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Influence of the carrier gas in the growth kinetics of TiO, films deposited
by aerosol assisted chemical vapor deposition with
titanium-diisopropoxide as precursor
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Titanium dioxide thin films were deposited on crystalline silicon (100) substrates by delivering a liquid aerosol of titanium-diisopropoxic
and by using oxygen and nitrogen as carrier gases. The crystalline and morphological features indicate that the films are deposited
metal organic chemical vapor deposition process. This is strongly supported by the behavior of the growttasaaefunction of the
deposition temperature, which indicates that the film formation is limited by both, the diffusion in gas phase of the precursor species to
surface substrate and reaction of those species at that surface. Even thouglrifehape does not depend on the kind of carrier gas
used to transport the aerosol, its absolute value and the activation enetpatcharacterizes the surface reaction do. A fitting procedure
to an equation that takes into account both limiting mechanisms (gas phase diffusion and surface reaction) yiet@&.4ekJ/mol or
Ea=21.4 kJ/mol when oxygen or nitrogen is employed as carrier gas, respectively.

Keywords: Growth mechanisms; Ti©films; metal-organic chemical vapor deposition; spray pyrolysis.

Pelculas de dixido de titanio fueron depositadas mediante la libémacdie un aerosolduido de diisopropoxido de titanio sobre substratos
de silicio orientados (100), y empleanddg@eno y nitbgeno como gases de arrastre. Las propiedades cristalinas yogaréa indican que

el proceso de ddysito se lleva a cabo mediante los vaporesmgeos de los precursores. Esto es fuertemente apoyado por el comportamientc
de la taza de crecimientg como funcén de la temperatura de digito, cuya forma déea indica que el crecimiento esta gobernado por
la difusion de los precursores en fase vapor hacia el substrato y la consecuent@nrdacestos en la superficie. Aunque la formaided

de r, no depende del tipo de gas utilizado en el arrastre del aerosol, el valor absolytyldenerda de activadn E4 que caracteriza a la
reaccon superficial si. Un ajuste a una ecuaciue toma en cuenta a ambos mecanismos (difude vapores y readuni de superficie) da
como resultado: k 2226.4 kJ/mol o =21.4 kd/mol cuando se utiliza eno o nitbgeno como gas de arrastre, respectivamente.

Descriptores:Mecanismos de crecimiento; f@llas de TiQ; deposito por vapores dmicos; ro¢o porolifico.

PACS: 68.43.-h; 81.15.Aa; 81.15.Gh

1. Introduction we think that it is worth making a detailed study of the phys-
ical phenomena involved in the deposition of these films by

Titanium dioxide (TiG) in thin film form has several prop- that technique.

erties that make it a material of interest for several applica- Generally speaking, depending on the precursors and on
tions [1]. Indeed, TiQ films can be used as coating in anti- deposition conditions, the SP technique represents a deposi-
corrosive protection [2], as catalysts in chemical industry andion process by means of liquid droplets or by chemical va-
environmental purification phenomena [3-5], as a host mapors (as in chemical vapor deposition). Actually, in the latter
trix for luminescent devices [6] and, due to its photocatalyticcase, the SP technique is sometimes classified as “aerosol-
properties, they have also been proposed as photochemicadsisted” chemical vapor deposition (AA-CVD) [17]; and
converters in solar energy conversion processes [3,7-9]. lthe important point in distinguishing between SP and AA-
most of these applications, films with good morphology andCVD is the thermodynamics phase (liquid or vapor) in which
crystalline properties are required. Sol-gel, sputtering, chemthe initial aerosol droplets, or spray, reach the substrate sur-
ical vapor deposition (CVD), plasma enhanced CVD andface. For example, by using inorganic compounds such as
atomic layer deposition are deposition techniques that haveitrates or chlorates (dissolved in water), which have high
been employed to produce titanium dioxide films with theboiling points, the aerosol solution usually arrives at the sur-
properties mentioned above [10-14]. However, recently théace substrate in the liquid phase, while by employing pre-
simple and cheap ultrasonic spray pyrolysis (SP) techniqueursors of low boiling point, such as the metal-organic com-
has been explored to grow TiGhin films by using titanium  pounds, the precursors reach the vapor phase [18-20]. These
acetylacetonates or titanium diiospropoxide as precursor mgrocesses produce films with different qualities. Indeed it
terials [15—-16]. These results indicate that SP is a suitablbas been found, for example, that if the deposition process
technique for producing Ti©films with properties as good is achieved by means of liquid droplets, the films will have
as those prepared by the more sophisticated techniques mem+ougher surface than if this is achieved by chemical va-
tioned above. Therefore, by considering the importance opors [17]. Hence, the good surface and crystalline quality of
both TiO2-film material and the deposition technique itself,the TiG, films reported in Refs. 15 and 16 seem to indicate
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that, in those cases, SP behaves like an AA-CVD process3. Results and discussion
or, since metal-organic precursors were employed, this could

