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a b s t r a c t

Low-temperature reactive pulsed laser deposition (PLD) was used to prepare iron nitride films. The tex-
tured �′-Fe4N films with (0 0 1)-orientation were deposited on Si (1 0 0) substrate with Fe buffer layer at
a substrate temperature as low as 150 ◦C. The (0 0 1)-oriented �′-Fe4N film grew on the Fe buffer layer
with a 3.5-nm thick amorphous interlayer, which eliminated the lattice mismatch stress between them.
ccepted 29 December 2010
vailable online 4 January 2011

eywords:
ron nitride films
exture

The films showed a columnar granular morphology with an average lateral grain size of approximately
110 nm. The films exhibited good soft magnetic properties with a high in-plane Mr/Ms value of 0.84.
The magneto-optic Kerr effect results indicated an in-plane magnetic isotropy and confirmed the high
remnant ratio of the �′-Fe4N films.

© 2011 Elsevier B.V. All rights reserved.

ow-temperature deposition
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. Introduction

Iron nitride compounds have attracted considerable attention,
ecause of their high corrosion resistance, good wear resistance [1]
nd excellent magnetic properties [2], which make them suitable
or applications in magnetic devices. To obtain additional functional
roperties and to improve the corrosion resistance, magnetic prop-
rties and thermal stability, several studies have been carried out
n the substitution of Fe atoms by different elements in Fe–N struc-
ure [3–8]. �′-Fe4N is one of the typical iron nitrides [9–11], which
ould be applied in magnetic tunnel junctions (MTJs) [12–15] for its
igh spin-polarized transport [16,17]. In the crystalline structure of
′-Fe4N, <0 0 1> axis is the easy magnetization axis [11]; meantime,

0 0 1) plane also shows a highest stiffness in according to elastic
onstant calculations [18]. Therefore, (0 0 1)-oriented �′-Fe4N films
re significant for the applications of magnetic film devices.

Recently, molecular beam epitaxy (MBE) and sputtering have
een applied to deposit single phase (0 0 1)-oriented �′-Fe4N films
n various substrates, including MgO (1 0 0) [14,16,19–22], oxi-
ized Si [15,23], SrTiO3 [24], Cu (1 0 0) [25] and Si (1 0 0) [12,13]
ubstrates. However, in previous deposition methods, either high

eposition temperature exceeding 400 ◦C, or high post-annealing
emperature above 320 ◦C were adopted to fabricate high qual-
ty (0 0 1)-oriented �′-Fe4N films. The high fabrication temperature
s incompatible with the production of magnetic devices, i.e. thin

∗ Corresponding author. Tel.: +86 571 8795 2730; fax: +86 571 8795 2366.
E-mail addresses: mse yanmi@zju.edu.cn, mse yanmi@dial.zju.edu.cn (M. Yan).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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film sensors. Pulsed laser deposition (PLD) is widely considered to
be a facile technique to grow high-quality metallic films at rela-
tively low deposition temperature, because of the generation of
high energetic species and hyperthermal reaction between the
ablated cations and the background gas in the laser-induced abla-
tion plasma, which reduce the deposition temperature [26].

In this work, the (0 0 1) oriented texture �′-Fe4N films were
successfully prepared on Si (1 0 0) substrates by low-temperature
reactive pulsed laser deposition technique, which is very important
for the integration of ferromagnetic iron nitride magnetic devices
with conventional Si microcircuitry.

2. Experimental

The �′-Fe4N films were deposited on Si (1 0 0) substrate by PLD technique using
a KrF excimer laser (Coherent, COMPerPro201, � = 248 nm), operating at a repetition
rate of 10 Hz with energy density of 5.0 J/cm2 and using a high pure (99.95%) iron
target (Dia: 2.5 cm). The nitrogen gas (99.9995%) was used as nitrogen source for
the fabrication of �′-Fe4N films. Substrates were placed parallel to the target at a
distance of 6.0 cm. The base pressure of 2.0 × 10−7 Torr was obtained with a turbo-
molecular pump backed by a rotary pump. Silicon (1 0 0) substrates (1′′ size sector
wafer) were chemically cleaned by employing standard procedures followed by dip-
ping into dilute HF acid solution in order to get hydrogen terminated oxide free Si
(1 0 0) surface, immediately, before loading into the high vacuum chamber. The �′-
Fe4N films were deposited on Si (1 0 0) wafers following the design [Si (1 0 0)/Fe
(20 nm)/�′-Fe4N (200 nm)] at a series of substrate temperatures from 100 ◦C to
200 ◦C. Before growth of �′-Fe4N film, a Fe-layer was deposited on Si (1 0 0) at 100 ◦C,
1.0 × 10−5 Torr pressure. This Fe layer provided not only a seed layer for the textural

growth of �′-Fe4N, but also specially used to tune the magnetic properties of �′-
Fe4N layer for its further applications as ferromagnetic electrodes in MTJ devices.
Then, the substrate temperature was elevated to the setting point and the nitro-
gen gas pressure was increased to 1.1 × 10−2 Torr (13 sccm flow) for �′-Fe4N film
growth. The deposition rates of buffer layer and �′-Fe4N for the all films deposited
at different temperatures were approximately 0.04 nm/s.

dx.doi.org/10.1016/j.jallcom.2010.12.196
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. XRD patterns of the films deposited at various substrate temperatures. (a)
00 ◦C, (b) 150 ◦C, and (c) 200 ◦C. The peaks indexed with asterisks are due to the
ubstrate.

