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ABSTRACT: Metal—organic chemical vapor deposition (MOCVD) of
thin films of two representative rare-earth nitrides is reported here for
the first time. Four homoleptic, all-nitrogen-coordinated, rare-earth
(RE) complexes were evaluated as precursors for the respective nitride
thin film materials. Two guanidinato complexes [RE{(‘'PrN),C(NMe,)};]
[RE = Gd (1), Dy (2)] and two amidinato complexes [RE{('PrN),CMe} ;]
[RE = Gd (3), Dy (4)] were compared and used either as single source
precursors or together with ammonia for MOCVD of gadolinium nitride
(GdN) and dysprosium nitride (DyN), respectively. The thermal properties
of the precursors were studied and the fragmentation patterns were 'I

characterized by high-resolution electron impact—mass spectrometry (HR % °

EI-MS). The obtained nitride films were investigated using a series of * MOGVD WCU
techniques, including X-ray diffraction (XRD), scanning electron microscopy — P  %6%e%%% e eGdC, N,
(SEM), nuclear reaction analysis (NRA), Rutherford backscattering (RBS), *

and X-ray photoelectron spectroscopy (XPS). The films contain preferen- ° ‘./‘* ?

tially oriented grains of fcc-GdN and DyN and are contaminated with small =~ ®=Nirogen

amounts of carbon and oxygen (significantly below 10 at. % in the best cases). = Gedolrkan (3% Dysproshen (4

The temperature-dependent magnetic properties of the films, as measured using a superconducting quantum interference device (SQUID),
suggest the existence of small ferromagnetic grains of the rare-earth nitrides that exhibit superparamagnetism. Despite the chemical and
structural similarity of the guanidinato and amidinato complexes (1—4), a distinctly different behavior as MOCVD precursors was found for 1
and 2, compared with that for 3 and 4. While the guanidinates operate well as single-source precursors (SSPs), the amidinates are not suited at
all as SSPs, but give very good nitride films when used in the presence of ammonia. This characteristic behavior was correlated with the
different fragmentation mechanisms, as revealed by EI-MS.
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B INTRODUCTION which is partly due to the difficulty of handling this class of
materials. The high oxophilicity of RE nitrides, their high reac-
tivity toward air, as well as the high melting point of RE metals,
call for sophisticated experimental techniques to fabricate pure
RE nitride thin films. Physical vapor deposition (PVD) techni-
ques, such as molecular beam epitaxy (MBE),® ion-assisted depo-

sition (IAD) ,” and Ar/N, mixed-gas-plasma radio frequency (xf)
sputtering'® were used to physically deposit GAN thin films
under UHV conditions. Recently, we reported on the first
chemical preparation of GdN thin films by means of metal—

Rare-earth (RE) nitride materials possess unique magnetic,
electronic, and optical properties, which makes them very inter-
esting for a number of applications.l’2 For example, gadolinium
nitride (GdN) is a promising material for spintronics and it has
been investigated recently from theoretical and experimental
points of view.>* Also, dysprosium nitride (DyN) was investi-
gated as a materlal for ferromagnet/semiconductor superlattice
structures,” which might be of importance for spintronic applica-
tions as well. The syntheses of bulk rare-earth nitrides using

[RE{N(SiMes),}3] in the presence of ammonia or reacting rare-

earth chlorides with lithium nitride have been reported.®” Received: ~ October 1, 2010
However, only limited data on the preparation or deposition of Revised: ~ December 8, 2010
RE nitride thin films and their properties exist in the literature, Published: February 24, 2011
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organic chemical vapor deposition (MOCVD)."" In contrast
to simple physical deposition, which usually shows poor step
coverage and low throughput, chemical deposition methods (in
particular, MOCVD and the related atomic layer deposition
(ALD)) is generally more suitable for industrial applications,
because of large area deposition with uniform and conformal
coverage. However, MOCVD and ALD techniques heavily
depend on the underlying precursor chemistry and can only be
successfully employed if the precursor chemistry in general and
the basic steps of the chemical deposition process in particular
are well-understood. Therefore, metal—organic precursors
with tailored properties need to be developed via variation of
the ancillary ligand system, and these precursors and processes
need to be optimized individually."® This is especially true for
metal nitride precursors.'* It was shown that amido and imido
ligands are useful for the synthesis of transition-metal complexes,
which can act as precursors for transition-metal nitrides.">” >
More recently, all-nitrogen-coordinated, heteroleptic derivatives
of the simple amido/imido-compounds containing chelating
monoanionic guanidinato ligands, {(R'N),C(NR"",)}~ (R, R" =
alkyl substituents, such as Me, Et, "Pr), in the coordination sphere
of Ta, Nb, Mo, and W were investigated, and, in some cases,
superior gerformance as precursors for the nitrides was
reported.”>** We successfully transferred these precursor con-
cepts to the family of homoleptic guanidinato precursors of
lanthanide metals with GdN as a representative test case.
[Gd{("PrN),C(NMe,)}3] (1) turned out to be a surprisingly
good single-source precursor for the growth of phase-pure, rock
salt GAN by MOCVD, and similar behavior was indicated for the
dysprosium analogue [Dy{('PrN),C(NMe,)}s] (2).""** Em-
ploying high-resolution electron impact mass spectrometry (HR
EI-MS), the Gd-imido species were detected in the course of the
fragmentation of 1, supporting the idea that the guanidinato
ligand serves as a source for the N component under single-
source MOCVD conditions.>**”

