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TEM characterisation of GdN thin films
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Abstract

The rare-earth metal nitrides have been predicted to possess a wide range of electronic structures, ranging from ferromagnetic to half-
metallic to semiconducting, which makes these materials attractive for a range of applications. In this study, GdN thin films were grown
at room temperature on silicon and glass quartz substrates by thermally evaporating gadolinium metal in nitrogen atmospheres. A
detailed microstructural characterisation of these films was carried out using a variety of techniques such as transmission electron micros-
copy (TEM), Rutherford backscattering spectroscopy (RBS) and energy dispersive X-ray spectrometry. TEM analysis indicated the films
are nano-crystalline, with crystallite sizes being affected by the ionisation state of the nitrogen atmosphere used. Sources of the films’
internal stress were discussed with a significant amount of oxygen absorption, identified by RBS, being a probable cause. Electron dif-
fraction and energy dispersive X-ray studies found that GdN was the only phase present with oxygen uniformly distributed throughout
the film.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The rare-earth metal nitrides, which all crystallise in the
FCC rock-salt structure, have been predicted to show a
wide range of electronic properties, ranging from ferro-
magnetic to half-metallic to semiconducting [1]. These
materials have been paid relatively little attention in the lit-
erature, in part due to difficulties that are encountered in
their production. Most notably, rare-earth metal nitrides
react quickly upon exposure to air, although the details
of this reaction and the resulting material have not been
fully explored.

This work forms part of a larger study into the produc-
tion and properties of thin films of one such rare earth
nitride, GdN, in light of the possibility that it may possess
novel electronic or magnetic properties. One potential
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application is its use as a replacement for rare-earth chalc-
ogenides as spin filtering devices [1]. This paper presents a
microstructural characterisation, based on transmission
electron microscopy (TEM) and Rutherford backscattering
spectroscopy (RBS), of two thin films of GdN that were first
grown in an ultra-high vacuum system and subsequently
exposed to the atmosphere. The results highlight the
changes induced in the material by exposure to air, and pro-
vide an insight into the structure of the as-grown material.

2. Experimental method

GdN thin films were grown in an ultra-high vacuum
deposition chamber (base pressure below 10�8 mbar) by
the thermal evaporation of Gd metal in the presence of
10�4 mbar of high-purity nitrogen gas. Two separate
GdN films were prepared on substrates mounted on a
water-cooled substrate holder held at room temperature.
In the first instance the nitrogen was fed into the chamber
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Fig. 1. Schematic diagram of the deposition apparatus.
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via a Kauffman type ion source, which ionised roughly 10%
of the nitrogen molecules and accelerated them through a
500 V potential. This film was deposited onto a single crys-
tal silicon substrate cut with the surface parallel to the
(100) crystal plane. The second film, prepared on quartz
glass, was grown under flowing nitrogen gas at a pressure
of 10�4 mbar without the use of the ion source. It was
found that this technique was sufficient to cause nitrogen
to be incorporated into the film, and it was noted that
the process reduces the nitrogen pressure in the chamber
by a factor of 10 upon commencement of the Gd metal
evaporation. A schematic of the apparatus used is given
in Fig. 1.

A quartz crystal microbalance was used during growth
to monitor the film thickness. It was noted that the micro-
Fig. 2. Bright field TEM images of the GdN film grown on (A) the silicon subs
non-ionised nitrogen.
balance registered approximately 25% increase in the films’
mass within minutes of the chamber being vented to atmo-
sphere. During this time the films changed from a semi-
transparent brownish colour to highly transparent. It is
worth noting that the mass increase is considerably larger
than the increase that would be expected if the films simply
converted to Gd2O3 after reaction with atmospheric
oxygen.

For both samples, TEM specimens were prepared using
an FEI Nova 200 Nanolab Focused Ion Beam miller (FIB).
This was done using the ‘‘Lift-out’’ technique, details of
which are given by Giannuzzi and Stevie [2]. This process
involves milling and then detaching a TEM foil from the
bulk material with the FIB then transferring the electron
transparent region to a carbon coated copper TEM grid
using a micro-manipulator. Coatings of platinum were first
deposited on to the films, in situ in the FIB, to protect the
film during processing. The cross-sectional TEM samples
were analysed in a 200 kV Philips CM-200 TEM to which
an EDAX energy dispersive X-ray spectrometer (EDS) was
interfaced.

3. Results and discussion

The cross-sectional structures of each film are presented
in the bright field TEM images shown in Fig. 2. The GdN
film on the silicon substrate (Fig. 2A), deposited in an
atmosphere of nitrogen ions, has a thickness ffi100 nm,
and exhibits a polycrystalline structure of nominally equi-
axed grains typically about 30 nm in diameter, although
the grain size is seen to vary considerably. A number of
voids, up to ffi20 nm in diameter, are also present in this
film. In contrast, Fig. 2B shows a bright field TEM image
of the specimen deposited on the glass quartz substrate in
an atmosphere of nitrogen gas. This film is considerably
thicker (ffi400 nm), but the average grain size is much
trate with partially ionised nitrogen and (B) the glass quartz substrate with
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smaller (ffi20 nm). This film also contains a number of
cracks running parallel to the interface, although fewer
pores are visible.

