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A series of low-melting, highly volatile, and thermally/air stable diamine-coordinated magnesium-metal
organic chemical vapor deposition (MOCVD) precursors, Mgditéamine) and Mg(hfaH(diamine)
(hfa=1,1,1,5,5,5-hexafluoro-2,4-pentanedionate), has been synthesized in a single-step agueous reaction
under ambient conditions, and the molecular structures have been determined by single-crystal X-ray
diffraction. These fluorocarbon-bearing magnesium complexes exhibit significantly lower melting points
and higher volatilities than most previously reported magnesium precursors for MgO thin film growth.
One complex of the series, bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedidtdy(N'-tetramethylethyl-
enediamine)magnesium(ll), with a low melting point (82) and excellent volatility, was successfully
implemented in MgO thin film growth by MOCVD. Phase-pure MgO thin films were deposited on Corning
1737F glass, single-crystal Si, and single-crystal Sg{i@0) and -(110), over the temperature range
550-675 °C. It is demonstrated that highly (100)-oriented MgO films can be obtained on amorphous
glass (X-ray diffraction fwhm= 3.1°). Compared to films on glass, epitaxial MgO thin films on both
SrTiOs; substrates exhibit excellent out-of-plane alignment (fwkn®.7 and 0.9) and good in-plane
alignment. The microstructures, surface morphologies, and optical properties of the MgO thin films were
also investigated as a function of growth temperature.

Introduction

crystal MgO wafers are excellent substrates for epitaxial thin
film growth owing to the favorable surface conditions,

Magnesia, MgO, is used extensively in the insulating and ronagating the desired microstructural texture from the
buffer layers of multilayer electronic/photonic devices due g pstrate to the film&12In addition MgO thin films, with

to its very large band gap (7.2 eV), excellent thermal stability superb refractory properties and low sputtering rates, play

(melting point= 2900 °C), electrical insulating properties
(dielectric constant= 9.8), and the tendency to form films

an important role as protective layers to ameliorate discharge
characteristics and panel lifetime deficiencies in ac-plasma

with highly MgO(100)-oriented textured microstructures, display paneld®-15

benefiting from the simple cubic rock-salt crystal structtnfe.

Highly biaxial-textured MgO thin films have been success-
fully deposited by ion beam-assisted deposition (IBAD) and
employed as template/buffer layers for YBCO supercon-
ducting coatings, to facilitate templating processes, block
electrical crosstalk, and minimize interfacial diffusion and

lattice mismatches® Textured MgO thin films are also

commonly used to improve the thin film crystallinity in

magnetic storage media at reduced substrate’é®Single-
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To date, MgO thin films have been deposited by several
technigues, including selgel 3131617sputtering;*'81%pulsed
laser deposition (PLD), ion beam-assisted deposition
(IBAD),”815> and chemical vapor deposition (CVE).2*
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deposition (MOCVD) provides many advantages, including coordination sphere, and hence, volatility-depressing oligo-
relatively simple apparatus, adaptability to large-scale pro- merization is frequently observé¥To compensate for such
duction, excellent conformal coverage, suitability for a wide coordinative deficiencies, a typical tactic is to introduce
range of deposited materials, and accessibility of metastableneutral ancillary ligands, which are able to sterically/
phaseg®2*MgO films grown on amorphous glass substrates electronically effect coordinative saturation of the center
are typically polycrystalliné:?*-28 For these reasons, highly metal?0:30.3537.394p¢lydentate Lewis base ligands and their
crystalline and epitaxial MOCVD-derived MgO films would  derivatives are commonly used as neutral ancillary ligé¥is.
be of great interest; however, to date this goal has remainedThe new fluorine-frees-diketone diamine complex Mg-
elusive. A crucial element for successful thin film growth (dpmy(TMEDA) (A; dpm = 2,2,6,6-tetramethyl-3,5-hep-
by MOCVD is the availability of effective metalorganic tanedionate, TMEDA= N,N,N',N'-tetramethylethylenedi-
precursors which can provide a steady vapor pressure andamine), was previously reported by this laboratory and was
cleanly deliver the metal-containing species to decomposeimplemented in MgO thin film growtR?

and subsequently achieve phase-pure film growth on the
substrates. Thus, there are several criteria, including high
volatility, air stability, substantial thermal stability, and low
melting point, essential for effective MOCVD precursors.
To date, magnesium MOCVD precursors have not been

optimally effective due either to high melting points/low A

volatility or poor thermal stability??®-34 High melting points

lead to sintering and falling volatility, requiring large

temperature ramps for precursors to maintain acceptable

volatility over film growth runs in the former case and

instability of precursor delivery rate in the lattgDiketo- This complex offers moderate volatility and an undesirably
nates have been widely used to improve the volatility and high melting point of 212°C. Thus, there still remains a
thermal stability of alkaline-earth ions with great sucéés¥.  need for a significantly more effective magnesium MOCVD

