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The structure and composition of the Nd—Fe—B thin films deposited on Si(100) have
been investigated. Films have been prepared by direct-current magnetron sputtering in
pure argon and xenon sputter media separately. Deposition has been carried out keeping
the substrates at room temperature and 360 °C. These films were subjected to the
post-deposition annealing to a temperature of 600 °C in a vacuum of 5]10!7 Torr. The
stoichiometry and structure of these films were analysed and correlated to the deposition
and annealing conditions. Films deposited in xenon sputter medium showed better
crystalline properties than those sputtered in pure argon. This difference was attributed to
the presence of reflected high-energy neutral gas particles in the argon medium. Films
deposited in xenon were found to be relatively rich in boron compared with argon-sputtered
films. Post-deposition annealing resulted in the interdiffusion at the interface between the
film and substrate. The use of a SiO2 film as a barrier layer between the silicon substrate and
the Nd—Fe—B film has been explored. Thermally grown SiO2 was found to be an effective
diffusion barrier.  1998 Chapman & Hall
1. Introduction the film plane. Similar observations have been made

Thin films of permanent magnetic materials have con-
tinued to be in the centre of an upsurge in research
activity with the advent of microengineering of electro-
mechanical systems. The key to the success of such
miniaturizing technologies is the development of thin-
film magnets with uniaxial anisotropy and high en-
ergy products. Another major step in this direction
would be the integration of magnetics with the exist-
ing silicon technology. There have been a number of
reports [1—5] on the sputter deposition of Nd—Fe—B
thin films on various substrates such as glass, sap-
phire, quartz and metals such as niobium and tanta-
lum. These films are either deposited above 600 °C or
annealed after deposition to such temperatures. Most
of these studies succeeded in achieving good magnetic
properties with coercivities as high as 15 kOe and also
high energy products. It was found that the crystalline
structure, microstructure and magnetic anisotropies
could be altered by changing the deposition condi-
tions such as the substrate temperature, operating
pressure and deposition rate. For example, at low
deposition rates (less than 1.8 As s~1, Cadieu [6] has
grown Nd

2
Fe

14
B thin films by radio-frequency diode

sputtering, which can be easily magnetized out of
the film plane. At high deposition rates (greater than
1.8 As s~1), films were found to be easily magnetized in

0022—2461 ( 1998 Chapman & Hall
with respect to the substrate temperature also, i.e.,
films deposited at a substrate temperature of 600 °C
were easier to magnetize perpendicular to the film
plane, whereas deposition at substrate temperature of
700 °C led to the formation of films easier to magnet-
ize in the film plane depending on the deposition rate
and other conditions. However, the absolute values of
these parameters at which the film properties change
are considered to be system and geometry dependent.
Another interesting aspect of these investigations [6]
is the use of high sputtering gas (argon) pressures
around 150—200 mTorr so as to thermalize the sput-
tered atoms. The sputtered atoms with different mass-
es are believed to have thermalized before reaching the
substrate at these high operating pressures.

In the present work, the need to integrate these
magnetic films with the silicon micro-machining tech-
nology has led us to deposit the Nd—Fe—B thin films
on Si(100) substrates. Some of the earlier efforts of this
group to deposit the films on Si(100) using ion-beam
sputtering could produce highly textured films on the
substrates kept at room temperature [7]. As it is
difficult to deposit thicker films using ion-beam sput-
tering with its low deposition rates (0.02 nms~1),
direct-current magnetron sputtering was used in the
present investigations. The effects of the deposition
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conditions such as sputtering gas medium, substrate sputtering was done in the pressure range 0.2—5 Pa.
Figure 1 Schematic diagram of the dual-magnetron sputtering
system.

temperature and operating pressure were studied.
These films were subjected to post-deposition anneal-
ing at 600 °C and their properties were investigated.
Thermally grown SiO

2
layers on silicon substrates

were examined as diffusion barrier layers.

