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ABSTRACT: Five new homoleptic gadolinium tris-amidinate complexes
are reported, which were synthesized via the salt-elimination reaction of
GdCl3 with 3 equiv of lithiated symmetric and asymmetric amidinates at
ambient temperature. The Gd-tris-amidinates [Gd{(NiPr)2CR}3] [R =
Me (1), Et (2), tBu (3), nBu (4)] and [Gd{(NEt)(NtBu)CMe}3] (5) are
solids at room temperature and sublime at temperatures of about 125 °C
(6 × 10−2 mbar) with the exception of compound 4, which is a viscous
liquid at room temperature. According to X-ray diffraction analysis of 3
and 5 as representative examples of the series, the complexes adopt a
distorted octahedral structure in the solid state. Mass spectrometric (MS)
data confirmed the monomeric structure in the gas phase, and high-
resolution MS allowed the identification of characteristic fragments, such
as [{(NiPr)2CR}GdCH3]

+ and [{(NiPr)2CR}GdNH]
+. The alkyl sub-

stitution patterns of the amidinate ligands clearly show an influence on the thermal properties, and specifically, the introduction
of the asymmetric carbodiimide leads to a lowering of the onset of volatilization and decomposition. Compound 5, which is the
first Gd complex with an asymmetric amidinate ligand system to be reported, was, therefore, tested for the MOCVD of GdN thin
films. The as-deposited GdN films were capped with Cu in a subsequent MOCVD process to prevent postdeposition oxidation
of the films. Cubic GdN on Si(100) substrates with a preferred orientation in the (200) direction were grown at 750 °C under an
ammonia atmosphere and exhibited a columnar morphology and low levels of C or O impurities according to scanning electron
microscopy, Rutherford backscattering, and nuclear reaction analysis.

■ INTRODUCTION

Rare earth (RE) nitrides, such as gadolinium nitride (GdN) and
dysprosium nitride (DyN), which are emerging materials for
application in devices for spintronic applications, have been
investigated from an experimental and theoretical point of view,
only more recently.1−7 RE nitride thin films, in general, have
been less thoroughly studied in comparison to other metal
nitrides not the least because of their strong oxophilic nature,
which makes them very difficult to handle. Therefore, among
the few reports available, sophisticated (high) vacuum physical
vapor deposition (PVD) methods, such as molecular beam
epitaxy (MBE),8 ion-assisted deposition (IAD),9 or Ar/N2 mixed-
gas-plasma radio frequency (rf) sputtering, were necessary to
deposit these layers.10 However, metal-organic chemical vapor
deposition (MOCVD) is a technique of choice for device mass
production in view of the advantages, such as large area deposition,
good composition control, film uniformity, and good conformal
coverage on nonplanar geometries. Nevertheless, there are hardly
any reports on MOCVD-grown RE nitrides because of a dearth of

suitable rare earth precursors, which are volatile as well as
contain ligands that are free of oxygen. Most of the RE pre-
cursors reported contain an oxygen coordination sphere, which
are unsuitable for RE nitrides. We were the first to report on
the deposition of GdN and DyN MOCVD using the
guanidinate and amidinate class of precursors.11,12 Apart from
these studies, there is only one additional report on the deposi-
tion of RE nitride thin films by CVD in which an RE halide
(GdCl3) was used together with ammonia as a reactive gas at
temperatures as high as 900 °C.13 In general, an MOCVD pre-
cursor should possess sufficient volatility, good thermal
stability, and a clean decomposition pathway. RE precursor
chemistry has been discussed recently by Edelmann et al.14 One
class of oxygen-free RE complexes are the monomeric and
volatile RE bis(trimethylsilyl)amides. They were only used
for ALD of RE oxides, but they had the drawback of silicon

Received: August 21, 2012
Published: December 11, 2012

Article

pubs.acs.org/IC

© 2012 American Chemical Society 286 dx.doi.org/10.1021/ic301826s | Inorg. Chem. 2013, 52, 286−296

pubs.acs.org/IC


incorporation in the deposited films.15−20 However, the am-
monolysis of these compounds yielded bulk rare earth nitrides
via a sol−gel-like chemistry.21,22 Another type of rare earth pre-
cursor are the tris-cyclopentadienyls (Cps). The complexes are
thermally stable and show suitable volatility, which is dependent
on the metal center and on the modification of the Cp-ligands.23

These compounds were mainly used for ALD of various RE
oxides,24−28 and in terms of MOCVD, they were used as
precursors for RE doping of GaAs or InP semiconductors.29,30

These compounds also have been used in ammonolysis reactions
to yield bulk rare earth nitrides.31 Nevertheless, the use of homo-
leptic cyclopentadienyl complexes of RE as precursors for RE
nitride MOCVD in the presence of ammonia may cause heavy
C-incorporation. All-nitrogen coordinated RE amidinates and
guanidinates are promising classes of precursors for RE-containing
materials, which hold promise to overcome these problems and
have been demonstrated to be suitable for ALD of RE oxides and
as well as MOCVD of RE nitrides.32−37 While the RE guanidi-
nates favored the formation of RE nitrides, allowing even a
single source precursor (SSP) approach, the RE amidinates
needed an additional source of nitrogen (NH3) for the deposition
of impurity-free RE nitrides.12

