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ABSTRACT: Thin films of ceria (CeO,) have many applica-
tions, and their synthesis by liquid-injection MOCVD (metal—
organic chemical vapor deposition) or ALD (atomic layer de-
position) requires volatile precursor compounds. Here we
report the synthesis of a series of homoleptic and heteroleptic
Ce(IV) complexes with donor-functionalized alkoxide li-
gands mmp (1-methoxy-2-methylpropan-2-olate), dmap
(1-(dimethylamino)propan-2-olate), and dmop (2-(4,4-di-
methyl-4,5-dihydrooxazol-2-yl)propan-2-olate) and their
potential as precursors for MOCVD and ALD of CeO,.
New complexes were synthesized by alcohol exchange reac-
tions with [Ce(OBu'),]. [Ce(mmp),] and [Ce(dmap),] were

liquid-injection

Cel MOCVD or ALD
[ e 4] high growth rates’P
300 - 600°C
L= My CeO,

both found to be excellent precursors for liquid-injection MOCVD of CeO,, depositing high purity thin films with very low carbon
contamination, and both have a large temperature window for diffusion controlled growth (350—600 °C for [Ce(mmp),];
300—600 °C for [Ce(dmap),]). [Ce(mmp),] is also an excellent precursor for liquid-injection ALD of CeO, using H,O as oxygen
source and demonstrates self-limiting growth from 150 to 350 °C. [Ce(dmap),] has lower thermal stability than [Ce(mmp),] and
does not show self-limiting growth in ALD. Heteroleptic complexes show a tendency to undergo ligand redistribution reactions to
form mixtures in solution and are unsuitable as precursors for liquid-injection CVD.

B INTRODUCTION

Thin films of CeO, have many applications: e.g. as a dielectric
in complementary metal oxide semiconductor (CMOS) and
memory applications;" as a dopant to stabilize high-x phases of
HfO,;* in magneto-optical devices;® in sensors;* as an anode
material in solid oxide fuel cells.> MOCVD (metal—organic
chemical vapor deposition) and ALD (atomic layer deposition)
are important techniques for the preparation of oxide thin
films,%” and both of these techniques require volatile precursor
compounds. [Ce(thd),] (thd =2,2,6,6-tetramethylheptane-3,5-
dionate) is probably the most widely used precursor for CVD of
CeO,. It is air- and moisture-stable, reasonably volatile, easy to
synthesize, and has high thermal stability. Although these properties
mean that it is quite easy to handle, they also mean that it is a less than
ideal precursor for CVD. Alkoxide complexes are more attractive as
CVD precursors: they have lower thermal stability than (3-diketo-
nates and hence lower deposition temperatures in MOCVD, and
they are powerful Bronsted bases, meaning that they react readily
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with H,O, which is a real advantage in ALD. Facile reaction of a
precursor with H,O means that H,O can be used as an oxygen
source for ALD of oxide materials: this is experimentally preferable to
use of more aggressive oxygen sources such as ozone. The Ce(IV)
alkoxide [ Ce(OCMe,Pr'),] has been investigated as a precursor for
MOCVD of CeO,,® but there have been no subsequent reports of its
use, and we found that it had a very narrow temperature window for
diffusion-controlled growth (see Results and Discussion). We there-
fore identified a need for more effective precursors for CeO,, and in
this paper, we report on a series of Ce(IV) alkoxides and their use for
liquid-injection MOCVD and ALD of CeO,.

It is apparent that Ce complexes with monodentate alkoxide
ligands are less than ideal as CVD precursors, and so we chose to
work with bidentate donor-functionalized alkoxide ligands de-
rived from the alcohols shown in Chart 1 below.
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Chart 1. Structures of Donor Functionalized Alcohols
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These ligands (apart from dmomp) have all been used
successfully with other metals as precursors for CVD of oxides,”"°
and we have already published a preliminary communication on
the use of [Ce(mmp),] for MOCVD of Ce0,.M!

B EXPERIMENTAL SECTION

General. Hnmp, [NH,],[Ce(NO3)s] (CAN) and [Ce(thd),] were
supplied by SAFC Hitech. Hdmop'* and Hdmomp"? were synthesized
by the published routes. Other starting materials were purchased from
Aldrich.

The preparation of all cerium complexes was performed under strictly
anaerobic and anhydrous conditions using standard Schlenk techniques.
Nondeuterated solvents were distilled from sodium/benzophenone
ketyl and stored under N, over activated 4 A molecular sieves prior to
use. Deuterated solvents were distilled from CaH, prior to use. NMR
spectra were recorded on a Bruker Avance 400 spectrometer. NMR
samples of cerium complexes were sealed under vacuum. Mass spectra
were recorded on a Finnigan MAT 95 XP instrument (EI and CI)) by the
EPSRC National Mass Spectrometry Service at Swansea University.
Elemental analyses were performed by Mr. Stephen Boyer of the School
of Health Sciences, London Metropolitan University.

Synthesis of Complexes. [Ce(mmp),] 1. A solution of [NH,],-
[Ce(NO;)s] (10.00 g, 18.24 mmol) in dimethoxyethane (DME)
(77 mL) was added at room temperature to a stirred solution of NaOBu'
(10.52 g, 109.4 mmol) in DME. After removal of the NaNO; precipitate,
the filtrate was stirred at 0 °C and Hmmp (8.52 mL, 73.0 mmol) was
added. The reaction mixture was heated under reflux for 1 h and then left
to cool to room temperature. Volatiles were removed in vacuo, and the
resulting yellow oil was extracted with hexane (3 x 100 mL), which
was then concentrated to give the product as yellow crystals on
cooling to —18 °C. (5.24 g, 52% yield).

M.p.: 105—106 °C (0.8 Torr). "H NMR (400 MHz, C,Dg): O(ppm):
127 (6H, s OC(CH;),CH,OCHy), 3.60 (2H, s, OC(CHs),CH,OCHj),
349 [3H, s, OC(CH;),CH,0CH;). *C NMR (100 MHz, C,Dg):
8(ppm): 269 (OC(CHs),CH,OCH,), 582 (OC(CH;),CH,OCH,),
750 (OC(CH;),CH,OCH;), 84.1 (OC(CHj),CH,OCH;). Caled. for
CeC,oH4uOg: C, 4346 ; H, 8.02; found: C, 42.58; H, 7.88%.