2. Experimental procedure
The planar magnetron sputtering system (described in
detail in [8]) used in these investigations was evacu-
ated by a diffusion pump and rotary pump combina-
tion which can produce a base pressure of 10~7 Torr.
It is a dual-magnetron system with one of the magnet-
rons fitted with a titanium target (diameter, 75 mm)
and the other with a stoichiometric Nd—Fe—B target
plate. The titanium magnetron acts as a getter pump
during deposition to avoid any contamination of the
films from oxygen or water vapour [8]. The titanium
magnetron was shielded completely to avoid any cross-
contamination during deposition of the Nd—Fe—B thin
films. The schematic diagram of the system is shown in
Fig. 1. Substrates were clamped onto the heater plat-
form quite firmly to achieve good thermal contact
between the platform and the substrate. The target-
to-substrate distance was fixed at 5 cm throughout
these investigations. Prior to deposition, substrates
were heated to the deposition temperature and kept
at that value for a few hours, to ensure a uniform and
equilibrium temperature over the entire substrate
surface.

Films were deposited in pure argon and xenon
sputter media separately. While argon sputtering was
carried out in a dynamic pumping situation, xenon
sputtering was done in a static environment mainly
because of the higher cost of xenon gas, i.e., in the case
of xenon sputtering the baffle was closed and xenon
gas was introduced up to the operating pressure. It is
believed that xenon cannot be consumed by either
titanium or Nd—Fe—B during sputtering and hence the
pressure was constant [8, 9]. Xenon sputtering was
carried out at only one pressure, 0.2 Pa, while argon
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Figure 2 SiO
2

patterned Si substrate.

Simultaneous operation of the titanium magnetron
ensured the burial of any residual gas contaminants in
the chamber. Films of thicknesses 0.1 and 10 lm were
deposited at room temperature and 360 °C separately.
At a constant deposition rate (1.5 nmmin~1), films
of different thicknesses were grown by increasing the
deposition time.

Films were also deposited on a silicon substrate
with a patterned SiO

2
layer. The SiO

2
layers were

grown up to a thickness of 100 As on Si(100) substrates
by oxidizing them using dry thermal oxidation proce-
dures routinely employed in semiconductor process-
ing. This was patterned to open a 5 mm]5 mm
window over silicon such that, in this region, film was
directly deposited on the silicon surface while SiO

2
became the base layer elsewhere. This was carried out
using standard lithographic techniques. The sche-
matic diagram of the patterned surface is shown in
Fig. 2. It facilitates the characterization of the interface
of Nd—Fe—B film and silicon and Nd—Fe—B and SiO

2
layers subjected to the same deposition and anneal-
ing conditions. These films were subjected to post-
deposition heat treatment at a temperature of 600 °C
for 20 min in a vacuum of 5]10~7 Torr.

The composition and structure of the films were
analysed using Rutherford back-scattering spectro-
scopy (RBS), nuclear reaction analysis (NRA), RBS
channelling and selective-area electron diffraction
techniques. RBS was carried out using a 2 MeV He2`
ion beam in a tandetron accelerator. The composition
of the film was determined by using standard simula-
tion methods and comparing it with the experimen-
tal Rutherford back-scattering spectrum using the
RUMP program [10]. As boron is much lighter than
the silicon substrate, it is not possible to determine the
boron concentration by the RBS technique alone.
Hence, the boron content was obtained from the NRA
technique, using the 11B(p,a)8Be reaction. This reac-
tion has a cross-section of 100 mb sr~1 at E

1
"

660 keV [11]. The energy of the incident beam was
660 keV, while the energy of the emitted a particles
was 3.4 MeV. A Mylar foil of around 6.5 lm thickness
was used to cover the detector to stop the large num-
ber of back-scattered protons. A piece of stoichiomet-
ric Nd

2
Fe

14
B bulk material was used as the standard.

Taking into account the thickness of the film to be
analysed and the ranges of the H` and a particles, the
relative boron concentration was estimated. Initially,
the composition of the films (7 lm thick) thicker than
the range of both protons and a particles was deter-
mined directly comparing it with that of the standard
bulk sample. The composition of thinner sample



(1000 As ) was obtained by comparing its NRA spectra However, there was a large variation in the composi-

with that of the thicker film (7 lm) deposited under the
same conditions.

