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Abstract: Nd-Fe-B thin films have been successfully developed by Pulsed Laser Deposition (PLD) onto
silicon substrates. In order to explore the crucial role of target composition during PLD, five single alloy targets,
representing specific atomic compositions (Nd/Fe atomic ratio varied in the range 0.18-0.47) have been tested and
studied. In a determined deposition temperature range of 550°C-630°C, thin films made from a target with
Nd/Fe=0.45 present the best hard magnetic properties, a quasi-single magnetic phase, both coercivity and
remanence above 1 T and a square loop shape. FIB-EBS analyses associated with XRD, SEM and SQUID
magnetic measurements indicate that the high values of both remanent magnetization and coercivity are ascribed
to film texturation and to partial decoupling of the hard magnetic Nd2Fe14B grains by a secondary Nd-rich phase.
PLD performed with other target compositions and non-optimized deposition temperatures leads to poorer

magnetic properties, owing to the presence of soft magnetic phase and non-textured or oxidized thin films.
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1. Introduction

Hard magnetic materials represent a key component of macroscopic electro-mechanical devices (e.g.
wind turbines, hybrid-electric vehicles, air-conditioners) [ 1] and hold enormous potential for use at the microscale
(micro-systems dedicated to telecommunications, internet of things (IoT) and bio-technology) [2,3]. Today’s high
performance magnets are based on rare earth - transition metal intermetallic phases [1], and the highest energy
densities are achieved for magnets based on the tetragonal Nd:2Fe14B phase (maximum theoretical energy product
(B.H)max = 512 kJ/m?) [1,4,5]. Theoretical modelling suggests that the energy product can be significantly
enhanced in nanocomposites which intimately combine a high coercivity hard phase with a high magnetization
soft phase [6]. While both top-down [7] and bottom-up [8] techniques have been used to fabricate hard-soft
nanocomposites, the reported energy products fall far short of predicted values. This is attributed to insufficient
control of the dimensions of the soft magnetic phase, which according to modelling, should be no larger than twice
the domain wall width, 9, of the hard phase (= 2.6, 3.9 and 4.5 nm for SmCos, Nd>Fe14B and CoPt, respectively)
[1]. Laser Vaporization Nanoparticle Sources (LVNS) have been used to prepare magnetic nanoparticles of
diameter as low as 2 nm [9—11]. Reactors which combine a nanoparticle source with a film deposition source (e.g.
Pulsed Laser Deposition (PLD) [12—-14], or sputtering [15]) hold the potential to prepare hard-soft nanocomposites
in which the size of soft nano-inclusions in a hard magnetic matrix can be restricted to below 10 nm. As a first
step towards fabricating hard-soft nanocomposites with a reactor based on the association of a pulsed LVNS and
a PLD system, here we report on the fabrication of NdFeB films by PLD. Literature reports on the fabrication of
NdFeB films by PLD fall into two groups. The first deals with epitaxial growth using multiple targets (Nd, Fe, B,
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or the combination of one of the two), on single crystalline Al2O3 or MgO substrates [16—18]. The second deals
with films deposited using a single composite Nd-Fe-B target on tantalum or silicon substrates [19-22]. In the
latter case films were either deposited at elevated temperatures or at room temperature and then annealed to
crystallize the hard magnetic Nd2Fe14B phase. Such films show isotropic magnetic properties, which limits the
remanent magnetization values achievable, while out of plane anisotropy was achieved in the epitaxially grown
films made with multiple targets. Though the use of multiple targets allows a fine tuning of the film composition,
it requires ultra-high vacuum conditions in light of the susceptibility to oxidation of pure Nd and it adds complexity
to the control of the PLD procedure. The use of a composite Nd-Fe-B target allows for simpler two-target PLD
systems (Nd-Fe-B target and a buffer / capping layer target) and more tolerance on the base oxygen level, but
testing of different target compositions is required to tune the film composition. It is known that Nd content in
excess of that of the stoichiometric Nd2Fe14B phase is required to induce coercivity in NdFeB magnets in bulk or
film form. The excess Nd leads to the formation of a non-magnetic grain boundary phase that serves to
magnetically decouple neighboring Nd2Fe14B grains. Here we report on the fabrication of out-of-plane textured

NdFeB films on thermally oxidized Si substrates by PLD with single composite alloy Nd-Fe-B targets.

