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The syntheses of two distinctive types of indium complex derived from trimethylindium (InMe3) are reported. The
first kind has a generalized structural formula [InMe(amak)],, where (amak)H is an abbreviation for a series of
chelating amino alcohol ligands HOC(CF3),CH,NHR, R = (CH,),0Me (1), Me (2), and Bu! (3), as well as HOC-
(CF3),CH,NMe, (4); while the second type of complex is illustrated by [InMe(keim)] (5), for which (keim)H is a
tridentate ketoimine ligand of structural formula O=C(CF3)CH,C(CF3)=NCH,CH,NMe,. The solid-state structures
of 2 and 5 were determined using single crystal X-ray diffraction studies. For the aminoalkoxide complexes 2-4,
the existence of dimeric In,O, core structures in the solid state has been established with the amino fragment
located trans to the alkoxide ligands, in a molecular arrangement which is in contrast to the distorted, trigonal
bipyramidal geometry observed for the ketoiminate complex 5. Moreover, VT NMR studies of 2 revealed a rapid
dimer-to-monomer equilibration and simultaneous rupture of the N—In dative interaction, affording two interconvertible
isomers related by having the N—Me substituents in either trans or cis dispositions. For complexes 2 and 5, deposition
of In,05 thin films was successfully conducted at temperatures 400-500 °C, using O, as the carrier gas to induce
indium oxide deposition and to suppress carbon impurity present in the thin film. Scanning electron micrographs
(SEMs) revealed the surface morphologies. The atomic composition of these films was examined by both X-ray
photoelectron spectroscopy (XPS) and Rutherford backscattering (RBS) methods, while X-ray diffraction studies
(XRD) confirmed the formation of a preferred orientation along the (222) planes.

In recent years, there has been increasing interest in theV elements E, E= N, P, or As. In these compounds, the
synthesis of new organoindium compounds because of theirligands L and Lcan undergo facile dissociation upon thermal
potential use as CVD precursors for the production ofVll decomposition affording as deposited thin film materials with
and llI-VI composite semiconductoffioneering work was  a 1:1 ratio of indium to pnictide element E. Through these
carried out by Cowley and Jonésyho synthesized com-  and related studies, the concept of so-called single molecule
plexes of general formula (INEL'y),, featuring the desired  precursors was developé&ubsequently, CVD techniques
1:1 stoichiometry between the indium atom and the group using these source complexes have been greatly extended
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even to the preparation of nanomaterials such as grotIll
whiskers, fibers, quantum dots, and pillared crystalline fitms.

Chou et al.

are quoted with respect to tetramethylsilane #drand13C NMR
data and CECI for 19 NMR data, respectively. The thermogravi-

In recent yearS, the S|ng|e molecular source Concept asmetrlc analyses (TGA) Were. recorded on a- Seiko TG/DTA 300
well as the related two-component CVD process has beeninstrument under atmospheric pressure gfwith a flow rate of

applied to the design of new indium complexes containing

chalcogenide elements such as oxygen and sulfur, since thes

are potentially useful for the preparation of,@ optical

materials or IsS; phases, which are used as transparent

100 sccm and with a heating rate of A0/min. Elemental analyses
were carried out at the NSC Regional Instrumentation Center at
Rlational Chiao Tung University, Hsinchu, Taiwan. All reactions
were performed under an inert atmosphere using anhydrous solvents
or solvents treated with appropriate drying reagent. The CF

conductors in applications such as display panels and solarg,pstituted amino alcohol ligands of formulas HOC{BEHNMe,

cell windows® Deposition of InS; phases is best ac-

and HOC(CE),CH,NHR, R = Me, CH,CH,OMe, and BY were

complished using precursors such as the dithiocarbamateprepared according to the literature metfaahile the tridentate

complexes In(&NMeR) (R = Bu, hexyl) or thiocarbox-
ylate and thiolate complexé&syhile the preparation of kD;
thin films has been achieved using the homoleptidike-
tonate complexes [In(acat)and [In(tmhd}], tmhd =

ketoimine ligand G=C(CFs)CH,C(CF;)=NCH,CH,NMe, was ob-
tained from a reaction of hexafluoroacetylacetone WNIN-
dimethyl-ethylenediamine in the presence of montmorillonite K10.

The In,O;3 thin films were characterized using scanning electron

2,2,6,6-tetramethylheptane-3,5-dionate, as well as the metamicroscopy (SEM) on a Hitachi S-4000 system to study the surface

carboxylate [I§O.C(C/H1s)} 3].” Among the common indium
complexes such as thg-diketonates, carboxylates, and
alkoxides, the alkoxides are the most versatile for tailoring
chemical and physical properties at the molecular level.

These rationally designed complexes have greatly simplified

the process leading to successful fabrication @Ointhin

morphology and by an X-ray diffractometer (XRD) with CuK
radiation. The resistivities were measured using a four-point probe
method at room temperature, for which the instrument is assembled
using a Keithley 2182 nanovoltmeter and a Keithley 2400 constant
current source. The composition of the thin films was determined
by X-ray photoelectron spectroscopy (XPS) utilizing a Physical
Electronics PHI 1600 system with an Al/Mg dual anode X-ray

films and the corresponding mixed oxide materials. We have o rce. The surface composition in atom percent was determined
adopted this strategy in the present study, by selecting a sefiegom the XPS spectra after-2 min sputtering with argon at 4

of CF; substituted aminoalkoxide or ketoiminate ligands to keV until a constant composition was obtained. Rutherford back-
stabilize the indium-containing complexes and make them scattering spectra (RBS) were acquired on a Van de Graaff

suitable as source reagents for deposition gdirthin films.
The aminoalkoxide ligand is expected to exhibit behavior
superior to that of the simple alkoxide ligand as the former
would eliminate the necessity of introducing an extra donor
group to stabilize the electron deficient group Ill alkoxide
complexes.