In our pursuit of new or alternative RE precursors with
improved thermal properties, we have explored the RE amidi-
nate chemistry further, and herein, we report the synthesis and
characterization of five new homoleptic gadolinium tris-amidinate
complexes [Gd{(NiPr)2CR}3] [R = Me (1), Et (2), tBu (3), nBu
(4)], and [Gd{(NEt)(NtBu)CMe}3] (5). Single-crystal structural
analysis performed on compounds 3 and 5 revealed that they are
monomers. The thermal properties were examined in view of
their potential application as precursors, and mass spectrometric
analysis was employed to gain an insight into the possible decom-
position pathways of the complexes. As a proof of principle, the
most volatile precursor with the asymmetric amidinate ligand,
compound 5, was chosen in combination with NH3 for the deposi-
tion of GdN thin films on Si(100) substrates. Preliminary analytical
investigation on the obtained layers was performed, employing
X-ray diffraction, scanning electron microscopy (SEM), and a

combination of Rutherford backscattering and nuclear reaction
analysis, and the salient features of the data obtained are highlighted.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The syntheses of the
homoleptic RE amidinates are carried out following a modified
route published by Dröse et al.38 At first, the lithiated N,N′-
dialkyl-amidinato ligands [Li{(NR1)(NR2)CR3}] are prepared
by the reaction of N,N′-diisopropyl-carbodiimide with four
different lithium alkyls, LiR (R = Me, Et, tBu, nBu), and
N,N′-tbutyl-ethyl-carbodiimide with LiMe in THF, following
the general synthetic route for the synthesis of lithium guanidi-
nates published by Aeilts et al.39 Because the reaction gives a
nearly quantitative yield of the lithiated amidinato ligand, the
freshly prepared solutions of the corresponding lithium amidi-
nates [Li{(NiPr2)CR}] [R = Me (1), Et (2), tBu (3), nBu (4)]
and [Li{(NEt)(NtBu)CMe}] (5) are used in the subsequent salt
metathesis reactions without further purification. Afterward, a
slurry of GdCl3 in THF with 3 equiv of the corresponding lithium
amidinate affords the series of homoleptic tris-N,N′-dialkyl-2-
alkyl-amidinato gadolinium complexes [Gd{(NR1)(NR2)CR3}3]
displayed in Scheme 1.
The reactions are completed within 12 h, and after workup,

the gadolinium amidinates 1−5 are isolated in reasonable yields
(50−80%) as white to pale yellow crystalline solids. The prod-
ucts are soluble in common organic solvents, such as THF,
Et2O, pentane, or hexane, and are purified by recrystallization,
followed by sublimation as outlined in the Experimental Section
in detail. Upon recrystallization, single crystals are obtained, but
in most cases, the quality of the crystals was poor. However, we
obtained crystals of compounds 3·0.5 C5H12 and 5 suitable for
single-crystal X-ray diffraction, and the molecular structures in
the solid state were determined.
Crystals of 3·0.5 C5H12 and 5 were obtained by recrys-

tallization from n-pentane. The X-ray analyses reveal the anti-
cipated mononuclear homoleptic gadolinium(III) complexes, in
which the Gd3+ metal center is coordinated by three chelating
amidinato ligands (Figure 1). The crystal structure of 3·0.5

Scheme 1. Synthesis of the Homoleptic Rare Earth Amidinates
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C5H12 contains two crystallographically distinct molecules of 3,
one of which shows rotational disorder of a tert-butyl group.
Compound 5 shows helical chirality. It crystallizes in the centro-
symmetric monoclinic space group P21/n with four molecules
in the unit cell. These molecules occur due to the space
group symmetry (see Table 1). In the unit cell, there are two

Λ- and two Δ-stereoisomers. The fact that a Δ-stereoisomer
forms the asymmetric unit is a coincidence because the synthe-
sis was not enantiopure. In both compounds 3 and 5, the coor-
dination sphere of Gd3+ is best described as a severly distorted

octahedron. The distortion from the regular octahedral shape is
attributed to the bite angle of the amidinato ligands. Selected
bond lengths and angles are listed in Table 2. The Gd−N bond
lengths and N−Gd−N bond angles are within expected ranges
and are in good agreement to the values known in the litera-
ture.34,35,38 The Gd−N bond lengths range from 2.385(5) to
2.414(7) Å (average 2.401 Å) for compound 3 and from 2.385
to 2.419 Å (average 2.402 Å) for compound 5. Compared to
the closely related gadolinium guanidinate [Gd{(NiPr)2CN-
Me2}3], the bond lengths are slightly increased (2.384 Å).40 As
expected, the GdNCN chelate rings are essentially planar. The
ligands show bite angles of 110.7−112.4° (NCN) and 54.60−
55.18° (NGdN), which is also in good agreement with the
literature.34,35,38 The features of the molecular structures of the
other compounds is expected to be similar based on the similar
compositions with small variations of R1 and R2 and the results
obtained from mass spectroscopy that are presented later on.