[Ce(dmae),] 2 was synthesized following the route used for
[Ce(mmp),] using CAN (1.00 g, 1.82 mmol), NaOBu' (1.05 g, 96.1
mmol), and dmaeH (0.75 mL, 7.3 mmol). The reaction mixture was
refluxed for 2 h and volatiles removed in vacuo to give a yellow oil. Yield:
350 mg (39%).

Calcd for CeC,6H4004Ny: C 39.01, H 8.18, N 11.37; found C, 38.88,
H 8.08, N 11.19%. A "H NMR spectrum is shown in Figure S2 of the
Supporting Information.

[Ce(dmap),] 3 was synthesized following the route used for
[Ce(mmp),] using CAN (7.00 g, 12.8 mmol), NaOBu' (7.36 g, 76.6 mmol),
and dmapH (6.30 mL, 51.1 mmol). Recrystallization from toluene gave
the complex as yellow crystals. Yield: 3.10 g (44%).

'H NMR (400 MHz, CDCl,): 6(ppm) 1.12 (3H, d, J = 6.13 Hz,
OCH(CH;)CH,N(CH,),), 2.13 (2H, m, OCH(CH;)CH,N(CHs,),),
2.27 (6H, s, OCH(CH;)CH,N(CH,;),), 3.78 (1H, br m, OCH-
(CH3)CH,N(CH3;),). *C NMR (100 MHz, CDCl;): 6(ppm) 24.6
(OCH(CH;)CH,N(CHj3),), 46.1 (OCH(CH;)CH,N(CH3),), 70.3
(OCH(CH;)CH,N(CH,),). Caled for CpoH,gCeN,Oy: C 43.78, H
8.82, N 10.21; found C 43.96, H 8.76, N 10.07%.

[Ce(dmop),] 4 A solution of [NH,4],[Ce(NO3)s] (CAN) (1.00 g,
1.82 mmol) in dimethoxyethane (DME) (20 mL) was added at room
temperature to a stirred solution of [NaOBu'] (1.05 g, 10.9 mmol) in
DME. After removal of the NaNOj precipitate, the filtrate was stirred at
0°C, and a solution of dmopH (1.13 g, 7.30 mmol) in DME (10 mL) was
added. The reaction mixture was allowed to warm to room temperature
and stirred overnight. Volatiles were removed in vacuo, and the yellow
solid residue was extracted with toluene (3 X S0 mL), which was then
concentrated to give the product as yellow crystals on cooling to —18 °C.
Yield: 437 mg (31.3%).

'H NMR (400 MHz, C,Dy): 6(ppm) 1.52 (6H, s, NC(CH,),CH,),
1.54 (6H, s, OC(CH,),C), 3.82 (2H, s, NC(CH;),CH,). *C NMR (100
MHz, C;Dg): d(ppm) 27.9 (NC(CHj;),CH,), 28.0 (OC(CHj3),C), 77.0
(NC(CH;),CH,), 784 (OC(CHs,),C), 80.6 (NC(CH3),CH,). Calcd for
CeCa,HygN,Og: C 50.25, H 7.38, N 7.32; found C 50.07, H 7.49, N 7.19%.

Characterization of [Ces(dmop)sO] 5. [Ce,(dmop)sO] was found
as the residue after attempts to sublime [Ce(dmop),] in vacuo.

'"H NMR (400 MHz, C,Dy): d(ppm) 1.02 (s), 1.16 (d, J = 3.3 Hz),
1.44 (brs), 1.52 (br m), 1.53 (brs), 1.65 (s), 1.74 (s), 1.78 (s), 1.84 (s),
2.08 (br m), 3.47 (s), 3.57 (s), 3.64 (d, ] = 3.3 Hz), 3.79 (brs), 3.82 (br
s), 3.90 (brs), 3.92 (br s). *CNMR (100 MHz, C,Dg): 6(ppm) 27.6,
30.0,28.2,28.4,28.6,28.7,28.8 (NC(CH;),CH,), 30.1, 30.4, 30.8, 31.2,
32.1,32.2 (OC(CH;),C), 66.7, 66.9, 67.3 (NC(CH;),CH,), 77.1,78.4,
79.4 (OC(CH;),C), 80.7, 81.8, 82.5, 82.7 (NC(CH;),CH,), 171.4
(OC(CHj;),C). Calcd for Ce,CusHgsNGO,5: C 46.74, H 6.86, N 6.81;
found C 46.89, H 6.92, N 6.85%.

[Ce(dmomp),] 6 was synthesized in the same way as [Ce(mmp),]
using [NH,],[Ce(NO3)s] (532 mg, 0.970 mmol) and NaOBu* (562
mg, 5.85 mmol). Following the preparation of [Ce(OBu'),], the
intermediate Hdmomp (800 mg, 3.90 mmol) in DME (10 mL) was
added to the yellow solution with stirring at room temperature. A color
change to deep red was seen and after 2 h the volatiles were removed in
vacuo to give a powdery amorphous red solid. Yield: 328 mg (35%).

"H NMR (400 MHz, CDCly): 8(ppm) 0.95 (3H, s, NC(CH3),CH,),
1.21 (3H, s, NC(CHs3),CH,), 2.04 (3H, s, CH5(C¢H;0)), 3.87 (1H, d, =
7.9 Hz, NC(CH;),CH,), 3.97 [1H, d, ] = 7.8 Hz, NC(CH;),CH,), 6.54
[1H, t, C¢Hs), 7.23 (1H, s, C¢H3), 7.71 (1H, d of d, C¢H3). *C NMR (100
MHz, CDCly): 0(ppm) 152 (CH3(C4H30)), 24.6 (NC(CH3),CH,),
27.5 (NC(CH;),CH,), 68.7 (NC(CH;),CH,), 77.6 (NC(CHj;),CH,),
116.0 (aromatic), 1164 (aromatic), 123.9 (aromatic), 126.6 (aromatic),
133.0 (aromatic), 161.8 (CH,(CsH5CO)), 165.5 (CH3(C4H;0)CN). MS
(ED): m/z = 956.3 (M"); calcd. for [C4sHssCeN4Og] ", 956.3.