Experimental Section

General Information and Materials. Mass spectra were
obtained on a JEOL SX-102A instrument operating in electron
impact (El) mode!H, 3C, and!*F NMR spectra were recorded on
Varian Mercury-400 or INOVA-500 instruments; chemical shifts
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Dimitrov, R. Chem. Mater1996 8, 1356. (c) Wohlfart, A.; Devi, A,;
Maile, E.; Fischer, R. AChem. CommurR002 998. (d) Takahashi,
N.; Niwa, A.; Takahashi, T.; Nakamura, T.; Yoshioka, M.; Momose,
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J.; Wang, Y. D.; Meng, F. Y.; Sun, T. T.; Ding, Z. M.; Yu, X. B.
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Chu, W.-K.; Hoffman, D. MJ. Mater. Chem1999 9, 929. (c) Miinea,
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Valet, M.; Hoffman, D. M.Chem. Mater2001, 13, 2135.

6042 Inorganic Chemistry, Vol. 42, No. 19, 2003

accelerator (model KN-1008) using a2 MeV “He" beam. This
instrument is installed at the Nuclear Science and Technology
Development Center (NSTDC) of the National Tsing Hua Univer-
sity. The spectral data were then analyzed using the simulation
program RUMP!

Synthesis of 1.The amino alcohol ligand HOC(GRCH,-
NHCH,CH,OMe (1.28 g, 5 mmol) was added dropwise into a
diethyl ether solution (20 mL) of InMg0.8 g, 5 mmol) maintained
at 0 °C, during which time a rapid evolution of methane was
observed. The stirring was continuedr f& h to ensure the
completion of the reaction. The solvent was then evaporated and
the residue was subjected to sublimation at 180600 millitorr,
giving a colorless material [INM€OC(CR),CH,NHCH,CH,-
OMe)L, (1) (1.04 g, 2.6 mmol), yield 52%. Single crystals bf
suitable for X-ray diffraction study were obtained by recrystalli-
zation from a mixture of CkCl, and hexane at room temperature.

Spectral data fod follow. MS (El): m/z384{M* — Me}. 'H
NMR (400 MHz, CDC}, 298 K): 6 3.44 (t, 2H, CHO, 334y =
4.8 Hz), 3.33 (s, 3H, OMe), 2.93 (s, br, 2H, &M, 2.83 (s, br,
2H, NCH,), 2.11 (m, 1H, NH),—0.25 (s, 6H, InMe)13C NMR
(100 MHz, CDCH, 298 K): ¢ 124.4 (g, Ck, {Jcr = 290 Hz), 78.1
(m, C(CR)2, 2Jcr = 27.4 Hz), 69.7 (s, OMe), 58.7 (s, GB), 49.7
(s, NCH,), 48.8 (s, CHN), —5.3 (s, InMe).1%F NMR (470 MHz,
tolueneds, 298 K): 6 —77.65 (s, br, CE). Anal. Calcd for
CigHazF12nN20,: C, 27.09; H, 4.04; N, 3.51. Found: C, 27.07;
H, 3.99; N, 3.36.
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S. J.; Richardson, J. F.; Willis, C. lhorg. Chem 1983 22, 2736. (c)
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Fluorinated Indium MOCVD Precursor Complexes

Synthesis of 2 Procedures identical to that @fwere followed,
using amino alcohol ligand HOC(G}zCH,NHMe (0.21 g, 1 mmol)
and trimethylindium (0.16 g, 1 mmol) dissolved in 20 mL of diethyl
ether. Vacuum sublimation (120/420 millitorr) gave a colorless
material [INMe(OC(CR),CH,NHMe)] (2, 0.22 g, 0.6 mmol) in
62% vyield.

Spectral data fo@ follow. MS (El) m/z 340 {M* — Me}. H
NMR (400 MHz, CDC}, 298 K): 6 2.91 (s, 2H, NCH), 2.41 (s,
3H, NMe), 1.59 (s, br, 1H, NH);-0.26 (s, 6H, InMe)*C NMR
(100 MHz, CDC}, 298 K): 6 124.2 (q, Ck, WJcr = 288.6 Hz),
51.2 (s, NCH), 34.5 (s, NMe),—5.6 (s, InMe).1%F NMR (470
MHz, toluenedg, 298 K): 6 —75.11 (s, br, CF). Anal. Calcd for
Ci1aH24F12INNLO,: C, 23.68; H, 3.41; N, 3.95. Found: C, 23.64;
H, 3.47; N, 3.64.

Synthesis of 3.The procedure was identical to that hfusing
amino alcohol HOC(C§,CH,NHBuW' (0.25 g, 1 mmol) and
trimethylindium (0.16 g, 1 mmol) dissolved in 20 mL of diethyl
ether. Sublimation at 12€ under a pressure of 550 millitorr gave
a colorless material [INM€OC(CFR),CH,NHBW))], (3, 0.32 g, 0.8
mmol) in 80% vyield.

