita-
the different Ty, starting value(ii) a ratio among different nium after saturation has been reached.
oxide phases depending on the film thickness, €ig a By studying the oxidation process for bulk titanium we
different ratio among TiQyield coming from the oxide film found only one oxide phase (TiDat room temperaturé,
and Ti Auger yield coming from the subsurface, i.e., differ-and the appearance of ,U; when the oxidation was per-
ent oxide thickness. Thus, the analysis of the evolution of théormed at high temperaturé$in Fig. 4 we observe a linear
Ti Auger line shapdFig. 5 and the ratio between both Au- relationship between the saturation oxygen and the film
ger transition lines of TiFig. 6) suggests the presence of thickness for films below 2 ML. This suggests the layer-by-
interesting effects, although they seem unable to providdayer growth of a unique oxide phase at saturation for these
guantitative answers. In order to obtain such an answer weoverages. On the other hand, for thicker films a slowing
are required to analyze guantitatively the evolution of thedown of the(oxygen/titanium slope is observed, suggesting
complete Auger line shape, and for that purpose the principa change in the oxidation kinetics. To gain information about
factor analysis is a good tool. the oxidation process involving thin films we analyze the

The oxidation kinetics of titanium, going from below 1 information contained in the Auger line shape. To do that we
ML to bulk, shown in Figs. 2—6, may be summarized asapply the principal component analysis and target transfor-
follows: (i) Two oxidation regimes occur: fast oxygen incor- mation methods.
poration followed by a slowing down until saturatiofii) The study of the oxidation kinetic represents an ideal case
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FIG. 7. Error evolution within the PCA sequential analysis vs

oxygen amount at the surface, for a set of different film thicknesses:
considering only the first facto{{]); adding a second factdo),
and including the third factofA).

FIG. 8. Evolution of the weights of the different factors after
target transformation analysis for the same set of thicknesses as
shown in Fig. 7, vs oxygen uptake at the surface(l); TiO, (O)
and TiQ, (A).
for applying the PCA method in the sequential way. In Fig. 7
we show the evolution of the error obtained in reproducingremains after saturation. Finally, for bulk conditions the
the data matrix using one, two, and three factors for thesame behavior as for the thinnest films is recovered; i.e., only
oxidation process of a set of different Ti films. This error is TiO, is formed.
shown as a function of the oxygen coverage and it is com- Although the experimental conditions are quite different
pared to the experimental error. Following the sequentialthey grow Ti oxide films by evaporating Ti in an oxygen
PCA analysis, as detailed in Sec. Il, each time the calculatedtmosphereone is tempted to compare our results with those
error turns out to be larger than the experimental one, a newf Boffa et al3? Within their scheme, the Ti-Cu bonds are
oxide phase enters in the oxidation process. From the resultesponsible, through the lowering of the oxidizing ability of
shown in Fig. 7, it appears that the entire oxidation process$itanium, for the existence of the lower oxide phase of Ti
can be accounted for by using only three different factors(TiO,.,). Additional support for this mechanism is given by
Since the first one corresponds to metallic titanium, only twathe already mentioned experimental fact that the valence
different oxide phases appear along the whole procesd&and of Ti is affected by the presence of Cu. For thicker
Moreover, for the thinner films, as well as for the bulk, only films the Ti-Cu bondsthe interfacg are far from the surface
one oxide phase is detected. and consequently they turn out to be less relevant to the
In Figs. 8 and 9 we show the results corresponding to thexidation process. Finally, for the thickest films the bulk
TT analysis for the oxidation of Ti films for a set of different oxidation conditions are recovered.
film thicknesses. In Fig. 8, the weight of each Auger line in  The effect of the interface on the oxidation process, as it
the total Auger line shape versus the oxygen amount at this pictured by the analysis of PCA, seems to be a bit more
surface is depicted, and in Fig. 9 we show the Auger linecomplex. In fact we found that the oxide phase at coverages
shapes obtained from TT analysis, corresponding to the thrdeelow 1 ML corresponds just to titanium dioxide. On the
factors appearing along the oxidation process. In this figurepther hand, although the lower oxidized phase (Li§) is
the experimentally obtained Auger spectra for titanium anddetected during the oxidation process for films between 1
its most common oxidé&~3! are also shown. Using these and 2 ML, it remains at saturation only for films thicknesses
spectra as fingerprints we can identify the different factordeyond 2 ML.
appearing in the oxidation process of Ti. Based on the PCA The PCA results suggest an oxidation kinetics as follows:
analysis we conclude that the oxidation of thin Ti films is a(i) Although the bond Ti-Cu retards the formation of the Ti
complex process where more than two stages can be identialence band, the O-Ti bond is so strong that for film thick-
fied. For films below 1 ML only one oxide phase is formed nesses below 1 ML the most oxidized phase of titanium is
(TiO,). For films between 1 and 2 ML, a lower oxide state isformed.(ii) The formation of the lower oxidized phase of Ti
formed during the process (TjQ,), but at saturation only (TiO,.,) is a consequence of two coexisting phenomena;
TiO, remains. For thicker films this lower oxidized phasethe depletion of electrons of the Ti valence band due to the
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——— . erative only for intermediate film thickness. For the thinner

Experiment films no passivating effects are expected and for the thicker
ones no electron depletion of the valence bands exists in the
surface region. Finally, the TiQ, layer is located immedi-

Ti ately below the oxide film, i.e., between the Tifim and
the Cu substrate for the thinner films, but between the, TiO
film and Ti for the thicker ones. This fact is clearly seen in
Fig. 6 where these three factors coexist, i.e., Ti, L& and
TiO,. Since we always observe the metallic film below the
oxide one, it is clear that any explanation based on(the

nite) escape depth of Auger electrons compared to the oxy-
gen penetration depth should be disregarded. Although this
o result is clearly different from that of Boffet al,>? who

T
< 1ML 1.9ML W detected TiQ., only at the interface, there are no serious

Rl
T

discrepancies between both these results since in their ex-
perimental setup no oxygen migration is involved.
Finally, the extension of the substrate influence to beyond

dN(E)/dE

i
d
Ti.0 6 ML is in agreement with the results of Wacangas, Will-
zs iams, and Park® who found that for Ti films on C{111) the
LEED pattern of Ti is observed only for films thicker than 6
ML.
V. CONCLUSION
TiO
? AES and PCA have been used to study the oxidation
mechanisms for Ti thin films and compared to the Ti bulk
process. We found that for low coveragesZ ML) only

TR
i s

TiO, is detected after the oxygen saturation. For thicker films
L we detected a lower oxidized phase of Ti (1iQ), which
380 400 420 380 400 420 380 400 420 finally disappears for Ti bulk conditions. We associate the
Energy (eV) formation of the TiQ., phase to the depletion of the Ti
valence band due to the interaction Ti-Cu combined with the
FIG. 9. (a)—(d) Auger line shape obtained from target transfor- Passivating effect of the TiOfilm. We found that the film
mation analysis for the same set of Ti films as in Figs. 7 and gthickness needed to achieve bulk conditions for the oxidation
Experimental: experimental Auger line shape for(Ref. 28, and  process, as well as to recover the Auger characteristic ratio
its different oxides; TiQ(Ref. 29, Ti,O; (Ref. 30, and TiQ, (Ref.  between Ti Auger transitions, occur well over 6 ML.
31).

6.7ML Bulk
1 N L1
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