A JEOL 100 kV transmission electron microscope
was used for selective-area electron diffraction studies.
Mechanical polishing and ion-beam-milling tech-
niques were employed to thin the samples. A special
sample holder was used in the electron microscope to
facilitate the in-situ electron diffraction studies at the
pre-set temperature. These studies were carried out
while keeping the pre-thinned sample at room temper-
ature and 600 °C.

3. Results and discussion
Fig. 3 shows the typical Rutherford back-scattering
spectrum of the film deposited in pure argon at a pres-
sure of 5 Pa, the substrates being kept at room tem-
perature. In this figure, the solid curve represents the
experimental data while the open triangles show the
simulated spectrum. The composition of the film was
estimated to be as follows: Nd, 11.25%; Fe, 68.5%;
B, 20.25%. Typical NRA spectra used for the estima-
tion of boron content are shown in Fig. 4. It depicts
the NRA spectra of the bulk stoichiometric Nd

2
Fe

14
B

as a solid curve, of the 7 lm thick film as open tri-
angles and of the film 1000 As thick as a broken curve.
We believed that this process minimized the uncer-
tainty in the estimation of boron in the film. A similar
procedure was followed in determining the composi-
tion of the films deposited at different argon pressures.
The variation in film composition as a function of
operating pressure is shown in Fig. 5. It can be noticed
from the figure that the neodymium content was
almost constant irrespective of the operating pressure.
tion with respect to the iron and boron concentra-
tions, as the operating pressure was increased. The
boron concentration in the films deposited in the
complete pressure range (0.2—5 Pa) was found to
be much higher than the starting composition in the
target. This may be attributed to the relatively lower
collision cross-section of the boron atoms (9.4]
10~20 m2) compared with the neodymium and iron
atoms. However, the observed variation in iron and
boron concentration in the film with the change in the
operating pressure could be a combined effect of the
resputtering of the growing film by the back-scattered
energy neutrals and also the loss of sputtered atoms
due to gas-phase scattering collisions as the operating
pressure was increased.

Fig. 6 shows the channelling spectra of the Nd—Fe—B
thin film deposited at the argon pressure of 0.2 Pa on
room temperature substrates. From the spectra it is
evident that there was no reduction in the yield of the
peaks representing neodymium and iron. However,
there was considerable reduction in the back-scattered
yield from Si substrate. This is a clear indication of the
fact that the Nd—Fe—B film still had not formed any
texture above the single-crystal silicon substrate.
Films deposited at 360 °C also resulted in a similar
channelled spectra, indicating the absence of texture
in the films. X-ray and electron diffraction analysis of
these films showed that the films are amorphous. That
means that the films deposited at room temperature
and 360 °C in an argon sputter medium are amorph-
ous and did not form any texture.

Channelling studies of the films deposited in a pure
xenon sputter medium (0.2 Pa) at ambient substrate
temperature (25 °C) also yielded similar spectra to
Figure 3 Typical Rutherford back-scattering spectrum of the film deposited at room temperature and an argon pressure of 5 Pa.
(—) Experimental spectrum; (n) simulated spectrum to estimate the composition.
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Figure 4 NRA spectra. (—), bulk Nd
2
Fe

14
B; (n) film 7 lm thick; ( — — — ), film 1000 As thick. Both the films were deposited in the argon sputter

medium at room temperature.
while those deposited in pure argon under the same
Figure 5 Variation in film composition with operating argon pres-
sure. (n) Nd; (h) Fe; (s) B.

those observed with argon sputter medium. Since
these rare-earth—transition-metal systems are known
to form amorphous or microcrystalline deposits for
substrate temperatures less than 350 °C, the amorph-
ous nature of the films deposited at room temperature
irrespective of the sputter medium used is justified.
However, the channelled spectra of films deposited
at 360 °C at the same xenon pressure is different, as
shown in Fig. 7. In this case, the channelled spectra
showed a reduction in the minimum yield v

.*/
to an

extent of almost 50% compared with the random
yield, even at the peaks representing the neodymium
and iron thicknesses. This can be considered as an
indication of the formation of some sort of texture in
the Nd—Fe—B film.