Amidinate ligands, {(R'N),CR"}", are quite similar to gua-
nidinates, {(R'N),C(NR",)}", differing only by exchange of
NR”, by R/, and they have been recognized as being very §ood
ligands of precursors for ALD of RE metal oxide thin films.”* '
To further explore the pluripotent potential of such precursors
we set out to compare the closely related homoleptic guanidinates
[RE{('PtN),CNMe,};] (1, RE = Gd; 2, RE = Dy) with the
amidinates [RE{("PrN),CMe}5] (3, RE = Gd; 4, RE = Dy), which
are all-nitrogen-coordinated complexes, as precursors for
MOCVD of the respective rare-earth nitride (REN) materials.
The chemical and thermal properties of 1—4 were thoroughly
investigated by routine EI-MS, high-resolution EI-MS, thermo-
gravimetric (TG) analysis, and isothermal TG studies. Interest-
ingly, no rare-earth imido fragments were detected during EI
fragmentation of the amidinates 3 and 4. Instead, metal alkyl
fragments were identified by high-resolution mass spectrometry
(HR EI-MS). The different fragmentation property turned out to
correlate with a quite different behavior in the MOCVD experi-
ments, either performed under single-source conditions or
together with ammonia as an additional source of nitrogen.
The deposited REN films were characterized ex situ
by X-ray diffraction (XRD) and scanning electron microscopy
(SEM) to analyze the thickness and morphology of the films.
Nuclear reaction analysis (NRA) was performed to investigate
the ratio between the light elements (C, N, and O) within the
bulk of the films. Rutherford backscattering analysis (RBS) and
X-ray photoelectron spectroscopy (XPS) were performed to

investigate the ratio of the light elements and the metal inside
the films. Depth profiles of the elemental composition of the
films were achieved employing XPS. Magnetic measurements
were done on selected films using a SQUID device. Note, that
prior to these ex situ analyses, a protective layer of copper was
deposited atop the REN films in a subsequent MOCVD
process, to slow the oxidation of the films (post-deposition).”
Copper was selected since it was easy to deposit in situ with our
MOCVD screening apparatus.

B EXPERIMENTAL SECTION

Precursor Synthesis. The complexes tris(N,N'-diisopropyl-2-di-
methylamido-guanidinato)-gadolinium(III) [Gd(DPDMG);] (1) and
tris(N,N'-diisopropyl-2-dimethylamido-guanidinato)-dysprosium (IIT)
[Dy(DPDMG);] (2) were synthesized following the procedure pub-
lished earlier.”® The complexes tris(N,N’-diisopropyl-acetamidinato)-
gadolinium(III) [Gd(DPAMD);] (3) and tris(N,N'-diisopropyl-acet-
amidinato)-dysprosium(III) [Dy(DPAMD);] (4) were synthesized
following a similar procedure as reported for the guanidinato
complexes.”® Bis(1-dimethylamino-2-propanolato) copper(Il) [Cu(dmap),]
(5) was synthesized following the procedure published by Buhro et al.*> All
reactions were performed using a conventional vacuum/argon line and
standard Schlenk techniques. The precursors were purified by sublimation
in vacuum (125 °C, 5 x 10~* mbar dynamic vacuum). The purity of the
precursors was confirmed using high-resolution EI-MS, 'H NMR, and
elemental analysis. High-resolution electronic ionization mass spectra (HR
EI-MS) were recorded, using a Varian MAT spectrometer. NMR was
recorded on a Bruker Advance DPX 250 spectrometer and elemental analysis
data were obtained on a CHNSO Vario EL analyzer, respectively. The
preparation of samples for analysis was carried out in an argon-filled glovebox
(MBraun). Thermogravimetric analysis (TGA) data were obtained on a
Seiko Model TG/DTA 6300S11 instrument. The measurements were
performed under inert gas atmosphere at ambient pressure. Approximately
10 mg of each sample were filled in aluminum crucibles with a circular
opening (diameter of S mm). The heating rate was S °C/min, and a nitrogen
flow of 300 mL/min was used. The thermal behavior of 3 and 4 was further
investigated by isothermal TGA studies. For each study, the sample was held
at a fixed temperature (80 or 125 °C) and the mass loss was measured for 600
min (10 h).

Thin Film Deposition. A custom-built horizontal cold-wall
MOCVD reactor equipped with resistive heating and operating under
reduced pressure was used for thin film deposition (see SI 18 in the
Supporting Information). The films were grown in the temperature
range of 650—850 °C on p-type Si(100) substrates at a reactor pressure
of 1 mbar. Subsequently, on top of the RE nitride film, a copper capping
layer was deposited at a reactor pressure of 0.1 mbar and a susceptor
temperature of 300 °C, using S as the precursor.>> Approximately S0 mg
of the RE compound and 50 mg of § were used for each deposition. The
RE precursor was vaporized at 125 °C during deposition, while the Cu
precursor was evaporated at 25 °C. Prior to deposition, the substrates
were ultrasonically cleaned in acetone, ethanol, and deionized water and
subsequently rinsed with deionized water (Millipore Water Purification
System) and dried under argon stream. High-purity helium (99.9999%,
50 sccm) was used as the carrier gas, and the flow rate was monitored
using a mass flow controller (MKS). When ammonia was used as the
reactive gas, a flow rate of S0 scem NH; (99.998%) was maintained.

Thin Film Characterization. Crystallinity and phase composition
of the films was investigated by carrying out standard out-of plane X-ray
diffraction (XRD) analysis in a Bruker Model AXS D8 Advance
diffractometer (6/26 Bragg—Brentano geometry), using Cu Kot radia-
tion (4 = 1.5418 A, acceleration voltage = 40 kV, heating current = 30—
40 mA). A parabolic Gobel mirror was mounted in the primary beam
path (slit width: 0.2 mm). The (111) reflex of copper, which appears at a
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Figure 1. (A) TG curves of 1—4. (B) Isothermal TG curves of 3 and 4 at 80 and 125 °C.

