Chem. Mater2007,19, 3381-3386 3381

MOCVD of CoAl ;04 Thin Films from {Co[Al(O'C3H7)4]2} as
Precursor

N. El Habra! L. Crociani] C. Sad& P. Zanella,* M. Casarin,* G. Rossettd,
G. Cartal and G. Paolucti

Istituto di Chimica Inorganica e delle Superfici (ICISENR, Corso Stati Uniti 4, 35127 Pada, Italy,
Dipartimento di Fisica, Uniersita degli Studi di Padea, Via Marzolo 8, 35131 Pada, ltaly,
Dipartimento di Scienze Chimiche, Uersitadegli Studi di Padea, Via Loredan 4, 35131 Pada, Italy,
and Dipartimento di Chimica, Unersita Ca’ Foscari di Venezia, Dorsoduro 2137, 30123 Venezia, Italy

Receied July 11, 2006. Résed Manuscript Receed February 13, 2007

A new synthetic route for the deposition of Ce@l, thin films at low temperature via MOCVD using
the single-source precurspCo[Al(O'CsH-)4]2} is presented. Molecular properties{@o[Al(O'CsH-)4]2}
have been investigated by means of NMR spectroscopy, mass spectrometry, and thermal analysis. Deposits
have been characterized by XRD, AFM, BVis, and SIMS measurements.

Introduction nonconventional techniques. In relation to that, we mention
that we recently reported the preparation of Ga@lthin

Metal spinels (MA}O,, where M = bivalent metal)  fims through the MOCVD of the dual precursor system
represent an interesting class of materials having a wide rang§(CsH:),Co] and [(CH),AIO/CsH;].15 In this contribution,

of applications. Among MAI,O,, cobalt aluminate (CoAD,, we showed that, besides the need of the two precursors,
the Thenard’s blue) plays an important role in the sensor CoAl,O, deposits could be obtained only through a dual-

and semiconductor technology as well as in the field of gtep process involving the deposition of Co and Al oxides
heterogeneous catalysis, such as the, G&orming of  (former step), followed by their annealing in air at high

methané.Mqreover, its. peculiar optical propert?emake it temperature (8081200 °C) for 12 h (latter step). In this
very appreciated as pigmént and coating, e.g., in color  eqarq it is noteworthy that high-quality thin films may be
fllters _and Iumlnescence materidts® Even though CoAlD, prepared in milder conditions by adopting the -sgél

is mainly prepared in the form of powder sampiés;' technique and using the single-source precur§@s[Al-
specific applications would require high-quality thin films (OCsHy)al2} or { CO[AI(OC(CHs)s)]2} 181316Such a knowl-
whose preparation can be achieved only by means ofgqge prompted us to attempt the first MOCVD deposition
of CoAl,Q, thin films by using{ Co[Al(O'CsH7)4]2}. Inci-
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obtained by dehydration of Co£6H,O refluxed with an excess HC: i Hi

of (CH3)2SiCl, at 70°C for 5 h. It was then filtered, washed with . O .
(CHs),SiCl,, and dried in vacud.Co[Al(O'CsH-)4]2} was prepared H7C31,O'---A1’ o§ "«AlfOJ;C3H?
according to the procedure published by Mehrotra &t Blemental HiC507 o oy “OTC5H,
analyses were performed using a FISON Instruments, model EA H7cf3i C3Hy