The crystalline structure and crystallographic preferred orientation (texture)
ere characterized by X-ray diffractometer (XRD, PANalytical X′Pert Pro) using Cu
� radiation, operating at standard �–2� geometry. The film microstructures were
xamined by Transmission Electron Microscopy (TEM, FEI Tecnai G2 F20) on the
ross-sectional section. The surface morphology was observed under an Atomic
orce Microscopy (AFM, Veeco Nanoscope 3D). Film thickness calibrations for accu-
ate volume estimation were performed on cross-section images obtained by a
itachi S-4800 scanning electron microscope (SEM). Magnetic properties were mea-

ured by a superconducting quantum interference device (SQUID) magnetometer
Quantum Design MPMS) and magneto-optic Kerr effect (MOKE) with the applied

agnetic field parallel to the film plane at room temperature.

. Results and discussion

′
Fig. 1 shows the XRD patterns of � -Fe4N films deposited on
i substrate with Fe buffer layer at the temperature ranged from
00 ◦C to 200 ◦C. In the case of the films fabricated at 100 ◦C, the
lms consist of a mixture of �′-Fe4N and �-Fe with poor crys-
allization quality as confirmed by broad peaks in Fig. 1a, which

ig. 2. (a) Cross-sectional TEM micrograph of �′-Fe4N film deposited at 150 ◦C. Weak dott
e layer and �′-Fe4N layer. The inset in (b) is the corresponding Fourier transformed patt
mpounds 509 (2011) 5075–5078

is due to the limited diffusion mobility of surface atoms at low
substrate temperatures. When the deposition temperature was
increased to 150 ◦C (Fig. 1b), all peaks except one weak peak at
2� = 44.7◦ were indexed to the �′-Fe4N phase. The peak at 2� = 44.7◦

might be attributed to the (1 1 0) planes of the Fe buffer layer.
The lattice constant calculated from the XRD pattern (Fig. 1b) was
0.3789 ± 0.0002 nm, which is very close to the reported value of
�′-Fe4N (0.3790 nm) [27]. However, when the substrate temper-
ature was further increased to 200 ◦C, strong (1 1 0) peak of �-Fe
was observed again, besides the peaks indexed to high crystalliza-
tion quality �′-Fe4N phase. It can be concluded that the optimal
substrate temperature for the growth of �′-Fe4N films is 150 ◦C
under the conditions used here by reactive pulsed laser deposition.
Increase or decrease of the substrate temperature will both lead to
the formation of �-Fe.

The degree of (0 0 l) preferred orientation of the �′-Fe4N film
could be evaluated in terms of the Lotgering orientation factor f,
which is defined as [28,29].

f = (P − P0)
(1 − P0)

(1)

P = I(00l)
∑

I(hkl)
(2)

where P is calculated from the (0 0 l) peak integral intensity to that
of the sum of (hkl) integral intensities over a range of 2� values
(20–60◦) for �′-Fe4N films. Similarly, P0 was calculated from the
standard powder diffraction files of �′-Fe4N (Joint Committee on
Powder Diffraction Standards (JCPDS) Card No. 06-0627). The calcu-
lated Lotgering orientation factor f value for the �′-Fe4N phase grew
at 150 ◦C and 200 ◦C is 0.82 and 0.83, respectively. It indicates that
the �′-Fe4N film deposited at and above 150 ◦C had a high (0 0 1)-
oriented texture with (0 0 l) planes preferentially oriented parallel
to the film plane.

Fig. 2a shows the cross-sectional TEM micrograph of the film
deposited at 150 ◦C, which reveals the columnar microstructure
with an average lateral grain size of approximately 110 nm. In the Fe
buffer layer, the interlayer spacing is 0.20 nm, which is consistent

with that of Fe (1 1 0) planes. In the � -Fe4N layer, the interlayer
spacing is 0.19 nm, which is in agreement with that of �′-Fe4N
(0 0 2) planes as confirmed by corresponding Fourier transformed
pattern (the inset of Fig. 2b) from the marked square region in
Fig. 2b. The result confirms the (0 0 1)-oriented texture growth

ed lines show the boundary of column grains (b) HRTEM image of interface between
ern of �′-Fe4N layer.
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ness is 10.0 nm measured on a scanned area of 5.0 �m × 5.0 �m,
which is approximately 4% of the film thickness. Thus, possible pin-
ning of the domain walls at the surface irregularities is considered
to contribute significantly to the larger coercivity in MOKE results.
ig. 3. In-plane magnetic hysteresis loops of the films deposited at various temper-
tures measured at 300 K. The inset shows the dependence of the coercivity on the
eposition temperature.