20 value of 43.298°, was used as an internal standard. XRD data was
recorded in a 26-angle range of 20°—80° with a step size of 0.014° (1's
per step). Surface morphology was studied with scanning electron
microscopy (SEM; LEO; Zeiss). Film composition was determined by
nuclear reaction analysis (NRA) and Rutherford backscattering analysis
(RBS) at the 4 MV accelerator of the Dynamitron-Tandem-Laboratory
at the Ruhr-University of Bochum. The RBS measurements have been
performed using a singly charged He beam with energy of 2 MeV and a
beam current of 20—40 nA. A silicon surface barrier detector was placed
at an angle of 160 degree with respect to the beam axis having a solid
angle of 1.911 msrad. For the NRA measurements, element-specific -
rays induced by a deuteron beam®* were detected with a high-purity
germanium detector operating at 100% relative efficiency. The samples
were tilted by 45° toward the detector which had an angle of 90°, with
respect to the beam axis. Typical beam currents on the samples were in
the range of 40 nA in an area of ~1 mm in diameter, while the collected
charge for a sample was ~25 uCoulomb. A polyimide of known
chemical composition (Kapton) was used as a standard to obtain the
ratios of C, N, and O from the y-ray yields. X-ray photoelectron
spectroscopy was performed in a VersaProbe spectrometer from Phy-
sical Electronics, operating with monochromatic Al Kot (1486.6 eV)
radiation. The energy position of each spectrum was calibrated with
respect to the 4f;/, core level of a clean gold sample at 83.8 eV. Broad-
range spectra were recorded with a pass energy of 117.4 eV, and the core
levels were recorded with a pass energy of 23.5 eV. In situ cleaning of the
sample surface and depth profiling of the samples was realized by in situ
Ar" bombardment at 4 kV (ion current density of 0.54 #A/mm?), and
2 kV (ion current density of 0.126 uA/mm?) respectively. When
necessary, sample charge neutralization was performed by the simulta-
neous irradiation of the sample surface with low energy electron and Ar
ion beams.*® Integral magnetic measurements were performed using a
commercial SQUID magnetometer (Quantum Design MPMS XLS)
applying the magnetic field in the film plane. Magnetism/hysteresis
(M(H)) curves were recorded at 300 and 5 K, respectively. M(T) curves
were measured while warming in a field of 10 mT, before the sample was
either field-cooled (FC) from 300 K to 5 K in a 4-T field or zero-field-
cooled (ZFC) after demagnetizing the sample in an oscillatory field at
300 K. The diamagnetic contribution was derived from the M(H)
behavior at high magnetic fields at 300 K and was subtracted from the
magnetization data.

B RESULTS AND DISCUSSION

Precursor Evaluation. As we presented the thermal proper-
ties of the guanidinate compounds 1 and 2 in a previous
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communication (mentioned in the Introduction®®), we comple-
ment the data set on 1—4 by performing thermogravimetric
analysis (TGA) as well as isothermal TG measurements for the
new amidinate compounds 3 and 4 (see Figures 1A and 1B).
For both amidinato compounds, a slight mass loss is observed,
starting at a temperature of 50 °C. Both compounds exhibit a
single-step mass loss that sets in at ca. 210 °C. At 260 °C, no
further mass loss is observed. The residual masses of both
compounds (3 = 6.8%; 4 = 12.7%) are very much lower than
the calculated residual mass for pure GAN or Gd,O5 (29.5%,
62.4%) or DyN and Dy,03, respectively (30.1%, 63.6%), in-
dicating that the precursors sublime quite well before they start to
decompose. (Also, some hydrolysis may be taken into account,
because of trace impurities of the carrier gas and leakage of the
TGA instrumentation. In addition, we attribute the slight weight
loss at the beginning of the TG measurements to the partial
decomposition of the precursors, which is due to short exposure
to air during the sample loading procedure.) The dysprosium
species seems to be more volatile at low temperatures, whereas
the gadolinium compound shows a higher overall mass loss.
Comparing the TG curves of the amidinato compounds 3 and 4
to the TG curves of the guanidinato compounds 1 and 2, it is
clearly visible that all four compounds exhibit a single step mass
between 200 °C and 270 °C. The values for the residual masses of
the guanidinato compounds (1 = 9.12%, 2 = 7.7%) are compar-
able to those of the amidinato compounds. Because of the facts
that (i) the mass loss of the amidinato compounds between
30°Cand 200 °C (3 = 16%, 4 =25%) is comparable to that of the
guanidinato compounds (1 = 12%, 2 = 13%) and (ii) that the
single step mass losses of the amidinato compounds start at
temperatures comparable to that of the guanidinato compounds,
we conclude that 3 and 4 exhibit a thermal performance
comparable to 1 and 2. Thus, 3 and 4 were selected for evaluation
of the mass transport behavior. Isothermal TG studies at a
temperature of 80 and 125 °C and atmospheric pressure under
N, were performed. The results are displayed in Figure 1B. (For
comparison, isothermal TG studies of the guanidinato com-
pounds 1 and 2 can be found in SI 1 in the Supporting
Information). At each temperature, a weight loss with an al-
most-constant rate over a time period as long as 10 h was
observed, and total mass losses within 10 h of 12% (80 °C)
and 38% (125 °C) for 3 and 18% (80 °C) and 41% (125 °C) for 4
were obtained, indicating that compound 4 is slightly more

dx.doi.org/10.1021/cm102840v |Chem. Mater. 2011, 23, 1430-1440
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Figure 2. EI-MS data of compounds 1—4. For the sake of clarity, all mass envelopes with an intensity below 5% (for 1 and 2) and 3% (for 3 and 4) have

been omitted in the presented spectra.

volatile than compound 3. The slight curvature in the TG curves
might be due to the accumulation of nonvolatile material at the
surface of the solid precursor. Nevertheless, another explanation
for the slight curvature might be a sintering process of the
crystallites of the solid precursor during the heating process,
which leads to a decrease in surface area and, as a result, a
decrease in the amount of subliming material (sublimation rate).
This result matches the results of the TG analysis discussed
above. The results of the isothermal TG studies clearly show that
compounds 3 and 4 are thermally stable at the given tempera-
tures, thus being likely to provide a stable mass transport over a
considerable time.