[Ce(mmp)5(dbm),] 7. A solution of Hdbm (dibenzoylmethane)
(800 mg, 3.60 mmol) in toluene (20 mL) was added dropwise via
canula to a stirred solution of [Ce(mmp),] (1.00 g, 1.80 mmol) in
toluene (20 mL) at 0 °C. After full addition the reaction was stirred for
1 hat 0 °C and allowed to warm to room temperature for a further 1 h.
The volatiles from the deep orange solution were removed in vacuo, and
the crude oil recrystallized from toluene to give a low melting point solid
at —18 °C. Yield: 447 mg (31.2%).
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Table 1. Conditions for Thin Film Growth

General Growth Conditions

solvent toluene
precursor conc 0.0 M
evaporator temperature 100 °C
reactor pressure 1 mbar

argon flow rate 200 cm®/min

MOCVD Growth Conditions
200—600 °C

100 cm®/min~

substrate temps

oxygen flow rate !

ALD Growth Conditions

substrate temps 100—350 °C
oxygen source H,O: ([Ce(mmp),], [Ce(dmap),],
[Ce(OC(CH),Pr])
O3: ([Ce(thd),])
number of cycles 300
pulse sequence (s) 2/2/0.5/3.5

precursor/purge/oxygen source/purge

'"H NMR (400 MHz, ds-thf): (ppm) 1.06 (6H, s, C(CHs),), 3.08
(2H, s, CH,), 328 (3H, s, OCH,), 6.85 (1H, s, (C4HsCO),CH), 727
(m, aromatic), 7.38 (m, aromatic), 8.10 (m, aromatic). 3C NMR (100
MHyz, dg-thf): 8(ppm) 26.8 (OC(CH;,),CH,OCH,), 592 (OC(CHs),-
CH,OCHS,), 69.6 (OC(CH;),CH,0OCH,), 82.7 (OC(CH;),CH,OCHS),
983 ((C¢HsCO),CH), 1288 (aromatic), 129.6 (aromatic), 130.5
(aromatic), 130.6 (aromatic), 131.2 (aromatic), 131.9 (aromatic), 139.8
(aromatic), 185.0 ((CgHsCO),CH). Calcd for CeC,oH,40g: C 60.59, H
5.59; found C 60.68, H 5.40%. MS (ASAP): m/z = 79322 ([M + H]");
calced for [CeCyoHyyOg + H] 793.22.

[Ce(dmap),(dbm),] 8. A solution of Hdbm (dibenzoylmethane)
(433 mg, 1.93 mmol) in toluene (4 mL) was added dropwise via canula
to a stirred solution of [Ce(mmp),] (530 mg, 0.970 mmol) in toluene
(20 mL) at 0 °C, and the reaction was stirred for 2 h. Volatiles were
removed in vacuo to give the compound as an orange/red oil. Yield:
613 mg (79.9%).

'"H NMR (400 MHz, C,Dg): 8(ppm) 1.08 (3H, d, J = 5.8 Hz,
OCH(CH;)CH,N(CH,),), 225 [6H, s, OCH(CH,)CH,N(CH,),),
244 (1H,d, ] = 9.8 Hz, OCH(CH;)CH,N(CHj;),), 3.41 [1H,t, J=11.4
Hz, OCH(CH;)CH,N(CHs;),), 5.23 [1H, br m, OCH(CH;)CH,N-
(CH3),), 643 (1H, s, (C¢HsCO),CH), 7.07 [6H, t, ] = 7.5 Hz,
aromatic), 7.17 [SH, d, J = 7.1 Hz, aromatic], 7.17 (2H, d, ] = 8.0 Hz,
aromatic), 7.26 [3H, t, ] = 7.1 Hz, aromatic), 7.78 (3H, d, ] = 7.5 Hz,
aromatic). >C NMR (100 MHz, CDCl,): (ppm): 20.3 (OCH(CHj)-
CH,N(CHS),), 46.2 (OCH(CH,)CH,N(CH,),), 71.3 (OCH(CHS)-
CH,N(CH,),), 95.7 ((C¢Hs),(CO),CH), 124.2 (aromatic), 126.5
(aromatic), 126.8 (aromatic), 127.1 (aromatic), 127.9 (aromatic),
129.3 (aromatic), 136.6 (aromatic), 139.1 (aromatic), 182.9 ((C¢Hs),-
(€C0O),CH). Calcd for C4oH4sCeN,06: C 60.74, H 5.86, N 3.54; found C
60.64, H 6.03, N 3.46%

[Ce(mmp)>(dmomp),] 9. A solution of dmompH (179 mg, 0.870
mmol) in toluene (10 mL) was added dropwise via canula to a stirred
solution of [Ce(mmp),] (241 mg, 0.870 mmol) in toluene (10 mL) at
—83 °C (liquid N,/ethylacetate). On addition of the ligand a color
change from yellow to orange was seen. After stirring for 1 h the volatiles
were removed in vacuo to give an orange oil. Yield: 185 mg (56.2%).

'H NMR (400 MHz, C,Dg): d(ppm) 1.14 (3H, br, s, NC-
(CH,),CH,), 1.31 (6H, s, OC(CH;),CH,0CH,;), 1.66 (3H, br s,
NC(CH;),CH,), 2.49 (3H, s, CH5(C¢H;0)), 3.19 (2H, s, OC-
(CH;),CH,0CH;), 3.22 (3H, s, OC(CH;),CH,OCHj;), 3.56

(2H, s, NC(CH,),CH,), 6.56 (1H, t, ] = 7.3 Hz, CH,(CsH;0)), 7.22
(1H, d, ] = 7.2 Hz, CHy(C4H;0)), 7.86 (1H, d, ] = 8.0 Hz, CHy(CgH;0)).
BC NMR (100 MHz, C,Dg): 6(ppm) 17.0 (CH;(C¢H;0)), 283
(OC(CH,),CH,OCH;), 294 (NC(CH;),CH,), 592 (OC(CHs)>
CH,OCHj;), 68.6 (OC(CH;),CH,0CH3), 789 (NC(CH;),CH,), 84.5
(OC(CHs),CH,0CH,), 115.6 (NC(CH;),CH,), 117.0 (CH5(C4H,0)),
127.0 (CH3(CsH30)), 128.5 (CH3(CgH;0)), 129.3 (CH;5(C¢H;0)),
1349 (CH;5(C¢H50)), 166.0 (CH5(C¢H;0)), 167.1 ((C¢H;0)CNC-
(CHs),). Caled for CeCsyHgoN,Og: C 54.10, H 6.68, N 3.7; found C
53.86, H 645, N 3.56%. MS (EI): m/z = 752.3 ([M — 2H]"), calcd for
[CeC3HsoN,Og — 2H] " 752.2; MS (CI, NH;): m/z=753.3 ((M — H]"),
caled for [CeC34HsoN,Og — H] 753.2.