Spectral data foB follow. MS (El) m/z 382{M* — Me}. *H
NMR (400 MHz, CDC}, 298 K): 6 2.97 (d, 2H, NCH, 3Jyy =
8.1 Hz), 1.46 (t, 1H, NH3Jyy = 7.8 Hz), 1.19 (s, 9H, CMg,
—0.11 (s, 6H, InMe)}3C NMR (100 MHz, CDC}, 298 K): 0 124.4
(9, CR, Wcr = 289.8 Hz), 78.5 (M, C(Cf, Zcr = 27.5 Hz),
53.0 (s, NCH), 43.4 (s, CMeg), 28.8 (s, CMg), —2.05 (s, InMe).
19F NMR (470 MHz, toluenedg, 298 K): ¢ —75.91 (s, br, CF).
Anal. Calcd for GoHzgF12noN-O,: C, 30.36; H, 4.48; N, 3.44.
Found: C, 30.70; H, 4.56; N, 3.64.

Synthesis of 4.The procedure was identical to that hfusing
the amino alcohol HOC(GJ,CH,NMe; (0.45 g, 2 mmol) and
trimethylindium (0.32 g, 2 mmol) dissolved in 20 mL of diethyl
ether. Sublimation at 11%C under a pressure of 400 millitorr gave
a white powder [INMgOC(CFR;),CH,NMe,)]. (4, 0.61 g, 1.6 mmol)
in 82% yield.

Spectral data fo# follow. MS (El) m/z 354 {M* — Me}. H
NMR (400 MHz, GDs, 298 K): 6 2.39 (s, 2H, CH), 1.72 (s, 6H,
NMe;,), 0.04 (s, 6H, InMe)3C NMR (100 MHz, GDg, 298 K):
125.4 (g, Ck, YJcr = 290.8 Hz), 78.8 (m, C(Cf, 2Jcr = 27.7
Hz), 58.3 (s, NCH), 47.6 (s, NMg), —4.5 (s, InMe).1%F NMR
(470 MHz, tolueneds, 298 K): 6 —75.80 (s, CE). Anal. Calcd
for C15H28F12In2N202: C, 26.04; H, 3.82; N, 3.80. Found: C, 25.70;
H, 3.91; N, 3.75.

Synthesis of 5.The ketoimine ligand &C(Ck;)CH,C(Cks)=
NCH,CH;NMe, (0.28 g, 1 mmol) was slowly added into a solution
of trimethylindium (0.16 g, 1 mmol) in diethyl ether (15 mL) at 0
°C. Stirring of the solution was continued for 1 h, during which
time the temperature was allowed to slowly increase to room

temperature. The solvent was then evaporated, and the residue was

subjected to sublimation at 8GC/380 millitorr, giving colorless
[INMey(OC(CR)=CHC(CR)=NCH,CH,NMe,)] (0.31 g, 0.73 mmol)
in 74% vyield. Single crystals 0% suitable for X-ray diffraction

study were obtained by repeated sublimation under a slightly higher

pressure of 0.55 Torr at 7TC.

Spectral data fob follow. MS (El) m/z 407 {M+ — Me}. H
NMR (400 MHz, GDsg, 298 K): 6 5.90 (s, 1H, CH), 3.09 (t, 2H,
NCH,, 3Jyn = 5.4 Hz), 1.74 (t, 2H, NCH 3Jyy = 5.8 Hz), 1.45
(s, 6H, NMe), —0.11 (s, 6H, InMe)13C NMR (100 MHz, 298
K): 6 171.69 (q,C(CFs), er = 32.1 Hz), 160.77 (qC(CFs),
2Jcr = 26.4 Hz), 119.75 (q, Cf Ycr = 284.2 Hz), 119.54 (q,
CRs, WJcr = 286.7 Hz), 85.74 (s, CH), 57.93 (s, N@H46.43 (s,
NCH,), 44.32 (s, NMg), —7.12 (s, InMe).2%F NMR (470 MHz,
tolueneds, 298 K): 6 —65.99 (s, CR), 6 —75.74 (s, Ch). Anal.

Table 1. X-ray Structural Data of Complexesand5

1 5
formula GigHzaF12In2N204 CriH17F6InN2O
mol wt 798.10 422.09
T 293(2) K 173(2) K
cryst syst monoclinic monoclinic
space group P2i/c P21/n
a(A) 9.0999(4) 10.7743(6)

b (A) 12.0148(5) 11.1724(6)

c(A) 13.1052(4) 13.3760(7)

B (deg) 103.498(1) 99.179(1)

V (A3) 1393.26(11) 1589.51(15)

z 2 4

D (g/cnr?) 1.902 1.764

u(Mo Ka) mmt 1.762 1.547

F(000) 784 832

6 range 2.36-28.73 2.26-28.73

cryst size, mm 0.3x0.2x 0.15 0.25x 0.25x% 0.02

index rangesh, k, | —1212,-1516, —1414,-15 14,
—=17 17 —-18 17

reflns collected 16099 18452

indep refins 3603 (R = 0.0279) 4105 (R = 0.0232)

data/restraints/params 3603/0/249 4105/0/327

GOF onF? 0.966 1.017

R[I > 20(1)] R1=0.0186, R1=10.019,
wR2=0.0427 wR2=0.048

final R (all data) R1= 0.0266, R1=0.029,
wR2=0.0444 wR2=0.051

D-map, max/min, /A 0.313/-0.531 0.438+0.653

Calcd for G1H17FsInN,O: C, 31.30; H, 4.06; N, 6.64. Found: C,
31.53; H, 4.11; N, 6.68.