be referred to as an “aerosol-assisted metal-organic cheMgeqgardless of the carrier gas, if the films are deposited at
cal vapor deposition (AA-MOCVD)” process. Nevertheless,temperature$ 995°C (498.15 K), they develop the anatase
in a more quantitative way, when the precursors are delivphase, see Fig. 1. However, for the highenalues, different
ered in aerosol form, the best way to obtain the mechanismgnases of the Tiganatase start to appear. In particular, the
that control the film formation would be to study the behaV'Orpresence of Tig-rutile is evident in films prepared with ni-

of the deposition rate as a function of temperature [17]. 'n’[rogen, and the emergence of peaks arouhd-29-30 indi-
deed, this type of study gives clues not only as to the thermozates the appearance of spurious phases, which, despite hav-
dynamic phases in which the precursors reach the substraiwg only two peaks, might be identified with a TiO (PDF 23-
surface, but also as to the physical and chemical phenon@r078)_ Figure 2 and Fig. 3 show the surface morphology of
ena that occur during an MOCVD process also [17'21'23]samples deposited at 58K and 773 K (315°C and 500C)
namely, thermodynamics, gas phase reaction, mass transpgthm hoth oxygen and nitrogen as carrier gases. In both cases,

and reactio_n at the substrate surface. R.ecen'tly, by c:orrela.tir;gS the films are deposited at higher temperatures, the grains
the crystalline and morphology properties with the behaviolyacome slightly larger. This gives an indication of the in-

of the growth rate j(nm/min), the physical mechanisms that fjyence of this parameter on the kinetics of grain growth.
control the TiQ film formation by delivering an aerosol of Ajihough no exact correlation was found between the grain
Ti-diisopropoxide onto a hot substrate, were elucidated [24]g;,6 D observed in AFM images and those evaluated with the
The present study is addressed to clarifying the influence of | width at half maximum of the XRD peaks, a general ten-
the carrier gas on the grovvth kipetics of 'Ejﬂms deposited dency can be noted. Actually, by using the (101) and (200)
by means of an aerosol of Ti-diisopropoxide. diffraction peaks, an average~210 nm was obtained for

2. Experimental both kinds of films deposited at 500; which roughly coin-

cides with the grains observed in Fig. 2b and Fig. 3b.
The possible modes of the spray pyrolysis techniques have

been summarized in the book by T. Kodas [17], and the gen-
eration of a spray by ultrasonic means has been describec P
elsewhere [18-19]. In the present study, an ultrasonic gen- 200 a) {hicknes=255 rim|
erator set at 0.8 MHz, which produces droplets of 2r5in 150}
average size [19,25], was used to produce the aerosol. The
starting solution was prepared with titanium diisopropoxide- 100¢
bis-(2,4 pentanedionate) (TIPO) dissolved in ethanol (EtOH), 50
at a molar ratio of 0.0162. Oxygen and nitrogen were used,
separately, as carrier gases to conduct the aerosol to the sut
strate (through a glass nozzle of 12 mm in diameter). In both
cases, the carrier gas flux was fixed at a constant value of 3.8z 200F
I/min and the substrate was heated at a fixed Temperature T g 150}
with an auto-adjustable temperature controller, at values be-=
tween~ 453.15- 823.15 K (180-550C). At the beginning,
films were deposited on (111) and (100)-oriented crystalline g 30

T=58K
d) Lfiiclcnes,:SSS | 200

(101)
(101}

150

100

ty (a

€Nnst

silicon substrates, but no detectable dependence on the suk2 | 10
strate orientation was observed; therefore the present result R o
refer to films grown on Si-(100). The deposition rajenas 200¢ ! th deness=140 200
evaluated by measuring the film thickness (nm) and the de- 159l 1150
position time (min) and subsequently normalizing it to the .
volume (mL) that each sample consumed. 100F 100
The crystallization process was examined with a standard  5g ] 50
X-ray powder diffractometer (Cuk A = 1.5418 A) in the ] o