Reaction of [Ce(mmp)] with 2 equiv of Hdmop. A solution of Hdmop
(499 mg, 3.17 mmol) in toluene (10 mL) was added dropwise via canula to a
stirred solution of [ Ce(mmp),] (877 mg, 1.59 mmol) in toluene (20 mL) at
0 °C, and the reaction was stirred for 2 h. The volatiles were removed in
vacuo, and the crude materials recrystallized in toluene to give [ Ce,(mmp),-
(dmop),O] 10 as yellow crystals (253 mg, 19.3% yield).

'"H NMR (400 MHz, C,Dy): 6(ppm) 1.42 (6H, s), 1.48 (24H, m),
1.57 (6H, s), 1.65 (6H s), 1.74 (6H, s), 1.79 (6H, s), 1.96 (6H, s), 3.39
(6Hs),3.34 (2H,d,J=2.2Hz),3.38 (2H, d,J=2.2 Hz),3.74 (2H,d, ] =
8.1Hz),3.76 (2H,d, ] = 8.1 Hz),3.78 (2H,d, ] = 8.1 Hz), 3.91 (2H, d, ] =
8.1 Hz). Calcd for Ce,Cy;H750,3N,: C 44.75, H 6.97, N 4.97; found C
44.60, H 6.84, N 4.90%.

Attempted Synthesis of [Ce(ONep),]. [Ce(OBu'),] was prepared
from [NH,4],[Ce(NO3)s] (1.00 g, 1.82 mmol) in dimethoxyethane
(DME) (20 mL) and NaOBu' (1.05 g 10.9 mmol) in DME. After
removal of the NaNO; precipitate, the filtrate was stirred at room
temperature and a solution of neopentyl alcohol (642 mg, 7.28 mmol) in
toluene (4 mL) was added. The reaction mixture was heated under reflux
for 1 h, and then left to cool to room temperature. Volatiles were
removed in vacuo and recrystallization of the oil attempted in toluene at
—18 °C. Yield of crystalline material = 340 mg. Single crystal X-ray
diffraction showed this material to be [Ce;(OBu‘)(ONep),0] 11.

Caled for Ce3;CyoH 03011: C 45.49, H 8.41%; found C 40.89, H
7.63%. "H NMR (400 MHz, C,Dy): 6(ppm) 0.81(13 H, broad s), 3.04
(2H, broad s). *C NMR (C,Dg): 6(ppm) 26.7, 27.1.

Crystal Structure Determinations. Crystals were mounted on
glass fibers and placed in a cold stream at 100 K. Single crystal X-ray data
were collected on a Bruker D8 diffractometer with an APEX CCD
detector, and 1.5 kW graphite monochromated Mo radiation. The
detector to crystal distance was 5.98 cm. Exposure times of 10 s per
frame and scan widths of 0.3° were used throughout the data collections.
The frames were integrated with SAINT v7.45a."* The structures were
solved and refined with X-SEED,* a graphical interface to SHELX."®
Crystal data are summarized in Table 2, and a cif file is available in the
Supporting Information.

Thin Film Growth and Characterization. The CeO, films were
deposited on n-Si(100) wafers. Deposition of the CeO, films was
performed by liquid-injection ALD or liquid-injection MOCVD using
an Aixtron AIX 200FE AVD reactor fitted with a modified liquid-injector
system.'” The delivery of cerium precursor was achieved using a 0.05 M
solution of the precursor compound in toluene. Deionized water or
ozone (for [Ce(thd),]) was used as a source of oxygen for ALD growth.
Details of the MOCVD and ALD growth conditions are summarized in
Table 1.

X-ray diffraction patterns were measured using a Rigaku Miniflex
diffractometer using Cu Ka radiation (0.154051 nm, 40 kV, S0 mA)
spanning a 20 range of 20—50° at a scan rate of 0.01°/min.

Raman spectra were acquired using a Jobin-Yvon LabRam HR
consisting of a confocal microscope coupled to a single grating spectro-
meter equipped with a notch filter and a CCD camera detector. The
Raman measurements were taken using a confocal aperture of 300 4m to
limit the light taken to the center of the microscope lens and hence
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Table 2. Crystal Structure and Refinement Data

[Ce(dmap),] 3

[Ce(dmop),] - C;Hs4

habit prism prism
formula CyoH,43CeN,O, C30He4CeN,Og
formula weight 548.74 857.06
space group P6,22 P2,/c

a, A 9.8993(3) 11.514(5)
b A 9.8993(3) 12.546(6)
¢ A 46.8411(16) 29.583(13)
a, deg 90.0 90.0

B, deg 90.0 96.245(8)
¥y, deg 120.0 90.0
volume, A® 3975.3(2) 4248(3)

VA 6 4

Peddor g/cm 1.375 1.340

Fooo 1716 1792
temp, K 100(2) 100(2)

R1 (I > 20(1)), % 2.4 2.15
goodness of fit 1.335 1.069

[Cey(mmp),(dmop),0] - C;H;s10

[Ce3(OBu‘)(ONep),0] 11

prism prism
CyoHgsCerN4O13 C73H5,Ce301
1219.46 1626.31

P2, P3¢l
10.791(3) 19.0918(17)
18.425(5) 19.0918(17)
14.533(4) 23.342(2)
90.0 90.0
99.530(4) 90.0

90.0 120.0
2849.6(14) 7368.2(11)
2 4

1421 1.466

1256 3408

100(2) 100(2)
3.24 4.74

1.057 0.969

improve the quality of signal achieved. The measurements spanned
150—1500 cm ™" with four accumulations and an exposure time of 30 s.
All of the spectra were recorded in a backscattering geometry using an
incident wavelength of 325 nm from a He—Cd laser.