X-ray Crystallography. Single crystal X-ray diffraction data
were measured on a Bruker SMART CCD diffractometer using
A(Mo Ka) radiation § = 0.71073 A, B < 57.5, w scan mode)
and a graphite monochromator. The data collection was executed
using the SMART program. Cell refinement and data reduction
were accomplished using the SAINT program. The structure was
solved using the SHELXTL/PC package and refined using full-
matrix least-squares. An empirical absorption correction was applied
with the SADABS routine (part of the SHELXTL program). The
structure was solved by direct methods using the SHELXTL suite
of programs. All non-hydrogen atoms were refined anisotropically
by full-matrix least-squares df?. Hydrogen atoms were placed in
calculated positions and allowed to ride on the parent atoms.
Crystallographic refinement parameters of complekesd5 are
summarized in Table 1, and the selected bond distances and angles
of these complexes are listed in Tables3 respectively.

CVD Procedures.The thermal CVD reactions were carried using
a horizontal hot-wall reactor described elsewhere. The deposition
chamber consisted of a 30 cm Pyrex tube with an internal diameter
of 25 mm, placed within a Thermolyne 79300 tube furn&cthe
Si(100) substrate was cleaned using the RCA cleaning method, for
Which the substrates were placed in dilute HF solution for 2 h,
followed by washing with deionized water, and drying at 420
for 10 min. The flow rate of @carrier gas was adjusted to 5 sccm,
and the deposition time was kept te-2 h. The actual deposition
time was obtained by visually observing the complete consumption
of the source compound.

Results and Discussion

Synthesis and CharacterizationTrimethylindium readily
reacts with the aminoalocohol ligands used in this study,

(12) (a) Lee, F.-J.; Chi, Y.; Hsu, P.-F.; Chou, T.-Y.; Liu, C.-S.; Peng, S.-
M.; Lee, G.-H.Chem. Vap. Depositio@001, 7, 99. (b) Liu, Y.-H;
Cheng, Y.-C.; Tung, Y.-L.; Chi, Y.; Chen, Y.-L.; Liu, C.-S.; Peng,
S.-M.; Lee, G.-HJ. Mater. Chem2003 13, 135.
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Table 2. Selected Bond Distances (&) and Angles (deg)l ¢ésd in 147.58(3}. Moreover, the equatorial In(£)0(1) bond length
Parentheses) of 2.2034(8) A is significantly shorter than that to the axial
In(1)-C(5) 2.1397(14) In(LyC(6) 2.1408(14) alkoxide oxygen atom with In(£)O(1A) distance= 2.3959-
:gggjg% 55823%) gggg((z%)) i-gggg(ég)) (8) A. The In(1)-N(1) distance of 2.466(1) A which can be
C(1)-C() 1.5450(17) N(BC(1) 1.4621(14) attributed to N~In dative bonding is slightly longer than
N(1)—-C(7) 1.4803(16) the N—In interaction observed in the cyclic compound Me
0CE)-In1)-C(6)  143.72(6) OCGE)-In(W-0@) 11094  IN(CeHiCHNMey) (2.38(1) A)M This bond length is also

0C(6)—In(1)—0O(1) 105.19(5) OO(1A)—In(1)—N(1) 147.58(3) longer than the sum of the covalent radii of N{spnd O
0OM)-In(1)=N()  73.79(3) OC(5)-In(1)-N(1)  93.20(5) (2.19 A)5 as well as the distance between the indium atom
gggggi:ﬂﬁgig(&)& gg:zggg ggg)):m(é);ggﬁg %:gzg and the amide functional group observed in Meln[NgH
din(1)-0(1)-In(1A)  106.19(3) Ph)(2-NGHJ)]» (2.146-2.169 A)1¢ Similar distorted trigonal

bipyramidal geometry at the indium center has been noted
in the closely related aluminum and gallium chiral ami-
noalkoxide complexes of the type [MOR],, where M=

Al, R = CHMeCHNMe,;, CHMeCHNH,; and M = Ga,

R = CHMeCHNMe,.1” These structures are also dimeric
in the solid state and consist of a centra}d4 rectangle
and two five-membered heterocyclic rings located at each
of the aluminum or gallium metal atoms.

After establishing the solid-state structures, the structural
properties of compleg in solution were then explored. First,
the'H NMR spectrum ofL showed only a single set of in
Me resonance signals ai —0.25 in CDC} at room
temperature. This observation is in contrast to the structure
established by the single crystal X-ray analysis in the solid
state, where two chemically nonequivalent-iMe groups
Figure 1. ORTEP_(_jrawing of compleg with thermal ellipsoids shown were found, due to the asymmetric, coordinated NHCH
at the 30% probability level. .