EI-MS Studies. EI-MS analysis of 1 and 2, shown in Figure 2,
revealed that the El-fragmentation patterns of both compounds
are quite similar, indicating a similar decomposition mechanism
under EI-MS conditions. Furthermore, two signals at m/z = 668
and m/z = 674, which can be attributed to the molecular ions
(M") of 1 and 2, are clearly visible in the EI-MS spectra,
indicating that both compounds can be sublimed without
decomposition. A complete list of the observed signals in the
EI-MS spectra of 1 and 2 is given in SI 2 and SI 3 in the
Supporting Information. Furthermore, the fragmentation of the
guanidinato compounds 1 and 2, under EI conditions, was
characterized by high-resolution mass spectroscopy, and a gen-
eral mechanism was proposed for this type of precursor.'"*>3°
The most important finding is the appearance of RE imido
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species, such as [{('PrN),CNCH,}RENH]"* [RE = Gd (1); Dy
(2)], during fragmentation. To prove the existence of these RE
imido species, HR EI-MS analyses of selected mass envelopes
observed in the low-resolution EI-MS were conducted. The mass
envelope that belongs to the RE imido fragments [{('PtN),CN-
CH,}RENH]"* with the chemical formula CgH;,N,RE was
chosen for the high-resolution EI-MS experiments. The very
small deviation between the calculated and observed masses
(Am = —15.7 mDa for 1 and Am = —13.8 mDa for 2) strongly
supports the assignments of the observed peaks to the fragments
[{('PrN),CNCH,}RENH] " in both cases 1 and 2. Although
the conditions of El-induced fragmentation in high vacuum and
the thermally activated fragmentation under CVD conditions at
reduced pressure cannot be directly compared, the existence of
RE imido fragments during EI-MS fragmentation could be an
indication that these complexes might contribute to the forma-
tion of RE nitride material under single-source- precursor
MOCVD conditions, which was confirmed for compound 1.

Similar investigations were carried out with the amidinates 3 and
4. As expected from 1 and 2, the El-fragmentation patterns of
compounds 3 and 4 are very similar and the relative intensities of
the discrete mass envelopes are almost identical (see Figure 2).
The origin of all visible mass envelopes can be nicely explained.
The mass envelopes that correspond to the molecular ion peaks
(M) of 3 (m/z = 581; 21% relative intensity) and 4 (m/z = 587;
14% relative intensity) are clearly seen. The first fragmentation

dx.doi.org/10.1021/cm102840v |Chem. Mater. 2011, 23, 1430-1440
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step can be attributed to the abstraction of one methyl group
from the molecular ion (M*-15), leading to a mass envelope at
m/z = 566 for compound 3 and m/z = 572 for compound 4. The
following mass envelope at m/z = 538 for 3 and at m/z = 544 for
4 is assigned to the cleavage of an isopropyl group from the
molecular ion (M"*-43). The dominant mass envelopes (relative
intensity = 100%) in both spectra (3: m/z = 440; 4: m/z = 446)
belong to a fragment that is created by the abstraction of one
complete amidinato ligand from the molecular ion (M**-141).
All further observed mass envelopes can be assigned to distinc-
tive fragmentation products of the molecular ions of 3 and 4. A
list of the detected mass envelopes can be found in ST 4 and SIS
in the Supporting Information.

Special attention is given to the mass envelopes at m/z = 314
for compound 3 and at m/z = 320 for compound 4. From the
low-resolution EI-MS data, a distinction between two possible
fragments for these two mass envelopes is not possible; namely,
one consists of a RE atom coordinated by one amidinato ligand
and one methyl group [{('PrN),CMe}RECH;]™" (A) and
another species contains a RE atom coordinated by one amidi-
nato ligand and one imido group [{(‘PrN),CMe}RENH] " (B).
To distinguish between these two species, we employed HR EI-
MS. Furthermore, we used HR EI-MS to confirm the assignment
of the molecular ions [RE{("PrN),CMe};]"* (C). The data of
the HR EI-MS analyses are listed in SI 6 in the Supporting
Information. With a deviation of 4.5 mDa for 3 and 0.2 mDa for 4
between the calculated and measured masses for the molecular
ions of 3 and 4, the presence of the molecular ion can be verified
unambiguously, indicating that compounds 3 and 4 can be
sublimed without decomposition, which matches the revelation
from thermal analysis. Most interestingly, the HR EI-MS data
reveal that the mass envelopes at m/z =314 and m/z = 320 can be
attributed to RE-alkyl species, where a methyl group is bound to
the RE metal atom, again substantiated by the insignificant
deviation of the observed masses from the calculated masses for
fragment A. Obviously, the fragmentation pattern of 3 and 4 differs
clearly from the results of the HR EI-MS analyses of compound 1
and 2, where the presence of RE imido fragments was confirmed.
This comparison suggests a different behavior of the guanidinates
and amidinates under MOCVD conditions. It seems that 3 and 4
should be less suitable as single-source precursors (SSPs) for the
rare-earth nitrides (RENs) than 1 and 2.

