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We have successfully deposited Fe4N thin films with (111) out-of-plane orientation
on thermally oxidized Si substrates using a facing-target-sputtering system. A Ta/Ru
composite buffer layer was adopted to improve the (111) orientation of the Fe4N
thin films. The N2 partial pressure and substrate temperature during sputtering were
optimized to promote the formation of the Fe4N phase. Furthermore, we measured
the transport spin polarization of (111) oriented Fe4N by the point contact Andreev
reflection (PCAR) technique. The spin polarization ratio was determined to be 0.50
using a modified BTK model. The film thickness dependence of the spin polarization
was also investigated. The spin polarization of Fe4N measured by PCAR does not
show degradation as the sample thickness was reduced to 10nm. © 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4991963]

I. INTRODUCTION

Ferromagnetic materials with large spin polarization are of great interest for improving the
tunneling/giant magnetoresistance ratio of spintronic devices. The γ′-Fe4N has been theoretically
predicted to have a large spin polarization of the density of states at the Fermi level and thus a highly
spin-polarized electrical conductance.1 Extensive studies have been performed on the magnetic and
transport properties of Fe4N after this report.2–12 The spin polarization of Fe4N has been experi-
mentally confirmed by point contact Andreev reflection (PCAR) on a (100) oriented Fe4N thin film.2

Magnetic tunnel junctions (MTJ) with Fe4N ferromagnetic electrodes has been reported and their MR
ratios are as large as 75% at room temperature.3,4 Furthermore, unlike the conventional ferromagnetic
electrodes such as CoFeB and CoFe, Fe4N has also been predicted and experimentally proved to be a
negative spin polarized material.5–7 This characteristic provides a pathway for some novel spin-logic
devices.8,9

To date, most of the spintronics related studies on Fe4N are based on epitaxial or polycrystalline
thin films with (100) out-of-plane orientation.2,10–12 It is worthwhile to explore Fe4N films with
other orientations for the purpose of multilayer stack integration. For example, the (111) crystal
plane is preferred by the exchange bias materials for tunneling/giant magnetoresistive (TMR/GMR)
devices.13 To improve its flexibility for applications, it is also of interest to deposit Fe4N on the
non-magnetic metal buffer layers rather than single crystal substrates, as the metal layers underneath
Fe4N may facilitate a variety of spintronics devices.3,4,14,15 In addition, the spin polarization of a
material is closely related to its growth conditions and crystallinity. Therefore, studying the spin
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polarization of Fe4N grown on a practical metal buffer layer is also very helpful for its applications in
spintronics.

In this work, we have deposited polycrystalline Fe4N thin films on thermally oxidized Si sub-
strates. Strong (111) out-of-plane orientation was induced by a Ta/Ru composite buffer layer. The
Ta/Ru buffer layer also potentially works as the bottom electrodes of the MTJ/GMR3,4 and the non-
magnetic materials in the spin pumping devices.14 The nitrogen compositions of the films and the
deposition temperature were tuned to optimize the phase formation of Fe4N. Moreover, the spin polar-
ization of the (111) oriented Fe4N was measured by the point contact Andreev reflection (PACR)
method.16 The thickness dependence of the spin polarization was also studied.

II. EXPERIMENT

Fe4N multilayer stacks with a structure of Si thermal oxide/Ta(2nm)/Ru(18nm)/Fe4N(40nm)
were deposited by a DC target-facing-target sputtering system. The base pressure of the sputtering
chamber was lower than 6.0×10-8Torr. During the multilayer stack preparation, the Ta/Ru composite
buffer layer was first grown on the thermally oxidized Si substrate at room temperature. After that,
the Fe4N layer was deposited by DC reactive sputtering at different substrate temperatures, i.e., 120,
150, 200 and 250◦C. To obtain near stoichiometric Fe4N thin films, the N2 partial pressure varied
from 0.5 mTorr to 1.0 mTorr while the Ar working gas pressure was maintained at 10 mTorr.

The Fe4N phase and out-of-plane orientations were detected by θ-2θ X-ray diffraction (XRD)
using Simens Bruker D5005 with Cu Kα radiation. X-ray photoelectron spectroscopy (XPS) was
measured by a Surface Science SSX-100 system to further characterize the compositions and the
binding energies of the Fe4N thin films. Magnetic properties of the samples were examined by a
Princeton Measurements vibrating sample magnetometer (VSM). The surface roughness was char-
acterized by an Agilent 5500 atomic force microscope (AFM). We also measured the spin polarization
of the (111) oriented Fe4N by the PCAR technique. The PCAR experimental curves were fitted by
a modified17 Blonder-Tinkham-Klapwijk (BTK) model18 with fitting parameters spin polarization P
and barrier strength Z.