CH,OMe pendant ligand attached to each of the In metal

giving complexes with a proposed formula of [INM@C- centers. For further investigation of the solution structures

(CF5),CH,NHR)],, R = CH,CH,OMe (1), Me (2), and B anq fluxional behavior, we have concentrated on st'udies of
(3), and [INMe(OC(CR).CH.NMe,)]» (4). In a typical variable tempgratur’é—l NMR spectra of the less complicated,
synthesis, InMgwas first dissolved in diethyl ether solution, NHMe derivative comples.
and to this solution was added a second diethyl ether solution First, we prepared a toluertig-solution containing a 1:1
containing the respective amino alcohol ligand in an equal Mixture of complexe& and4. Immediately after the solution
amount. After the vigorous evolution of methane gas, a Was prepared, théi NMR spectrum exhibited only one +n
colorless precipitate was gradually formed which was col- Me signal ato 0.18, a position located between that of the
lected and subjected to vacuum sublimation to give white Parent complexe2 (6 0.15) and4 (6 0.19). Moreover, upon
products in yields of 5282%. These compounds appear to lowering the temperature to 213 K, thl NMR spectrum
be moderately air sensitive, as they give milky, insoluble gave at least six laMe signals in the rangé 0.31-0.20,
materials upon dissolving in chlorinated solvents such as showing a complicated spectral pattern that was very different
CDCl; for a period of 4-6 h. As a result, all NMR spectra ~ from that of the individual spectra @and4 observed under
were recorded using solutions freshly prepared within 5 min Similar conditions. These findings obviously suggest the
prior to the actual data collection, or simply using hydro- occurrence of rapid dimer to monomer dissociation, which
carbon solvents such as toluetg- then recombined to give three dimeric species in solution;
The exact identity and molecular structure bfwas one of them should possess the mixed structural character.

determined by X-ray crystallography. Selected bond distancesThis proposed dimer to monomer scrambling reaction is
and angles are summarized in Table 2. As shown in Figure depicted in Scheme 1.

1, the compound exhibits a dimeric molecular arrangement.  The VT *H NMR spectra o2 were then recorded idg-

The centrosymmetric, four-membered@a ring which is toluene solution and are depicted in Figure 2. At 298 K, only
common to this type of compléis nearly planar, and each  one In-Me signal was observed which is in good agreement
indium metal atom adopts a distorted trigonal bipyramidal with that found for complext in CDCl; solution under
geometry with two methyl groups in equatorial positions.

The bridging alkoxide groups are located in both axial and (14 \'/(vh&:_\t"Ig"d;rgStgf]‘éen?slssg-1%-?3%%"' D. G.; Noltes, J. G.; Corfield, P.
equatori_al pOSitiOf_]S,. while the nitrqgen a:tom of the ami- (15) Schumann, H.; Hartmann, U.; Wassermann, W.; Dietrich, A.; Goerlitz,
noalkoxide group is in the axial position with the-th—0O 16) l;.hH.; I?udvF\él_ghP.; Malgtmé:)H.Chem. :3?'(1;91%% 51231 2305953é
. . . . ou, Y.; Richeson, D. SOrganometallic ) .
bond angle to the opposite, axial alkoxide group being (17) (a) Thiele, K.-H.; Hecht, E.; Gelbrich, T.; Duemichen, J.Orga-
nomet. Chem1997, 540, 89. (b) Hecht, E.; Gelbrich, T.; Thiele, K.-
(13) Veith, M.; Hill; S.; Huch, V.Eur. J. Inorg. Chem1999 1343. H.; Sieler, JMain Group Chem200Q 3, 109.
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"H NMR "9F NMR Scheme 2
R‘ CF; CF, R CF;3 CF,
\ R
HN—I—0 B HN g0
206K L ~ |
O—In—NH O----- In. NH
I\ I\
283K trans-(2)
A I 1 B
253K
R\ CF;3 CF, R\ CF;3 CF,
\ \
HN— O A HN—In—0
213K Vo -~ Vo
O  In—NH O—In—NH
0.35 025 0.15 0.05 ppm  -74.0 -75.0 -76.0 ppPmM 7/ \ "—»,R /N \R
Figure 2. Variable temperaturéH and!°F NMR spectra o2 in toluene- CF3 CFs CFs CF; )
ds, showing the regions of lhMe and CE signals, respectively cis—-(2)
Scheme 1 the dissociated monomers by a series of matiélogen
(CFa); N (CF3), bond-breaking and forming reactions.
MeHN_\m/_O/C MezN—In/—O/ 07 The variable temperaturé®= NMR spectra are also
< O_In__'\?HM * < E)_I\n_NMe depicted in Figure 2, showing a similar pattern of fluxional
A ° (c;) 7N\ : behavior with four signals with an expected 2:1:1:2 pattern
(CFak , l T 2 ’ at the lowest temperature of 213 K and with only one broad
@ “@ signal atd —75.1 at 298 K. These temperature-dependent
CFa) spectra confirmed that the proposed isomerization is most
¢ likely caused by reversible dimer to monomer dissociation,
MeHN—In—0 L )
2 x \ 7 followed by recomblnatlon_(path A). This proposed pathway
c /0~/In\—NMez is supported by the detection of the crossover product upon
(CF3) mixing complexes2 and 4 under a similar experimental
(crossover product) condition. The second possibility (path B), which involves

the prior dissociation of nitrogen from the indium atom,
similar conditions. However, by gradually lowering the probe inversion at the nitrogen and reforming the invertee-I
temperature to 253 K, the sharp singlet broadened and splitbonding interaction, cannot be completely ruled out at this
into two overlapping signals located&0.21 and 0.14. The ~ moment, as both reaction pathways are dissociative and may
unequal intensities of these resonances indicated that theyhave very similar activation parameters. Finally, symmetrical
are probably derived from two distinctive chemical species NMez substituted complex4 failed to show any such
undergoing rapid interconversion in solution. Upon further behavior, undoubtedly due to its symmetrical nature which
lowering the temperature to 213 K, three distinct resonance _prevent_s formation of structurally distinct isomeric species
signals become observable. The highest intensity signal atin solution.
8 ~ 0.27 consists of two overlapping signals, and their Following successful preparation of the described ami-