Mass Spectrometry. The influence of ligand variation on
the fragmentation behavior of the complexes was investigated,
employing mass spectrometric analysis. Although the decom-
position mechanism in a CVD process cannot be directly com-
pared to the fragmentation mechanism under mass spectro-
metric conditions, this characterization is certainly useful to see
the stability of the compounds under gas-phase ionization con-
ditions. Moreover, since the CDI deinsertion is a possible route
in amidinate-based complexes,41 we were keen to see whether
such a phenomenon takes place in the Gd compounds as this
cannot be easily proved from NMR measurements due to the
strong paramagnetic nature of the Gd3+ ion. Therefore, EI-MS
was performed on all the complexes, and as seen from Figure 2
and Figure SI 1 (Supporting Information), similar patterns of
fragments are observed for all the compounds, indicating that
these complexes decompose in a similar pathway under mass
spectrometric conditions. Complexes 1, 2, and 5 are discussed
in some detail, and a possible decomposition mechanism is
deduced from the data obtained. The origin of all visible mass
envelopes can be nicely explained, and the assigned fragments
of 1−5 are summarized in Table 3.
In all fragmentation patterns, the molecular ion peak (M+)

with a relative intensity of 21% (1), 10% (2), 3% (3), 9% (4),
and 3% (5) is detected. The peaks of the molecular ions are
confirmed by high-resolution mass spectroscopy (HR-MS). No
peaks with higher m/z are detected so that the suggested
monomeric structure of 1−5 in the gas phase is confirmed. The
first fragmentation steps can be assigned to the cleavage of a
methyl group (M+ − 15) and an isopropyl group (M+ − 43)
from one of the amidinato ligands. After the subsequent loss of
the rest of one ligand, the ML2

+ fragments for 1 (m/z = 440), 2
(m/z = 466), 3 (m/z = 526), 4 (m/z = 524), and 5 (m/z = 440)
can be clearly identified. All further peaks are assigned to
distinctive fragmentation products of the molecular ions of 1−5.
Special attention is given to the mass peaks at m/z = 314 (1),

m/z = 328 (2), m/z = 353 (3), m/z = 357 (4), and m/z = 314
(5), respectively. From the mass spectrometry data, a distinction
between two likely fragments is not possible. One such species
consists of a gadolinium center coordinated by one amidinato
ligand and a methyl group, for example, [{(NiPr)2CR}GdCH3]
and another species containing a gadolinium center coordinated
by one amidinato ligand and one imido group, for example,
[{(NiPr2)2CR}GdNH]. For compounds 1 and 5, the HR EI-
MS data reveal that the mass envelope belongs to the Gd-alkyl
species, where a methyl group is bound to the metal center as
we also found earlier for related compounds.11 This assignment

Figure 1.Molecular structures of [Gd{(NiPr)2C
tBu}3] (3) (top; molecule

1 left, molecule 2 right) and [Gd{(NEt)(NtBu)CMe}3] (5) (bottom) in
the solid state. Hydrogen atoms omitted for clarity. The thermal ellipsoids
are drawn at 50% probability (Gd = red, N = blue, C = black).

Table 1. Crystallographic Data of 3·0.5 C5H12 and 5

3·0.5 C5H12 5

empirical formula C33H69N6Gd·0.5 C5H12 C24H51N6Gd
Mr 743.27 580.96
T (K) 106(2) 143(2)
λ (Å) 0.71073 0.71073
cryst size (mm3) 0.29 × 0.28 × 0.26 0.30 × 0.07 × 0.05
cryst syst triclinic monoclinic
space group P1̅ P21/n
a (Å) 11.4022(5) 9.5303(19)
b (Å) 19.3686(11) 19.620(4)
c (Å) 21.2344(16) 15.667(3)
α (deg) 115.814(7) 90
β (deg) 92.061(4) 99.80(3)
γ (deg) 107.022(4) 90
V (Å3) 3963.2(4) 2886.6(10)
Z 4 4
data/restraints/params 19257/87/759 5868/0/280
2θmax (deg) 50 52
GOF on F2 0.945 1.010
R1 [I > 2σ(I)] 0.0405 0.0592
wR2 (all data) 0.0935 0.0939
residuals (e Å−3) 1.291/−1.543 0.903/−1.778
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is further substantiated by the insignificant deviation of the ob-
served mass from the calculated mass of this fragment. Similar
results are observed for compounds 1, 4, and 5. However, HR
EI-MS data of compounds 2 and 3 show different results. For
these compounds, a Gd-imido species is observed and confirmed,
which is analogous to the RE-guanidinates [Gd{(NiPr)2CNMe2}3]
reported by Milanov et al.12 This comparison suggests a different
behavior of the modified amidinates under MOCVD conditions. It
is possible that compounds 2 and 3 are more suitable as single
source precursors (SSPs) for the rare earth nitrides (RENs) than
compound 1 (which has been proven not to be a useful SSP for
REN thin films).11 One possible reason for this different behavior
is that, for compounds 2 and 3, a β-H-elimination (Scheme 2) of
the terminal alkyl group can occur, whereas for compounds 1,
4, and 5, such an elimination process seems not to be favorable.
Additionally, it should be noted that, for compounds 1, 2, and 5,
no peaks for N,N′-dialkylcarbodiimide are observed, which

indicates that no carbodiimide deinsertion reaction takes place
and that the compound can be transported in the gas phase
without a predecomposition. For compounds 3 and 4, these CDI-
peaks are observed with intensities below 10%.
Selected fragments are presented in Figures 3 and 4.

Although the presented EI-MS spectra indicate a defined and
clean decomposition of the complexes without any hint of a
carbodiimide deinsertion, it should be noted with caution that
these results are obtained under mass spectrometric conditions,
where ionic species are involved. To investigate the decom-
position behavior of the rare earth amidinates (1−5) under
CVD conditions, additional decomposition analysis, such as, for
example, matrix isolation or TG-MS analyses, are necessary, but
this is beyond the scope of this work.

