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Abstract

TiCl4(THF), was impregnated by spin-coating on a Si(1 0 0) wafer covered with a thipnl&@r and on a polycrystalline Au foil. The
nature of the surface species was determined at room temperature and after annealing, by X-ray Photoelectron Spectroscopy (XPS) and
Atomic Force Microscopy (AFM). A mixed Si:O:Ti interfacial layer was formed on the silicon substrate while in the case of Au, &@Cl
TiO, were the main surface species at room temperature. Annealing at 723 K leads to the total desorption of the Cl atoms, and in both cases
a significant amount of Ti atoms was reduced to the State. AFM measurements revealed a homogenous distribution of nano-sized TiO
clusters with semi-ellipsoid shape and increased contact area with the underlying silica.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In this work, TiCL(THF) is impregnated by spin-coating
on the native SiQ overlayer of a Si(100) wafer, and the

The surface reactions of Tigbr TiCl(THF), complexes  surface species that are formed at room temperature and
with silica are of particular interest in studies of olefin poly-  after annealing are studied by X-ray Photoelectron Spec-
merization catalysts. In a latest generation of Ziegler-Natta troscopy (XPS) and Atomic Force Microscopy (AFM). The
catalysts, [Mg(p-Cl)3(THF)e] "[TiCls(THF)]~ supported  final target of this project is to prepare a model Ti-based
on SiQ; together with an organometallic co-catalyst is ziegler-Natta catalyst supported on silica. Instead of porous
used for commercial ethylene polymerizati¢h]. Fur- high surface area silica, a flat substrate is used in order to
thermore, impregnation of silica with Tiglor organic  allow the surface characterization in an atomic level without
titanium-containing compounds followed by calcination at the complications induced by porous and non-conductive
high temperatures is a common method for the preparationsupports.
of well dispersed titania supported on $i@hich is both a The same study was performed using an inert substrate, a
catalyst and a catalyst supp@}. Transition metals, which  sputter-cleaned polycrystalline Au foil. The outcome of the
are supported on it, develop higher activities than when studies is of great importance in the course of understanding

supported on unmodified silica. the surface chemistry of the real catalytic systems.
Generally, it has been found that during the reaction of sil-