Mg2*, an alkaline-earth ion with a small charge-to-radius Precursor. It is known that fluorinatedtdiketonate ligands
ratio, generally prefers six coordination to achieve saturation (1,1,1,5,5,5-hexafluoro-2,4-pentanedionate) can be employed
and suppress oligomerizatiéh13® Simple S-diketonate to further depress melting points and enhance volatility and

ligands are virtually incapable of saturating the g  thermal stability, and several fluofbdiketonato magnesium
complexes have been reportédddowever, their transport/

film growth properties and crystal structures are unknown,
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Aldrich, andN,N'-diethyl-N,N'-dimethylethylenediamineé\(N'-DE-
N,N'-DMEDA, 96%) and N,N-diethylIN',N'-dimethylethylenedi-
amine (\,N-DE-N',N'-DMEDA, 96%) were from Pfaltz and Bauer.
Deuterated NMR solvents were purchased from Cambridge Isotope
Laboratories, Inc.

Characterization Methods. StandardH and°F NMR spectra
were obtained on a Varian Mercury 400 MHz spectrometer in
benzeneds. ThelH chemical shifts were referenced to the residual
protonated solvent resonance. TB¥ chemical shifts were
referenced to CFG@in CDCl;. Elemental analyses were performed
by Midwest Microlabs, Inc. (Indianapolis, IN). Melting points were
measured in glass capillaries with a MelTemp melting point
apparatus. Thermogravimetric analyses (TGA) were performed at
a pressure of-5 Torr of nitrogen in a TA Instruments SDT 2960
simultaneous DTA-TGA instrument. Weight loss curves were
obtained at a temperature ramp rate of IC#min.

General Synthetic Procedure for Mg MOCVD Precursors.

A single-neck, 500 mL round-bottom flask was charged with Mg-
(NO3)2:6H,O (99.995% metals basis; 23.6 mmol), 40 mL of
deionized water, and diamine (23.6 mmol; 1.0 equiv). Next,/8

mL reagent solution containing 1,1,1,5,5,5-hexaflouro-2,4-pen-
tanedione (47.2 mmol; 2.0 equiv) and NaOH (47.2 mmol; 2.0 equiv)
in 60 mL of ethanot-deionized water (volume ratie= 1:2) was
slowly added under constant stirring. The crude product precipitated
immediately, and the resultant mixture was stirred for an additional
30 min. The solid was then collected by filtration using a glass
frit, washed with deionized water, and dried ovge®R in a vacuum
desiccator for 24 h. The crude product was next purified by reduced-
pressure sublimation (4660 °C/1.3 mTorr) to provide white or
light-yellow powders as the target products.

Bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedionatdy(N,N’,N'-tet-
ramethylethylenediamine)magnesium(ll), Mg(hfay(TMEDA)

(1). Yield: 66%. Mp: 6163 °C. 'H NMR (9, CsDg): 1.74 [s,
4H, NCH,CH;N], 1.85 [s, 12H, N(CH),], 6.31 [s, 2H, (CO)CH-
(CO)]. %F NMR (9, C¢Dg): 55.53 [s, 6F, CH. Anal. Calcd for
CigH1sF12MgNO4: C, 34.65; H, 3.27; N, 5.05; F, 41.11. Found:
C, 34.50; H, 3.20; N, 4.90; F, 41.03.

Bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedionatdy(N’'-diethyl-
N,N’-dimethylethylenediamine)magnesium(ll), Mg(hfa}(N,N'-
DE-N,N'-DMEDA) (2). Yield: 42%. Mp: 47-49 °C. *H NMR
(0, CsDg): 0.75 [t, 6H, CH], 1.75 [q, 4H, NCHCH,N], 1.91 [s,
6H, NCH;], 2.11 [q, 2H, NCHCHg], 2.74 [q, 2H, NCHCHjg], 6.30
[s, 2H, (CO)CH(CO)].**F NMR (9, CsDg): 55.46 [s, 6F, CE].
Anal. Calcd for GgH2oF1oMgN,O4: C, 37.10; H, 3.81; N, 4.81; F,
39.13. Found: C, 37.46; H, 3.95; N, 4.66; F, 38.67.

Bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedionatdy(N-diethyl-
N',N'-dimethylethylenediamine)magnesium(ll), Mg(hfa}(N,N-
DE-N',N'-DMEDA) (3). Yield: 39%. Mp: 48-50 °C. IH NMR
(0, CsDg): 0.70 [t, 6H, CH], 1.87 [s, 6H, N(CH),], 1.93 [t, 2H,
NCH,CH:N], 2.17 [q, 4H, N(CHCHa)2], 2.75 [t, 2H, NCHCH,N],
6.35[s, 2H, (CO)CH(CO)I®F NMR (9, C¢Dg): 55.46 [s, 6F, CH.
Anal. Calcd for Q8H22F12M9N204: C, 37.10; H, 3.81; N, 4.81; F,
39.13. Found: C, 37.10; H, 3.80; N, 4.71; F, 39.08.

Bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedionato)N(N,N’,N'-
tetraethylethylenediamine)magnesium(ll), Mg(hfay(HTEEDA)

(4). Yield: 68%. Mp: 806-82 °C. 'H NMR (6, CsDg): 0.64 [t,
12H, CH], 2.31 [m, 12H, (CH),NCH,CH,;N(CH,),], 6.42 [s, 3H,
(CO)CH(CO)].1% NMR (0, CeDg): 56.31 [s, 9F, CH. Anal. Calcd
for C25H27F18MgN206: C, 36.67; H, 3.45; N, 3.42; F, 41.77.
Found: C, 36.69; H, 3.44; N, 3.41; F, 41.58.

Single-Crystal X-ray Diffraction Studies. Single-crystal X-ray
data and refinement details for magnesium compleixe4 were
collected on a SMART-1000 CCD area detector with graphite-
monochromated Mo K radiation at a temperature of 153 K. The
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Table 1. Crystallographic Data for Complexes 1 and 2

param 1 2
empirical formula GeH18F12MgN20s  CigH2oF12MgN204
fw 642.72 582.69
temp, K 153(2) 153(2)

A(Mo Ka) radiatn, A 0.71073 0.710 73
cryst system monoclinic monoclinic
space group C2lc P2i/c
unit cell dimens, A
a 9.1241(14) 10.985(2)
b 14.6756(14) 13.6047(18)
c 17.772(2) 16.897(3)
unit cell angles, deg
o 90.0 90.0
B 102.225(3) 90.479(14)
y 90.0 90.0
vV, A3 2325.7(5) 2525.1(7)
Z 4 4
Dcalca g/C® 1.584 1.533
F(000) 1120 1184
reflcns collcd/unique 10 474/2823 23 242/6159
[Rint = 0.1534] [Rint = 0.0352]
largest diff peak and hole 0.358 and-0.297 0.919 and-0.558
(e71A3)
R2 0.0504 0.0800
Rw2 0.1347 0.2286

aR1=X||Fo| — |Fell/Z|Fo| and wR = { Z[W(Fo? ~ FA)Z/Z[w(Fo?)?[} 12,
wherew = 1/[w(F2) + (0.155P)2 + 0.0000P] and P = (Fi2 + 2F:2)/3.

colorless crystals were mounted on a glass fiber with viscous oil
(Infineum V8512). Using a Bruker SMART detector and processing
by SAINT software from Bruker, data were collected in 0.3
oscillations with 15-20 s exposures over a predetermiifagnge.

The crystal-to-detector distance was 50.00 mm with the detector
at the 28 swing position. Analytical absorption correction was
applied, and the data were corrected for Lorentz and polarization
effects. The structures were solved by direct methods and expanded
using Fourier techniques. All of non-hydrogen atoms were refined
anisotropically except for disordered atoms. Hydrogen atoms were
included in idealized positions but not refined. The single-crystal
structure plots were drawn using the ORTEP progtasll related
crystallographic information is summarized in Tables4land the
Supporting Information. The asymmetric unit cell of compkex
contains two crystallographically dependent parts which will be
specifically discussed later.

MgO Thin Film Growth. MgO thin film growth was carried
out in the previously reported low-pressure, horizontal cold-wall
MOCVD reactor?? The precursor reservoir containing complex
Mg(hfa),(TMEDA), was maintained at 42C with an ultrahigh
purity Ar carrier gas flow rate of 830 sccm. The ultrahigh-purity
0O, oxidizing gas, bubbled at a flow rate of 400 sccm through
deionized water, was mixed with the precursor stream immediately
upstream of the susceptor in the reactor. The total system growth
pressure was maintained at 4:20.1 Torr. Corning 1737F glass,
single-side polished single-crystal Si(100), and double-side polished
single-crystal SrTi@ were purchased from Precision Glass and
Optics, Montco Silicon Tech., and MTI Crystal Corp., respectively.
Before thin film growth experiments, Si substrates were cleaned
by immersion in “piranha” solution (concentrated3®,:30% HO,
= 7:3 vlv) at 80°C for 1 h. After cooling of the samples to room
temperature, they were rinsed repeatedly with deionized water and
immediately dried in an oven at 12@. Other substrates were
cleaned with acetone and 2-propanol prior to the film deposition.
Substrates were placed on a SiC-coated MOCVD susceptor and
finally transferred to the quartz susceptor holder of the MOCVD
reactor having a laminar flow chamber. The MOCVD susceptor
temperature ranged from 550 to 676.
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Table 2. Crystallographic Data for Complexes 3 and 4

param 3 4
empirical formula GgH2oF1oMgN20s  CosHo7F1sMgN20g
fw 582.69 817.80
temp, K 153(2) 153(2)