Thermal Properties. The primary goal of synthesizing a
homologous series of tris-amidinato gadolinium compounds
was, on the one hand, driven by our interest to see the effect of

Table 2. Averages of Selected Bond Lengths [Å] and Angles [deg] of 3, 5, and Reference Compound

[(NiPr)2
tBuC]3Gd molecule 1 (3) [(NiPr)2

tBuC]3Gd molecule 2 (3) [(NtBu)(NEt)MeC]3Gd (5) [(NiPr)2CNMe2]3Gd
40

Gd−N (bond length) 2.401 2.402 2.402 2.410
N−C (bond length) 1.338 1.338 1.333 1.335
N−Gd−N (angle) 54.9 54.9 55.6 55.9
N−C−N (angle) 111.6 111.7 114.3 115.4

Figure 2. EI-MS spectra of compounds 1 (top left), 2 (top right), and 5 (bottom).
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ligand variation on the thermal properties and decomposition
characteristics and, on the other hand, by tuning the volatility of
the Gd complexes with respect to their use as precursors for
MOCVD of Gd-containing thin films. In this context, thermo-
gravimetric analysis (TGA) and isothermal TG studies were
employed to investigate the volatility and thermal stability
of 1−5.
As seen in TGA plots (Figure 5), compounds 1−5 exhibit a

similar volatilization behavior in a single step. However, the
onset temperature of volatilization varies, and this shows that
the structure of the ligand surrounding the Gd metal center
influences the volatility of the complexes. In the case of com-
pound 3, the step observed at low temperatures can be attrib-
uted to a solvent molecule (pentane) that is visible in the
crystal structure. The initial step in all the cases at 25 °C is
due to the partial decomposition of the precursor upon a
short exposure to ambient air when loading the precursor for
TG measurements.
For compounds 1, 2, and 4, the onset temperatures of

vaporization (ca. 210 °C) are quite similar, but there is a change
in the decomposition temperature where the weight loss ceases
and a constant rest mass is left beyond a certain temperature.
For example, the decomposition temperature is about 260 °C
(1), 270 °C (2), and 310 °C (4). The temperature onset of
volatilization is shifted to higher temperatures in the case of
compound 3 (220 °C), and the decomposition temperature is
also accordingly shifted (310 °C). In the case of compound 5,
the precursor volatilizes at a much lower temperature (around
170 °C) and decomposes at 250 °C. This clearly indicates that
the lower molecular mass as well as the asymmetry in the ligand
sphere is beneficial for raising the volatility of the complex.
Comparing these data with those reported for [Y{(NiPr)2CMe}3]

(onset = ca. 225 °C, decomposition = 285 °C)32 and for
[Gd{(NiPr)2CNMe2}3] (onset = ca. 220 °C, evaporation end =
ca. 267 °C),40 it is obvious that there is a close similarity in the
thermal behavior of the guanidinato and amidinato complexes,
although the molecular mass of the amidinato complex is about
15% lower than that of the corresponding guanidinato complex
bearing the same rare earth center. This also shows very clearly
that not only the molecular masses of the compounds but also
intermolecular interactions in the crystalline or liquid phase
have a strong influence on their thermal behavior.T
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The residual masses, left behind after precursor decom-
position, are of the order of 9% (1), 10% (2), 11% (3), 21%
(4), and 15% (5). The expected theoretical mass for the forma-
tion of GdN, assuming that the precursor decomposes cleanly,
is 24−30%. However, the values are much less than the expected
masses, and this indicates that there is a volatilization process
coupled with partial decomposition at higher temperatures.
These masses can also be partially attributed to the fact that the
TGA instrument is operated under ambient conditions outside
a glovebox using an inert gas flow (N2) during the measure-
ment. For these air-sensitive rare earth compounds, this can
lead to a partial hydrolysis/oxidation and thus to higher residual
masses.
The thermal behavior of 1−5 was further investigated by

isothermal TGA analysis. Figure 6 shows isothermal TGA of
the most volatile amidinate presented here, namely, compound
5, at two different temperatures of 100 and 120 °C. At each
fixed temperature, the mass loss is measured for a long period
of time (400 min). In the measurements of all compounds, an
almost linear weight loss is observed, which indicates that, at
these conditions, only sublimation takes place and no decom-
position has to be taken into account. From the slopes of the
corresponding curves, the evaporation rates at different tempera-
tures are determined. The evaporation rates at 100−120 °C are
in the range of 8−41 μg min−1 cm−2. Table 4 summarizes some
physical properties of 1−5.
From the thermal studies, we conclude that, among the rare

earth amidinates reported here, the complexes 1, 2, and 5 show

promising properties for MOCVD. The use of 1 in MOCVD
experiments was reported earlier.11 Because compound 5 shows
improved thermal properties with highest sublimation rates and
a broad temperature window between sublimation and decom-
position, it was chosen for the application in MOCVD of GdN
films.

Precursor Evaluation for MOCVD of GdN Thin Films.
In the first set of experiments, compound 5 was employed for
the deposition without any additional nitrogen source and
examined if this route results in the formation of GdN fol-
lowing a single source precursor (SSP) approach. Indeed, thin
films are obtained on Si(100) substrates with growth rates of
the order of 5−50 nm/min in the temperature range of 450−
850 °C (SI 2, Supporting Information). When examined by
XRD, the films are amorphous even when the temperatures are
as high as 850 °C (Figure 7). The only reflexes visible in the
XRD pattern are due to the Si substrate and the Cu film (capping
layer). From the RBS analysis presented in the following section,
it is found that the films constitute mainly GdCN.
In the second case, ammonia is used as an additional source

of nitrogen and all other CVD process parameters are main-
tained the same. This route yields GdN thin films in the
temperature range of 450−850 °C with growth rates in the
order of 20−35 nm/min (see SI 2, Supporting Information).
The onset of crystallization of GdN films of the rock salt struc-
ture is 650 °C. The reflexes at 2θ values of 32, 36, and 52° are
indexed as the (111), (200), and (220) reflexes of fcc-GdN, res-
pectively. As the substrate temperature is increased to 750 °C,