III. RESULTS AND DISCUSSION

Figure 1 shows the out-of-plane X-ray diffraction (XRD) patterns of Fe-N thin films deposited
on Ta/Ru buffer layers. A strong hcp-Ru (2000) diffraction signal can be observed in the θ-2θ XRD
results. Since Ru does not match with either Ta or Si for their in-plane lattices, the growth mode of
the Ru buffer layer is expected to be fiber-textured instead of epitaxial. This was confirmed by the
XRD in-plane ϕ scan, in which no diffraction peak was observed for the Ru due to various lattice
rotations in the in-plane direction. The γ′-Fe4N has the face-centered-cubic Fe lattice with a N atom
located at the body center. The in-plane lattice constants of (111) oriented Fe4N and (1000) Ru are

FIG. 1. Out-of-plane X-ray diffraction patterns of 40nm Fe4N thin films deposited with (a) different N2 partial pressures; (b)
different substrate temperatures.
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2.68Å (aFe4N/
√

2) and 2.69Å (aRu) respectively, with only a 0.4% lattice mismatch between the Fe4N
{111} and Ru {1000} planes. Therefore, the Ta/Ru buffer layer can facilitate the deposition of (111)
oriented Fe4N. Followed by the growth mode of the Ta/Ru buffer layer, the (111) Fe4N thin film is
also fiber-textured.

Based on the Fe-N phase diagram, several iron nitride compounds can be formed with different
Fe:N compositions and temperatures, thus the N2 partial pressure and substrate temperature need to
be controlled in the deposition processes. Figure 1(a) shows the out-of-plane XRD patterns of Fe-N
thin films deposited with different N2 partial pressures. The substrate temperature was maintained at
250◦C for all the conditions in Figure 1(a). When the N2 partial pressure was 0.5 mTorr, the Fe (110)
diffraction peak was present in the XRD result, which indicates that the nitrogen composition was
insufficient. As the N2 partial pressure was increased to 0.75 mTorr, the Fe diffraction peak intensity
dropped, and the Fe4N (111) peak appeared. As the N2 partial pressure was further increased to
1.0 mTorr, the Fe4N (111) peak became very pronounced, and the Fe (110) signal entirely disappeared.
Diffraction peaks from other iron nitrides, for example Fe3N near 2θ = 57.5◦ and 60.8◦, were absent.
Fine tuning the N2 partial pressure by ±0.1 mTorr around 1.0 mTorr slightly decreased the Fe4N
(111) peak intensity. In subsequent XPS results, we also observed that the N/Fe atomic ratio was
nearly stoichiometric for the 1.0 mTorr N2 sample. Therefore, the N2 partial pressure was optimized
at 1.0 mTorr for the growth of the Fe4N thin films.

Figure 1(b) shows the out-of-plane XRD results of Fe4N deposited at different substrate tem-
peratures. As the temperature was gradually tuned from 120◦C to 250◦C, the intensity of Fe4N (111)
diffraction peaks increased continuously. The strongest Fe4N (111) signal was observed on the sample
deposited at 250◦C. Constrained by the deposition system set-up, the substrate temperature could not
be further increased during deposition. Alternatively, we post-annealed the best sample (deposited at
250◦C) in a different vacuum chamber. When the annealing temperature was 325◦C, no noticeable
change was observed in the XRD result. The saturation magnetization (Ms) of the optimized sample
was measured to be 1250 emu/cm3 by vibrating sample magnetometry at room temperature. This
result is similar to the Ms of Fe4N thin films reported by several other experimental works.10,11,15

It is also consistent with our previous experiment result of Fe4N.19 The Ms of Fe4N obtained in this
work shows smaller value than the theoretical calculation results that are in a range of 2.1-2.45 µB/Fe
atom20–22 (1410-1650 emu/cm3) at zero temperature (0K). We attribute the smaller Ms of Fe4N thin
films in our experiment to the thermal excitation on magnetization as well as the defects and grain
boundaries of the thin film sample.

To demonstrate the effect of buffer layers on the (111) preferred orientation of Fe4N, we also
substituted the Ru (1000) buffer layer with Pd (111) and Pt (111) layers. Compared to the small
lattice mismatch between the Fe4N {111} and Ru {1000} planes (i.e. 0.4%), the mismatches of
Pd {111} and Pt {111} are 3.8% and 4.2% respectively. As shown in Figure 2, with the optimized N2

partial pressure and substrate temperature, the Fe4N (111) XRD peaks can barely be detected when

FIG. 2. Out-of-plane X-ray diffraction patterns of 40nm Fe4N thin films deposited on thermally oxidized Si substrates with
Ru, Pd and Pt buffer layers.
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the films were deposited on 18nm Pd or Pt layers. In contrast, the sample deposited on the Ru (1000)
buffer layer shows a substantially stronger (111) diffraction signal. No Fe4N peak from the other
crystal plane, i.e. (200) at 2θ = 47.8◦ or (220) at 2θ = 71.2◦, is observed in the XRD results. Thus,
we conclude that the Ru (1000) buffer layer is quite effective for inducing the (111) out-of-plane
orientation of Fe4N.