A(Mo Ka) radiatn, A 0.71073 0.71073
cryst system monoclinic monoclinic
space group P2i/c P2i/n
unit cell dimens, A
a 14.241(4) 12.170(5)
b 10.358(3) 15.244(6)
c 18.104(5) 19.126(7)
unit cell angles, deg
o 90.0 90.0
B 110.074(4) 100.156(6)
y 90.0 90.0
vV, A3 2508.4(11) 3493(2)
z 4 4
Dealca g/Cn® 1.543 1.555
F(000) 1184 1652
reflcns collcd/unique 22 766/6098 30 878/8390
[Rint = 0.0453] [Rint = 0.0298]
largest diff peak and hole 0.635 and-0.404 0.712 and-0.566
(e 1A3)
R2 0.0646 0.0727
Rw? 0.1823 0.1949

Wang et al.

Table 4. Selected Bond Distances (A) and Angles (deg) for Complex
4

2R1=X||Fol — |Fdll/Z|Fo| and WR = {X[W(F? — F)2)/Z[W(Fc?)]} 2,

Bond Distances

Mg(1)—O(1) 2.057(2) Mg(1)}O(4) 2.071(2)

Mg(1)—0(2) 2.045(2) Mg(1)-O(5) 2.059(2)

Mg(1)—0(3) 2.060(2) Mg(1)-O(6) 2.052(2)

Bond Angles

0O(1)-Mg—0(2) 87.01(9) O(2rMg—0(6) 93.91(10)
0O(1)-Mg—0(3) 90.61(9) O(3yMg—0(4) 85.61(8)
0O(1)-Mg—0(4) 176.01(9) O(3yMg—0(5) 89.64(9)
0O(1)-Mg—0(5) 95.27(9) O(3yMg—0(6) 173.30(10)
0O(1)-Mg—0(8) 94.92(9) O(4yMg—0(5) 85.96(9)
0O(2)-Mg—0(3) 90.14(10) O(4yMg—0(6) 88.94(9)
0O(2)-Mg—0(4) 91.75(9) O(5rMg—0(6) 86.09(10)
0O(2)-Mg—0(5) 177.71(10)

Scheme 1. Synthesis of Mg(hfajdiamine) Complexes and
Their Melting Points

Rs Ry hca
o o \i‘; -'

R~ ~F2 NaOH, EtOHH;0 [ g L 7
NO3)z6Hz0 NN v
MatNOslz * ZFNCF3+ R\ / R¢  RT,30min N |\o

Scheme 2. Synthesis of the (HTEEDAMg(hfa)s~ Complex

herew = 1/[w?(Fo?) + (0.155P)2 + 0.0000P] and P = (Fo,2 + 2FA)/3. . g
wherew = 1/[w*(Fo?) + ( ) ] (Fo ) and Its Melting Point

[} [s]
Table 3. Selected Bond Distances (A) and Angles (deg) for Mg(NO3ly 6Hz0 + SFJCM-/"\DFJ':?N_,NC ;Fﬁ
Complexes +32 _ ®, d /}--CF: .
NaOH, EtOHH,0_ | \J v/ ‘>—a._ | - A
param 1 2 3 RTs0mn | N pi_w.' \ E> U/M];‘\-o /l
Bond Distances ‘ e O eR
Mg(1)—0(1) 2.0428(13) 2.0476(19) 2.044(2) ¢Fs
Mg(1)-0(2) 2.0428(13) 2.066(2) 2.078(3)
mg&g:gg; gggigggg 3:822&2()19) 22%217((22)) of uncoated Corning 1737F glass substrate. Optical reflectance
Mg(1)—N(1) 2.2270(17) 2.233(2) 2.281(3) spectra and the refractive index of MgO thin films was investigated
Mg(1)—N(2) 2.2270(17) 2.230(3) 2.219(3) with a Filmetrics F20 thin-film Measurement System (Filmetrics,
Bond Angles Inc.). Refractive index was simulated with a Cauchy model based
O(1)-Mg—0(2) 85.60(5) 85.28(8) 84.91(9) on the reflectance datd.
0O(1)-Mg—0(3) 91.97(9) 90.63(8) 90.12(9)
O(1)-Mg—0(4) 90.22(6) 174.29(8) 174.27(10) . .
O0(1)-Mg—N(1)  92.97(6) 93.90(9) 91.67(10) Results and Discussion
O(1)-Mg—N(2 173.58(6 90.13(9 94.76(10 . .
ngg_Mg_o((g)) go_zz(é)) 87_00583 88_51§10; In this section, the syntheses of newly developed Mgghfa)
0(2)-Mg—0(4) 173.99(9) 90.81(8) 91.49(9) (diamine) and Mg(hfay Hdimaine" MOCVD precursors are
SEQZMSIH% ggggggg 2?;138%) éf)léi?ﬁ?) first described, followed by a discussion of their solution
0(3)-Mg—0(4) 85.60(5) 85.00(7) 85.32(9) phase structures, solid-state structures, and volatility char-
O(3)-Mg—N(1) 173.58(6) 175.05(9) 99.42(11) acteristics. Next, the implementation of a particularly effec-
ggi;:mg:“% gg'ggggg gg'ég% ;;%g?l((l))l) tive magnesium precursor in a simple, effective, low-pressure
0(4)-Mg—N(2) 94.25(6) 93.91(9) 89.74(10) MOCVD growth process for phase-pure MgO thin films is
N(1)—-Mg—N(2) 82.41(9) 82.83(10) 81.66(11) presented. The microstructure, epitaxy, morphology, and