combined intensity match very well with those of the high noalkoxide complexesl—4, we also treated the InMe
field signals até 0.22 and 0.19, showing a ratio of reagent with a different tridentate ketoimine ligand HOC-

approximately 1:2. We speculate that these signals belong(CF)=CHC(CR)=NCH,CH,NMe; in the hope of obtaining
to two interconvertible isomers that differ by virtue of the other types of source reagents, with physical characteristics

position of the methyl group on the NHMe fragment, which More suitable for the CXD runs. T_his synthetic attempt
would afford two configurational isomers of the five- aiforded [INMe(OC(CR)=CHC(CR)=NCH.CH.NMe)]
membered heterocyclic ring, nametis andtransisomers () (72% yield) as the only isolable product. Varying the
(Scheme 2). The unequal intensities suggest that one isomefXPerimental parameters such as reaction time, temperature,
appears to be more stable than the other under the condition?r?d solvent, or even by having an excess of ketoimine ligand,
examined. At higher temperatures—ih bond cleavage la|Ied to producg any change in products. Accordmg. to our
would occur followed by rapid inversion of the configuration .H N.MR analysis, complexs POSSESSES tvv_o chemically

at the nitrogen atom, and regeneration of the'lN bond, |dept|cal In-Me fragments appearing ath|gh field ¢0.11),
allowing the occurrence of rapidis—trans isomerization. while the rest of the proton resonance signals are clearly

Generally speaking, this isomerization is conceptually similar derived from one ligated ketoiminate fragment.
to the cis—trans equilibration observed in the dimer com- (18) (a) Beachley, O. T., Jr.; Bueno, C.: Churchill, M. R.: Hallock, R. B.;

plexes [MeMNMePh}L, M = Al, Ga, and Int® for which Simmons, R. Glnorg. Chem.1981, 20, 2423. (b) Park, J. T.; Kim,

: : Y.; Kim, J.; Kim, K.; Kim, Y. Organometallics1992 11, 3320. (c)
the interchangeable alkyl substltuen_ts are located at 'the Styron, E. K.. Schaer, S. J.: Lake, C. H.. Watkins, C. L.: Krannich,
central MiN; rectangle, and are most likely to exchange via L. K. J. Organomet. Chem.999 585, 266.
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Figure 4. Thermogravimetric analysis (TGA) data of complexies5.
) : ) . All experiments were carried out at atmospheric pressure witld\the
Figure 3. ORTEP drawing of comple® with thermal ellipsoids shown carrier gas (100 sccm) and with a heating rate of@min.

at the 50% probability level.

Table 4. Data Obtained from CVD Experiments Using Indium

Table 3. Selected Bond Distances (A) and Angles (degbdésd in Complexe<2 and 52
Parentheses)
entry  gas
:z—ﬁ 2 gggigg ::28%) 22‘;33((22)) (source (FR, Ts To Ps thickness
- . . ] o b C b
In—C(11) 2.142(2) oC() 1.315(4) compd) sccm) (°C) (°C) (Torr) A) O/InP  OfIn®  C/In
C(5)—C(6) 1.411(3) C(6)C(7) 1.351(3) 12 Ox(5) 145 400 0.5 1100 0.7 1.4 0.08
N(2)—-C(5) 1.288(2) N(2-C(2) 1.553(9) 2 0O (5) 145 450 05 1200 0.6 15 005
N(1)-C(1) 1.454(4) C(1)C(2) 1.486(10) 3() 02(5) 145 500 05 1000 08 18 0.07
4(5) O2(5) 80 400 05 750 1.1 15 0.06
00—In—N(1) 153.3(1) 0O0-In—N(2) 80.4(1) 56) 0;(5) 80 450 0.5 1000 1.0 18 0.10
0O—-In—C(10) 100.4(1) OO-In—C(11) 86.9(1) »
ON(1)-In—N(2) 74.1(1) ON(1)—In—C(10) 96.1(1) 2 Ts = source temperaturdp = deposition temperatur®s = system
ON(1)—In—C(11) 95.8(1) OC(10)-In—C(11) 135.9(1) pressure, FR= flow rate. atomic ratio measured from XPS datahe
OC(10)-In-N(2)  111.2(1) OC(11)}-In—N(2) 112.9(1) data measured from RBS data.

volatility as its T/, value, the temperature at which 50 wt %

- ; f the sample has been lost during TG analysis, is very close
crystal X-ray diffraction study was conducted, and the ° o .
Y Y y to 200 °C, which is the highest, value ever observed

respective molecular structure is depicted in Figure 3, while . ©. .
within these series of compounds. In contrast, the three

selected interatomic distances and angles are collected in . d I in th 175
Table 3. The central indium atom has a distorted trigonal remaining compounds gavi, values in the range

bipyramidal geometry, with two short bonds to the equatorial ;Lgsl°c, g'\fl'_nhg tempﬁrgtfl;res tha§ are ?ppl_roxmats ly-25 d
methyl carbon atoms (2.142.142 A), and one long ower. This small difference in volatility can be trace

interaction to the N(1) atom that is located at the axial to the MeQ ether functional group present' n cqmplex
position (In-N(1) = 2.428(2) A). The bond angle between versus the methyl aeert-butyl substituents utilized in other