From the above data, it is clear that the films
deposited in xenon at 360 °C exhibited some texture,
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deposition conditions are amorphous. The reason for
this behaviour was analysed as follows. One of the
major problems encountered whenever a lighter gas
and a heavier target combination is used is the high-
energy reflected neutral-gas-particle bombardment of
the growing film [9]. In this case, as the major part of
the target consists of neodymium and iron, which are
heavier than the sputter gas argon, the high-energy
particle bombardment effects could be significant. To
estimate the extent of back-scattering of argon and
xenon sputter gas atoms, computations were carried
out using TRIM-91. The energy of the sputtered
atoms, and the number and energy of the back-
scattered atoms were calculated for the argon and
xenon atoms incident on the target surface with an
energy of 300 eV. These values are listed in Table I.
It can be seen from this table that the energies of
the sputtered neodymium, iron and boron atoms are
higher when sputtered by argon than by xenon for the
same incident energy (300 eV). Also, the number of
back-scattered particles and their energies are much
higher in argon sputtering than in xenon sputtering.
Further, calculation of the thermalization distances of
sputtered atoms using Westwood’s [12] formulation
showed that the thermalization distances of the sput-
tered atoms are comparable with the distance between
the target and the substrate at an operating pressure of
0.2 Pa. Thermalization distances of the neodymium,
iron and boron in argon sputter media are found to be
in the range 6.2—7.5 cm whereas in xenon sputter
media it is 5—6 cm, assuming the initial energy of the
sputtered atoms to be around 10 eV in both cases.
During these calculations, a higher gas temperature
(600 K) was included to take the effect of substrate



Figure 6 Rutherford back-scattering spectra of the film deposited at room temperature and argon pressure of 0.2 Pa. (—) Random spectrum;
(n) channelled spectrum.

Figure 7 Rutherford back-scattering spectra of the film deposited in the xenon sputter medium at 360 °C. (—) Random spectrum;
(n) channelled spectrum.

temperature into account. In the case of argon sputter- to-substrate distance. Hence it is expected that the

ing, back-scattered gas atoms/particles have an aver-
age energy of 30 eV. The thermalization distances of
these particles are expected to be far higher than those
of sputtered atoms having an initial average energy of
10 eV, i.e. the thermalization distances of these back-
scattered particles can be much higher than the target-
high-energy neutrals bombard the growing film with
higher energies, which disrupts the ordered growth of
grains. Even the non-thermalized high-energy sput-
tered atoms (e.g., iron) may distort the growth of
certain textures. In this particular case, both these
factors could have contributed to affecting the texture
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TABLE I Sputtered and back-scattered particles and their energy computed from TRIM
Sputtering Initial Energy of sputtered atoms Amount of Average energy of
gas atom energy (eV) (eV atom~1) back-scattered back-scattered

particles particles
Nd Fe B (%) (eV)

Argon 300 3 16.8 0.4 8.5 30—50
Xenon 300 0.5 1.7 0.1 0.08 5—7
Figure 8 Transmission electron bright-field micrograph of the film
deposited in the xenon sputter medium at 360 °C. The inset shows
the selected-area diffraction pattern of the same film.

of the growing film, making them amorphous, when
deposited in pure argon. A similar observation was
made by Cadieu et al. [13], during the growth of
Sm—Co thin films. On the other hand, these calcu-
lations with xenon sputter gas seem to produce very
few back-scattered particles. Thermalization distances
are also relatively lower in the pure xenon sputter
media. As a result, argon-sputtered films appear to be
completely amorphous without the formation of any
texture, while xenon-sputtered films showed a definite
texture.