B RESULTS AND DISCUSSION

Choice of Potential Precursor Complexes. Some Ce(III)
complexes, for example 3-ketoiminates,"® >° have been used as
precursors for CVD of CeO,. However the synthesis of volatile
Ce(III) precursors poses a real challenge: it is difficult to fill the
coordination sphere of the large Ce”" ion. Therefore, many
Ce(III) complexes with monodentate ligands form dimers or
oligomers, and their volatility is consequently reduced. A further
potential problem is that many Ce(III) complexes are very prone
to at least partial oxidation, making them difficult to obtain and
keep in a pure state. We therefore chose to work with Ce(IV): the
increased charge and decreased radius of Ce** compared with
Ce® means that, providing the +4 oxidation state can be
stabilized, it should be less difficult to obtain monomeric (and
hence potentially more volatile) complexes. There are several
well-known Ce(IV) complexes with monodentate alkoxide li-
gands e.g. [Ce(OBu'),], [Ce,(O'Pr)g), and [Ce(OCMe,Pr'),].
[Ce(OBu'),] and [Ce,(O'Pr)g] are unsuitable as CVD precur-
sors: they are thermally very unstable and readily decompose to
form O-bridged clusters with much reduced volatility.”"**
[Ce(OBu'),] is also reported to undergo partial reduction in
solution, resulting in the formation of the mixed-valence cluster
[Ce;(OBuY),;] which contains two Ce** and one Ce**.*
[Ce(OCMe,Pr'),] has been used for MOCVD of CeO,;®
however, we found that it has an extremely narrow temperature
window for MOCVD (see Figure 9) which seriously limits its use
in our reactor system. The thermal instability of [Ce(OBu"),]
and [Ce,(O'Pr)g] can be attributed to the facile elimination
reaction shown in Scheme 1 below (generally referred to by CVD
chemists as a “B-hydride” elimination reaction)** and formation
of a reactive Ce—OH moiety which can then react further to
form oxo-bridged species.

Scheme 1. f-Hydride Elimination Reaction of a fert-Butox-
ide Complex

Me2 OR
\

C
()/\«'\(;H2 f-H elimination Cl)H
| | —_— q —— M-0-M

Mo H, +

+
Me HOR
)=CH,
Me

We therefore initially decided to investigate [Ce(ONep),]
(ONep = neopentoxide, OCH,CMe;) which cannot undergo
the 3-hydride elimination reaction and so should show enhanced
stability. However, synthesis of this complex via a salt metathesis
reaction of [NH,],[Ce(NO;)4] with NaONep was unsuccessful,
and the alcohol exchange reaction of [Ce(OBu"),] with 4 equiv
of HONep gave an oily product which crystallized to give [ Ce3(143-O)
(u3-OBu")(u,-ONep)3(ONep)s] 11 (see Figure 7). The reten-
tion of one OBu' ligand in this complex suggests that the
condensation to an oxo-bridged trimer had occurred before the
alcohol exchange reaction was complete.

Synthesis of Complexes. Homoleptic Complexes. We initi-
ally attempted to synthesize new complexes by a salt metathesis
reaction between NaOR and ceric ammonium nitrate ([NH,],-
[Ce(NO;)], CAN);* however, this method never gave satis-
factory yields and frequently gave none of the desired product at
all. We therefore used alcohol exchange reactions of
[Ce(OBu'),], which is readily synthesized from NaOBu' and
[NH,],[Ce(NO3)s). [Ce(OBu'),] is somewhat fragile in solu-
tion, readily decomposing to form [Ces(13-O)(OBu'),0],*" and
so, we used a simplified synthesis, avoiding the isolation of
[Ce(OBu'),], as outlined in Scheme 2.

The synthesis of homoleptic complexes by this route was
straightforward for all the donor-functionalized alkoxide ligands
that we investigated. For example, to synthesize [Ce(mmp),] 1,
4 equiv of Hmmp was added at room temperature to the
[Ce(OBu')4] solution, and after heating to reflux for 2 h, pure
product was obtained as yellow crystals in up to 80% yield.
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Scheme 2. Synthesis of Cerium(IV) Alkoxides via Alcohol
Exchange

6NaOBut [Ce(OBuY,] 4HOR

— [Ce(OR)4]
THF or DME  + 2NH; + 6NaNO;

INH4]5[Ce(NO3)q]
+4HOBU!

Similar reaction conditions were used for [Ce(dmap),] 3 and
[Ce(dmomp),] 6, and these complexes were isolated as crystal-
line solids. Unfortunately 6 had poor solubility in toluene and
decomposed in more polar solvents such as THF or CH,Cl, and
was not investigated further. Synthesis of [Ce(dmop),] 4
required addition of Hdmop to be performed at 0 °C, followed
by reaction at room temperature; otherwise, the product was
contaminated with what we believe from analytical data to be
[Ce,(dmop)sO] S (see the Experimental Section).

The reaction of [Ce(OBu"),] with 4 equiv of Hdmae, which is
less sterically demanding than Hdmap, was not straightforward:
addition of Hdmae at 0 °C followed by stirring at room tem-
perature resulted in incomplete reaction. When the addition of
Hdmae was performed at room temperature followed by heating
to reflux for 2 h, a yellow oil analyzing as [Ce(dmae),] 2 was
isolated, but its "H NMR spectrum was complex (see Figure S2),
indicating several different ligand environments. The reaction
was not always reproducible, and attempts to sublime 2 in vacuo
resulted in decomposition, and elimination of dmaeH. 2 also
displayed instability in solution, and we therefore abandoned
further investigations of this complex.

Except for [Ce(dmae),] 2 and [Ce(dmomp),] 6, all of the
homoleptic donor-functionalized alkoxide complexes that we
prepared were found by NMR spectroscopy to be indefinitely
stable in solution at room temperature: unlike [Ce(OBu'),] and
[Ce,(OPr')g(HOPr'), ], there was no evidence of condensation
reactions to form oxo-bridged clusters nor was there any
evidence of reduction to Ce(III).