Figure 3. Selected fragments observed in the EI-MS spectrum of compound 1. Compound 5 shows a similar fragmentation with matching masses.
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we obtain GdN in the cubic phase with a preferred orientation
in the (200) direction (Figure 8). The Cu capping leads to a
reflex at 2θ = 43° in the (111) orientation.
The morphology of the as-deposited films was further inves-

tigated with SEM, and as seen in Figure 9, the films grown
under SSP conditions consist of a nearly amorphous matrix of
about 50−550 nm in thickness capped with the Cu layer (60 nm).
When ammonia is used, the films seem to be polycrystalline,
evidenced by the presence of some longitudinal grains with a

columnar-type structure. An uneven, but clear, interface between
the Cu and the GdN layer is observed, and the Cu layer appears to
be rough and consists of densely packed grains on the top of the
GdN layer.
To determine the average coherence length of the crystalline

domains in the films deposited at 750 and 850 °C using com-
pound 5, the full width at half-maximum (fwhm) of the corre-
sponding (200) peak is determined and subsequently applied to

Figure 4. Selected fragments observed in the EI-MS spectrum of compound 2.

Figure 5. TGA plots of [Gd{(NR1)(NR2)CR3}3] (1−5). Figure 6. Isothermal TG analysis of compound 5 at 100 and 120 °C
for 400 min.
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the Scherrer equation.42 The average crystallite size is estimated
to 35−40 nm. It is reported that impurities cause significant
changes in the lattice constant of fcc-RE nitrides,43 so the lattice
constants of the GdN films are calculated from the position of
the predominant (200) reflections to evaluate the quality of the
films. The results are listed in Table 5. The obtained lattice
parameter values of the deposited GdN films range from
4.971 ± 0.005 to 4.977 ± 0.005 Å, which fits well with the lattice

parameter values of unstrained fcc-GdN (4.999 ± 0.005 Å;
The International Center for Diffraction Data PDF (Powder
Diffraction file) JCPDS no. 00-015-0888) The lattice parameter
values of the deposited GdN thin films are comparable to the
lattice parameter values reported by Gerlach et al. for ion-
assisted deposition (IAD)-grown GdN thin films capped by
GaN as a protective layer9 as well as to the values we obtained
before.11 It is reported that the lattice parameter value of GdN
is dependent on the amount of impurities (oxygen) incorporated
in the RE nitride material. For a material with the composition
Gd1.00N0.88O0.12, the lattice parameter changes to 4.96 ± 0.01 Å.
When comparing this value to the values obtained here, it can be
assumed that the amount of oxygen incorporated into the GdN
thin films is quite low.
Nuclear reaction analysis (NRA) and Rutherford backscatter-

ing analysis (RBS) were performed to quantify the atomic ratio
of the light elements C/N and O/N (NRA) and the ratio
between the light elements and Gd, that is, Gd/N, Gd/C, and
Gd/O (RBS), throughout the film. The data obtained for films
deposited in the presence of ammonia are compiled in Table 6
(all RBS plots; see Figure 10). In addition to the signals of Gd
and O, the RBS spectra show the presence of Cu, which arises
from the capping layer. It should be noted that the analysis
of the film deposited at 750 °C is difficult because the Cu layer
on the top of the GdN layer is nonuniform. There is an over-
lap of the Cu and Gd peaks in the RBS spectrum (due to the
increased film thickness of GdN), which makes it difficult to
determine accurate values for the metal-to-nitrogen/carbon/
oxygen ratios. We have a three-layer system consisting of a Cu
layer on top, followed by a GdN film with high oxygen content
at the interface between Cu and GdN, and, below, an almost
pure GdN thin film. This is a hint for a Cu layer that was not
efficient as a protective layer in this case. This is also observed
in NRA, showing an O/N ratio of 0.98 ± 0.10. The carbon
content in the film shows a C/N ratio of 0.01 ± 0.22 as an
upper limit. The shape of the signals obtained by RBS show a
decreasing oxygen concentration throughout the film, also
supporting an oxygen diffusion through the Cu capping into the
GdN thin film. However, as mentioned before, these values
have to be used with care. Compared to this, the film deposited
at 450 °C can be analyzed more accurately. A low O/N value of
0.02 ± 0.07 was found in NRA. This can possibly be explained
by oxygen diffusion along grain boundaries of the Cu layer
when the films are handled in air for some time, as it was in

Table 4. Thermal Properties of Gadolinium Amidinato
Complexes 1−5

onset of vaporization [°C] residual mass after TGA [%]

1 208 9
2 208 10
3 250 11
4 210 21
5 195 15

Figure 7. X-ray diffraction patterns of GdN grown on Si(100) at 650−
850 °C using 5 as precursor in SSP conditions (peaks indexed
according to JCPDS no. 00-015-0888).

Figure 8. X-ray diffraction patterns of GdN grown on Si(100) at 450−
850 °C using 5 as precursor in the presence of ammonia (peaks
indexed according to JCPDS no. 00-015-0888).