Fig. 8 shows the microstructure and the corre-
sponding selective-area diffraction pattern of the
xenon-sputtered film deposited at 360 °C. The micro-
structure indicates the presence of small particles
which appear to be metallic. The average grain size of
these particles appear to be around 200 As . The diffrac-
tion pattern shown in the inset closely matches that
of the standard d spacings of the body-centred cubic
phase of a-Fe. The rings in the pattern starting from
the innermost are identified as (1 1 0), (2 0 0), (2 1 1)
and (3 1 0), respectively. The diffused bright region at
the centre could be an indication of the presence of
an amorphous phase, which in this case might be
a Nd—Fe—B compound. In the bulk also, when the
alloy with the composition of the Nd—Fe—B perma-
nent magnet is cooled from a high temperature, it was
reported that firstly iron crystallizes as a primary
crystal [14]. The formation of crystalline iron in the
present case appears to be analogous to the situation
reported in the above reference. The dark-field image
of the film heated in situ in the electron microscope
is shown in Fig. 9 with the electron diffraction pattern
as the inset. The high-temperature electron diffrac-
tion studies at 600 °C indicated the formation of a
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Figure 9 Transmission electron dark-field micrograph of the film
deposited in the xenon sputter medium at 360 °C and after anneal-
ing to 600 °C (in-situ transmission electron microscopy). The inset
shows the selected-area diffraction of the same film.

Nd
4.4

Fe
77.8

B
7.8

phase. The rings in this pattern are
identified to correspond to (2 0 1), (3 0 2), (5 0 0), (6 0 1),
(6 4 0) and (5 2 4) planes, respectively, when compared
with the standard d-values [15]. Interestingly, this
tetragonal phase with lattice constants a"12.77 As
and c"8.853 As was reported to have formed when
the amorphous melt-spun ribbons were annealed to
600 °C in vacuum or an inert-gas atmosphere. The
formation of this phase in the present investigations
after vacuum annealing at 600 °C is in complete agree-
ment with the reported observations in bulk material
[15]. The dark-field image shows the presence of small
crystallites that are formed during the in situ annealing
process. The dark field image was taken at the ring
representing the (5 0 0) plane.

Fig. 10 shows the Rutherford back-scattering
spectra of the film deposited at 360 °C in the xenon
sputter medium on silicon in the as-deposited condi-
tion (solid curve) and after annealing to 600 °C in
vacuum (open triangles). It can be noticed from this
spectrum that the change in the portion representing
the neodymium thickness (between the channels at
around 350—380) after annealing, is relatively small
compared with that of iron. In the case of iron, the
reduction in the peak height to almost half and at
the same time its spread from around 260 to 230 in the
lower-energy end of the spectrum is a clear indication
of the interdiffusion between iron and silicon. How-
ever, it can also be noticed from Fig. 10 that the slope
of the line representing the low-energy edge of both
neodymium and iron at the interface did not change.
The shift of the silicon edge from channel 200 to 220
indicates the presence of silicon on the surface. This is
possibly either due to the direct exposure of silicon to
the beam through micropores or due to its diffusion



Figure 10 Rutherford back-scattering spectra of the film deposited on silicon in the xenon sputter medium at 360 °C and annealed to 600 °C
in vacuum. (—) As deposited, (n) after annealing.

Figure 11 Rutherford back-scattering spectra of the 600 °C vacuum-annealed film deposited on a SiO
2

patterned silicon substrate in the
xenon sputter medium at 360 °C. (—) Film deposited on the SiO

2
region; (n) film deposited on the silicon region.
onto the top. However, in the absence of these film— [16], the probability for such a layer formation is

substrate interactions, one can form a Nd—Fe—B phase
as was observed with the in-situ annealed free-stand-
ing ion-beam-thinned transmission electron micro-
scopy sample (Fig. 9). As the temperature required for
the formation of iron silicide is around 450—550 °C
higher when annealed to 600 °C. The efforts to carry
out channelling analysis were not successful, indicat-
ing the fact that an ordered texture is absent.

Fig. 11 shows the Rutherford back-scattering
spectra of the film vacuum annealed to 600 °C, after
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deposition at 360 °C on a patterned silicon wafer with observed in the Rutherford back-scattering spectra
Figure 12 Scanning electron micrograph of the xenon-sputtered
film deposited at 360 °C (film thickness, about 1000 As ); (a) as depos-
ited condition; (b) after vacuum annealing to 600 °C.