Heteroleptic Complexes. We synthesized several heteroleptic
complexes with the aim of modifying reactivity and volatility to
optimize performance for CVD. Initially we investigated formation
of heteroleptic complexes by addition of a mixture of HL pro-
ligands to [Ce(OBu"),]; however, this method was never success-
ful, generally leading to a mixture of homoleptic complexes.
We therefore prepared a series of heteroleptic complexes

[Ce(mmp),L,] and [Ce(dmap),L,] by careful addition at low
temperature of 2 equiv of HL to [Ce(mmp),] or [Ce(dmap),],
and the complexes were characterized by a combination of
elemental analysis, NMR spectroscopy, and mass spectrometry.
In the case of L = dmop, we were unable to isolate [Ce(mmp),-
(dmop),], but instead the oxo-bridged dimer [Ce,(mmp),-
(dmop)4(u,-O)] 10 was formed and characterized by single
crystal X-ray diffraction. Heteroleptic [3-diketonate complexes
with L = dibenzoylmethanate (dbm) were also prepared by careful
reaction of [Ce(mmp),] or [Ce(dmap),] with 2 equiv of Hdbm
(dibenzoylmethane); however, all of our attempts to prepare
heteroleptic complexes with thd resulted only in formation of
[Ce(thd),]. The heteroleptic complexes were generally found to
be labile in solution: ligand redistribution reactions occurred
readily to form mixtures, and so, these complexes were not
investigated further as CVD precursors.

Description of Structures. The static structure of an 8-co-
ordinate complex with four bidentate chelating ligands must be
chiral unless it has exactly square-prismatic geometry and the
ligands contain a plane of symmetry. Although chirality of
6-coordinate tris-chelate complexes has been the subject of many
studies, the corresponding phenomenon in 8-coordinate com-
plexes has been relatively unexplored. Here we have an oppor-
tunity to examine the structures of three related tetrakis-chelate
complexes, including one containing chiral ligands.

[Ce(mmp),] 1. A preliminary report of this complex has
already been published;11 an ORTEP plot of the complex is
given in Figure 1 for comparison with other related structures.
The Ce atom lies on a crystallographic C, axis (see Figure 1b),
and it has approximate D, symmetry. The room temperature 'H
NMR spectrum of this complex (Figure S1 of the Supporting
Information) shows that in solution all four mmp ligands are
equivalent, and all contain a time-averaged plane of symmetry,
which is consistent with D,; symmetry. Rapid inversion of the
chelate rings would account for the high-symmetry solution
structure; we have been unable to freeze out this process by
low temperature "H NMR spectroscopy.

[Ce(dmap)] 3. The dmap ligand is chiral by virtue of the a-
Me substituent, and as we used racemic Hdmap in the prepara-
tion of 3, the formation of diastereomeric mixtures would be
possible. In the solid state the complex crystallizes a single

Figure 1. (a) ORTEP plot of [Ce(mmp),] 1. Selected distances (A) and angles (deg): Ce(1)—0O(1),2.155(5); Ce(1)—0(2),2.667(4) ; Ce(1)—O(3),
2.155(4); Ce(1)—0(4), 2.684(4); O(2)—Ce(1)—0(1), 63.99(15); O(4)—Ce(1)—0(3), 63.81(16); O(1)—Ce(1)—02* 76.54(14); O(3)—Ce-
(1)—0(4)*, 76.29(13); O(2)—Ce(1)—0(3), 153.13(16); O(1)—Ce(1)—0(3), 96.09(17); O(1)—Ce(1)—0(4), 153.34(13). O(1), O(1)*, etc. are

related by a C, rotation. (b) View along crystallographic C, axis.
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Figure 2. ORTEP plot of [Ce(dmap),] 3. Selected distances (A) and
angles (deg) are the following: Cel—Ol, 2.1661(19); Cel—02,
2.171(2); Cel—N1, 2.784(2); Cel—N2, 2.851(3); Ol1—Cel—NI,
64.51(8); 02—Cel—N2, 64.00(7); O1—Cel—01, 94.06(12); N1—
Cel—N1, 122.16(11); 02—Cel—02, 97.97(12); N2—Cel—N2,
120.20(11). O1, O1*; N1, N1%; etc. are related by a C, rotation.

diastereomer (Figure 2) containing two R-dmap ligands (O2N2
and O2*N2*) and two S-dmap ligands (OIN1 and OI*NI*).
Similar disastereoselectivity has been observed in [Cu(R-dmap)
(S-dmap)]*® and [ Zr,(O'Pr)s(14,-O'Pr) (u-R-dmap) (14,-S-dmap) |.”
However, despite the racemic nature of the ligand combination in
3, the complex itself is chiral, and it undergoes a spontaneous
resolution to crystallize in the rare chiral space group P6,22 (143
examples out of a total of 537899 in the Cambridge Crystal-
lographic Database; January 2011). The donor atoms of the two
S-ligands (N1, O1, N1* O1*) are coplanar, as are those of the
two R-ligands (N2, 02, N2¥, 02%).

A simplified view of the complex along the crystallographic C,
axis (Figure 3) shows how the two parallelograms defined by
N1OIN1*O1* and N2O2N2*O2* are twisted by ca. 84° with
respect to each other, thus rendering the complex chiral at the Ce
atom. The average bite angle of the dmap ligands is 64.25°; the
average Ce—O distance is 2.168 A, and the average Ce—N
distance is 2.817 A.

[Ce(mmp),] adopts a similarly chiral structure in the solid
state, but both enantiomers are present in the unit cell.

The simplicity of the '"H NMR spectrum of [Ce(dmap),]
(Figure S3 of the Supporting Information) indicates that the
solution structure consists of a single highly symmetrical diaster-
eomer with all four ligands equivalent, which is a higher symmetry
than observed in the solid state. A rotation about the crystal-
lographic C, axis of the plane defined by N2O2N2*02* to give an
eclipsed conformation rather than the staggered conformation
shown in Figure 3 would introduce a plane of symmetry into the
complex. All four ligands are equivalent in the resulting C,j,
structure. We have not been able to freeze out this process by low
temperature NMR spectroscopy.

[Ce(dmop),] 4. An ORTEP plot of 4 is shown in Figure 4. The
structure of this 8-coordinate complex in the solid state is very
similar to that of [Ce(dmap),]: the donor atoms (N1, 01, N3, OS)
of two of the chelating dmop ligands are close to coplanar, as are
those of the other two ligands (N2, O3, N4, O7). As shown in
Figure S, the two planes are twisted by ca. 51° with respect to
each other (this is the angle between the two planes defined by

Figure 3. [Ce(dmap),] 3 viewed along the crystallographic C, axis.
(C atoms are omitted for clarity).