ehavior of the as-deposited �′-Fe4N films in the present study. It is
orthy to mention that there is also an unintentionally amorphous

nterlayer of 3.5 nm at the interface of Fe/�′-Fe4N (Fig. 2b), suggest-
ng no direct epitaxial relationship for the growth of �′-Fe4N on
e layer, which therefore avoids the high interface defects density
ue to their large lattice mismatch. The formation of amorphous

nterlayer might be originated from the interface diffusion. In the
resent work, the big difference in nitrogen composition between
he Fe layer and �′-Fe4N layer results in the diffusion of nitrogen
toms towards the Fe layer, forming a nitrogen-poor interlayer
nitrogen at.% < 20%) with a gradient distribution of nitrogen com-
osition. In addition, in this nitrogen-poor interlayer region, the
itrogen atoms predominantly occupy the interstitial sites causing
he expansion of unit cells, which restricts the long-range ordering
n the interlayer. This phenomenon of amorphization of FeN system
n nitrogen-poor region has been observed and reported by various
esearchers [30,31].

Fig. 3 shows the in-plane magnetization hysteresis loops of �′-
e4N films deposited at different substrate temperatures. The inset
n Fig. 3 shows the dependence of the coercivity on the depo-
ition temperature. The coercivity seemed to increase with the
ncrease of deposition temperature, which can be attributed to the
ncrease of effective magnetic anisotropy constant. The effective

agnetic anisotropy constant value for the film deposited at 100 ◦C
as found to be the lowest due to the presence of the amorphous
hase. While, this value for the film deposited at 150 ◦C was moder-
tely lower than the film deposited at 200 ◦C, because the magnetic
nisotropy value of �′-Fe4N (29 kJ/m3) [20] is less than that of �-
e (48 kJ/m3) [2]. The film deposited at 150 ◦C exhibited good soft
agnetic properties possessing a low coercivity (1.83 kA/m) and a

arge Mr/Ms ratio (0.84). The large Mr/Ms value is speculated due
o the (0 0 1)-oriented texture of the �′-Fe4N film. The saturation

agnetization value (1356 kA/m) of the film deposited at 150 ◦C is
lose to the value of pure �′-Fe4N (1432 kA/m) reported by Code
nd Smith [11].

The in-plane magnetic anisotropy properties of the �′-Fe4N film
eposited at 150 ◦C were studied by the MOKE hysteresis loops
ith the magnetic field applied along four different in-plane direc-

ions (Fig. 4). As the probing depth of the MOKE technique is

round 20 nm, only the �′-Fe4N film rather than any underlayer
as measured here. The four-direction curves presented almost

he same loops, which indicate the in-plane magnetic isotropy of
he film. Considering the XRD texture results, it can be concluded
Fig. 4. MOKE hysteresis loops of the �′-Fe4N film deposited at 150 ◦C with the mag-
netic field applied along four different in-plane magnetic directions. The inset shows
the directions of applied magnetic field.

that the �′-Fe4N film deposited at 150 ◦C exhibits the fiber texture
with c-axis perpendicular to the film surface. The MOKE hystere-
sis loops are almost square loops, suggesting that magnetization
takes place primarily by domain wall motion. The MOKE hysteresis
loops also confirm that the �′-Fe4N films have a high remnant ratio
as observed by the SQUID measurement. The average coercivity
observed by MOKE is about 5.17 kA/m, which is significantly larger
than the SQUID result (1.83 kA/m). This may be due to the fact that
the MOKE is a surface sensitive magnetic measurement technique.
In order to study the difference in coercivity, we characterized the
film surface morphology by Atomic Force Microscope (AFM). The
AFM image included in Fig. 5 shows the film morphology formed by
close-packed round grains, and the root mean square (rms) rough-
Fig. 5. AFM topography image (5.0 �m × 5.0 �m) of the �′-Fe4N film deposited at
150 ◦C.
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. Conclusions

The (0 0 1)-oriented fiber texture �′-Fe4N film was deposited
n Si (1 0 0) substrate with Fe buffer layer at 150 ◦C by low-
emperature reactive pulsed laser deposition. Increase or decrease
f substrate temperature will both lead to the formation of �-Fe.
he (0 0 1)-oriented preferred orientation degree of the �′-Fe4N
lm reaches 0.82. The amorphous interlayer between Fe and �′-
e4N is responsible for the formation of (0 0 1)-oriented texture.
n-plane magnetic measurements show the in-plane magnetic
sotropy of the film and a large Mr/Ms value of 0.84. The present

ork describes the deposition of (0 0 1)-oriented �′-Fe4N films at a
ow substrate temperature, which is important for applications in

agnetic devices.
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