MOCVD Experimental Conditions and Growth Rates.
Compounds 1—4 were evaluated as precursors for REN thin
film deposition, using a custom-built thermal MOCVD reactor.
In a first set of experiments the depositions were carried out in
the absence of additional nitrogen sources (e.g, NHj, N,),
denoted as single source precursor (SSP) conditions. In a second
series of experiments, the influence of ammonia as a reactive gas
and potential additional nitrogen source was tested in the same
MOCVD apparatus. The applied deposition parameters are
listed in the Experimental Section. In each case, uniform films
were obtained on standard p-type Si(100) substrates in the
temperature range of 650—850 °C and the films were coated
by a protective layer of copper in a subsequent MOCVD step, as
described in the Experimental Section. The film growth rates
(given in units of nm/min) were derived from the physical REN
layer thicknesses, determined from the cross-sectional SEM
measurements, revealing lower growth rates of 1 and 2, when
compared to 3 and 4. Whereas precursors 1 and 2 show
maximum growth rates of ~8 nm/min at 850 °C when used
under SSP conditions and ~16 nm/min when used in the

Figure 3. SEM cross-sectional images of (A) a DyN film deposited at
850 °C using 2 under SSP conditions, (B) a DyN film deposited at
650 °C using 2 as a precursor and ammonia as a reactive gas, (C) a DyN
film deposited at 850 °C using 4 under SSP conditions, and (D) a DyN
film deposited at 850 °C using 4 as a precursor and ammonia as a
reactive gas.

presence of ammonia, precursors 3 and 4 show maximum growth
rates of ~25 nm/min at 850 °C when used under SSP conditions
and ~31 nm/min when used in the presence of ammonia. This
result might be due to a higher sublimation rate of 3 and 4,
compared to that of 1 and 2. Another explanation for the obser-
ved variations in the growth rates for the amidinato and
guanidinato compounds can be a difference in the density of
the grown films. Nevertheless, a detailed investigation of this
aspect is quite technical and beyond the scope of this publication.

Scanning Electron Microscopy (SEM) Imaging and Mor-
phology. All the obtained coatings of a typical thickness of
200 nm were smooth and densely grown with a distinct interface
to the protective copper layer. SEM images of DyN films
deposited under SSP conditions and in the presence of ammonia,
using 2 and 4, as precursors are shown in Figures 3A—D. (SEM
images of GdN films deposited under SSP conditions and in the
presence of ammonia using 1 and 3 as precursors can be found in
SI 7 in the Supporting Information.)

The SEM images of typical DyN films deposited at 850 °C
using 2 and 4 under SSP conditions are shown in Figures 3A and
3C; these serve as representative examples for the entire series of
SSP experiments. The copper layer ~150 nm thick appears to be
rough and seems to consist of individual copper crystallites that
are sintered together, indicating some island growth mechanism.
Cu MOCVD on metal nitride surfaces (e.g,, on TiN or TaN
surfaces) is known to suffer from nucleation inhibition, leading to
island growth and rough coatings.>”** The morphology of films
grown in the presence of ammonia turned out to be quite similar
to the respective SSP grown films. Figures 3B and 3D display
representative examples of typical DyN films deposited using 2
and 4 as precursors in the presence of ammonia as a reactive gas.
Again, the deposited copper layer seems to consist of larger,
coalescent crystallites, as discussed for the SSP case. Note the
interface between the silicon substrate and the DyN film, as well
as the interface between the DyN film and the copper layer.

X-ray Diffraction (XRD) Studies, Crystallinity, and Phase
Composition. The films were characterized by X-ray diffraction
(XRD) immediately after deposition, to minimize oxidation.

1434 dx.doi.org/10.1021/cm102840v |Chem. Mater. 2011, 23, 1430-1440
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Figure 4. X-ray diffraction (XRD) patterns of REN films grown on Si(100) at 7S0—850 °C using (A) 1 and (B) 2 as single-source precursors (SSPs)
and (C) 3 and (D) 4 as precursors in the presence of ammonia. (In panels A and C, the solid triangle symbol (A) denotes a peak indexed according to
JCPDS Powder Diffraction Card No. 00-015-0888 (GdN); in panels B and D, the same symbol denotes a peak indexed according to JCPDS Powder
Diffraction Card No. 00-015-0884 (DyN). The solid circle in all panels denotes peaks assigned from copper (Powder Diffraction Card No. 00-004-

0836). The sharp reflex at ~33° arises from the substrate.)

Using the guanidinato complexes 1 and 2 under SSP conditions
at 750 and 850 °C, rock-salt GAN and DyN are deposited, as can
be easily deduced from the XRD patterns (see Figures 4A and
4B). The two reflexes at 20 values of 30°—40° are indexed as the
(111) and (200) reflexes of fcc-GdN and fcc-DyN (triangles).
The Cu capping layers leads to reflections at 43.29° (111) and
50.43° (200) (denoted by the solid circle symbol). No other
crystalline phases (e.g., oxides) were detected. Films deposited at
650 °C show significantly less intense and broader reflexes in
addition to the sharp copper reflexes, indicating that the crystal-
lite domain size is much smaller and the REN films tend to
become amorphous. In the case of DyN, the intensity of the
(200) reflex increases with increasing deposition temperature,
indicating preferentially oriented DyN crystallites at high deposi-
tion temperatures. However, the amidinato compounds 3 and 4
lead to amorphous films when used under SSP conditions, irres-
pective of the deposition temperature. Only the reflections
for fcc-Cu are seen (see SI 10 and SI 11 in the Supporting
Information).

In summary, the compounds 1 and 2, vs 3 and 4, behave quite
differently when used to deposit the respective REN films.
Obviously, our conclusion, which is drawn from the EI-MS studies,
that fragmentation of the amidinate ligands in the absence of

additional ammonia is not favorable for deposition of crystalline
REN films, is substantiated. (Also see SI 8—15 in the Supporting
Information for full documentation of all of the XRD data on
REN thin film MOCVD using 1—4.)

