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Exchange-coupled bilayers are widely used as pinned layers in nanometric spintronic devices. In this
work, sub-100 nm-diameter CoFeB/IrMn antidot and nanodot arrays were patterned by nanosphere
lithography. The exchange bias (Hex) and coercivity (H.) of the nanostructures and continuous films
exhibit similar exponential dependence on CoFeB layer thickness. Magnetic field annealing results in
changed crystallinity, surface roughness, and magnetic properties. Reduced H. and enhanced H.yx are

observed after annealing at low temperatures, while high-temperature annealing results in higher H.
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and lower Heyx. This work provides physical insights on the magnetization reversal response in nanosized
spintronic devices involving CoFeB/IrMn reference layers.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The centers of hysteresis loops of ferromagnetic (FM) thin films
shift away from zero when interfacing with antiferromagnetic (AF)
layers [1]. This phenomenon is broadly known as the exchange bias
effect. Benefited from the enhanced coercivity (H.) and the loop
shift (Hex) [2], the exchange bias effect has brought great flexibility
in tailoring the magnetization reversal properties of the reference
layers in spin valves [3,4]. Ever since the primary discovery in CoO
coated Co particles [5], intense research have been conducted to
reveal the influencing factors of exchange bias, such as thin film
composition [6,7], layer thickness [6,8], applied field angle [9], field
cooling [10,11], ion-beam bombardment [12], and post annealing
[13,14].

The emergence of state-of-the-art micro- and nano-fabrication
techniques accelerate the research and development on various
nanostructures such as nanodot and antidot arrays. The nanopat-
terned dot structures are widely used in spintronic devices such
as the nanometric magnetoresistive sensors [15], magnetic random
access memories [16], and spin torque oscillators [17]. The pat-
terned nanodot and antidot arrays can also be potentially used
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in high-density magnetic storage [18]. Since the domain struc-
tures [19] and grain size distributions [20]| are altered by the
reduced structural size, the exchange interactions in nanostruc-
tures differ greatly from those in continuous films [21,22]. Both
enhanced and reduced H¢y in nanostructures is reported, depend-
ing on the AF layer thicknesses [23-25] and structural sizes [26].
Most of the previous reports focus on the exchange-biased nanos-
tructures with polycrystalline structures (such as CoFe/IrMn [21]
and Co/IrMn [27]). CoFeB is an amorphous FM material which is
widely used in magnetic tunnel junctions [28]. Both positive [29]
and negative [30] Hey are reported in CoFeB/IrMn planar films.
However, the dependence of H.x and H. on CoFeB thickness in
CoFeB/IrMn nanostructures remain unclear. Besides, CoFeB is par-
tially crystallized after annealing [31], which may also result in
changes in Hey and H.. The investigation on the magnetic prop-
erties and annealing effect of CoFeB/IrMn nanostructures will be
beneficial for understanding the magnetic switching properties in
nanometric spintronic devices.

Nanosphere lithography (NSL) is a promising nanofabrication
technique with advantages including high yield, flexibility in size
control, and low cost. Unlike the conventional electron beam
lithography method which takes time in pumping down the sys-
tem and being a serial process in nature, this method is a parallel
process, and it only takes several minutes to distribute wide-area
sphere masks. The size of nanostructures can also be tailored by


http://dx.doi.org/10.1016/j.physleta.2017.06.010
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/pla
mailto:kwlin@dragon.nchu.edu.tw
mailto:ppong@eee.hku.hk
http://dx.doi.org/10.1016/j.physleta.2017.06.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physleta.2017.06.010&domain=pdf

2710 X. Li et al. / Physics Letters A 381 (2017) 2709-2714

Nanospheres

rig

Nanospheres

& &
e & &
e & &
FM 4

45 deg« ion milling

R o 00
0 0
9 00 N
FM FM

Antidot

arrays

Nanodot

arrays

\_./ rotation

Fig. 1. Fabrication processes of antidot arrays ((a)-(d)) and nanodot arrays ((e)-(h)).

simply varying the ion-milling tilt angles without the need of a
new photomask, which offers flexibility in size control compared
with UV photolithography. In addition, this method only engages
common laboratories apparatus such as beakers and pipettes. All
these characteristics make it a low-cost straight-forward method
for fabricating nanostructures with high-throughput large-area pat-
terning, which is necessary for this kind of nanomagnetism re-
search. The recent demonstration of magnetic nanodot [32-37], an-
tidot [38-40], spin valve nanopillars [41], and spin-torque oscilla-
tors [42] fabricated by NSL have proved its feasibility in patterning
nanostructures for investigating magnetic properties. In this work,
NSL was engaged for parallel fabrication of large-area CoFeB/IrMn
nanodot and antidot arrays with diameters of less than 100 nm.
The magnetic properties of continuous films, antidot, and nanodot
arrays were compared and analyzed to study the influence of FM-
layer thickness and annealing effect.