ica with TiCly, the nature of the surface titanium species are
determined by the surface hydroxyl groups on silica. Thus, 2. Experimental
the pre-treatment temperature and the reaction temperature
of TiCls with the support are the main factors influencing  The photoemission measurements were carried out in
the formed specieg]. an Ultra High Vacuum (UHV) system, which has been
described in detail elsewhef4]. The unmonochromatized
* Correpsonding author. Tel+30 2610 965263 Al Ka line at 1486.6 eV_ and constant gnalyzer pass energy
fax: +30 2610 965223. of 97 eV, giving a full width at half maximum (FWHM) of
E-mail address: siokou@iceht.forth.gr (A. Siokou). 1.7eV for the Au4f,, peak, were used in all XPS mea-
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surements. The XPS core level spectra were analyzed with The morphology of the surface after annealing was inves-
a fitting routine which decomposes each spectrum into in- tigated by Atomic Force Microscopy (Topometrix Explorer)
dividual mixed Gaussian—Lorentzian peaks after a Shirley operating in contact mode. Silicon nitride cantilevers were
background subtraction. Regarding the measurement er-used for imaging with tip radius less than 50 nm. The mea-
rors, for the XPS core level peaks, we estimate that for a surements were performed in air.
good signal-to-noise ratio, errors in peak positions can be
+0.1eV. In the case of the Au folil, the binding energy (BE)
scale was calibrated by assigning the Au4f signal at 84 eV, 3. Results and discussion
while in the case of the Si substrate, the reference was the
Si2p peak at 99.8eV. The CI2p XPS peaks were analyzed3.1. Deposition on S(100)/SO>
by the use of doublets with a spin orbit splitting separation
of 1.65 eV and full width at half maximum equal to 2 eV. Before deposition, Si, O and C are the only elements
A p-doped Si(100) crystal and an Au foil were used detected on the surfac€ig. 1 shows the evolution of the
as the conducting flat substrates. In order to remove theO1ls, Si2p and C1s peaks before and after axL B2 M
organic contaminants, the Si crystal was dipped in a 5:1:1 solution of TiCh(THF); in THF was spin-coated on the
mixture of HLO/H202/NH40OH at 353 K for 10 mir{5]. The SiO,/Si substrate. Before deposition, the analysis of the C1s
crystal was then transferred into the UHV system where peak reveals a small carbon contamination in the C—C (BE
it was further cleaned from the carbon contamination with = 284.6 eV) and C-O (BE= 286 eV) form. The BE of the
mild ArT-sputtering. After cleaning, X-ray Photoelectron O1s peak is characteristic of the oxygen atoms in silicon ox-
Spectroscopy measurements showed the existence of a thinde (533.1eV)[6], but the peak is broad (FWHM2.6 eV)
native oxide layer. The Si substrate was then heated at 873 Kdue to the existence of —OH groups and C-O species on the
under oxygen atmosphere 410-6 mbar) for 30 min. After surface. The thickness of the oxide layer on top of the silicon
this treatment, the thickness of the oxide was calculated to surface is calculated to be3 nm. The calculation was done
be ~3nm. The Au foil after its introduction in the UHV  using the XPS intensity ratio of the Si2p peaks that corre-
system was cleaned with Arsputtering for 20 min. spond to the different oxides (Sit 100.5 eV, 3§ at 102.6 eV
The deposition was performed into a glove bag filled with and St at 103.6 eV) and the Si2p peak from the substrate
dry nitrogen, attached to the fast entry chamber of the UHV (S at 99.8 eV)[6], considering a uniform oxide layer and
system. The use of the glove bag is critical since titanium an atomic sensitivity ratio for SiZgio,)/Si2ppuik sy = 0.8
chloride is sensitive to oxygen and moisture of the atmo- [7]. The SiQ. stoichiometry was calculated from the inten-
sphere. The substrate was mounted on the spin-coater andity ratio of the Si2p peaks that correspond to the different
a tetrahydrofuran (THF) solution of TigITHF), with con- oxides (S}, Si' and Si'') and the O1s peak at533.1 eV us-
centration 1.5x 102 M was applied. The same procedure ing the atomic sensitivities for Si2p (in Siand O1s being
was followed for both substrates. The rotation speed was0.22 and 0.66, respectively]. It was found to bex = 2.2
3000 rpm. After spinning, the samples were immediately in- as expected due to the excess of oxygen on the surface in
troduced in the UHV chamber for surface analysis. Anneal- absorbents such as —OH and C-O groups.
ing up to 723 K under UHV conditions took place in order  After deposition, the Si2p and O1s spectra changed sig-
to study the behavior of the deposit and the modification of nificantly. The total intensity of Si2p peak decreases because
the surface during annealing. All spectra were recorded atthe SiQ./Si substrate is now covered by the deposit. Fur-

room temperature. thermore, the shape of the peak changes as a result of the
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Fig. 1. Ols, Si2p and Cl1s XPS peaks before (bottom) and after (top) deposition gfTHE), on the SiQ/Si(100) substrate.
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Fig. 2. Ti2p and ClI2p XPS after deposition of TiCTHF), on the SiQ/Si(100) substrate at room temperature (300K) and after annealing at 723 K.

interaction of the oxide layer with the deposited species. It nium atoms Fig. 2). The analysis of the Ti2p peak gave two

is interesting that the intensity ratio of the XPS Si2p peaks components characteristic of3fi and Ti*+. At the same
attributed to the SiQ(x < 2) layer (Si, Si'' and Si'), and time, only a small amount of the initially detected carbon
the silicon substrate Sincreases from 1 before deposition species remain on the surface indicating desorption of or-
to 4.9 after deposition. This can be translated as an incre-ganic species which is also revealed by the increase of the
ment of the reactive layer’s thickness from 3 nm before to total Si2p peak intensity. The thickness of the Si@yer

7 nm after deposition, indicating diffusion of Si atoms to the appears to decrease from 7 to 5.4 nm. TH&/S{? intensity
surface or close to the surface where they can be expected twatio increases to 1 (fromv0.6 at 300 K) while the 4i/Si®
bond in a Si:O:Ti matrix. Furthermore, while the intensity intensity ratio decreases from 3.5 (at 300K) to 1.5 after an-
ratio Si'"'/Si® remains constant before and after deposition nealing.