grazing angle mode from £Qo 70 in 20. The surface mor- L T R
phology and roughness were evaluated with an atomic force 20 30 40 50 60 20 30 40 50 60 70
microscope (VEECO auto probe CP-Il), with a 10 nm cur- 20 (deoree 20 (deoree
vature radius gold tip. In this technique, the images were {ipegres) (degree)

verified by scanning in bo-th.x a”d, y directions in t.h? tappingFlGURE 1. XRD experiments in grazing angle mode for Tifims
mode ¢-13 nN), thus avoiding drift effects. UV-visible re- yeposited from a TIPO/EtOH solution by using oxygen (a, b, c) and
flectance spectroscopy, performed in the 200-900 nm wavenitrogen (d, e, f) as carrier gases. Indexed peaks correspond to the
length range (1-nm resolution), was employed to measure thg0,-anatase phase, R-index correspond to rutile and * peaks may
film thicknesses through interference effects. be identified with TiO.
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As has been discussed in Ref. 24, the most importantent) [26]. The phase diagram of that mixture indicates that,
point from Fig. 1, Fig. 2 and Fig. 3 is to observe that thefor a given dissolvent/solvent molar ratio, as the temperature
morphological and crystalline features of our Tiflms are  increases the volatile compound (solvent) removes more and
quite similar to those grown from sources delivered in va-more dissolvent (film precursor). Therefore, in the SP pro-
por phase (CVD) [10-12]. This indicates that when titanium-cess, as the temperature increases, the liquid droplets have
diisopropoxide (dissolved in ethanol) is delivered in aerosoless and less precursor material for the film formation and,
form, the liquid droplets evaporate before they reach the sulhence, § decreases. Thus, in agreement with the morphol-
strate, and the initial SP becomes an AA-MOCVD processogy of the films, the initial line shape in Fig. 4 indicates a de-
However, as was mentioned in the introduction, the best wayposition of the precursors by the chemical vapors. However,
to reveal the phenomena that limit film formation is to studyit is important to stress that the results of Fig.4 cannot be
the behavior of the growth rate as a function of the temperexplained by the evaporation rate (exp(—AHeyqp/RT))
ature. Fig. 4 shows the behavior of the normalizgds a  of our precursors, in that TIPO and EtOH have low boiling
function of T, for the TiO, films reported in this work. Dif- points ¢ 100°C, ~ 78°C) [27]; therefore, it must be one of
ferent curves correspond to different carrier gases. Regardhe phenomena that work in MOCVD, such as those associ-
less of the carrier gas and contrary to the spray pyrolysis beated with a surface-activated catalysis and/or adsorption, that
havior, 1, increases, reaches a maximur6({0 K for oxygen  should be involved here.
and~630 K for nitrogen) and then decreases. The initial in-
crease of y clearly indicates that the deposition is achieved
by chemical vapors and not by liquid droplets [17,22]. In-
deed, the deposition process by liquid droplets can be ana-
lyzed in terms of a binary liquid mixture (dissolvent/sol-

In the surface-reaction-limited regime of MOCVD, the
growth rater, increases with T according to a thermally ac-
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FIGURE 2. AFM images of TiQ films deposited at =588 K and FIGURE 3. AFM images of TiQ films deposited at =588 K and
T,=773 K with oxygen as carrier gas. T,=773 K with nitrogen as carrier gas.
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140

120[ 1 BT expERT) . a) ] 160 shows that, regardless of the carrier gas, we are dealing with
100} g 22 431G Tmol K an AA-MOCVD process and that those two phenomena must
28 * be considered as the limiting mechanisms for the film forma-
40 1120 tion. Consistently, it should be observed that surface reac-
= ?8 . / tion phenomena are thermally-activated processes that have
g= D 0 ) 0o + 180 an observable dependence on temperature only at low values
é T o é (the_ lower the T values, the onver the rate of the process), but
a / + at higher temperatures there is enough energy for any surface
e 140 reaction to be achieved, and the dependence on T diminishes.
= ‘/Qfg/ Thus, in the process described above, at higher temperatures
E - : ] . I . I 10 the boundary layer formed by the residual gases becomes
g 0f 1 =BT exp(E,/RT) b) thicker and the gas phase diffusion process dominates over
= OF E,=21.4X10° ¥mol K the surface reaction and, therefore, a change of regimen oc-
Z . +/+ 160 curs, as observed in both curves of Fig. 4.
b \ The differences observed in Fig. 4 indicate a surface
of + 140 dissociation of the precursors that depends on the ambi-
450 500 550 600 \+\ ent [29]. A peak at lower temperatures in thgcurve for
T(K) ﬁ/ N films grown with nitrogen simply indicates that the dissoci-
120 ation of the initial molecule is easier when this gas is em-
-/i ployed to conduct the precursors to the substrate than when
oxygen is. In fact, by leavind3 and £ 4 as free parame-

ters in a least-square nonlinear regression fitting procedure in
.. Eq. (1), the values obtained for the activation eneigyare:
Deposition Temperature (K) E, = 26.4 kd/mol and E4=21.4 kJ/mol for oxygen
FIGURE 4. Normalized growth rate for Ti@films deposited with ~ and nitrogen, respectively. By the way, it is impor-
an aerosol of titanium-diisopropoxide conducted with two different tant to observe that thes&, values are much lower