1108 CHNS-O. ThéH NMR spectra were recorded on a Bruker
AMX-300 spectrometer operating at 300 MHz. El mass spectra
were recorded on a Finnigan Trace MS using a ThermoQuest direct-(50 nA) rastering over a nominally 125 125 um? area. Beam
injection probe. blanking mode was used to improve the depth resolution, inter-
Controlled thermal analysis of the complex was investigated rupting the sputtering process during magnet stabilization periods.
using a TA DSC 2920 instrument. The measurements were carriedThe erosion speed was evaluated by measuring the depth of the
out in alumina crucibles under an atmosphere of flowing nitrogen erosion crater at the end of each analysis by means of a Tencor
gas. Alpha Step profilometer with a maximum uncertainty of few
Thin Film Deposition. Deposition experiments were performed  nanometers. The dependence of the erosion speed on the matrix
in a horizontal hot wall LP-MOCVD reactor. Total pressure, gas- composition was taken into account for each sample by measuring
phase composition, and substrate temperature were adjustedt at various depths. The measurements were performed in high
independently. The precursor bubbler has been thermostated at 15¢nass resolution configuration to avoid mass interference artifacts.
°C in an oil bath, whereas the gas tubing between the bubbler andThe charge build-up occurring in insulating samples during the in-

the reactor furnace was maintained at 170 to avoid vapor  depth profiling was compensated by an electron gun without any
condensation. The precursor vapor has been carried to the reactopeed to cover the surface with a metal film.

by a 50 sccm W flux. Thin films have been deposited in an

oxidizing atmosphere bubbling:@100 sccm) into a distilled O Results and Discussion

vessel (at room temperature), and the resultin®/, mixture

was introduced as reactant gas in contact with the precursor vapor Precursor. The use of a single-source precursor for the
in proximity of the substrates placed inside the furnace. The deposition of multicomponent films via MOCVD requires
substrates were small rectangular flat pieces<(1 cn) of Si- the choice of a suitable compound characterized by a certain
(100) and fused quartz, previously washed first with hot trichlo- yolatility. Our attention has been then focused{@o[Al-

roethylene (98%) and then rinsed with acetone. Depositions have(OiC3H7)4]2}’ whose sublimation temperature is 120 at
been carried out at a total pressure of 1 Torr and at temperaturesy g Torr23

ranging between 350 and 70C with a reaction time of 45 min,
using freshly preparefiCo[Al(O'CsH7)4]2} as precursor.

Figure 1. Structural formula of Co[Al(O'CsH7)4]2} in benzene-gl

According to the synthesis reported by Mehrdfrdhe

After film depositions, the samples were exposed to a thermal "S2¢tioN of [KAI(OCsH7)4], prepared in situ from K(@sHy)
annealing at 500800 °C in either air or a N atmosphere. a”O! AI.(OC3H7)3’ W',th CoCk yields the hEt?rOb'm_eta"'C
Film Characterization. All samples have been characterized ~derivative { CO[AI(O'CsH7)q]2} (eq 1) as a violet viscous
by UV—vis, XRD, AFM, EDX, and SIMS analyses. UWis liquid.
spectra were recorded on a double beam UV500-spectrometer + KIOICH]
(Spectronic Unicam) based on Vision 32 software and operating ) L1 Cgci _
in transmission mode (in the 25@00 nm range). The phase AI(O'C3H7)3TCI>C0[AI(O'C3H7)4]2 1)
characterization was done by X-ray diffraction (XRD) measure-
ments, performed on as-deposited and annealed films, by using aTo the best of our knowledge, the characterization of
Philips_PW1830 povydgr diffractometer in BragBrentano geom- { CO[AI(O'CsH-)4]5} is limited to its elemental analys#3o
etry using Cu Kx radiation (40 kV, 30 mAZ = 1.54056 A). The |01 intg its chemical behavior, we investigated its properties
detector was a Xe gas proportional counter equipped with a by means of NMR spectroscopy, mass spectrometry, and
secondary curved graphite monochromator. The patterns werethermal analysis ' !

collected in the 2570° 26 range at grazing incidenc&(= 2°). 1 )
Peak positions were determined with a statistical errai(2f) = The’H NMR spectrum in benzenesdt room temperature