aln complex 1, O(3) is 01_2, O(4) is 02_2, and N(2) is N1_2. optical properties of the MgO thin films are then discussed.

Thin Film Physical Characterization. Film thickness was Magnesium MO(_:VD Precyrsor Synthes?s and Struc-
measured with a Tencor P-10 step profilometer after etching a steptural Characterization. A series of magnesium complexes
in the film with dilute nitric acid. X-ray diffraction (XRDp—26 was prepared in a one-pot synthesis using commercially
scans of MgO thin films on glass were obtained with a Rigaku available reagents (Schemes 1 and 2). The synthesis is carried
DMAX-A diffractometer using Ni-filtered Cu K radiation. High-  out in a single-step aqueous reaction with the four selected
resolution XRD#—26 scans, rocking curves, agdscans of MgO  diamine coligands under ambient conditions. The crude
films on smgle-crystal SrTi@substrates, an_d rocking curves of products are insoluble in the,B/EtOH reaction mixture
MgO thin films on glass as well, were obtained on a home-built solution, so are readily collected by filtration and then

Rigaku four-circle diffractometer with detector-selected Co K urified by simple reduced-pressure sublimation at@0
radiation. X-ray photoelectron spectroscopy (XPS) was performed E) y P P
C/1.3 mTorr. The target products are completely solvent-

on an Omicron ESCAPROBE system using Ad iKadiation. Film . . .
surface morphology was imaged on a Digital Instruments Nano- ffe€, despite the fact that the syntheses were carried out in
scope 11l atomic force microscope (AFM). Optical transmittance @n aqueous medium and that several other solvents are
spectra were acquired using a Cary 500-ts—near-IR spec-  utilized. All target products are air-, light-, and moisture-

trophotometer from 300 to 3300 nm and referenced to the spectrumstable. These complexes are either colorless or light-yellow
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Figure 1. ORTEP drawings (50% ellipsoidal probability) of the molecular structures of (A) complétg(hfa),(TMEDA), (B) complex2, Mg(hfa)-
(N,N'-DE-N,N'-DMEDA), (C) complex3, Mg(hfa)(N,N-DE-N',N'-DMEDA), and (4) complex, Mg(hfa)s(HTEEDA). Hydrogen, fluorine, and disordered
carbon atoms are omitted for clarity.

powders at room temperature. All new magnesium com- Single crystals of all complexes suitable for diffraction

plexes were characterized by elemental analysisnd*°F studies were grown either by slow evaporation of hexane
NMR spectroscopy, TGA, and single-crystal X-ray diffrac- solutions or by reduced-pressure sublimation. Single-crystal
tion. X-ray diffraction results confirm that all of the complexes

The melting points as a function of specific diamine ligand are monomeric, a favorable characteristic for optimum
are summarized in Schemes 1 and 2. The melting points ofvolatility, as shown in Figure 1. Crystallographic data,
these magnesium complexes vary from 47 t¢8and are selected bond lengths, and selected bond angles are sum-
significantly lower than those of two previously reported marized in Tables 4. In all complexes, the hfa ligands
fluorine-free magnesium precursors, Mg(dpfiMEDA) are coordinated to the MY center in a bidentate geometry
(212 °C) and Mg(dpmy (180 °C), implying that the hfa  Wwith planarz-delocalized hfa (CO)CH(CO) frameworks.
ligand is effective in lowering the melting point vs the dpm In complexes1-3, the Mg* ion is surrounded by two
ligand. Substituent effects at the periphery of the diamine S-diketonate ligands and one diamine ligand in a distorted-
ligands afford a dispersion in melting points. It can be seen octohedral 6-coordinate geometry. The g bond lengths
that the symmetry of alkyl group dispositions on the diamines in the symmetrical diamine of complex are identical
and the structures of the resulting complexes influence the(2.2270(17) A). Similarly, complex2 has a quasi-sym-
melting points. Note that complekhas the highest melting  metrical diamine, so that the two MdNMe(Et) bond lengths
point in the series due to its ionic structure, which will be are very similar (2.233(2) and 2.230(3) A). However, the
discussed below. asymmetry of the diamine in compl&{eads to an inequality