II. Experimental details

A set of five composite targets were prepared by induction melting followed by casting into a Cu mould.
The overall Nd/Fe atomic ratio was varied from target to target (#1 = 0.47, #2 = 0.45, #3 = 0.42, #4 = 0.33, #5 =
0.18) while the B/Nd ratio was kept constant (~0.5). Ta/Nd-Fe-B (~150 nm)/Ta tri-layers were grown by PLD on
(001) silicon substrates thermally oxidized to a depth of 100 nm (the nominal thickness of the Ta layers was 50
nm). The role of the Ta underlayer is to prevent substrate-film interdiffusion. Moreover, Ta was shown to promote
out-of-plane (oop) epitaxial growth of Nd>Fe14B prepared by PLD or sputtering [17,18,23]. The role of the Ta
capping layer is to protect the film from oxidation. The base pressure in the deposition chamber was about 5x107®
mbar, and PLD was performed with an excimer laser KrF (LightMachinery, IPEX—742, A=248 nm, pulse duration
25 ns) operated at a fluence of about 6 J.cm™. The target-substrate distance was fixed at 3.3 cm and during

deposition, the substrate was heated from the backside by a halogen lamp in the temperature range 500°C—700°C.

Compositional and structural characterization was performed in a Scanning Electron Microscope (SEM)
(LEO Gemini 1530 VP) equipped with energy dispersive spectroscopy (EDS) and x-ray diffraction (XRD) in a 6-
20 configuration (Cu-Kai radiation-Bruker AXS D8 Advance). Cross-sectional SEM imaging was carried out on
both cleaved and Focused Ion Beam (FIB) - cut (Ga ion beam, Crossbeam 550, Carl Zeiss Microscopy GmbH)
samples. Magnetic hysteresis loops were measured at room temperature in a SQUID-VSM (Quantum Design
MPMS 3) in a maximum applied field of 6.0 T. Atomic Force Microscopy (AFM) measurements were performed
using a Dimension Icon AFM-BRUKER microscope. The microcantilever used was from AppNano (ACT probe,
the nominal £ = 34 N/m and f, = 300 kHz).

111. Results and Discussion

A first set of films were prepared by deposition on substrates maintained at a temperature of 600°C, which
is just under the reported crystallization temperature of the Ndz2Fe14B phase (630°C), and was shown to induce
epitaxial out-of-plane oriented growth in NdFeB films prepared by PLD [16-18]. Erreur ! Source du renvoi
introuvable. compares the average values of Nd/Fe atomic ratio, estimated from EDS analysis of typically ten
thin films deposited from each composite target, with that measured on the targets themselves. The Nd/Fe ratio is
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systematically lower in the films than in the corresponding target, dropping from 0.47 in the Nd richest target to
0.44 (average value) in the Nd richest films and from 0.18 in the Nd poorest target to 0.11 (average value) in the
Nd-poorest films. The dashed line in Erreur ! Source du renvoi introuvable. corresponds to the expected film
composition if the deposition process were congruent. The drop in Nd/Fe ratio from target to film may be attributed
to differences in both the melting point of the concerned elements (Nd (1016°C) versus Fe (1538°C)), and their
relative atomic mass (Nd: 144.24 g versus Fe: 55.85 g), the latter potentially affecting their distribution in the
plasma plume and possibly leading to a redistribution of elements at the surface of the target. During laser-target
interactions and film deposition, the constituent elements may slightly migrate, inducing local changes of the
composition, as known for PLD [24]. It should be noted that the average Nd/Fe ratio in the Nd-poorest films is
below the stoichiometric ratio of 0.14 of the Ndz2Fe14B phase.