(~0.6), the intensity ratio 8/Si° increases from 0.25 be- The AFM image of the surface after annealiridg( 3b
fore to 3.5 after deposition. At the O1s spectrum, apart from reveals a homogenous distribution of nano-sized particles
the pre-existed peak at BE 533.1eV (&), a new com- on the silica layer. Their shape is semi-ellipsoid with height

ponent appears at BE 531.2 eV (0). The intensity of the between 7 and 15nm. Two dimensional agglomerations of
Cl1s peak increases due to molecular THF that remained atthese particles are also observed clearly, resulting to clus-
tached on Ti species, or/and THF dissociation prod[gits ters of the same height and with a maximum diameter of
The CI2p and Ti2p overlayer XPS peaks before and af- ~300 nm. These formations offer an increased contact area
ter annealing at 723K are presentedFiy. 2 The CI2p with the underlying silica through Si—O-Ti linkages. The
XPS peak exhibits two components. One atBH99.1 eV existence of these bonds even after annealing is revealed
(CI2p3/2) and the other at 200.8 eV. This last peak is at- by the binding energy of the XPS O1s peak which is still
tributed to Cl atoms attached to hydrocarbdfsl0] and 0.5eV higher from the energy of the oxygen in TiQt is
their percentage is very small in this case. The center of thealso worth to mention that even after annealing, the high BE
Ti2ps/» peak is at BE= 459.4 eV. The higher BE of TiZp, component of the Ti2p, peak is at BE= 459.4 eV, a value
as compared to that in TiQor TiClg [11,12]is a character-  of about 0.5 eV higher than that of Ti in TO
istic feature of the Ti-O-Si bond formation. Its higher value
is attributed to the decrease of the electron density around3.2. Deposition on Au fail
the Ti atoms due to the higher electronegativity of Si as com-
pared to that of T{13]. For the same reason, the new Ols A polycrystalline Au foil was used as a flat conductive and
peak (@) which has lower BE than that in Si—-O-Si bonds inert substrate for the Tigldeposition, by spin-coating a
and higher than that in Ti-O-Ti (530-530.5 eV) is attributed TiCl4(THF),/THF solution. The XPS measurements showed
to O atoms in Ti-O-Si bonds. Nevertheless, a percentage ofthat after sputtering at room temperature, the Au surface
this particular O1s peak may also represent oxygen atoms inwas free from oxygen contamination, but traces of carbon
TiO, or TiOCl, species attached on the silicon oxide layer. were still present (about one monolayer). After deposition,
This hypothesis is confirmed by the XPS results from the the energy position (BE= 84 eV) and the shape of Au4f
study of the same deposit on Au foil, as it will be discussed peak did not change indicating that there is no significant
in detail below. chemical interaction with the deposit.
After annealing at 723 K, all the Cl atoms desorb with the  Fig. 4 shows the XPS O1s and C1ls peaks at room tem-
contemporaneous reduction of a significant amount of tita- perature and after annealing the sample at 723 K. The XPS
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of the O1s spectrum increases significantly while the other
component () decreases slightly.

Fig. 5 shows the CI2p, Ti2p XPS peaks before and after
annealing. The CI2p peak at room temperature has been ana-
lyzed into two doublets, the first at BE 198.8 eV (Cl2g,,)
and the second at BE 199.8eV. The BE of the Ti2p,
peak is at 459.4eV. The FWHM of this peak is 2.12eV,
which is wide enough to imply the existence of a small per-
centage of titanium atoms at a more electron rich environ-
ment. After annealing at 723 K, the total amount of chlorine
desorbs from the surface. The Ti2p peak exhibits now, a sec-
ond well-resolved component at 457.4 eV (T32) which
is characteristic of the ¥ .

The (%) atomic composition on both (Au and SiO
Si(100)) surfaces was calculated from the intensities of the
XPS Si2p, C1s, CI2p, O1s and Ti2p peaks using the atomic
sensitivity factors that are 0.22, 0.25, 0.73, 0.66 and 1.8,
respectively[7]. The results are presented Table 1that
contains also the exact binding energy position of each peak.

It is well known that titanium tetrachloride and its THF
complexes such as TigllTHF),; are very sensitive to mois-
ture and can decompose towards TiQG TiO, even at
room temperaturd14]. The results of the present study
clearly indicate the existence of TiCand TiOC} after
deposition on the Au surface. The evidence for this con-
Fig. 3. AFM images (a) of the Sisurface before deposition and (b)  clusion is the presence of the Ols peak atBb31.2 eV
after deposition and annealing at 723K. in combination with the deficiency of chlorine atoms even