2. Material and methods

The layer stack is Si/SiO,/Ta 3.5/Ru 3.5/IrMn 8/CoFeB tfp;/Ta
3.5 (thickness in nanometers), in which tgp is adjusted from 2 to
10 nm. High purity Ta, Cu, Ir;0Mngg, CosoFeq0B20, and Ru targets
were DC-sputtered in argon pressure of 3 x 10~ Torr at deposition
rates ranging from 0.4 to 1 nm/min. An in-plane magnetic field of
30 mT was applied during the deposition.

The patterning processes of nanodot and antidot arrays are
similar to that in the references [32,39,43]. Detailed fabrication
steps are shown in Fig. 1. For the antidot arrays, the substrates
were firstly cleaned and treated with positive electrolyte (0.2% wa-
ter solution of Poly(diallyldimethylammonium chloride)) (Fig. 1(a)).
Non-close-packed polystyrene nanospheres (120 nm, negatively
charged) were adsorbed to the wafer surface (Fig. 1(b)) by elec-
trostatic interaction. Thin film stacks were subsequently deposited
on the sphere masks while the substrate was rotating at 40 rpm
((Fig. 1(c)). The antidot arrays were formed (Fig. 1(d)) by lifting-
off the spheres in toluene. For the nanodot arrays, the continuous
films were firstly deposited onto the rotating substrate (Fig. 1(e)).
Then nanospheres were adsorbed to the film surface (Fig. 1(f)).
Art ion milling was conducted while the sample was spinning at
37 rpm (Fig. 1(g)). Since the ion beam was tilted by 45 degrees, the
diameters of the nanodots were smaller than that of the spheres.
Each sample was etched for 3 minutes at an overall etching rate of
around 10 nm/min (the etching rate varies depending on the ma-
terial). The nanodot arrays were formed by removing the residual
spheres in toluene (Fig. 1(h)).

Samples with tgy; = 6 nm were vacuum annealed for 60 min-
utes under magnetic field of 0.15 T at 373 K to 673 K to investigate
the annealing effect. The room-temperature magnetization hystere-
sis loops of the as-deposited and annealed samples were measured
between —0.4 T and 0.4 T by a Microsense EZ7 vibrating sample
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Fig. 2. The surface morphologies of the samples characterized by SEM. (a) planar
view of the nanospheres adsorbed on wafer surface; (b) the distribution histogram
of the diameter of nanospheres; (c) the distribution histogram of the center-to-
center distance between the adjacent antidots; (d) planar view of the antidot arrays
with tpy = 8 nm; (e) square dot: the measured pore diameter (scale bar refers to
the 95% confidence interval of 30 samples); solid line: the calculated pore diame-
ter based on the thin film thickness and sphere diameter); (f) planar view of the
nanodot arrays with tpy =2 nm; (g) cross-sectional view of the nanodot arrays
with tpp =2 nm (h) the distribution histogram of the diameter of nanodots. (Scale
bar represents 200 nm. The histograms in (b), (c) and (h) are acquired through
measuring the diameter and distance on SEM images. 80-361 measurements were
conducted in each histogram.) (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The magnetic hysteresis loops of continuous films ((a)-(e)), antidot ((f)-(j))
and nanodot arrays ((k)-(0)) at different tgp.

magnetometer (VSM). The direction of the magnetic field during
deposition and annealing were parallel to the positive direction
of the VSM measurement. The planar and cross-sectional images
were observed by a Hitachi S4800 field-emission scanning electron
microscope (FE-SEM). The crystalline structures of the planar films
were characterized by a Briiker AXS D8 Advance grazing incidence
(0.5 degrees) X-ray diffraction (GIXRD) spectrometer. The surface
morphologies of the planar films were characterized by a Parker
XE-150 atomic force microscope (AFM) operating in tapping mode.