To further investigate the transport spin polarization of (111) oriented Fe4N, we performed point
contact Andreev reflection (PCAR) measurements on the samples with optimized growth conditions.
A superconducting (Nb) tip was gently pressed into the sample to minimize the effect of surface
oxidation. At least eight such different contacts were created and tested at a temperature of 1.6K.
Figure 3(a) shows normalized conductance G(V )/Gn versus V /V∆, in which Gn is the conductance
at applied voltage V >> V∆ and V∆ is the superconducting gap of Nb. The PCAR experimental
curves were fit by a modified Blonder-Tinkham-Klapwijk (BTK) model with the spin polarization,
P, and tunnel barrier strength, Z, as fitting parameters. The superconducting gap, ∆, was fixed to
the value for Nb. For comparison, the same measurement was made on a 40nm Fe (100) sample
deposited on a GaAs (100) substrate. The spin polarization was reported as an average of the eight
measurements and fits for each sample. It appears that the spin polarization of (111) oriented Fe4N
(PFe4N = 0.5) is statistically larger than that of (100) Fe (PFe = 0.44), as shown in the inset of
Figure 3(a). Compared to the Fe4N deposited on MgO single crystal substrate (P = 0.59)2, our
sample shows lower spin polarization which can be partially attributed to the smaller in-plane grain
size and the lower degree of crystallinity due to the fiber-textured growth mode of Fe4N on the
Ta/Ru under layer. Also, these samples deposited by sputtering tend to contain more defects than
the samples prepared by molecular beam epitaxy (MBE). The defects increase the chance of spin-
independent scattering for the electrons thus may also account for the lower spin polarization of our
experiment.

FIG. 3. Point contact Andreev reflection results: Normalized conductance as a function of applied voltage (V ) divided by
superconducting gap (V∆) (a) For (111) oriented Fe4N and Fe (100); (b) For (111) Fe4N with different film thicknesses.
Experiment data are shown as dots, and fits are shown as continuous curves.
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FIG. 4. X-ray photoelectron spectroscopy spectra on (111) Fe4N sample. (a) Fine scan on N 1s peak; (b) Fe 2p3/2 and Fe
2p1/2 peaks.

Although smaller spin polarization was observed, our work does show some advantages com-
pared to the earlier report. First of all, our Fe4N stack with Ta/Ru under layer is applicable for a group
of spintronics devices, for examples MTJ/GMR and spin pumping devices. The spin polarization
of Fe4N in the stack may better represent the properties of Fe4N in the devices for applications.
Furthermore, the Fe4N film thickness in our report is in a few tens of nanometers, which is closer
to the ferromagnetic layer thickness in the spintronics devices. Due to the above two benefits, our
spin polarization result of Fe4N is more practical than the pure material studies. In addition, the spin
polarization in this work was reported as a mean of at least eight PCAR measurements for each
sample. The averaging of measurements help minimize the testing variations thus make the results
more reliable.

In comparison with the theoretical calculations of the spin polarization of Fe4N,1,22 both of
our study and the earlier experiment report show smaller spin polarization ratios. We attribute the
difference between the experiment results and the theoretical calculations to the defects and grain
boundaries in the thin film samples, which is normally not considered in the theoretical calculations.

The spin polarization of (111) oriented Fe4N with different film thicknesses was also studied,
as shown in Figure 3(b). The PCAR measurements and fits were performed on the 10nm, 20nm and
40nm (111) Fe4N thin films. To present the individual measurement curves more clearly, the fits
are not shown in this figure. As shown in the inset of Figure 3(b), the (111) oriented Fe4N samples
with smaller thickness (i.e. 10nm, 20nm) do not show a statistical difference from the 40nm Fe4N
sample. On average, the spin polarizations of the three samples are around 0.5 with minor variations.
The surface roughness of the 10nm (111) Fe4N sample was measured by atomic force microscopy,
showing a Ra of 0.153nm.

Finally, we performed an X-ray photoelectron spectroscopy (XPS) measurement on the optimized
(111) Fe4N thin film. In Figure 4, Fe 2p3/2, Fe 2p1/2, and N 1s peaks are observed in the XPS result.
By calculating the areas under these peaks and normalizing them to their sensitive factors, the N/Fe
atomic ratio of 0.22±0.025 is obtained. This result indicates that the optimized (111) Fe4N sample
is close to stoichiometric. In addition, we performed a high resolution scan for the N 1s peak after
carbon energy calibration. The N 1s binding energy of the sample was measured to be 397.6eV, which
is comparable to the result of another iron nitride Fe16N2.23

IV. CONCLUSIONS

In conclusion, (111) oriented Fe4N thin films have been prepared on thermally oxidized Si
wafers by facing-target-sputtering. A Ta/Ru composite buffer layer was used to induce the (111) out-
of-plane orientation. The N2 partial pressure and substrate temperature were optimized to facilitate
Fe4N phase formation. Furthermore, point contact Andreev reflection (PCAR) measurements and fits
were performed on the (111) oriented Fe4N. The transport spin polarization was found to be 0.50,
which is larger than that of (100) Fe. The spin polarization of (111) oriented Fe4N measured by PCAR
does not show degradation as the sample thickness approaches 10nm.
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