at room temperature. The energy of the chlorine atoms in
O1s peak has been analyzed into two components; one afiOCl, is 198.8eV (Cl2p,2) [4]. The quantitative results
531.1eV and the other at 532.8 eV, both of them having in Table 1can give some clear information concerning the
FWHM = 2 eV. Since no traces of oxygen were detected on surface composition on Au. First of all, it is reasonable to
the Au surface before deposition, the total intensity of Ols consider that the Ti atoms that appear to be reduced after
peak after deposition originates from the deposit. The in- annealing are practically the only Ti atoms bonded to chlo-
tensity of C1s spectrum increases after deposition, and therine at room temperature. In the case of the Au substrate,
peak consists of two components; one at 284.9 eV and thethese are only 28% of the total amount of Ti atoms. The
other at 286.8 eV. These are features of either molecular THFlogic behind this consideration is based on the fact that the
or/and THF-dissociation products. After annealing at 723K, TiO, surface species would not undergo any reduction up
the C1s peak loses a significant amount of its intensity due to the annealing temperature of 723%5,16] Having said
to desorption of organic species. The Au4f peak retains its that and considering the calculated atomic ratio$ahle 1
shape but gains intensity. The intensity of tHec®mponent (two CI atoms for one Ti atom that undergo reaction after
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Fig. 4. Ols, and Cls XPS peaks after deposition of s{it#F), on the Au foil at room temperature (300K) and after annealing at 723 K.
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Fig. 5. Ti2p and CI2p XPS peaks after deposition of FT{THF), on the Au foil at room temperature (300 K) and after annealing at 723 K.

annealing), we conclude that at room temperature, the mostmental results give no evidence of TiGir TiCl4(THF), on
possible Cl-containing Ti compound is the titanium oxy- the Au surface. Only decomposition products are observed,
chloride TiOCh, while the rest of the Ti atoms are in the although all the experimental procedure took place under
form of TiO,. Although the BE of the Ti2p XPS peak is that dry N> atmosphere and the sample was transferred into the
for completely oxidized Ti, the larger than normal width UHV chamber without any contact with air or humidity. A
of this peak indicates the not well-defined stoichiometry of possible explanation for this is that decomposition of 7iCl
these compounds. The fact that the BE value is about 0.6 eVand its complexes is facilitated on the Au surface at room
higher than the BE of Ti2p in TiQ is an indication of temperature and under UHV conditions. Nevertheless, the
well dispersed small sized particlfl3] on the Au surface.  existence of titanium oxychlorides and mainly of TiCan
The CI2p peak at higher BEs (199.8 eV) represent Cl atomsalso be expected in the solution due to some contamination
bonded to hydrocarbon species. One possible compound iof the TiCl,(THF), powder. It is worthwhile to mention that
1,4-dichlorobutane which is the result of the substitution the amount of Cl atoms attached to hydrocarbons on the Au
of the oxygen atom by two chlorine atoms in the THF surface is 3.5 times larger as compared to that on thg SiO
molecule when the THF solution of TigfiTHF), is heated substrate. Furthermore, the percentage of Ti atoms which
above 400 K[17]. In this work, the THF solution was only  are attached to Cl is 28% while in the case of the , S80b-
heated up to 335K before spin-coating, in order to increase strate is 46%. These two facts are indications that the Au
the solubility of the TiCA(THF),. Thus, 1,4-dichlorobutane  substrate facilitates the TigHissociation from the oxygen
is not expected to be formed in the solution, but most containing ligands which in this case are the THF molecules.
probably on the surface after deposition. In the case of SiQ'Si(100) substrate, about 46% of the
The XPS O1s peak at BE 532.8¢eV is due to THF dis-  total amount of Ti atoms are reduced after annealing, indi-
sociation products or even due to some intact THF on the cating that these were Ti atoms bonded to Cl at room tem-
surface. It has to be mentioned here that the present experiperature. The energy of the corresponding chlorine atoms is

Table 1
Surface composition (%) on the Si(3i(100) and Au substrates after TiCTHF), deposition, at 300K and after annealing at 723K
Substrate SiQSi(100)
XPS peaks Ols Cls Tigp Cl2pz/2 Si2p
o o' c c! Ti! Tit cl' ci si, si', si
Substrate BE (eV) - 533.1 284.6 286.3 - - - - 100.5, 102.6, 103.6
Atomic composition (%) - 63 7 3 - - - - 27
300K BE (eV) 531.2 533.1 285 286.8 - 459.4 199.1 200.8 100.5, 102.6, 103.6
Atomic composition (%) 18.3 20.5 32.2 7 0 7.3 3.4 0.3 11
723K BE (eV) 531.1 532.8 285 286.3 457.7 459.4 - - 100.5, 102.6, 103.6
Atomic composition (%) 33.3 27.6 9.3 2.2 6.7 7.8 0 0 13.1
Au foil
300K BE (eV) 531.1 532.8 284.9 286.8 - 459.4 198.8 199.8 -
Atomic composition (%) 23 12.6 35.6 9.8 - 11 6.3 1.7 -
723K BE (eV) 530.8 532.8 284.6 286.3 457.4 459.4 - - -
Atomic composition (%) 37.6 10.9 28.9 3.7 5.3 135 0 0 -