400 500 600 700

carrier gases: a) oxygen and b) nitrogen. than either the heat of adsorption of the Ti-O species

) (~ 500 kJ/mol) on solid substrates [1,29] or the en-

tivated process [17,22-24]: thalpy of formation of Ti-diisopropoxide in the gas phase
rg = K,Cp Vi = koCrexp(—E4/RT), (AHf(gag ~ 1 x 10° kd/mol) [27]; therefore, as has al-

ready been mentioned, they must be associated with the
where K, is the surface reaction rate constant (cm/sec), Tsurface-induced catalysis of some Ti-Rn organometallic
the surface substrate temperature ().is the reactant con- molecular complexes (Rn-organic molecule) and not to
centration (molecules/ct, V;,, the volume of the deposited those other surface phenomena. However, the molec-
species (crh), ko the pre-exponential constant, R the gas con-ular decomposition occurs in parts [30], and by the
stant (J/K-mol), and 4 the activation energy of a surface ac- moment it would be difficult to associate thesB,
tivated reaction process of the metal-organic precursors. Alvalue to the dissociation of a particular portion of TIPO
though this equation fits the greater increasing part of ou(Ti[(CH3),CHO],[CH3C(=0)CHC(=0)CH],. Whichever
experimental data, as has been argued in Ref. 28, the prene case, the differences in tii&, values can be explained
portionality of the reactant concentrations (TIPO/EtOH ratio)by considering that the presence of nitrogen near the sub-
is not maintained; in fact, there it has been shown that alstrate surface probably induces a titanium-rich surface (work-
though the reactant concentration (TIPO) is increastalir  ing with several positive valences) that breaks up more easily
times,r, increases only- 1.7. Therefore, in agreement with into the TIPO molecules. On the other hand, oxygen would
Refs. 28 and 24 we can say that, in the present case, indepgfroduce a neutral surface and therefore higher temperatures
dently of the carrier gas, the process is limited by a complexvould be necessary to complete the surface catalysis. What
combination of the diffusion of molecular species through anevertheless, under this scheme, a nitrogen environment au-
boundary layer (formed by the residual gases near the sulbomatically implies a lower oxidation rates and, therefore,
strate surfacer(, ~ DoT®/)) and surface reaction of these lower growth rates also, as observed in Fig. 4.
species. Actually (see insets in Fig. 4), the greater in its in-
creasing part of the experimental data of the present study fit

the following expression: 4. Conclusions

= BT3/? exp(—EA/RT 1 . . . . I

"9 exp(—Ea/RT), @) When in the ultrasonic spray pyrolysis technique, titanium

whereB is the pre-exponential factor that takes into accoundiisopropoxide is employed as precursor in the starting solu-
the reactant concentration and all the mass transport coeffiion, TiO, thin films grow with a smooth surface and good

cients in the gas phase [17,24,28]. Therefore, this clearlgrystalline qualities regardless if oxygen or nitrogen is used
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as carrier gas. In any case, the correlation between the growth break the precursors in nitrogen than in oxygen ambient.
rate and surface properties of the films indicates that the filmglowever, a nitrogen environment implies a lower oxidation

grow through chemical vapor and not by liquid droplets ofrate and, therefore, lower growth rates.

the precursors. From the various phenomena that can control
the film formation, the behaviour of the deposition rate as an
function of the deposition temperature, indicates that the pro-

cess is gove_rneq by the competition of surface reaction_anqihiS work was partially supported by the National Coun-
gas-phase diffusion of the precursors. When oxygen or nitrogj| for Science and Technology in Mexico (CONACYT
gen is used as carrier gas, the values for the activation energu3g1-E). The authors wish to thank Dr. |. Harlez-

E, of a surface reaction differ just slightly(26.4 kJ/mol  caidepn for his help in measuring film thickness and Hector
and 21.4 kJ/mol respectively), indicating that it is more easysi|ya for his technical assistance.
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