Erreur ! Source du renvoi introuvable.a presents XRD patterns of representative samples of the films
deposited at 600°C using the different targets. In all patterns, the Si(400) and Ta(110) peaks of the substrate and
the buffer and capping layers are identified. Peaks of the Nd>FeisB phase are identified in all films, while
reflections attributed to pure Nd (corresponding to (004) and (008) peaks) are identified in Nd-rich films (from
target #1 - #3) and a peak of alpha-Fe (110) is identified in the Nd-poorest film (target #5). The relatively high
intensities of the (007) Nd2Fe14B reflections compared to other reflections from this phase indicate preferential out
of plane orientation. SEM images of cleaved cross sections of these films are shown in Erreur ! Source du renvoi
introuvable.b. The film made from the target with the lowest Nd/Fe ratio (target #5) is predominantly composed
of very fine equiaxed grains. Increasing the Nd/Fe ratio leads to bigger grains which become more and more
elongated in films made from targets #4 and #3 and typically columnar in films made from targets #2 and #1. Most
of the columnar grains traverse the film and are separated by some smaller equiaxed grains. AFM analysis
performed at the surface of films (#1-#5) confirmed data obtained by SEM concerning the variation in grain size.
The surface roughness of films (areas free of droplets) quantified by the root mean square (rms) roughness values
increase by a factor of ~8 globally following the Nd/Fe atomic ratio (from about 4 nm to 33 nm for films with
Nd/Fe =0.11 to 0.42, respectively ) (Erreur ! Source du renvoi introuvable.c), in agreement with the fact that

the grain size also increases with Nd content.

Out-of-plane magnetic hysteresis loops of representative samples of the films deposited at 600°C using
the different targets are compared in Erreur ! Source du renvoi introuvable.d. Note that the loops are not
corrected for demagnetizing field effects, and the magnetization values are normalized. The film made from target
#2 has both the highest values of coercivity (1.1 T) and remanence ratio Mor/Mert (0.91). All other films show very
obvious two-phase or multi-phase behaviour. The films made from targets #1, #3 and #4 show comparable values
of remanence ratio Mor/Mer (0.75). The coercivity drops to 0.9 T in the film made from target #1 and to 0.75 T in
the films made from targets #3 and #4. The development of coercivity in films produced from targets #1—#4, which
all have a Nd/Fe ratio higher than the Nd>Fe14B phase, is attributed to the presence of a Nd-rich paramagnetic
phase that serves to magnetically decouple Nd2Fe14B grains. Relative variations in the coercivity values of these
Nd-rich films may be attributed to differences in how the Nd-rich phase is distributed and the presence of secondary
magnetic phases. While the sharpness of the hysteresis loop as it approaches coercivity is comparable in films
made from targets #1 to #3, it is higher in the film made from target #4 and higher again in the Nd-poorest film
made from target #5. The coercivity drops to just 0.2 T in the latter film, while the remanence ratio Mor/Mer drops
to 0.2. These low values reflect the presence of alpha-Fe in this film, identified in XRD analysis and coherent with
the Nd/Fe ratio of the film being less than that of the Nd2Fe14B phase.

An SEM image of the FIB-cut cross section of a film made from target #2, is shown in Erreur ! Source

du renvoi introuvable.a. Bright regions in the Nd-Fe-B layer, (one such region is identified by an orange arrow),
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are attributed to the Nd-rich phase while the dark regions (e.g. the region identified by a white arrow), are attributed
to the predominant Nd2Fe14B phase. Based on image analysis of a number of such images, the volume content of
the Nd-rich phase is estimated to be about 30 %. This value agrees very well with a value of 33 %, deduced from
the average Nd/Fe atomic ratio measured by EDS analysis (Erreur ! Source du renvoi introuvable.) and
considering the film to be composed of Nd2Fe14B and pure Nd. An out-of-plane magnetic hysteresis loop of this
sample is compared with an in-plane (ip) loop measured on the same sample (no demagnetizing field correction)
in Erreur ! Source du renvoi introuvable.b. In this case, absolute values of magnetization, based on an estimate
of the sample volume are represented on the y-axis. Note that the sample volume is calculated based on
measurements of the film thickness and surface area and on a rough estimate of the volume of droplets, which are
characteristic of metallic films made by PLD [21,25]. Droplets are estimated to account for ~ 25 vol% of the
overall deposit. Extrapolating the ip and oop hysteresis loops leads to an intercept at about 8 T, which is comparable
to the magnetocrystalline anisotropy of the Nd2Fe14B phase (7.6 T). The lower value of remanence and higher
value of high field slope of the ip measurement reflect the oop texture induced during film growth at 600°C. The
error on the magnetization value, which is dominated by the error in volume estimation, is ~27 %. Indeed, an out-
of-plane saturation magnetization value closer to 1 T can be expected for a well textured NdFeB film in which the
hard magnetic Nd2Fe14B phase accounts for 70 vol%. As the best magnetic properties were obtained for films

produced with target #2, results reported hereafter concern films made with this target.