TheIH and%F NMR spectra of complexeks—4 imply a of two Mg—N bonds, namely an elongation of MdNEt; to
consistency with, in each case, a single species being presen-281(3) A and a corresponding shrinkage of-MgMe; to
in solution. For complex4, 'H NMR shows a single  2.219(3) A. This modest variation in the above My bond
resonance ad 6.42 originating from three (CO)CH(CO) lengths can be explained by the bulkiness of the different
protons of the hfa ligand, instead of two protons in the case alkyl substituents. In addition, the average ¥§ bond
of complexesl—3. This peak is shifted downfield relative lengths of complexed—3 (2.2270(17), 2.2315(25), and
to thed 6.30-6.35 of complexed—3. Similarly, in thel%F 2.250(3) A, respectively) are shorter than those of Mg(dpm)
NMR spectra, a single resonancedd6.31 originating from  (TMEDA) (averaging 2.2815(20%, 2.2765(25) &9 even
the —CF; groups of complex also shifts downfield relative though the present diamine ligands are sterically comparable
to 0 55.46-55.53 for complexed—3. The downfield shifts to, or greater than, TMEDA. This difference doubtless results
of the hfa ligandH andF resonances of complekargue from the electron-withdrawing capacity of the fluorocarbon
(assuming a static structure) thiateehfa ligands are directly ~ substituents and the resulting enhanced Lewis acidity of the
coordinated to the M center. That is, all hfa ligands in  Mg?" center. This effect is also manifested in a slight
complex4 are deprotonated and are in the same chemical expansion of the NMg—N bond angles. Thus, the-NVig—N
environment. To maintain the electroneutrality of complex angles in complexe$—3 (82.41, 82.82, and 81.66respec-

4, a diamine nitrogen atom must presumably be protonatedtively) are slightly larger than in Mg(dpr(TMEDA)

and functions as a counterion. While this-N structural (79.512° 79.24 39, plausibly because shortening of the
formulation is not directly evidenced by NMR, presumably Mg—N bonds and the encumbered dpm ligand enhance
because of rapid proton exchange/quadrapolar broadeninginterligand repulsion. One of the most interesting structural
the single-crystal structure of compléxonfirms it as shown  aspects of this series of complexes concerns the observation
below. that complex4 has a significantly different coordination
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Figure 2. Reduced-pressure TGA comparison of the volatilities of Mg-
(dpml(TMEDA), Mg(dpm), and the present magnesium complexes. The
data were collected at a temperature ramp of°Chnin under 5 Torr N
pressure.

Scheme 3. Detailed Crystallographic Information of the
[HTEEDA] * Part of Complex 4
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environment in which the diamine ligand does not bind
directly to the metal atom but rather serves as a protonated
counterion to an anionic Mg(hfa) species (Figure 1D).
Close inspection of the diamine component reveals that one
C—N-—C angle is much larger (116.2&han others (averag-
ing 112), as shown in Scheme 3, indicating that this nitrogen
atom is protonated. Unlike previously reported hydrogen-
bonding effects in formally analogous alkaline earth dike-
tonate ion-pair complexe$;44>the shortest N-O and N

-«F distances in complekare too long to indicate a hydrogen
bonding interaction (4.428 A for O and 3.502 A for N

--F). Thus, complex consists of an (Mg(hfg)~ anion and

a (HTEEDA)' cation. This stoichiometry between the center
metal cation and ligands is in good agreement with NMR
spectroscopic data and elemental analysis. The anion com
ponent contains a chelating six-coordinate magnesium atom
bonded directly to three hfa ligands. Therefore, complex

is essentially an ionic compound.

Precursor Volatility. To quantify precursor volatility

50
20 ()
Figure 3. X-ray diffraction 6—260 scans of MOCVD-derived MgO films
on Corning 1737F glass grown from 550 to 675.

tion processes with negligible ligand decomposition and
ensuring constant precursor transport properties in MOCVD
growth processes. It can also be seen that compl&x&s
evaporate completely at far lower temperature& 10 °C)

than Mg(dpm)(TMEDA) (170°C) and Mg(dpm) (190°C).

These superior volatilities will doubtless provide efficient
Mg transport to the reactor hot-zone at low temperatures

without decomposition and should thus afford composition-

ally reproducible thin film growth. Comple#, however,
exhibits more limited volatilization properties, roughly
comparable to Mg(dpm)which can be explained in terms
of the larger molecular weight and greater lattice electrostatic
cohesive energies.

MgO Thin Film Growth. MgO thin films were grown
on Corning 1737F glass, single-crystal Si, and single-crystal
SrTiO;(100) and -(110) substrates by low-pressure MOCVD
using metatorganic magnesium precursdr due to its
excellent volatility and thermal stability. Because of the
presence of the fluorinated ligand, the &xidizing gas was
saturated with KD vapor to minimize the fluoride contami-
nation in the product films. The MgO thin films with
thicknesses of 176200 nm on glass;~340 nm on Si, and
~240 nm on both SrTi@ substrates were obtained. The
optimum growth temperature was determined after some
experimentation to be between 550 and 8Z&with a growth
rate of 1.5+ 0.4 nm/min on glass, 600C with a growth
rate of 1.4+ 0.1 nm/min on Si, and 600C with a growth
rate of 1.6+ 0.1 nm/min on both SrTi@substrates. The
as-grown films are uniformly colorless, smooth, and ex-
tremely transparent.