0.02. Phase identification was performed using standard spectraPresents two broad resonances at_%a&,i: 822 H_Z) and
reported in the JCPDS database. The surface topology and the=29.7 ppm §vi, = 1688 Hz), which can be assigned to
average roughness of the deposited films were performed with athe methyl and methyne protons of the isopropyl groups,
DME Dualscopé&" atomic force microscopy (AFM) using silicon  respectively (proton absorptions are strongly affected by the
cantilever tips with a nominal tip radius of 10 nm, operating with paramagnetic Co center). Moreover, the two methyH
tubular scanner and in noncontact mode. resonances detected at 190 K in toluepetd-173 and 62

Compositional analysis was carried out by a scanning electron ppm coalesce at ca. 220 K. Therefore, the molecular struc-
microscopy (SEM) through a Philip§ XL-4Q microscopy with a ture of{ Co[AI(O'CsH5)a]z} in benzene-gshould be analo-
LaBs source. The instrument was equipped with an analytical system gous to that of thetert-butoxide derivative{ Co[Al(OC-

working in energy dispersion (EDS-EDAX DX PRIME). 2413 \nii S ) . .
Secondary ion mass spectrometry (SIMS) measurements were CHa)2)ala} with bridging and terminal isopropoxide

carried out by means of an IMS 4f mass spectrometer (Cameca)groUps (see Flgu_re 1). ) )

using a 10 kV C$ primary beam and by negative secondary ion 1 hermal behavior of Co[Al(O'CsH7)4]2} has been studied
detection (the sample potential was fixed-at.5 kV) with a final via mass spectrometry and thermal analysis. Electron impact
impact energy of 14.5 keV. SIMS spectra were carried out in ultra Spectrum shows a series of mass peaks reported in Table 1.
high vacuum (UHV) conditions at different primary beam intensity Molecular peaksr{Yz = 585) occurs in reduced abundance

(23) Singh, J. V.; Jain, N. C.; Mehrotra, R. 8ynth. React. Inorg. Metal (24) The exchange of the nonequivalent isopropoxide ligands yields the
Org. Chem.1979 9, 79. observed averaged spectrum at room temperature.
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Table 1. Natural Abundance andm/z Ratio of the Mass Peaks were olive green and crystalline. Blue amorphous layers
Obtained from the El Spectrum of { Co[AI(O'C3H7)4]2} Precursor. grown at 356-550 °C become green and polycrystalline
species m'z natural abundance when annealed in air above 500. At variance to that, the
CaaHs6Al,Co0g[] (MTY) 585 3 annealing of the same layers in boes not induce any color
gi;:ji:zgg%g gzg ig-g variation and the blue color persists even above 500
CasHaAl,CoOuT 468 15.2 (crystallization takes place at 70TC). Further thermal
CisH33A1 ,COOsF 454 50.5 treatments of green films in air above 700 always turn
CusHasAl.Co0sT 424 95.2 their color to blue. Finally, after crystallization in air at 800
giiﬂjﬁléggﬁéﬁ o 1 °C, blue films reheated in air from room temperature to 700
C12H2sAIC00, T 322 37.2 °C maintain their blue color. Before going on, it deserves to

be remarked that analogous color changes induced by thermal

(3%). Most of the lower-mass ions of significant abundance treatments have been observed by several autfit#d13
reporteq in Table 1 contain the corre'ct_ Co:Al (1:2) ratio,  The UV-vis spectra of the deposited films are displayed
suggesting that the metal atoms are joined rather strongly;, rigures 3 and 4. All spectra show a structured absorption
through oxygen bridges and that the preferred elimination |5 ranging from~500 to~700 nm, with maxima at ca.
involves alkyl (CH,CgHy) or isopropoxy groups. 540, 585, and 630 nm. According to literature B2 this

Thermal analysis has been carried out inaNnosphere  4p5orption feature is readily associated with the‘A, —
and results are reported in Figure 2. Initially, a moderate “Ty(P)] ligand field band characteristic of the pseudo-

weight loss of about 3% occurs in the range-200 °C, tetrahedral C& species? In this regard, it has to be noted

f‘”d the Owe_ig_ht loss then becomes more intense up to 2804t gifferent mechanisms may contribute to the determina-
C (~80%); finally, the weight of the sample is reduced 10 {jon of the shape of this band: (i) vibronic coupling; (ii) at