SiO
2

layer on the top (as shown in Fig. 2). This film
was deposited in the xenon sputter medium. The solid
curve and open triangles correspond to two different
regions of the same film deposited on silicon and
SiO

2
, respectively, after annealing. The spectrum of

the film region deposited directly on silicon shows
a similar trend of film-substrate interaction as was
shown in Fig. 10. However, the spectrum representing
the film on the SiO

2
region indicates minimal interdif-

fusion between the film and the substrate. The thick-
ness of the SiO

2
layer in this case is only 100 As .

Probably, a thicker SiO
2

layer may help in completely
preventing the interdiffusion. This clearly shows that
SiO

2
could be a good choice as a barrier layer to

prevent interdiffusion. However, its effect on the
Nd—Fe—B film structure and magnetic properties war-
rant further investigations.

The surface of the films deposited at room temper-
ature and 360 °C was observed by scanning electron
microscopy. These films did not show any features and
appear to have a smooth surface. A typical scanning
electron micrograph of the xenon-sputtered film de-
posited at 360 °C is shown in Fig. 12a. The surface of
the film after post-annealing at 600 °C shows a small
grainy structure containing some micropores as
shown in Fig. 12b. The film surface indicates the
presence of silicon when analysed using energy-
dispersive spectroscopy, while no silicon signal was
observed on the surface of the film shown in Fig. 12a.
This confirms the kind of interdiffusion characteristics
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Figure 13 Scanning electron micrograph of the xenon-sputtered
film deposited at 360 °C and then subjected to vacuum annealing at
600 °C (film thickness, about 7 lm) (same scale and magnification as
the scanning electron micrograph shown in Fig. 12a).

above. The large dark regions are due to the presence
of some dust particles. However, when thicker films
(7 lm) were annealed, they exhibited microcracks as
shown in Fig. 13. The microcracking observed with
thicker films might be due to the large internal stresses
developed during post-annealing. The surface of
these thicker films before annealing, i.e., in the as-
deposited conditions, appeared similar to the thinner
films as shown in Fig. 12a. The lattice mismatch be-
tween silicon (diamond structure; a"5.43 As ) and
Nd

2
Fe

14
B (tetragonal; a"8.4 As and c"12.4 As ) or

Nd
4.4

Fe
77.8

B
7.8

(tetragonal; a"12.77 As and c"
8.853 As ) and the difference between the thermal
expansion coefficients (4.68]10~6 K~1 for silicon
and 5.2]10~6 and !0.8]10~6 K~1 in the easy-
magnetization and perpendicular directions, respec-
tively, for Nd—Fe—B) could have contributed to these
stresses. In addition, the internal stresses in thin films
are known to increase with increasing film thickness.
All these factors might have resulted in the cracking of
the films. A similar cracking was also observed with
Sm—Co films thicker than 10—12 lm, when deposited
on bare sapphire or polycrystalline substrates, which
was attributed to different forms of stresses [6].

The magnetic measurements of the as-deposited
films indicated the in-plane magnetic anisotropy with
low coercivities. However, further work to improve the
magnetic properties is in progress.

4. Summary
Nd—Fe—B thin films were deposited on Si(100) at two
different substrate temperatures in pure argon and
xenon sputter media separately. Films deposited at
a substrate temperature of 360 °C in the xenon sputter
medium showed the formation of an isolated a-Fe
phase with an ordered texture, while those deposited
in pure argon were still amorphous. The probable
reasons for such variation were explained in terms of
the energy of reflected neutrals. Post-deposition an-
nealing in vacuum resulted in interdiffusion between



the film and the substrate. Interdiffusion mainly appears 3. Idem., J. Magn. Magn. Mater. 82 (1989) 48.
to be iron dominated and leads to its segregation from
the host material Nd—Fe—B and forms some silicides.
However, post annealing of free-standing film in a trans-
mission electron microscope showed the formation of
a boron-rich Nd

4.4
Fe

77.8
B
7.8

phase. SiO
2

appears to be
a potential candidate as a barrier layer to minimize
the interdiffusion between Si and the Nd—Fe—B film.
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