the axial ligand fragments is consistent with significant ge:;:/?;lve con;pllexs,lwhli:h W(t).md Cogstlr:jer_ainly |n|crea|se
deviation from linearity {O—In—N(1) = 153.3(1}), which oth the van del Vvaals interaction and the intermoiecuiar

is due to the formation of two chelate rings within the '\ H:*O hydrogen bonding occurring between the-N
molecule. Interestingly, the gross structureSois akin to proton and the.MeO ether linkage or even the alkoxy oxygen
that of the gallium complex [Mga(hfac)(NCsHs)],* for atom present in the sampieand thus reduce the relative
which the pyridine ligand and one oxygen atom of the hfac vplaullty. Moreover, thg f'r.'al Tes'd“a' weights are slightly
ligand reside at the axial positions, showing a bond pattern higher (7'3._.9'5 Wt .%)’ |nd|c_:at|ng a measurabl_e gmount of
that is in line with the ketoiminate fragment and NMe decomposition during heating. However, ketoiminate com-
terminus of the tridentate chelate ligand observe8.in ple>§5 appears to be much more robust toothgrmal decom-
Thermal Analysis. The volatility and thermal stability of ~ POSition, affording aimost no residue (0.2 wt %) in the sample

complexes1—5 were investigated by thermogravimetric container upon hea_tmg to 3_0(1:. we _speculgte that its
analysis (TGA) under an atmospheric pressure.offigure ;aturated f|ve-_c_oord|nate environment is a main cause of the
4). Generally speaking, the aminoalkoxide complekeg improved stability.

showed a similar pattern of weight loss, which generally th CvD Experm;ents. In orger_tol\:gjgi//éhe uslgfutl_ness ?f
began at the range of approximately 120. The first € as-prepared compounds in appiications, two

NHCH,CH,OMe derivative,1, seems to exhibit the lowest 50, (5 chi, v.: Hsu, P-F. Liu, C.-S.; Ching, W.-L.: Chou, T.-Y. Carty,

A. J.; Peng, S.-M,; Lee, G.-H.; Chuang, S.-HMater. Chem2002

(19) Beachley, O. T. J.; Gardinier, J. R.; Churchill, M. R.; Toomey, L. M. 12, 3541. (b) Lai, Y.-H.; Chou, T.-Y.; Song, Y.-H.; Liu, C.-S.; Chi,
Organometallics1998 17, 1101. Y.; Carty, A. J.; Peng, S.-M,; Lee, G.-i@hem. Mater2003 15, 2454.

For further confirmation of the structure &f a single
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Figure 5. SEM micrographs of the as-deposited@a thin films: (a) entry 1, (b) entry 2, (c) entry 3, (d) entry 4, and (e) entry 5; the top afid 45
cross-sectional views are depicted at the left- and right-hand sides, respectively.

Inorganic Chemistry, Vol. 42, No. 19, 2003 6047



Chou et al.

MES (222)
g\
4
4
3 ~ @1 (400)  (332) (431) (440)
S 500 °C
&
=
(7]
fey
L
£
A 10
. It 400 °C
1000 800 600 400 200 0
Binding Energy (eV) 2 % 4 s 0
Figure 6. XPS spectra of 503 film deposited using as CVD source 2 theta
reagent and at temperatufg = 450 °C. Figure 7. XRD pattern of the as-deposited,®s thin films deposited at

various temperatures, for which complgxwas employed as the source
representative examplésand 5 were tested for growing  reagent.

In,O3 in a conventional horizontal hot wall reactor. In a
typical deposition process,.Qvas selected to convey the the possible locations of the carbon 1s peak at 284.5 eV,
sample into the CVD chamber and to suppress the carbonnitrogen 1s peak at 398.1 eV, and fluorine 1s peak at 684.9
content observed in the final é@s thin films. The Sample eVv. Moreover, itis important to note that it has been reported
reservoir was kept at 145 or 8fC depending on the that the O/In ratio of the IQOQ, StOiChiometry cannot be
relatively volatility revealed by the TG analysis, while the reliably calculated because of preferential sputtering and
growth temperature was maintained at temperatures of 400 Sputtering induced decomposition which may cause the O/In
500°C with the system pressure being 300 millitorr. These fatio obtained by the XPS method to deviate significantly
parameters for the CVD runs are summarized in Table 4. from the ideal Va.IUé,.2 Our thin films were then Subjected
For complex2, the films obtained were light yellow and  t0 Rutherford backscattering analysis (RBS) to obtain more
transparent at 400C and turned much darker at higher the reliable O/In composition data, and these atomic percent-
temperatures. All of the films adhered very well to the 29€s are listed in Table 4 for a direct comparison. Itis noted
substrate (both Si wafer and quartz glass) as judged by thethat the calculated atomic ratios were now much closer to
Scotch tape test. Their resistivity values ranged from 335 to the expected composition of 4B, except for the sample