Figure 9. Representative SEM images of films deposited at 750 and
450 °C as SSP (A and C) and with ammonia as reactive gas (B and D).
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the case when the films were prepared for the NRA and RBS
measurements. Nevertheless, the Cu layer slows down the oxida-
tion process of the GdN film and prevents complete oxidation.
Also, the C/N ratio obtained from NRA measurements shows a
quite low value of about 0.3. This value is in good agreement
with the data reported before.11 RBS measurements reveal that
we have nitrogen-rich thin films with a Gd/N ratio of 0.52,
showing that ammonia causes a sufficient N-incorporation into
the films. The films deposited under SSP conditions have C/N
values of 1.5 up to 7.1, showing a high C-incorporation into the
films in the absence of ammonia.

■ EXPERIMENTAL SECTION
General Procedures. All reactions and manipulations are

performed using standard Schlenk techniques under an atmosphere
of argon. Sample preparation for analysis is carried out in an argon-
filled glovebox. The solvents (technical grade) THF and pentane are
dried and purified by an MBraun solvent purification system and
stored over molecular sieves (4 Å). The starting compounds GdCl3
(ABCR), N,N′-diisopropylcarbodiimide (Acros), MeLi, EtLi, nBuLi,
and tBuLi (all from Fluka) and N-ethyl-N′-tert-butyl-carbodiimide
(Sigma-Aldrich) are used as received. The lithium N,N′-diisopropyl-2-
alkyl-amidinato ligands [Li{(NiPr)2CR}] are synthesized following
modified literature procedures.38,39

Elemental analyses were performed by the analytical service of the
Chemistry Department at the Ruhr-University Bochum (CHNSO
Vario EL 1998). Electronic ionization (EI) mass spectra were recorded
using a JEOL AccuTOF GCv. For high-resolution mass spectrometry
(HR-MS), perfluorokerosine was used as a reference substance to
determine the exact masses of the peaks. The thermal analysis data
were obtained on a Seiko TGA/DTA 6300S11 instrument, which is

operated outside a glovebox under ambient conditions. The measure-
ments were carried out in aluminum crucibles with approximately
10 mg of sample under a nitrogen flow (99.9999%) of 300 mL/min,
and a heating rate of 5 °C was employed. FT-IR spectroscopy was
performed on a Bruker Alpha (ATR) spectrometer. The samples were
prepared and measured inside a glovebox (MBraun, O2 and H2O
content below 1 ppm). The intensities are abbreviated as follows: s,
strong; m, medium; w, weak.

Synthesis and Characterization. Gadolinium Tris(N,N′-diiso-
propyl-2-methyl-amidinate) [Gd{(NiPr)2CMe}3] (1). A solution of
N,N′-diisopropylcarbodiimide (2.65 mL, 0.0173 mol) in 80 mL of
THF is cooled to 0 °C, and to this an about 1.6 M solution of methyl-
lithium in ether (10.5 mL, 0.0173 mol) is added dropwise. This
mixture is allowed to warm to room temperature and stirred for 18 h
under an inert atmosphere. The resulting pale yellow solution of
[Li{(NiPr)2CMe}] is cooled to 0 °C and slowly added to a suspension
of GdCl3(1.5 g, 0.0057 mol) in THF (60 mL). After warming to room
temperature, the reaction mixture is stirred for 36 h under argon.
The solvent is removed under reduced pressure, and the product is
extracted in pentane, which is then filtered through a Celite pad to
afford a pale yellow solution. A saturated solution is formed by
removing part of the pentane under vacuum, and this solution is
cooled to −20 °C to afford colorless crystals. However, they were not
suitable for single-crystal X-ray analysis. A pure colorless crystalline com-
pound is obtained through sublimation at 125 °C (6 × 10−2 mbar).
Yield: 1.8 g (58%)

EI-MS (70 eV) m/z, rel. int. [%]: 581 [21%], 566 [8%], 538 [17%],
440 [100%], 424 [13%], 396 [5%], 355 [7%], 314 [11%], 298 [5%],
275 [3%], 142 [15%], 84 [6%], 58 [16%], 42 [32%]. Elemental
analysis Calcd [%]: C, 49.62; N, 14.47; H, 8.85. Found [%]: C, 48.98;
N, 14.54; H, 9.23. IR [cm−1]: 3633 (w), 2935 (s), 2897 (m), 2837
(m), 2575 (w), 1638 (w), 1472 (s), 1401 (s), 1363 (s), 1322 (s), 1191
(s), 1161 (s), 1112 (s), 1008 (m), 917 (w), 791 (s), 613 (m), 540
(m), 422 (m).

Compounds 2−5 are obtained employing the same synthetic proce-
dure as in the case of [Gd{(NiPr)2CMe}3] 1, unless described otherwise.

Gadol inium Tris(N,N ′ -di isopropyl-2-ethyl-amidinate)
[Gd{(NiPr)2CEt}3] (2). Following the same procedure described for 1,
GdCl3 (1 g, 0.0038 mol) is reacted with [Li{(NiPr)2CEt}] (0.0116
mol) in THF at 0 °C. After 36 h of stirring at room temperature under
an inert atmosphere and the workup described above, the product is
obtained as a colorless crystalline solid. The crystals obtained were not
suitable for X-ray diffraction analysis. Sublimation temperature: 130 °C
(6 × 10−2 mbar). Yield: 0.81 g (38%)

EI-MS (70 eV) m/z, rel. int. [%]: 623 [9%], 580 [17%], 486 [70%],
452 [12%], 452 [9%], 383 [8%], 328 [12%], 241 [4%], 98 [18%], 56
[100%], 43 [24%]. Elemental analysis Calcd [%]: C, 51.21; N, 13.49;
H, 9.22. Found [%]: C, 51.05; N, 13.56; H, 9.01. IR [cm−1]: 3633 (w),
2935 (s), 2897 (m), 2840 (m), 2580 (w), 1536 (m), 1457 (s), 1363
(s), 1324 (s), 1226 (m), 1186 (s), 1112 (m), 1057 (m), 1031 (m), 966
(m), 816 (w), 769 (m), 688 (w), 601 (m), 533 (m), 426 (m).