3. Results and discussions

The surface morphologies of the samples are shown in Fig. 2.
Non-close-packed spheres are uniformly distributed (Fig. 2(a)) with
an average diameter of 120 £ 1 nm (Fig. 2(b)) and an aver-
age center-to-center distance of 240 + 2 nm (Fig. 2(c)). The pla-
nar view of antidot arrays with tpy = 8 nm is presented in
Fig. 2(d). The radial distribution of the antidots duplicates that of
the nanosphere masks. Due to the spherical shape of the mask, the
diameter of pores in the antidot arrays are smaller than that of the
nanospheres. The material gradually fills up the spaces amongst
the spheres, resulting in increasing pore diameter with thin film
thickness, as shown in Fig. 2(e). The top and cross-sectional views
of the nanodot arrays are shown in Figs. 2(f) and 2(g), respec-
tively. The diameter of the dots with trpyy =2 nm is reduced to
70+ 3 nm (Figs. 2(h)) in the tilted ion milling process. The 30-nm-
thick dots observed by SEM are composed of multilayer stacks
(t =20.8 nm-28.5 nm) and the over-etched substrate.

From the morphologies of the samples, we can conclude that
regular nanostructures with lateral dimensions down to 70 nm can
be fabricated by NSL. Based on this new method, the magnetic
properties of CoFeB/IrMn exchange-biased nanostructures were in-
vestigated. The hysteresis loops of the patterned nanostructures are
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Fig. 4. (a) Hex and (b) H. as a function of try in continuous films, antidot and
nanodot arrays respectively.
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Fig. 5. GIXRD patterns of the as-deposited and field-annealed continuous films.

more curved and less square than those of the continuous films
(Fig. 3), due to the pinning effect of edges and defects in nanos-
tructures. The high symmetricity in the loops of nanodot arrays
evidences that the interdot magnetostatic coupling is not present
[44]. With increasing trp;, the magnetic hysteresis loops of nan-
odot array exhibit enhanced squareness and reduced loop shift.
This is because the field-induced magnetic anisotropy incurred
during deposition makes a greater contribution than the exchange
anisotropy.

The He.x and H. of continuous films and nanostructures are
plotted against 1/tgp; in Figs. 4(a) and 4(b), respectively. As pre-
dicted by Stiles et al. [45-47], the Hex and H. of the continuous
films exhibit exponential reliance on the FM thickness (tfp):

1
Hey tm_ (M
FM
1
H¢ o t"_ (2)
FM

where m and n are positive numbers, and approaches unity at
room temperature. This relation is already reported in many ex-
perimental investigations on polycrystalline FM/AF pairs (such as
Fe/MnF, [2], CoFe/IrMn [48], NiFe/FeMn [49] and NiFe/NiO [49]).
The results in Fig. 4 proves that H.x and H. of the continu-
ous films and nanostructures of amorphous-CoFeB/IrMn also follow
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Fig. 6. (a)-(e) AFM images (3 pmx3 pm) and (f) RMS roughness measured on as-deposited and field annealed planar films. (The error bars refer to the standard deviation of

Rq measured on three regions.)

this 1/tpy relation. It is noted that the H. of the nanodot arrays
shows some deviations from the linear fitting when tgpy =2 nm.
The small H. for the thin nanodot is attributed to the fact that
the anisotropy barrier decreases with thin film thickness [50]. So,
smaller magnetic field is required to reverse the magnetization of
thin nanodot with the assistance of thermal energy. The Hey of the
antidot arrays are smaller than that of the continuous films, which
is contradictory to some previous observations [25]. However, this
phenomenon can be explained by the misaligned FM and AF spins
at the edges of the pores [51]. In the meantime, the effect of re-
duced AF domain size, which is responsible for the enhance Hey in
antidot structures in the previous report [52], becomes marginal as
the diameters of the antidots are reduced to smaller than 100 nm.
Indeed, Hqyx decreases at smaller pore diameter in NiFe/IrMn an-
tidot arrays, as reported in the reference [53]. The smaller Hex in
nanodot arrays, on the other hand, is consistent with the previous
report on 50-nm Co/IrMn nanodots [54]. The H. of antidot arrays
is larger than that of the continuous films, due to the enhanced do-
main wall pinning at the edge of the nanostructures in the FM and
AF layers [21,55]. It is possible that the observed changes in Hey
and H. at larger tr) may also be influenced by the increased pore
diameter in the antidot arrays. However, according to the previous
report [56] and our micromagnetic simulation (supplementary in-
formation), the size-induced changes are much smaller compared
with the experimentally measured H.y and H. variation at dif-
ferent try, indicating the thickness dependence plays a dominant
role over the size effect. The H. of the nanodot array is smaller
than that of the continuous film. This difference is consistent with
the previous report on Co/CoO nanodot arrays that Hex and H. de-
crease with reducing diameter [44]. This is possibly because of the
reduction in thermal stability in the sub-100 nm-diameter nan-
odots.