548 uQ cm, which decreased with increasing deposition ©btained at the highest temperature of 3@) confirming
temperature. As indicated in Figure 5, the SEM images the formation of approximately s stoichiometry with

showed a thickness o£1100 A, and the surface showed Minimum amount of oxygen deficiency with the as-deposited
featureless morphology at 40C. Upon raising the tem-  thin film materials. . _ .
peratures to 450 and 508C, the surface turned much Morgover, an X-ray diffraction (XRD) pattern for the film
rougher, and the boundaries between each individual crys-deposited at the lowest temperature of 400shows only a
tallite became clearly visible. The chemical binding state and Weak signal at @ = 30.58, which is due to the (222)
thin film compositions were investigated by X-ray photo- diffraction of the cubic 1g0; phase (Figure 7), giving the
electron spectroscopy (XPS). Before each experiment, thefirst indication of the formation of a preferred (222)
thin films were sputtered using Aion to remove the surface ~ Orientation. Upon further increasing the deposition temper-
contaminants. The C 1s peak observed at 284.5 eV was used@Ure, the peak due to the (222) diffraction has gained its
to evaluate its atomic content present in the sample. The ointensity, showing an increase of the preferred (222) align-
1s peak was assumed to be~di30.5 eV and together with ~ Ment, while _other Igss intense d|ffra}ct|on signals also
the In 3d, peak at~444.9 eV was used to gauge relative appegreq which provide supporting ewdenc.e for the char-
composition. The atomic compositions of the films were then acterization of 180; phase. Generally speaking, the poly-
calculated using sensitivity factors determined from the Crystalline IRO; phase with a preferred orientation along the
empirical peak area values and corrected for the system’s(222) planes is common; for example, O'Brien et al. have
transmission functiodt The calculated O/In and C/In ratios ~ "€Ported a similar XRD pattern of 4@s thin film deposited
are given in Table 4, respectively, while the contents of Using the dimeric source reagent [M#acac)]>?® In
nitrogen (2 at. %) and fluorine€0 at. %) were not reported ~ cONtrast, Hoffman and co-workers were able to prepare the
due to the low levels of these elements present in the as-fluorine-doped 150; thin fim material using alkoxide
deposited thin films. A typical XPS spectrum is depicted in COMPplex IN(OCMe(CE))s(H.N-t-Bu) > where the similar
Figure 6, showing the depleted oxygen atomic content and

(22) Jeong, J. I.; Moon, J. H.; Hong, J. H.; Kang, J.-S.; Fukuda, Y.; Lee,
Y. P.J. Vac. Sci. Technol., A996 14, 293.

(21) Wagner, C. D.; Davis, L. E.; Zeller, M. V.; Taylor, J. A.; Raymond, (23) Park, J.-H.; Horley, G. A.; O'Brien, P.; Jones, A. C.; Motevalli, M.
R. H.; Gale, L. H.Surf. Interface Anal198], 3, 211. Mater. Chem2001, 11, 2346.
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(100) preferred orientation was also observed by deliberately N—In dative bond, giving a pair afis andtransisomers in
increasing the fluorine content in the thin film samples, solution. Moreover, deposition of cubic,@; by MOCVD
compared with a more randomly distributed orientation. is possible using these newly prepared source reagemtd

The InO; thin film preparation was also extended to 5, utilizing pure Q as the reactive carrier gas. We believe
studies using the more volatile ketoiminate compkx that these new CVD sources investigated would be superior
Basically, identical experimental parameters were employedto their parent source reagent InpMelue to the enhanced
for the deposition experiment, except that the reservoir reactivity toward Qas well as the nonpyrophoric nature upon
temperature was lowered from 145 to 80. Under these  exposure to moistened air. For comparison, it was reported
circumstances, a reduced amount of comgeanters into that InMe; would not produce the s films using a thermal
the CVD chamber so that the growth ot@s can be easily  |ow-pressure CVD proces8 whereas the bOs films for
controlled giving a much smoother surface morphology use as plasma filters in thermal photovoltaic cells were
(Figure 5). All physical characteristics such as the content successfully deposited using InMend oxygen as the
and level of impurity and the XRD patterns are very similar reactant gas via atmospheric pressure chemical vapor deposi-
to those from films deposited using comp2=s the source  tion (APCVD)2” Furthermore, the as-deposited thin films
reagent. These experimental observations suggest that alof our studies are oriented in the (222) direction, while the
though the ketoiminate ligand is a tridentate ligand and |ow level of nitrogen and fluorine contaminations confirms
should be bound more strongly to the central In atom versusthe effective elimination of both aminoalkoxide and ketoim-
that of the bidentate aminoalkoxide ligand, both source jnate ligands, although they have a greater tendency to
reagents gave s films of similar quality, and their  produce stable metal chelate interaction. Our future directions
nitrogen and fluorine impurity contents are within the ;| pe focused at the preparation of indium-containing

detection limits of our analytical instruments. This observa- yixed-metal complexes and deposition of the mixed-metal
tion also implies that the £xo-reagent is very reactive and  oyxide phases at lower temperatures.

effective in terms of removal of ligated hydrocarbons,

irrespective of their bonding mode. Acknowledgment. Y.C. thanks the National Science
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interconversion via both reversible dimer to monomer 1C034588X
dissociation and the sequential rupture and reforming of

(26) Maruyama, T.; Kitamura, Tpn. J. Appl. Phys1989 28, L1096.

(24) Miinea, L. A.; Hoffman, D. M.J. Mater. Chem200Q 10, 2392. (27) Murthy, S. D.; Langlois, E.; Bhat, I.; Gutmann, R.; Brown, E;
(25) (a) Maruyama, T.; Fukui, Klpn. J. Appl. Phys199Q 29, L1705. (b) Dzeindziel, R.; Freeman, M.; Choudhury, NIP Conf. Proc.1996
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