Gadolinium Tris(N,N′-diisopropyl-2-tert-butyl-amidinate) [Gd-
{(NiPr)2C

tBu}3] (3). The reaction of GdCl3 (1.5 g, 0.0057 mol) with
[Li{(NiPr)2C

tBu}] (0.0173 mol) affords a colorless crystalline prod-
uct after workup as described for 1. Single crystals suitable for

Table 5. Calculated Lattice Parameters for GdN Deposited on Si(100)

deposition temp [°C] 2θ position [deg] fwhm [deg] lattice parameter [Å]

750 36.137 0.216 4.971 ± 0.005
850 36.095 0.241 4.977 ± 0.005

Table 6. Ratios of the Elements inside the GdN Films Deposited with Ammonia as Reactive Gas Obtained from RBS and NRA
Analysis

deposition temp [°C] RBS M/N RBS M/C RBS M/O NRA C/N NRA O/N

750 0.80 a a 0.01 ± 0.22 0.98 ± 0.10
450 0.52 1.87 21.67 0.28 ± 0.18 0.02 ± 0.07

aExact determination of the values was very difficult due to a nonuniformity of the Cu layer, as described above.

Figure 10. RBS spectra of films deposited using precursor 5 with
ammonia (black and red) and under SSP conditions (green and blue).
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X-ray diffraction were obtained from the recrystallization of 3 in pen-
tane. Sublimation temperature: 135 °C (6 × 10−2 mbar). Yield: 2.62 g
(65%)
EI-MS (70 eV) m/z, rel. int. [%]: 707 [2%], 524 [100%], 508 [8%],

480 [6%], 439 [9%], 356 [12%], 298 [7%], 183 [8%], 126 [11%], 84
[88%], 57 [45%], 43 [15%]. Elemental analysis Calcd [%]: C, 56.05;
N, 11.88; H, 9.83. Found [%]: C, 55.34; N, 11.52; H, 10.26. IR
[cm−1]: 2941 (s), 2900 (m), 2841 (m), 1393 (s), 1363 (s), 1292 (s),
1159 (s), 1114 (m), 1006 (s), 920 (w), 866 (w), 802 (w), 714 (m),
653 (m), 546 (w), 448 (m).
Gadolinium Tris(N,N′-diisopropyl-2-n-butyl-amidinate)

[Gd{(NiPr)2C
nBu}3] (4). Following the same procedure described for 1,

GdCl3 (1 g, 0.0038 mol) is reacted with [Li{(NiPr)2C
nBu}] (0.0114

mol) in THF at 0 °C and stirred for 36 h at room temperature. After a
workup described above, the product is obtained as a yellow viscous
compound. Yield: 1.41 g (52%)
EI-MS (70 eV) m/z, rel. int. [%]: 707 [9%], 693 [9%], 666 [23%],

551 [16%], 524 [100%], 510 [19%], 478 [15%], 440 [12%], 395 [9%],
357 [15%], 143 [24%], 113 [20%], 83 [100%], 57 [42%], 42 [29%].
Elemental analysis Calcd [%]: C, 56.05; N, 11.88; H, 9.83. Found [%]:
C, 56.27; N, 11.03; H, 9.14. IR [cm−1]: 3415 (w), 2935 (s), 2897 (m),
2841 (m), 1605 (m), 1461 (s), 1410 (m), 1364 (m), 1327 (m), 1186
(s), 1114 (m), 1040 (m), 970 (w), 880 (w), 821 (m), 775 (w), 674
(w), 603 (m), 429 (m).
Gadolinium Tris(N-tert-butyl-N′-ethyl-2-methyl-amidinate)

[Gd{(NEt)(NtBu)CMe}3] (5). The reaction of GdCl3 (2 g, 0.0076
mol) with [Li{(NEt)(NtBu)CMe}] (0.0228 mol) in THF at 0 °C
affords a white to pale gray crystalline product. After workup as
described for 1, a colorless crystalline solid is obtained. Crystals grown
from pentane were suitable for single crystal X-ray analysis.
Sublimation temperature: 120 °C (6 × 10−2 mbar). Yield: 3.1 g (68%)
EI-MS (70 eV) m/z, rel. int. [%]: 581 [3%], 566 [4%], 524 [59%],

440 [100%], 424 [40%], 408 [34%],382 [22%], 354 [6%], 314 [6%],
298 [20%], 240 [14%], 127 [2%], 84 [17%], 58 [48%], 42 [37%];
Elemental analysis Calcd [%]: C, 49.62; N, 14.47; H, 8.85. Found [%]:
C, 48.47; N, 14.72; H, 8.58. IR [cm−1]: 2935 (s), 2840 (m), 2638 (w),
1474 (s), 1393 (s), 1324 (s), 1202 (s), 1144 (s), 1080 (m), 1023 (m),
970 (m), 806 (m), 755 (m), 631 (m), 564 (m), 532 (m), 473 (m),
439 (w).
X-ray Structure Determination. The X-ray intensity data for 3·0.5