10—12% at 320°C, remaining gnchanged up to 70C. first order, spir-orbit coupling €coz+ free ion = 515 cnm1)3*
Concomitantly, three endothermic phenomena{240, 280,  gpjits tetrahedrdT states into three spinor components; (i)
and 318°C, respectively) are observed. It is reasonable 10 {he41,(P) state is expected to be quite close to doublet states
assume that the initial weight loss is due to the sublimation, deriving from the?G free-ion terni2 and a significant spia

and then to the dissociation of the complex according to the ;i mixing of quartet and doublet levels would relax the

following steps spinforbidness of transitions to formally doublet excited
: . i states. In this regard, it is worthwhile to mention that
{Co[AI(O'C;H,),]} — Co(TC;H,), + 2 Al(O'C;H,); absorption spectra collected by Radovanovic and Gafielin
Co(OC,H,),— Co+ 2:0C,H, at 300_and 15K fpr C%Y—dqped Cds indic_ated that,_bgsides
vibronic contributions, an important role in determining the

structure of the band corresponding to tthe — “T(P)

Al(OC3H5)z is a volatile molecule that evaporates completel
(OCattr)s P peey excitation is played by spinorbit coupling effects. In

at 200-250°C, whereas Co(@3H-), thermally decomposes " X
in the 280-320 °C temperature range. The residual solid addition to the above bands, the UVis spectra of green

corresponding to ca. 10% of the initial weight probably colored sz_;lmples are also characteriz_ed by the presence of a
consists of metallic Co410% of{ Co[AI(O'CsH2)d]2} ). As should_er m_the 356450 nm range (Figure 3t_) and Figure

a whole, these data demonstrate #@6[Al(OICsH-)a]2} is 4a) which dlsappears when samples, appropriately annealed,
volatile and stable in a Natmosphere up to 20tC, thus ~ Pecame blue (Figure 4c). . -
indicating that the vaporized precursor can be carried tiS well-known that blue materials absorb V|S|ple light
unreacted to the CVD reactor below 200. Before going in the 506-700 nm range, and that the green color is usually
on, it has to be emphasized that the deposition of GDAI associated with a shoulder in the absorption spectrum lying
films from {Co[AI(O'CsH5)al2} needs the presence of/O  atabout400 nm. Stangar et'&tlaimed that such a shoulder
H,O. As matter of fact, thermogravimetric experiments IS indicative of the presence of octahedral coordinatett Co
carried out in air left a residue corresponding to a percentage
sligtly less than the 30% of the initial weight, as expected (25) Cotton, F. A.; Goodgame, D. M. L.; Goodgame, MJJAm. Chem.

R .. So0c.1961, 83, 4690.
for the formation of CoAlO, from the decomposition of (26) Belova, I. D.; Roginskaya, Y. E.: Shifrina, R. R.; Gagarin, S. G.;

{Co[AI(O'C3H7)4]2}. It is noteworthy that any attempt to Plekhanov, Y. V.; Venevtsev, Y. NSolid State Commuri983 47,
; ; i ; 577.
obtain COAIZO“_ films from {CO[AI(O C?H7_)4]2}_ ina N . (27) Lever, A. B. Plnorganic Electronic Spectroscopgnd ed.; Elsevier
atmosphere did not succeed, thus indicating that their Science Publisher: Amsterdam, The Netherlands, 1984; references
deposition require the addition of suitable oxygenating co- therein.
in th fi hamb (28) Martens, J. W. D.; Peeters, W. L.; Van Noort, M.; Erman, MJ.J.
reagents in the reaction chamber. Phys. Chem. Solids985 46, 411.

Thin Film Deposition. The film deposition has been E29g Cookl,J.G.;Van Der Meer,M.hH'hin Sr?lids Films1986 144, 1654.