The lattice parameters of the GAN and DyN films presented in
Figures 4A—D were calculated from the positions of the respec-
tive (200) reflections. A table containing all calculated lattice
parameters can be found in SI 16 in the Supporting Information.
The obtained values for the lattice parameters of the deposited
GdN films range from 4.981 £ 0.005 A to 4.999 % 0.00S A,
which concurs well with the known lattice parameter of un-
strained fcc-GdN (4.999 + 0.005 A).** Furthermore, the ob-
tained lattice parameters are comparable to the data on GdN thin
films reported by Gerlach et al. for GdN thin films grown
via ion-assisted deposition (IAD), capped with a GaN protect-
ing layer (a = 4.97 £ 0.06 A).” The values obtained for
the lattice parameters of the deposited DyN films range from
4.893 £ 0.005 A to 4.916 £ 0.00S A, which is comparable to the
literature reported value of the lattice parameter for unstrained
foc-DyN (4.905 + 0.005 A).* Lattice parameters of DyN
synthesized by solid-state chemistry methods were found to be
in the range of 4.83 A*"** to 4.91 & 0.01 A,* which match quite
well with our results. A comparison of the obtained lattice
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Table 1. Ratios of the Elements of the REN Films Obtained from RBS and NRA Analysis

SSP With Ammonia
1 2 3 1 2 3 4

RBS RE/N 1.0 1.1 2.8 32 13 0.7 12 1.1
RBS RE/C 2.0 3.5 0.3 0.8 6.1 2.5 n.d. n.d.
RBS RE/O 12.5 0.5 1.8 1.6 23 1.5 2.8 1.8
NRA C/N 0.34 £ 0.22 0.31 £ 0.46 89+ 1.0 4.7 £ 1.6 022 £ 0.16 0.37 £ 0.05 =0.2 =03
NRA O/N 0.047 £+ 0.13 21+02 1.6 £0.2 2.6 £0.7 0.58 & 0.06 0.60 & 0.04 0.41 + 0.08 0.60 & 0.12

parameters with other known phases such as Gd,C,, Dy,C,, 70

Gd,0,, Dy,0,, and Gd,C,0; did not lead to any consistency.

(See SI 17 in the Supporting Information.) Furthermore, it was 60

reported that the lattice parameter of GAN and DyN is depen-

dent on the amount of oxygen incorporated in the material to ~ 50

form a solid solution. It was found that, for a material of the oM

composition Gd; ooNg gsOg.1, the lattice parameter decreases to & 40

avalue of 4.96 & 0.01 A,** and for a material of the composition S

Dy;.00N0.8800.12, the lattice parameter is reduced to 4.892 £ ®

0.005 A.* Comparing these results to the lattice parameters £ 30

presented in SI 16 in the Supporting Information, we can assume 8

that the amount of oxygen incorporation in the as-deposited & 20

REN films is low, with ~10 at. % as the upper threshold. ©

Chemical Composition and Film Purity. Nuclear reaction 10
analysis (NRA) and Rutherford backscattering analysis (RBS)
were performed to quantify the atomic ratio of the light elements oL . . \ |

C/N and O/N (NRA) and the ratio between the light elements
and Gd and Dy (i.e., RE/N, RE/C, and RE/O) (RBS) through-
out the volume of the films. The data are compiled in Table 1.
Note, that RBS also revealed the presence of copper. Obviously,
copper diffused along the REN grain boundaries into the bulk of
the films during MOCVD of the Cu capping layer, despite the
existence of a macroscopic interface between the copper layer
and the underlying REN film, as seen by SEM. We start our
discussion with the NRA and RBS analysis of the films deposited
under SSP conditions at 850 °C (left columns of Table 1). High
O/N values of up to 2.6 : 1 were found by NRA. As deduced
from the XRD data above, substantial incorporation of oxygen
during deposition is unlikely. Rather, the high O/N ratio by
NRA might be explained by insufficient protection of the as-
deposited REN films by the Cu layer. Oxygen diffusion may take
place along grain boundaries when the films are stored and
handled in air for some time, because this was the case when the
films were prepared for the NRA and also for the RBS and XPS
measurements discussed below. Nevertheless, the copper layer
at least slows the oxidation process of the REN thin films and
prevents complete oxidation. Most interestingly, the C/N values
obtained by NRA for the films deposited with 1 and 2 as SSPs is
comparably low (up to ~0.3), whereas the corresponding C/N
value of the films deposited with 3 and 4 as SSPs is very high (up
to ~9). This result matches with the characteristically different
XRD data of the films discussed above. The films deposited with
the guanidinato complexes as SSPs clearly contain GAN and
DyN phases contaminated with some C and O impurities,
whereas the films deposited with the amidinato compounds as
SSP are amorphous and are heavily contaminated with carbon.
The RBS data of these films confirm the NRA results. The
measurements revealed RE/N ratios of 1.0 (1) and 1.1 (2), as
expected for fcc-GdN and fce-DyN. The RE/C (RE/O) ratios
were determined to be 2.0 (12.5) for 1 and 3.5 (0.5) for 2. The

0 5 10 15 20 25
Sputtering Time (min)

Figure 5. XPS depth profile derived from the survey spectra of S1
(where 1 was used as the SSP; denoted by open symbols) and S3 (where
3 was used with NHj; full symbols) after subsequent Ar ion sputtering (2
kV). The time = O reference corresponds to the situation of the samples
after 2 min of sputtering at an energy of 4 kV.

RBS data of the films grown with the amidinates 3 and 4 as SSPs
reveal RE/N ratios of 2.8 (3) and 3.2 (4). The RE/C (RE/O)
ratios were 0.3 (1.8) for 3 and 0.8 (1.6) for 4. Thus, the NRA and
RBS data clearly show a much less-efficient nitrogen incorpora-
tion into the films grown from amidinates as SSPs, as expected
from the HR EI-MS studies. The right-hand columns of Table 1
show the drastic effect of additional ammonia as a reactive gas on
the C, N, O elemental composition of the obtained films. The
oxygen contamination is somewhat lower (O/N up to 0.6) than
that for SSP conditions. Interestingly, the C/N value of ~0.3 is
almost unchanged in case of the guanidinates 1 and 2. In
contrast, films grown from the amidinates 3 and 4 reveal
significantly reduced C/N values of ~0.3. The corresponding
RBS analyses of the films confirm the NRA results. The RE/N
(RE/O) [RE/C] ratios were 1.3 (2.3) [6.1] for 1 and 0.7 (1.5)
[2.5] for 2. The corresponding RE/N (RE/O) values for the
amidinate precursors were 1.2 (2.8) for 3 and 1.1 (1.8) for 4.
Carbon impurities were not detected in the case of 3 and 4. RBS
and NRA results indicate that the guanidinato compounds 1 and
2 efficiently produce REN thin films under SSP conditions,
whereas the amidinato compounds 3 and 4 are capable of
producing high-purity REN films only when ammonia is used
as the reactive gas.