C5H12 were measured in the ω scan mode on an Oxford Diffraction
Xcalibur2 diffractometer, using graphite monochromated Mo Kα
radiation. CrysAlisPro (CrysAlisPro, version 1.171.35.19, Agilent
Technologies, Yarnton, Oxfordshire, U.K.) was used to operate the
diffractometer and to process the data. A semiempirical absorption
correction based on multiple-scanned reflections was applied.44 The
intensity data of 5 were collected on a Stoe IPDS 2T diffractometer
with Mo Kα radiation. The data were collected with the Stoe XAREA
program using ω-scans (XRED32 included in XAREA, Stoe, 2002).
The crystal structures were solved by direct methods using SHELXS-
97 and refined by full-matrix least-squares refinement on F2 with
SHELXL-97.45 Anisotropic displacement parameters were introduced
for all non-hydrogen atoms. Hydrogen atoms were placed at
geometrically calculated positions and refined using a riding model.
The crystal of 3·0.5 C5H12 was a nonmerohedral twin. The twin opera-
tion is a 2-fold rotation about the [100] direction. The final structure
refinement was carried out using the HKLF 5 option of SHELXL-97,
which resulted in a ratio of the twin components of 0.5108(5):0.4892(5).
A tert-butyl group in 3·0.5 C5H12 shows rotational disorder over
two positions, which was described by the split model. Refinement of
the occupancies by means of a free variable yielded a ratio of
0.659(6):0.341(6). Standard similar distance restraints and equivalent
anisotropic displacement parameters were used to model the disorder.
Crystal data and refinement details are given in Table 1. The CCDC
numbers of the compounds 3 and 5 are 895562 and 895439, respectively.
Thin-Film Deposition. MOCVD experiments were performed using

5 as the precursor, and thin films were grown on ultrasonically cleaned
2 in. p-type Si(100) substrates (SI-MAT). A home-built, horizontal
low-pressure cold-wall reactor was employed for MOCVD experi-
ments. Nitrogen (flow rate: 50 sccm, 99.9999%) and, if required,

ammonia (flow rate: 50 sccm, 99.999%) were used as carrier or reac-
tive gas, respectively. For each deposition, approximately 50 mg of the
precursor was filled into a glass bubbler inside a glovebox. Depositions
were carried out in the substrate temperature range of 350−850 °C,
while the precursor vaporizer was maintained at 120 °C. Depositions
were carried out for 10 min, and the reactor pressure was maintained
at 1 mbar. In a subsequent step, a copper layer was deposited on top of
the GdN thin film to avoid or slow down the oxidation of the as-
deposited films. [Cu(dmap)2] (dmap = 3-dimethylamino-propanola-
to) was used as the Cu source, and 50 mg of the precursor was filled in
a second chamber of the bubbler.46 The depositions were carried out
at 300 °C while the precursor was kept at room temperature. The
depositions were also carried out for 10 min at a reduced pressure of
0.1 mbar. This kind of protective layer was chosen for two reasons.
The Cu-MOCVD using [Cu(dmap)2] as precursor nicely matches the
experimental conditions of the GdN MOCVD reactor setup and thus
facilitates the direct capping of the deposited GdN layer in the same
MOCVD screening reactor and avoiding any sample transfer. In
addition, we deliberately avoided GaN capping (or similar oxidation-
resistant metal nitride cappings) and chose a N-free capping material,
which also matches well with the RBS and NRA analytical techniques
in order to investigate the incorporation of N (and O, C) into the
deposited film.

Film Characterization. The crystallinity of the films was investigated
by X-ray diffraction (XRD) analysis using a Bruker D8 Advance AXS
diffractometer [Cu Kα radiation (1.5418 Å)] with a position-sensitive
detector (PSD). All films were analyzed in the θ−2θ geometry. The
surface morphology and the thickness of the films were analyzed by
scanning electron microscopy (SEM) using a LEO Gemini SEM 1530
electron microscope. A combination of RBS and NRA (or: deuteron
induced γ-ray emission, details see lit. 11) was performed to estimate the
stoichiometry of the films and to quantify the atomic ratio of the light
elements C/N and O/N (NRA) and the ratio between the light
elements and Gd throughout the bulk of the film.

■ CONCLUSIONS

The synthesis, characterization, evaluation, and application of
five different homoleptic gadolinium amidinate precursors are
presented. Single-crystal X-ray diffraction data of 3 and 5 as
representative examples of the series confirm the anticipated
mononuclear homoleptic structure, in which Gd3+ is coor-
dinated by three chelating amidinato ligands. Mass spectro-
metric analyses reveal that all compounds have a similar frag-
mentation behavior, but with some interesting differences
related to possible β-H elimination depending on the alkyl
group substitution pattern at the amidinate ligands. Interest-
ingly, the alkyl-substitution pattern offers some control over the
physical (onset of volatilization) and chemical properties (onset
of decomposition) of the compounds. The asymmetrically sub-
stituted compound 5 exhibits the best thermal properties, and it
was used for preliminary MOCVD experiments to deposit GdN
thin films under single source (SSP) conditions and as well
as with ammonia as reactive gas and an additional N source.
Rock-salt structured and essentially C- and O-free GdN thin
films are obtained only in the latter case. The protective capping
of the as-deposited GdN thin film materials for preventing
postdeposition oxidation remains a problem that needs further
work in order to proceed to a more detailed and significant
materials characterization (e.g., magnetic measurements). Never-
theless, our data on the homologous series of alkyl-substituted,
homoleptic tris-amidinates of gadolinium hold promise for a
further development of this kind of compound as precursors for
RE nitride materials.
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