; ; o _ 30) Lenglet, M.; Jorgensen, C. KChem. Phys. Lettl994 229, 616.
carried out on substrates heated in the-3800°C temper- 31} gdovanovic, P. V.. Gamelin, D. R.J.Am. Chem. So@001, 123
ature range. The Co:Al ratio determined by EDX analysis is 12207.

1:2. The deposition temperature is found to have a great(32) ?US&SX-(?:J;S”vSE@%g%”gA%251“”' Z; Sun, H.; Xu, D Lv, M.
influence on the optical and structural properties of the (33) According to the Lever notatidi,v1, v2, andws correspond to the

deposited layers. As a matter of fact, films obtained in the 4A2 — “Ta, A2 — “T1(F), and*A, — 4T1(P) transitions, respectively,

o of a d ion in a field of tetrahedral symmetry.
350-550°C temperature range were blue and amorphous, (34) Figgis, B. N. htroduction to Ligand FieldsInterscience Publishers:

whereas those deposited at higher temperature{800°C) New York, 1967.
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Figure 2. TGA-DTA profiles of { Co[AI(O'CsH7)4]2} precursor carried out in aj\atmosphere.
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Figure 3. UV—vis absorbance spectra of the samples grown on fused- 004
guartz at (a) 500 and (b) 70C. ' T T T T T T T T T T T T 1
300 400 500 600 700 800 900
ions, even if the occurrence of the octahedrally coordinated Wavelength (nm)
Co*" species (inverse spinel) cannot be ruled Buté Figure 4. UV—vis absorbance spectra of the sample grown at°gDen

Incidentally, it can be useful to remind that it is unanimously fused-quartz and annealed (a) in air at 5¢00°C, (b) in N at 506-700

accepted that in mixed CeAl oxides, CG" can be oxidized

°C, and (c) in air at 800C.

in air to C&* at 400-500°C and can be reduced again to temperature promotes crystallization. Polycrystalline deposits
C?* at T > 700 °C, depending on the system composi- are all characterized by rather similar diffraction patterns with

tion 3:10.12

well-shaped and rather narrow peaks in the 26> 20 range.

Besides the different color of samples grown at-3560 Furthermore, both the relative intensities of XRD reflections
°C (blue) and 606700 °C (green), XRD spectra indicate  (l22dls11 = 0.65) and the presence of a weak peakét=2
that the former deposits are amorphous, whereas the latte?8.9 (Is31/1311 = 0.04) in blue films annealed above 700
are polycrystalline (Figure 5). Moreover, the annealing in (Figure 5e) ultimately indicate that they correspond to
air of the amorphous samples at 50C or at higher =~ COALO, deposits’ XRD spectra of the blue samples

annealed either in air above 700 or in N, at 500-700°C

(35) Cava, S.: Tebcherani, S. M.; Pianaro, S. A.; Paskocimas, C. A.: Longo, (plots d and e in Figure 5) are rather similar; actually, the
E.; Varela, J. AMater. Chem. Phy2006 97, 102.

(36) To settle this matter, a series of EXAFS measurements are in progress
at the General purpose lItalian beam Line for Diffraction and

l2odl311 ratio of the latter is 0.62, thus indicating akin

Absorption (GILDA) of the European Synchrotron Radiation Facil- (37) The XRD peak at2= 48.9 can be ascribed to the (331) reflection

ity.

of the CoAbO, spinel structure (JCPDS 44-0160:12
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(a) as grown, 500 °C
(b) as grown, 700 °C