The elemental composition was further analyzed by XPS and
Ar-ion sputtering, to obtain depth profile information. For this
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Table 2. Ratios of the Elements Inside the Rare-Earth Nitride (REN) Films Obtained from X-ray Photoelectron Spectroscopy

(XPS) Analysis

1 Used as SSP (Sample S1)

3 Used with NH; (Sample S3)

sputtering time at 2 kV (min) 0 10 15
XPS RE/N (1 at. %) 3 3 2
XPS RE/O (41 at. %) s 4 5

6 10 14 18 22 26
3 3 3 3 3 3
2 3 N 8 21 13

purpose, two GdN thin film samples were chosen, for which the
previous analyses revealed that they consist of the best-quality
GdN that we could get with our methods. Both samples were
grown at 850 °C, either using 1 as SSP (S1) or 3 together with
ammonia (S3) (see Figure S).

XPS analysis of both films as-deposited showed high levels of
copper, carbon, and oxygen at the surface (data not shown).
However, no traces of gadolinium or nitrogen could be detected,
indicating that there was no diffusion of gadolinium or nitrogen
to the surface during the deposition of the copper layer. The
samples were then sputtered for 2 min with Ar ions of 4 kV
energy, until the signals corresponding to Gd and N were clearly
visible. After this first sputtering step, the samples were further
sputtered at a lower rate with 2 kV energy ions. The stoichiom-
etry (from survey spectra) corresponding to each step for the
2 kV sputtering case can be seen in Figure S.

Sample S1 (where 1 was used as an SSP; see open symbols in
Figure S) was sputtered for up to 20 min with 2 kV of energy, at
which point the silicon substrate was reached. This sample
showed a constant concentration of copper (~10 at. %) along
the GdO,N, film. The carbon content could not be determined
exactly by XPS, because of an overlap of the C 1s peak with the
Gd 4p doublet. Nevertheless, it could be estimated that the
carbon level inside the film was <2 at. %. The RE/O and RE/N
ratios did not vary much along the film. However, they were
higher than the values obtained from RBS or NRA (see Table 2).
This result may be explained by preferential sputtering of oxygen
and nitrogen atoms.

Sample S3 (where 3 was used with NHj; see solid symbols in
Figure 5) was sputtered for up to 26 min with 2 kV of energy. In
this sample, it was possible to see a clear decrease in copper
concentration, which reached a steady value of ~2 at. % after
1S min of sputtering. This may be due to better crystallinity or
higher density of this film, compared to S1. However, the signals
corresponding to the Gd 4d doublet and the O 1s peak did not
reach a steady state. This does not necessarily indicate a real
concentration gradient within the film, but it could be due to the
preferential sputtering of oxygen (see Table 2).* As in the
previous sample, no clear C 1s signal was observed.

In Figure 6, we can see the XPS spectra corresponding to the
core levels of Gd 4d, O 1s,and N 1s of S1, after 2 min of sputtering
with Ar ions at 4 kV plus 10 min of sputtering with Ar ions at 2 kV.
The Gd 4d peak shows multiplet splitting, because of interaction of
the 4d photohole with the 4f; valence band electrons, forming °D
and "D final ionic states.”’ The *D component was fitted using the
relative °D peak positions and intensities of pure metal, with pure
Gaussian lines of width 2.5 eV. According to the literature,*® the
relative intensities (positions) of the °D peaks (J = 5, 4, 3, 2), with
respect to the main ] = 6 peak, are 0.88 (41.02 €V), 0.7 (+2.01
eV), 0.52 (+3.0 €V), and 0.34 (+3.92 €V). The "D components
were approximated by a single Gaussian of width 4.0 eV. The
background in this case was fitted using a Shirley function modified
by a second-grade polynomial.

155 150 145 140 135
Binding Energy (eV)
A O1s

Gd-0

N1is

534 532 530 528
BE (eV)

400 398 396 394
BE (eV)

Figure 6. XPS core levels of Gd 4d, N Is, and O 1s of the GAN sample
deposited at 850 °C using 1 as an SSP (sample S1).

We found the binding energy (BE) position of the ] = 6
component to be 140.5 eV. In the case of pure metal, the Gd 4d
BE z!)osition is reported in the literature to be between 140.4
eV** and 141.6 eV.>° For Gd, 03, the values reported oscillate
between ~141.8 eV*® and 143.5 eV.>>*' The profile that we
measured shows a froﬁle similar to those reported in the
literature for Gd,O5. 850 However, in the present case, the lines
are broader (a full width at half maximum (fwhm) of 2.5 eV is
observed for the °D lines) than, for example, those reported by
Gupta et al. (who used a pure Gd, O3 sample with an fwhm value
0f2.2 V).*® This fact, and the fact that we see the peak maximum
at a relatively low BE position, could be compatible with the
presence of a mixture of metal, nitride, and oxide phases with BE
positions in the range between 140.5 eV (rare-earth metal and/or
REN) and 142—143.5 eV (oxide). Unfortunately, we have not
found any reference with regard to the expected BE position of
GdN compounds. However, the presence of metallic Gd is
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Figure 7. Upper row: M(H) and M(T) curves of a GAN film grown at 850 °C, using 1 as an SSP (sample S1); lower row: M(H) and M(T) curves of a
GdN film grown at 850 °C using 3 as a precursor in the presence of ammonia (sample S3).