The binding energy (BE) values of the peaks are also presented.
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199eV (CI2p/2). All the experimental observations indicate  species (459.4 eV). Nevertheless, no such shift is observed,
the anchoring of TiCl on the SiQ substrate through the leading us to the conclusion that the Ti€pecies are highly
interaction with the surface —OH species and the formation dispersed on the Au surface even after annealing.
of a mixed Si:O:Ti oxide layer at the interface. As shownin  In the case of the Si substrate, the O1s component
Table 1 the atomic ratio Si:Ti in the reactive layer is 1.5. at 531.2eV represents oxygen atoms that bridge silicon
The hydroxyls generally act as the reactive sites on and titanium atoms in%£Si—OxTiCl as well as those in
the silica surface[3]. The interaction of TiCl and its (=Si—0)TiOCl species. After annealing, the BE of this O1s
THF complexes with the surface hydroxyls is either component does not undergo any significant shift as in the
mono-functional (one TiGl molecule titrating one —OH  case of Au. This, in combination with the fact that the BE
group) or bi-functional (one TiGltitrating two —OH groups)  of Ti2ps/> peak which originates from the *fi species
depending on the surface pre-treatment and the reactionremains as high as 459.4 eV, indicates that a considerable
temperaturg3,18]. Thus, the titanium atoms bind to the amount of Si—O-Ti linkages still exists on the surface, but
silica surface via oxygen bridges. Two types of Ti-species, it could also mean that the TiCclusters are very well dis-
highly dispersed surface TiOspecies and Ti@ crystal- persed on the Si:O:Ti matrix. The good dispersion of the
lites are possibly present on the silica surface dependingTiO, is also confirmed by the AFM measurements where
on the preparation conditiorj$9]. The dispersion capacity flat-based nano-sized clusters are observed.
is closely related to the concentration of hydroxyls on the
silica surface. As the temperature of silica pre-treatment
becomes higher than 723 K, removal of isolated groups and4. Conclusions
loss of the hydrogen bonded ones occurs. In this study, the
silicon substrate has been annealed at 823K, and thus the A THF solution of TiCl(THF), was impregnated by
main species on the oxide surface are expected to be isospin-coating on a Si(1 00) wafer covered with a 3 nm thick
lated OH groups and siloxanes. It has already been shown inSiO, layer and on a polycrystalline Au foil. It was found
our previous studiept] that the reaction of TiGlwith the that the TiC| or TiOCI, species from the solution anchor
SiO,/Si(100) surface after the above mentioned treatment on the oxide’s surface by reacting with the surface hydroxyl
would lead to species such as{i—O), TiCl4_,. groups. A mixed Si:O:Ti interfacial layer is formed while
The quantitative estimations dable 1show that one CI  there is strong spectroscopic evidence for the existence of
atom corresponds to one Ti atom (that undergo reaction afterSi—O-Ti linkages.
annealing). Thus, the most possible Cl-containing species Impregnation of the same deposit on the Au foil verified
on the surface are eitheeGi—O)TiOCI as a product of the  the existence of some Tigldecomposition species such
reaction: as TiOCl in the THF solution. In this case, there was no
. i o , evidence of strong interaction with the substrate, but JiCl
(1) (ES-OH) +TiOCl —  (=SHO)TIOCH + HCl, dissociation occurred readily.
or (=Si—ORTiCl as a product of the reactidi8]: Annealing the samples at 723K lead to the total desorp-
e ) o , tion of the Cl atoms by breaking Ti—Cl bonds and by the
(2) (ESi-OH) + TiCls — (=Si-OpTICl + 3HCI complete desorption of Cl-containing hydrocarbons. In both
The rest of the Ti atoms are in the form of Ti@nd also cases, a significant amount of Ti atoms is reduced to the
(=Si-O)TiO, always in the completely oxidized state at Ti3*+ state. AFM measurements revealed a homogenous dis-
room temperature. When the Si—-O-Ti linkages are formed, tribution of nano-sized clusters with semi-ellipsoid shape
the BE of Si2p peak for the corresponding Si atoms is and increased contact area with the underlying silica.
~102.6 eV, which is lower from that of the Si atoms in SiO
(103.6 eV) due to the decrease in the effective positive charge
on the Si atoms. This explains the increase at the percent-References
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