A set of films was made using target #2, in which the temperature of the substrate during deposition (7a)
was varied in the range 500°C-700°C. An EDS estimation of the Nd/Fe ratio for this series of thin films indicated
very little variation of the Nd/Fe ratio (0.42 + 0.01) between the films. XRD patterns of these films are compared
in Erreur ! Source du renvoi introuvable.a. The degree of oop orientation of the NdFeB layer, reflected in the
relative intensities of the (00]) peaks compared to other peaks of the Nd2Fe14B phase, increases with increasing
temperature up to 650°C. The intensities of Nd2Fe14B and Nd peaks are greatly reduced in the film deposited at
700°C, and peaks of Nd20s are identified in the film. Peaks attributed to Ta20O3 are identified in films deposited at
630°C and above. Normalized oop hysteresis loops of this set of films are compared in Erreur ! Source du renvoi
introuvable.b and the evolution of coercivity and remanence with deposition temperature are plotted in Erreur !
Source du renvoi introuvable.c. Relatively large error bars are associated with the uoM: values, owing to the
significant error in estimating the volume of these films, as discussed above. Films deposited between 550°C and
630°C have coercivity values in excess of 1 T, and comparable overall loop shape. The significantly lower value
of coercivity of 0.5 T of the film deposited at 500°C is attributed to poor distribution of the Nd-rich grain boundary
phase, resulting in poor decoupling of the Nd2Fe14B grains. The drop in coercivity for films deposited at above
630°C is attributed to a combination of the evolution in microstructure (see below) and degradation of the film
through oxidation. Initiation of oxidation at 650°C may not be visible using conventional XRD as it occurs over a
very short range. The loop shape of the film deposited at 700°C is poorer than that deposited at 650°C, because of
the greater extent of oxidation, as evidenced in the XRD patterns. This indicates that the base oxygen pressure of
the PLD chamber used is too high to grow high quality Nd-Fe-B at temperatures of 650°C and above. A deposition
temperature in the range 550°C—-630°C favours both high coercivity and high remanence. The highest values of
coercivity and remanence achieved in this study (uoHc = 1.3 T and uoM: > 1 T) are in the range of the best values
reported for thin or thick films (e.g., Nd-Fe-B thick films fabricated by high deposition rate triode sputtering (¢oHc
=1.6 T and poM: = 1.4 T [23], uoHc = 2.7 T and uoM: = 1.15 T [26]). The coercivity values are intermediate while
the remanence values are higher compared to films prepared by PLD with elemental targets (¢oHc =2 T and uoM:
= 0.9 T [27]) and alloy targets (uoHc = 0.72 T and poM: = 0.9 T [19,20,22]). Note that rare earth based films are

susceptible to oxidation and the PLD of elemental targets cited above was carried out under UHV (10 mbar)
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conditions. High deposition rates help to suppress oxidation of films deposited from alloy targets in chambers with
a relatively poor base vacuum level, which is the case for the triode sputtered (18 pm/h, 10° mbar) and PLD with
alloy target (40 pm/h, 10°® mbar) films cited above. It is worth noting that while the base pressure of the chamber
used here is better (107 mbar), the deposition rate is significantly lower (0.5 pm/h). Thus, the PLD system used
here with an alloy target allows the fabrication of hard magnetic thin films and when combined with LNVS it has

the potential to produce magnetic nanocomposites with soft inclusions of well controlled nm-size.