(311) (¢) ann. in air, 500-700 °C
(d) ann. in N2, 500-700 °C
Counts
19007 (220) (e) ann. in air, 800 °C
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Figure 5. XRD profiles of the as-grown sample deposited (a) at 800(b) at 700°C on fused-quartz and after annealing treatment (c) in air at300
°C, (d) in N; at 500-700°C, and (e) in air at 800C (for CoALO,: JCPDS 44-0160 with lattice size of 8.104 A).
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Figure 6. SIMS in-depth profiles of the as-grown sample at 300on (a) ] ] ) ) )
fused-quartz and (b) Si(100). Figure 7. AFM micrographs (a) of the as-grown films deposited on Si-

composition. In this regard, it can be useful to point out that 51090) atS00°C and after annealing treatment in air at (b) 500 and (c) 800

the low intensity of the whole diffraction pattern of samples

annealed in Mavoids the detection of the weak peak lt 2  patterns are rather close to those of blue samples (see Figure

= 48.9. 5); (ii) their color does not allow us to exclude the
As far as the XRD spectra of polycrystalline green films coexistence of CoAD, and CgAIO, spinels, both having

are concerned, it has to be remarked that: (i) their XRD the same space groupd3m), very close unit-cell constants
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(8.104 and 8.086 A, respectively) and very similar XRD Conclusion
patterns (JCPDS 44-0160 and JCPDS 38-0814, respec- _
tively);12 (iii) the 1,5¢1311 ratio of green samples (0.47 and The compleX Co[Al(O'CsH7)4]2}, a heterobimetallic alkox-
0.80 in plots b and ¢ of Figure 5, respectively) differs from ide already described by Mehrotra, has been tested for the
values pertaining to CoAD; (0.65) and CgAlO, (0.35); (iv) first time as single-source precursor for t_he vapor-phase
preferential orientation could play a relevant role in deter- deposition of thin films of CoAlO,. { Co[AI(O'CsH7)4]2} is
mining different relative intensity values. characterized by a Significant volatility in the 16050 °C
SIMS profiles of films grown on Si(100) and fused quartz temperature range at about 1 Torr pressure, and high
are reported in Figure 6. Experimental outcomes reveal thedeposition rates may be achieved. In comparison with the
presence of some carbon contamination persisting even afte@rowth process based on dual-source precursor systems it is
annealing; however, the Co, Al, and O profiles are character- noteworthy to observe that the films obtained by using
ized by a uniform trend all along the thickness of the layer, {Co[Al(O'C3H)4]2} are characterized by: (i) a better control
thus evidencing a very high compositional homogeneity. of the stoichiometry (Co:Al ratio); (ii) a higher phase purity,
Moreover, the sharpness of the interface is indicative of a and (iii) a significantly lower deposition temperature (350
negligible interdiffusion. Film thickness ranges betweeh5 vs 1000°C), thus allowing the use of thermal sensitive
(~2.6) and~5.0 (~4.0) um for deposits on fused quartz substrates. Deposits obtained in the 3560 °C range
(Si) afte 1 h growth. Such growth rates are quite relevant, appear amorphous, but their annealing in air between 500
even if their reproducibility is strongly affected by the high and 700°C induces crystallization and a color change to
sensitivity of the precursor, which undergoes a partial green. At variance to that, the annealing in 8bes not
decomposition if the deposition process is not strictly originate any color variations and crystallization takes place
controlled. at 700°C. Green and blue crystalline samples present very
AFM micrographs of the as grown films at 50C on similar X-ray diffraction patterns but different UWis
Si(100) and after annealing in air at 500 and 8@ are spectra. Nevertheless, a thermal treatment above °@00
reported in Figure 7. The as-grown sample shows a double-produces blue, stable, and polycrystalline G@®lfilms.
scale roughness (Figure 7a) composed of large mounds
covered by small grains having mean dimensions of 80 Nm.  Acxnowledgment. The authors gratefully thank Carla Mar-
Interestingly, the annealing treatment concomitantly favors g4 of the Dipartimento di Scienze Chimiche, Univérsita

the disappearance of mounds and the decrease in surfac@adova, for the helpful discussions concerning the assignment
roughness (the root-mean-square roughness of the filmsof XRD spectra.

changes from 43 nm for the as-grown sample to 7 and 4 nm
after their annealing at 500 and 800, respectively). CM0615931