Figure 4. ORTEP plot of [Ce(dmop),] 4. Selected distances (A) and
angles (deg): Cel—O01, 2.1811(11); Cel—03, 2.1973(11); Cel—O0S,
2.1758(11); Cel—07, 2.1836(11); Cel—N1, 2.7124(14); Cel—N2,
2.7246(14); Cel—N3, 2.6587(13); Cel—N4, 2.7499(14); O1—Cel—
N1, 63.94(4); 03—Cel—N2, 64.16(4); O5—Cel—N3, 64.70(4);
07—Cel—N4, 64.74(4); N3—Cel—N1, 122.32(4); N2—Cel—N4,
106.04(4); 05—Cel—01, 99.99(4) ; 07—Cel—03, 113.63(4).

0501Cel and 0307Cel), making the complex chiral, but in
this case the unit cell has a center of symmetry and so both
enantiomeric forms of the complex are present. The average bite
angle of the dmop ligands in 4 is 64.38°, very similar to that of the
dmap ligands in [Ce(dmap),]. The average Ce—O distance
(2.184 A) is slightly longer than in [Ce(dmap),] whereas the
average Ce—N distance (2.711 A) is slightly shorter.

The "H NMR spectrum of 4 (Figure S5 of the Supporting
Information), like those of [Ce(mmp),] and [Ce(dmap),],
shows a highly symmetrical structure in solution at room tem-
perature: all of the dmop ligands are equivalent, and all have a time-
averaged plane of symmetry. A time-averaged plane of symmetry
through the dmop ligands can only be achieved through a facile
fluxional process at room temperature, resulting in isomerization/
racemization of the complex. We have been unable to freeze out
this fluxional process by low temperature NMR spectroscopy.

[Cex(u-O)(dmop)s(mmp),] 10. This oxo-bridged dimer is
chiral with approximate C, symmetry, and it crystallizes in the
chiral space group P2;. An ORTEP plot of the complex is shown
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Figure S. Coordination sphere of one enantiomeric form of [ Ce(dmop),]
(C atoms omitted for clarity).

in Figure 6 below, along with selected distances and angles. The
two Ce atoms are symmetrically bridged by an oxo ligand and the
alkoxide groups of two dmop ligands, and there is an approximate
C, axis passing through OS and the midpoint between Cel and
Ce2. The mmp ligands are both “dangling”, as in several other
rare earth complexes with this ligand,””** demonstrating again
that the OMe group is not a powerful donor. The Ce—O and
Ce—N distances for the nonbridging dmop ligands are very
similar to those in [Ce(dmop),]; as expected, the corresponding
distances for the bridging dmop ligands are somewhat longer.
The Ce—O (alkoxide) distances for the dangling mmp ligands
(average 2.110 A) are very similar to the corresponding distances
in the chelating mmp ligands of [Ce(mmp),] (average 2.152 A).

The 'H NMR spectrum of [Ce,(u,-O)(dmop),(mmp),]
(Figure S6 of the Supporting Information) shows eight unique
Me groups, indicating that the solid state structure is retained in
solution.

[Ces(13-0)(u3-OBu')(u-ONep)3(ONep)s] 11. An ORTEP
plot of this complex is shown in Figure 7. The [M;(u3-O),]
moiety is a familiar motif in f-element alkoxide chemistry, and
examples are known where both t3-O atoms are alkoxides”” and
where one is an alkoxide and one an oxide® or hydroxide.”® 11 is
the first fully characterized example with three Ce(IV) atoms and
the structure is analogous to that proposed for [Ce;0(OBu') 0]**
by analogy with [U3;0(OBu'),0]. ® The 3-O and u;-OBu'
ligands are on a crystallographic C; axis and so are bonded
symmetrically to all three Ce atoms, whereas the t,-OBu' bridges
are slightly unsymmetrical with Ce—O distances of 2.331(3) and
2.305(5) A.

Applications to MOCVD and ALD of CeO,. TGA Studies.
Precursors for MOCVD or ALD must generally have some
volatility, and TGA can be a useful technique for assessing this.
Figure 8 shows TGA traces for [Ce(mmp),], [Ce(dmap),],
[Ce(dmop),], and [Ce(thd),]. [Ce(mmp),] sublimed cleanly at
atmospheric pressure: sublimation was complete at 250 °C (50%
weight loss at 226 °C), leaving a residue of <1.5%. This can be
compared with [Ce(thd),], probably the most widely used pre-
cursor for CVD of CeQO,, (50% weight loss at 275 °C and no
residue). None of [ Ce(dmap),], [Ce(dmop),], or [Ce(dmomp),]
displayed any volatility at atmospheric pressure: all left substan-
tial residues (30% and 26%, respectively), consistent with
decomposition to CeO,. However, we routinely use liquid-
injection MOCVD and ALD at reduced pressures, and so, lack
of volatility at atmospheric pressure is not necessarily a serious
problem. Both [Ce(mmp),] and [Ce(dmap),] sublimed in

Figure 6. ORTEP plot of [Ce,(dmop),(mmp),(O)] 10. Selected dis-
tances (A) and angles (deg): Cel—012, 2.078(5); Cel—O0S, 2.106(5);
Cel—010, 2.239(5); Cel—03, 2.395(5); Cel—O1, 2.407(5); Cel—N1,
2.603(5); Cel—N4, 2.619(6); Ce2—0S, 2.106(4); Ce2—08, 2.143(5);
Ce2—06, 2.190(5); Ce2—01, 2.379(5); Ce2—03, 2.459(5); Ce2—N3,
2.556(6); Ce2—N2,2.653(5); Ce2—01—Cel 89.85(15); Cel—03—Ce2
88.25(15); Cel—05—Ce2, 106.72(17); 06— Ce2—N3, 65.99(18); O1—
Cel—NI1, 63.71(19); O10—Cel—N4, 64.72(18); 03—Ce2—N2,
62.29(18).

Figure 7. ORTEP plot of [Ces;(us-O)(u3-OBu")(u,-ONep)s-
(ONep)s] 11. 03, O3, 03 etc. are related by a C; rotation. Selected
distances (A) and angles (deg): Cel—01, 2.530(4); Cel—02, 2.250(2);
Cel—03, 2.331(3); Cel—03", 2.305(5); Cel—04, 2.054(4); Cel—O5,
2.081(4); Cel—O1—Cel®, 87.52(18); Cel—02—Cel’, 102.13(13);
Cel—03—Cel”, 98.06(15).

vacuo; however, attempts to sublime [Ce(dmop),] in vacuo
resulted only in sublimation of Hdmop, and a material analyzing
as [Cey(dmop)s(O)] was isolated from the residue. [Ce-
(dmomp),] was also involatile in vacuo, so we did not pro-
ceed with CVD studies using complexes of dmop or dmomp
ligands.