MgO Film Texture on Glass Substrates X-ray diffrac-
tion 6—26 scans of the as-deposited MOCVD-derived MgO

characteristics, TGA experiments on magnesium complexesin films on glass substrates were carried out frofn=2

1—4 were performed at5 Torr, approximating the pressure
used in the MOCVD film growth process (Figure 2).
Comparative TGA data for Mg(dpi(TMEDA) and Mg-
(dpm), are also shown in Figure 2. Note that precurdord

all exhibit smooth volatilization curves with no significant
residue or discontinuities, indicating clean single volatiliza-

(44) Sievers, R. E.; Turnipseed, S. B.; Huang, L.; Lagalante, £derd.
Chem. Re. 1993 128 285-291.

(45) Hamilton, W. C.; Ibers, J. AHydrogen Bonding in Solidsv. A.
Benjamin: New York, 1968; pp 266265.

20—80°. Figure 3 shows the XRD data as a function of the
film growth temperature. All films exhibit the cubic rock-
salt structure. Diffraction patterns are dominated by a strong
(200) reflection for the MgO thin films grown between 550
and 625°C and gradually evolve into a weak (111) reflection
as the growth temperature reaches 85It is known that

the (200) orientation has the lowest surface energy and
highest packing density and for other growth techniques is
favored at relatively low growth temperaturésHigher
growth temperatures induce greater surface energies, so that
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Figure 4. High-resolution X-ray diffractiorf—26 scans and the rocking
curves (inset) of MOCVD-derived MgO films grown at 60C on (A)
SrTiO3(100) and (B) SrTi@(110).

the preferred (200) growth orientation gradually evolves into
a preferred (111) orientation. For MgO films grown at 600
°C, the full-width at half-maximum (fwhm) of the (200)
reflection is a relatively small 3?1 In addition, a survey of
precursor flow rate effects was carried out at the 800
growth temperature. Over the flow rate range 6f3® sccm,
the MgO thin films exhibit only the (200) reflection,
indicating that the MOCVD-derived MgO film microstruc-
ture is relatively insensitive to precursor flow rate.

MgO Film Epitaxy on Single-Crystal SrTiO3; Sub-
strates. SrTiOs, with a lattice constant of 3.90 A (7.5% lattice
mismatch with the MgO lattice constant of 4.216 A), was
used as the substrate for the epitaxial MgO thin film growth.
Two SrTiO; substrates, SrTigd100) and SrTiQ(110), were
employed in the present work. The-26 scans shown in
Figure 4 reveal that single crystalline MgO thin films grown
on single-crystal SrTi@substrates exhibit a (200) textured
microstructure on SrTig)100) and a (220) textured micro-
structure on SrTig{110). The out-of-plane and in-plane order

Chem. Mater., Vol. 17, No. 23, 2G3
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Figure 5. High-resolution X-ray diffractionp-scans and fwhm (inset) of
MgO films grown at 600°C on (A) SrTiG;(100) and (B) SrTiQ(110).

rotational symmetry of the MgO(111) reflection and 2-fold
rotational symmetry of the MgO(220) reflection exhibit small
fwhms of 1.0 and 1.%for films grown on SrTiQ(100) and
SrTiOs(110), respectively, implying a high level of in-plane
epitaxy. The orientations of the phase-pure MgO thin films
on the SrTiQ substrates thus have the relationships of MgO-
(100)/|SrTiO5(100) and MgO(11Q)SrTiO;(110).

MgO Film Composition. Because of the fluorine-contain-
ing ligands present in the magnesium MOCVD precursors,
one obvious concern is the possibility of fluoride contamina-
tion or fluoride phase formation during the thin film growth
process. The most efficient solutions to minimize fluorine
content are to introduce the water into the oxidizing gas and
to maintain the film growth at relatively high temperatute4?
as was done here. X-ray diffraction indicates that any
extraneous fluoride phases are below the detection limits.
Fluorine contamination was quantitatively investigated by
X-ray photoelectron spectroscopy (XPS). In the present film
composition study, the surface layer@ nm) exposed to
air was first removed by Ar ion sputtering (2 kV, 1@\,

of the as-grown MgO thin films were further assessed by sputtering rate at-3 A/min). The fluorine content was then

rocking curves (inset) angkscans, respectively, as displayed  found to be less than 0.6 atom % in the as-grown MgO thin
in Figures 4 and 5, respectively. The rocking curves of the films, and no obvious differences in fluorine content were
films reveal good out-of-plane alignment of both MgO films  observed for the different growth substrates. Hence, the
(Figure 4), with a fwhm of 0.7for films grown on SrTiQ- fluorine content is minimal in the present MOCVD-derived
(100) and 0.9for films grown on SrTiQ(110).¢-scans were  thin films and should not significantly influence the observed
performed to examine the quality of the in-plane epitaxy. microstructural and optical characteristics.