Plane-view SEM images of films showing distinct surface morphologies are shown in Erreur ! Source
du renvoi introuvable.. The surface of the film deposited at 7a =500°C is characterized by “islands” of diameter
up to 300 nm on an underlying layer with grains of diameter < 100 nm (Erreur ! Source du renvoi introuvable.a).
The surface of the film deposited at 74 of 630°C is characterized by a high density of grains of size approaching 1
um (Erreur ! Source du renvoi introuvable.b, identified by white arrows) some of which are separated by much
smaller underlying grains of size 50-100 nm (identified by orange arrows). In the case of the film deposited at
650°C, connected platelet-like grains of size greater than 1 um, with the plane of the platelets sometimes tilted
with respect to that of the Si substrate, are identified, together with smaller grains of size close to 200 nm and an
under-layer of grains of size 50-100 nm (Erreur ! Source du renvoi introuvable.c). AFM analysis indicates that
the rms surface roughness increases from ~10 nm, for the film deposited at 500°C, to a maximum ~43 nm at 630
°C and then slightly reduces to ~35 nm at 700°C (Erreur ! Source du renvoi introuvable.). The maximum in
rms roughness for the film deposited at 630°C followed by a drop at higher deposition temperatures is coherent
with the compact isolated grains and inter-connected island (leading to a flatter surface in the same area of
measurement) microstructures, respectively. The observed coarsening of the microstructure with increased
deposition temperature may facilitate magnetization reversal through domain wall motion, which could contribute

to a reduction of coercivity in the films deposited at higher temperatures.

1V. Conclusions

150 nm hard magnetic thin films of Nd-Fe-B were fabricated by PLD using a single ternary alloy target.
The best magnetic properties were obtained for an Nd/Fe atomic target ratio of 0.45, a value far from that of 0.14
which corresponds to that of the Nd2Fe14B phase. Films deposited on silicon substrates with buffer and capping
layers of Ta at a temperature in the range of 550°C—630°C present the best hard magnetic properties, i.e. oop
texture, coercivity values of up to 1.3 T, single magnetic phase behavior and a square loop shape. A Nd-rich phase
corresponding to around 30 vol% of such films was revealed by structural (XRD, SEM, FIB-EBS) characterization.
This phase, presumed to be paramagnetic, served to partially magnetically decouple Nd2Fe14B grains, leading to
the high coercivity values. Remanent magnetization values estimated to be close to 1 T validate these materials
developed by PLD as a promising candidate for model materials to study certain aspects of magnetization reversal

systems and for thin film magnet applications.
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Figure 1: Nd/Fe atomic ratios of targets versus Nd/Fe atomic ratio of films; Ta/Nd-Fe-B/Ta films deposited by
PLD at T4 = 600°C and ~ 6 J.cm™ on Si/SiO: substrates. Black dash-dotted line represents a perfect congruent

transfer.
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Figure 2: Characterization of Ta/Nd-Fe-B(150 nm)/Ta films deposited at 600°C on Si/SiO> substrates (a) XRD
patterns of thin films made from the five different targets; (b) SEM images of the fractured cross sections of films
from the five targets; (c) AFM rms surface roughness; and (d) Out-of-plane magnetic hysteresis loops (uncorrected

for demagnetization field and normalised) of films deposited from the five targets.
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Figure 3: Characterization of the film made from target #2 deposited at 600°C on Si/SiO». (a) FIB-EBS cross-
sectional images in which Nd>Fe14B grains elongated in the z direction (black regions, one of which is identified
by a white arrow) are found together with a Nd rich phase (gray regions, one of which is identified by an orange

arrow); and (b) in-plane (ip) and out-of-plane (oop) magnetic hysteresis loops (uncorrected for demagnetization
field).
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Figure 4: The evolution in structural and magnetic properties of Ta/Nd-Fe-B/Ta thin films on Si/SiO: substrates
made from target #2 as a function of deposition temperatures-74 ranging from 500°C to 700°C. (a) XRD
diffractograms of the thin films with an enlarged range from 25° to 35°; (b) oop magnetic hysteresis loops
(uncorrected for demagnetization field and normalized); and (c) coercivity (uoHc) and remanent magnetization

(uoM:) together with curves representing guides to the eye.
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Figure 5: Plane-view SEM images showing the distinct surface microstructures of Ta/Nd-Fe-B/Ta films deposited
at T4 (a) 500°C; (b) 630°C; and (c) 650°C. The scale bar in all images is 1pum.
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Figure 6: The AFM rms surface roughness of Ta/Nd-Fe-B/Ta films from target #2 as a function of deposition

temperatures-T7a.
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