unlikely, because it was not detected by other techniques, such as
XRD. On the other hand, the analysis of the N 1s and O 1s lines
support the interpretation that the deposited film consists of a
mixture of nitride and oxide phases or solid solutions GAN,.O,, (x
+y=1). The N Is line shows two components: a main one at a
BE of 396.0 eV, and a weaker one at 397.2 eV. We assigned the
component at 396 eV to GdN, by comparison with typical N 1s
positions of metallic nitrides, which can be expected in the energy
range of ~396—398 eV. The second, weaker component could
indicate the presence of oxygen-related bonds within
the film, such as N—O or Gd—N—0 bonds.***> The O 1Is line
shows a main component at 530.5 eV that we attribute to
Gd,0;* and/or Gd—N—O bonds. There is also a small
component at hisgher BE (532.0 eV) that can be attributed to
O—H bonds.>**

Magnetic Measurements. After it was found that the guani-
dinato compounds 1 and 2 are capable of yielding RE nitride
material under single-source conditions and the amidinato com-
pounds 3 and 4 are capable of yielding REN material when
they are used as precursors in the presence of ammonia, we were
interested in the magnetic properties of the obtained REN
materials. SQUID measurements on these two films were con-
ducted. Figure 7 summarizes the magnetic properties of two
GdN films grown at 850 °C, either using 1 under SSP conditions
(sample S1, upper row of Figure 7 (panels a, ¢, e)) or 3 in the
presence of ammonia (sample S3, lower row of Figure 7 (panels
b, d, f)). In the as-grown state (solid symbols), the samples were
transferred under inert atmosphere directly into the SQUID
equipment (i.e., under a helium atmosphere, to minimize expo-
sure to ambient conditions to <20 s). The identical measurement
protocol was repeated after 6 weeks of exposure to ambient
conditions (open symbols).

The M(H) curves at 300 K (denoted as squares in Figure 7)
are, in all cases, anhysteretic. At S K (data denoted by circles in
Figure 7), the M(H) curves are composed of a strong para-
magnetic contribution plus a hysteretic contribution, which is
clearly visible in the low-field regime (middle panels in Figure 7).
This hysteretic contribution is characteristic of either ferromag-
netism or blocked superparamagnetism. In the case of sample S1,
the hysteresis is reduced after 6 weeks, whereas it has completely
vanished for sample $3, which behaves purely paramagnetic, after
6 weeks. Note that the curvature of the M(H) curve is lower than
expected for Gd ions with S = 7/, (not shown). Paramagnetism
for S3 after 6 weeks is further corroborated by the M(T)
measurements (right panels in Figure 7). No obvious separation
between FC (squares) and ZFC (circles) curves is visible. In
contrast, in the as-prepared state, both samples exhibit a clear
separation of the FC and ZFC curves below 25 K (sample S1)
and 20 K (sample S3), respectively, which is indicative of
hysteretic behavior. This is superimposed by a strong paramag-
netic contribution, visible as a 1/T contribution at low tempera-
tures. Above 50 K, significant magnetization is no longer detected
in either sample.

The magnetic properties as described above are indicative
of superparamagnetism of small ferromagnetic grains of GAN
(Tc & 60 K).>® The absence of any magnetization above 50 K
excludes the presence of a significant amount of metallic gado-
linium (T¢ = 291 K). The clear blocking behavior seen in the
FC/ZFC experiments points toward small grains of GAN with a
broader size and/or magnetic anisotropy distribution for S1, as
indicated by the broader ZFC maximum. After 6 weeks, the GAN
film is partially (S1) or fully (S3) oxidized as indicated by the
increased paramagnetic contribution and the reduced or even
absent hysteretic contribution. The material formed by oxidation
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is presumably antiferromagnetic Gd,03 (Tx =~ 2 K), which
behaves paramagnetic at 5 K. Furthermore, it is known that
Gd,O; nanoparticles exhibit similar M(H) behavior at 5 K, as
observed for sample S3 after 6 weeks. Obviously, the smaller
grain size of 83 leads to a faster oxidation of the GdN film.

B SUMMARY

The guanidinato complexes 1 and 2 are useful as single-source
precursors (SSPs) for metal—organic chemical vapor deposition
(MOCVD) of crystalline GAN and DyN materials. Thin films
deposited at 850 °C were only slightly contaminated with carbon
impurities. The application of ammonia as a reactive gas did not
lead to a significant improvement of the purity and crystallinity.
In contrast, the amidinato complexes 3 and 4 cannot be used as
SSPs for MOCVD of the metal nitrides. The obtained films were
amorphous, even at a deposition temperature of 850 °C, and
show very high amounts of carbon impurities. This preferred
incorporation of carbon over nitrogen, in the case of the
amidinate ligands, is in good agreement with the EI-MS data,
revealing molecular RE-C species in the course of the fragmenta-
tion of the precursors. However, the incorporation of carbon was
drastically reduced for the amidinate precursors when ammonia
was applied as a reactive gas and films containing highly crystal-
line fcc-GdN and fcc-DyN were deposited, even at low substrate
temperatures of 650 °C. Nevertheless, all deposited films were
contaminated with significant amounts of oxygen most likely
introduced by post-deposition oxidation (aging) of the films
during manipulation and storage. The protective copper layer
could not prevent this. Alternative capping layers must be
identified to reduce oxygen impurities and to increase the
stability of the films under ambient conditions. SQUID measure-
ments of two representative GAN films revealed that the
magnetic properties of the deposited films point to the existence
of small ferromagnetic grains of GdN, as reported by Leuenber-
ger et al.>®

Overall, the results demonstrate the general potential of
homoleptic, volatile guanidinato and amidinato complexes of
rare-earth metals as precursors for MOCVD of the respective
rare-earth metal nitride materials. Further studies are needed to
better understand the mechanistic details of the different behavior
of the guanidinato and amidinato complexes under MOCVD as
well as ALD conditions. In particular, alternative capping tech-
niques (e.g, MOCVD of AIN, GaN etc.) will be investigated to
better protect the highly sensitive rare-earth nitride films against
oxidation/hydrolysis.
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