MOCVD. In order to assess the potential of our new precursors,
we compared them with the known precursors [Ce(thd),] and
[Ce(OCMezPri)4].8 MOCVD growth curves for [Ce(mmp),],
[Ce(dmap),], [Ce(thd),], and [Ce(OCMe,Pr'),] with O, as
coreactant are shown in Figure 9 below. [Ce(mmp),] 1 and
[Ce(dmap),] 3 both have low temperatures for onset of growth,
and although these temperatures were slightly higher than we
observed for [Ce(OCMe,Pr'),], the temperature windows for
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Figure 8. TGA traces for Ce complexes (N, atmosphere; heating rate
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Figure 9. Liquid-injection MOCVD growth curves for [Ce(thd),],
[Ce(OCMe,Pr'),], [Ce(mmp),], and [Ce(dmap),].

MOCVD growth were dramatically wider. We also investigated
the possibility of using 1 and 3 as single-source precursors for
CeQ,, ie. in the absence of O,. Under these conditions, 1
showed growth rates at 350 and 500 °C that were only ca. 10%
of those observed in the presence of O, whereas 3 showed a
growth rate at 400 °C that was ca. 55% of that in the presence of
O,, and therefore, significantly higher than that achieved with
[Ce(thd),] in the presence of O,. 3 therefore has potential as a
single source precursor for CeO,. In addition to the obvious
growth rate advantages of 1 and 3 when compared with
[Ce(thd),], we also found that our new alkoxide precursors
are much more soluble in toluene than [Ce(thd),]. We have
found that the poor solubility of [Ce(thd),] frequently results in
experimentally inconvenient injector blockages.

ALD. ALD growth curves for [Ce(mmp),] 1 and [Ce(dmap),]
3 with H,O as coreactant are shown in Figure 10, along with data
for [Ce(thd),] and [Ce(OCMe,Pr'),] for comparison. It is
important to note that due to the weak Bronsted basicity of
[Ce(thd),], no growth of CeO, is observed using H,O as
coreactant, and ozone must be used as the oxygen source. 1
has excellent ALD characteristics: much higher growth rates than
for [Ce(OCMe,Pr'),]/H,0, or [Ce(thd),]/Os, and a large
window for self-limiting ALD growth from 150 to 350 °C, which
is important in order to achieve high reproducibility of film
growth and precise control of film thickness by the number of
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Figure 10. Liquid-injection ALD growth curves for [Ce(thd),],
[Ce(OCMe,Pr'),], [Ce(mmp),], and [Ce(dmap),]. The oxygen
source was H,O for [Ce(OCMe,Pr),], [Ce(mmp),], and [Ce(dmap),];
it was Oj for [Ce(thd),].
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Figure 11. Raman spectra (325 and 514 nm) and XRD (inset) of CeO,
thin film from [Ce(dmap),] (MOCVD, 400 °C, as-grown).

deposition cycles. 3 is less thermally stable than 1 and does not
show self-limiting behavior in ALD: there is a large increase in
growth rate between 100 and 200 °C indicating thermal decom-
position, which is consistent with the onset of MOCVD growth
at 200 °C for this precursor.

Characterization of Thin Films. The CeO, thin films were
characterized by XRD and Raman spectroscopy. Figure 11
shows the 325 and 514 nm Raman spectra for as-grown thin films
deposited by MOCVD from [Ce(dmap),] at 400 °C. Ceria has
one triply degenerate Raman mode at ~465 cm™ ' with Fy,
symmetry which is present in traces from both laser sources.
The A;, modes seen at ~600 and ~1180 cm™ ! are second-order
modes only picked up by the 325 nm source. Importantly, neither
trace shows evidence of the characteristic D and G carbon bands at
~1350 and ~1600 cm™ ', respectively, demonstrating minimal
carbon inclusion in the films during deposition. These measure-
ments and the XRD plot in the inset show that the films were cubic
as grown, and this was found for all the films grown in the
300—600 °C temperature window. Films grown at 350 °C by
MOCVD were analyzed by XPS giving the following composi-
tions: [Ce(mmp),] precursor Ce, 30.6; O, 62.0; C, 7.4 at %;
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[Ce(dmap),] precursor Ce, 31.8; O, 65.9; C, 2.3 at %. The
compositions of the films were derived from the peak areas of
the Ce(5d(3/2, 5/2)), O(1s), and C(1s) signals after a nominal
ion bombardment to remove adventitious surface contamination.
The measurement of carbon content is complicated by the
presence of an overlapping Ce XPS peak, and results are are to
some extent notional. The XPS data show that the Ce:O ratio is
close to 1:2 for films grown from [Ce(mmp),] and from
[Ce(dmap),]. Combined with Raman and XRD data this con-
firms the bulk composition of the films to be CeO,. A detailed
study of materials properties of CeO, grown by ALD using
[Ce(mmp),] is published elsewhere.”'

Bl CONCLUSIONS

We have prepared a series of homoleptic and heteroleptic
complexes of cerium(IV) with donor-functionalized alkoxide
ligands and investigated their potential as precursors for the
MOCVD and ALD of CeO,. The homoleptic complexes with
mmp, dmap, or dmop ligands show good solution stability with
no tendency to decompose either to oxo-bridged structures or to
Ce(III) species. The heteroleptic complexes have a tendency to
undergo ligand redistribution reactions in solution. The
eight-coordinate homoleptic complexes [Ce(mmp),] 1 and
[Ce(dmap),] 3 are both excellent precursors for liquid-
injection MOCVD of CeOQ,: they exhibit high growth rates
and large growth windows, and the thin films show very low
carbon contamination, particularly those grown from 3. 1 is
also an excellent precursor for liquid-injection ALD of CeO,
using H,O as coreactant, demonstrating a window for self-
limiting growth between 150 and 350 °C. Both of these new
precursors have significant advantages when compared with
the widely used [Ce(thd),]: higher growth rates in both
MOCVD (approximately double) and ALD (approximately
6 times higher), ability to use H,O instead of ozone as
coreactant in ALD, and much better solubility, eliminating
problems of injector blockages in the reactor.
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