The in-plane orientations were investigated using the MgO-  Film Morphology. The surface morphologies of the as-
(111) reflection af = 54.74 for SrTiO;(100) and the MgO-  grown MgO thin films were examined by contact-mode

(200) reflection aty = 45° for SrTiO;(110), as shown in  AFM, as shown in Figure 6. The AFM images show that
Figure 5. In the cubic system, the (100) plane has a 4-fold

symmetry repeating every 90and the (220) plane has a
2-fold symmetry repeating every 180The clean 4-fold

(47) Ehrich, H.; Musa, G.; Popescu, A.; Mustata, |.; Salabas, A.; Cretu,
M.; Leu, G. F.Thin Solid Films1999 344, 63—66.

(48) McAleese, J.; Steele, B. C. i@orros. Sci.1998 40, 113-123.

(49) Chadwick, D.; McAleese, J.; Senkiw, K.; Steele, B. CAppl. Surf.
Sci. 1996 99, 417-420.

(46) Arendt, P. N.; Foltyn, S. RMRS Bull.2004 29, 543-550.
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Figure 6. AFM images of MOCVD-derived MgO thin films grown at 60C with a precursor flow rate of 12 sccm on (A) Corning 1737F glass and (B)
SrTiOs(110).
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Figure 7. UV—vis—NIR transmittance optical spectrum of~al70 nm MgO grown at 600°C on a Si substrate.

MgO grown at 600°C on Corning 1737F glass.

developed precursors exhibit substantially lower melting
points and greater volatilities than previously reported
magnesium MOCVD precursors for MgO thin film growth.
The monomeric magnesium complexes are coordinatively
saturated with the combination of fluorinat@ediketonate
and neutral bidentate diamine ligands. Substitution of various
alkyl moieties on the diamine skeleton offers tailoring of
the melting point and volatility characteristics. One of these
precursors was successfully implemented in MgO thin film

the as-grown MgO thin films are very smooth and densely
packed with a grained structure. For a 600 growth
temperature, Figure 6A shows that MgO films on glass have
only square-shaped grains. The MgO thin films on glass
exhibit a root-mean-square (rms) roughness-e64m over

5 x 5 um? areas, depending on the growth temperature and
magnesium precursor flow rate. The MgO films grown on
single-crystal SrTi@substrates, with smaller grain sizes, are
clearly smoother than those grown on glass and have smalle rowth. The as-arown MaO films on alass are phase-pure
rms roughnesses {2.4 nm) over 5< 5um? areas as shown 9 ) 9 9 g P pure,

in Figure 6B, which is doubtless attributed to the epitaxial hlgh!y c_rystalllne, and smooth, and sho_uld haye potentl_al
growth. applications as the structural template/insulating layer in

multilayer films and devices. Epitaxial MgO films grown
on single-crystal SrTi@exhibit highly biaxially textured
microstructures. The MgO films also exhibit excellent optical
transparency.

MgO Thin Film Optical Properties. The optical proper-
ties of present MgO thin films have also been characterized.
The as-deposited MgO thin films on glass substrates are
colorless and extremely transparent. A typical optical trans-
mission spectrum is shown in Figure 7. MgO thin films with
thicknesses 0f170 nm on glass exhibit very high levels of Acknowledgme_nt. We thank the NSF ((_3rar_1t CHE'.O.2.01767)
transparency, averaging95% over the 3063300 nm for support of this research. Charfa\cterllzatlon facilities were

. _provided by the Northwestern University MRSEC program
wavelength range. The reflectance spectrum and refractlve(Gram NSF-DMR-00760097).
index (inset) of a~340 nm MgO film grown on single-
crystal Si are _sho_wn as a function of wavelength in Figure Supporting Information Available: Detailed crystallographic
8. The refractive index was computed from the reflectance jy¢ormation for complexed—4. This material is available free of
spectral data. It can be seen that the refractive index decreasegharge via the Internet at http:/pubs.acs.org.
slightly from 1.752 at 400 nm to 1.724 at 1700 nm, indicating

a substantial dispersion with respect to wavelefgth. CM0512528
; (50) Teng, C. W.; Muth, J. F.; Ozgur, U.; Bergmann, M. J.; Everitt, H. O.;
Conclusions Sharma, A. K.; Jin, C.; Narayan, Bppl. Phys. Lett200Q 76, 979~
981.

A series of air-stable, easy-to-handle magnesium MOCVD (51) Fang, G. J.: Li, D. J.. Zhao, X. Zhys Status Solidi 2003 200,
precursors has been prepared and characterized. These newly = 361-368.