The difference in film thickness is a direct result of vary-
ing deposition times for each film as both grew at approx-
imately 1 Å s�1. That is, the deposition time for the film
deposited on quartz in an atmosphere of nitrogen gas
was longer. The difference in grain size appears to be a
direct result of the ionisation state of the nitrogen atmo-
sphere in the chamber. It is believed that this difference
in grain size is a result of either; faster grain growth from
an increased surface diffusion rate of the nitride across
the grains, in the sample grown using nitrogen ions, or,
thermodynamic conditions favouring an increased number
of grain nucleation sites for the sample grown using nitro-
gen gas.
Fig. 3. (A) A high magnification bright field TEM image of GdN grains
grown from nitrogen gas onto the glass quartz substrate. The grains
appear to have been elongated parallel to the interface. (B) High
resolution TEM image of the lattice fringes are seen (A).
A closer look at the grain structure for the GdN growth
with nitrogen gas on the glass quartz substrate is given in
Fig. 3. This shows grains that are slightly larger than aver-
age in size, but appear to be elongated parallel to the
quartz substrate. This elongation is likely to be a result
of grain growth or grain boundary movement being
affected by the slower growth rate in the film. The absence
of similar elongated grains in the film grown with nitrogen
ions on a silicon substrate supports this view. One final
finding in relation to the grain structure is the existence
of lattice fringes in the film grown with nitrogen gas
(Fig. 3B). These fringes indicate that there are low angle
grain boundaries between the grains, which suggests the
grains grow with similar orientation.

Cracking in the GdN film, grown on the glass quartz
substrate with nitrogen gas, is observed in Fig. 2. This is
expected to have an adverse effect on the magnetic or elec-
tronic properties of the films. As the cracks, which exhibit
Fig. 4. (A) STEM image, (B) Gd map and (C) O map of the GdN on the
glass quartz substrate.
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variations in width, run parallel to the interface, and there
are corresponding fluctuations in the overall film thickness,
it can be presumed they are caused by compressive stresses
generated in the film. The absence of cracking in the GdN
on silicon sample is thought to be from the thinner films
increased ability to deform to accommodate stress, rather
than a reduced stress in this sample.

The most likely source of the residual compressive stress is
the expansion of the film from the absorption of mass after
the deposition. RBS analysis revealed that film contained
approximately equal concentrations of oxygen, nitrogen
and gadolinium, suggesting that the film may have converted
to either an oxide, oxy-nitride, or hydrated nitride after
atmospheric exposure. We note that the RBS analysis is
not sensitive to the presence of hydrogen, for example in
the form of water. To clarify this, electron diffraction mea-
surements obtained from both films generated patterns that
were, in each case, consistent with rock-salt structure GdN,
showing that the atmospheric exposure does not substan-
tially modify the crystal structure of the GdN.

The presence of oxygen was investigated further using
energy dispersive spectroscopy (EDS) analysis. Two ele-
mental maps, with the corresponding scanning TEM
image, were generated for the GdN thin film on the glass
quartz substrate, these are shown in Fig. 4. Similar results
were obtained from the GdN on silicon sample. The Gd
map, Fig. 4B, clearly shows the location and thickness of
the GdN film. The oxygen map shows not only the rela-
tively high intensity of oxygen, as expected from the glass
quartz substrate, but also a detectable and uniform distri-
bution of oxygen in the GdN thin film. The presence of
oxygen is consistent with RBS analysis, and the homoge-
neous distribution of this element, counters any suggestion
that the oxygen may exist between the grains or preferen-
tially at the surface of the film. Unfortunately, EDS does
not allow meaningful quantification of spectra for elements
such as oxygen and nitrogen, but RBS data, as noted
above, suggests a significant concentration of oxygen in
the GdN.

More recently attempts have been made at capping the
films with a material, such as aluminium or magnesium
fluoride, to limit the exposure of the GdN with air. To date,
it has been possible to slow, but not stop, the absorption of
oxygen into the film. Such attempts at capping are the sub-
ject of ongoing investigations.
4. Conclusions

The current work involves a TEM analyses, supported
by RBS data, of the microstructure of GdN films grown
by vapour assisted deposition. It forms part of a larger
study into the properties and potential applications of the
film.

Gadolinium nitride in the rock-salt structure was suc-
cessfully grown by thermally evaporating gadolinium metal
in atmospheres of both nitrogen gas and nitrogen, partially
ionised by a Kauffman type ion source, onto glass quartz
and silicon substrates respectively. The major features of
the deposition onto silicon utilising nitrogen ions included;
a film thickness ffi100 nm, equiaxed grains with an average
size of ffi30 nm and occasional voids in the microstructure.
The major features of the deposition onto the glass quartz
substrate utilising nitrogen gas included; a film thickness
ffi400 nm, an average grain size ffi20 nm with some larger
grains elongated parallel to the interface. The presence of
lattice fringes in one of these grains in this sample indicated
that low angle grain boundaries existed between crystal-
lites. This thicker sample contained many large cracks indi-
cating the presence of a residual compressive stress
produced in the film after the deposition. This is believed
to be caused by oxygen absorption of the film on its expo-
sure to the atmosphere.

The absence of cracking in the sample grown onto sili-
con is thought to be from the thinner films enhanced ability
to accommodate stress, relative to a thicker film, rather
than a reduced stress in this sample.
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