Magnetic field annealing was conducted at varied temperatures
to further modify the microstructure and magnetic properties of
the films and nanostructures. In order to investigate the struc-
tural changes induced by field annealing, the GIXRD patterns of
as-deposited and annealed continuous films are shown in Fig. 5.
The surface morphologies and root mean square (RMS) rough-
ness (Rq) at different T4, are shown in Fig. 6. The as-deposited
sample presents two broadened peaks at 20 = 42.2° and 44.1°,
corresponding to Ru (002) and (101) grains, respectively. The ma-
jor peak at 260 = 53° can be decomposed into one sub-peak at
26 = 52.5° (which comes from the Si/SiO, substrate [57]) and an-
other one at 20 = 54° (which is contributed by IrMn (210)). When
annealed at 473 K, a sharp IrMn (111) peak emerges at 26 = 41.4°,

indicating remarkable enhancement of crystallinity of IrMn. The
recrystallization process relaxes the structural defects and disor-
ders during the low-temperature annealing, resulting in the slight
decrease in roughness in Fig. 6. No diffraction peak of CoFeB crys-
tallite is observed at Ty, below 473 K, which confirms the amor-
phous structure of as-deposited CoFeB layer. Further increasing Tgp
results in body-centered cubic (BCC) CoFeB (111) texture, which is
consistent with the previous report on the annealed CoFeB/Ru mul-
tilayers [58]. Meanwhile, the diffraction peaks of IrMn gradually
vanishes, due to the detrimental effect of Boron and Mn interdif-
fusion at high annealing temperatures [59,60]. When T, = 673 K,
the broad diffused peak centered at 26 = 45° indicates the forma-
tion of CoFeB (110) grains. The crystallization of CoFeB results in
non-uniformly distributed spikes on the sample surface, which is
responsible for the large standard deviation of the measured Rq.
The crystallization [61,62] and interdiffusion [63] also result in a
gradual increase in Rq with Tgy.

The changes in phases and structures in CoFeB/IrMn bilayers
after annealing altered the magnetic properties of the continu-
ous films, antidot and nanodot samples, as shown in Fig. 7. The
squareness of the hysteresis loops is increased after 373 K an-
nealing. This is because the density of defects in CoFeB is reduced
after 373 K annealing, as evidenced by the lower roughness char-
acterized by AFM. The CoFeB layer switches more homogeneously
when fewer pinning sites exist. Further increasing Tg, results in
reduced squareness because the domain wall motion is pinned by
the diffused Mn atoms and the magnetization reversal mechanism
is dominated by the rotation of interfacial magnetization [64].

The Hex and H. of the antidot and nanodot arrays follow sim-
ilar reliance on Ty, as the continuous films (Fig. 8). The annealing
temperature dependence of Hey is closely correlated to the IrMn
crystallinity shown in Fig. 5. When Ty, < 473 K, the Hey increases
with Tg, due to the enhanced AF ordering in IrMn. The enhanced
Hex when Tg; = 373 K results in slightly increased H.. With in-
creasing Tgn, the Hey is remarkably reduced due to the loss of
polycrystalline ordering in IrMn after high-temperature annealing.
However, small H. is observed when T, is increased to 473 K or
573 K. The coexistence of high Hey and low H, when Ty, =473 K
is attributed to the diffusion of Mn in CoFeB/IrMn interface. The
diffusion-induced uncompensated interfacial spins in IrMn con-
tributes to higher Hgy [30], while the diluted magnetic interface
in CoFeB leads to lower H. [29]. When Tg, = 673 K, due to the
crystallization of CoFeB, Heyx reaches minimum while H. reaches
maximum. The above results show that magnetic field annealing is
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effective in tailoring the microstructures and magnetic properties
of exchange-biased multilayers.

4. Conclusions

The thickness dependence and annealing effect of the mag-
netic properties of CoFeB/IrMn continuous films and sub-100-nm-

2713

diameter nanostructures were investigated. The Hey and H. of the
antidot arrays, nanodot arrays, and continuous films demonstrate
similar 1/tfpy reliance on the amorphous-FM layer thickness as
in polycrystalline multilayers. Field annealing at low temperature
(Tan < 473 K) enhances the crystallization of IrMn, resulting in
higher Hey. Interdiffusion is promoted at the higher annealing tem-
perature, which leads to reduced IrMn crystallinity, increased sur-
face roughness, and reduced Hey. Both enhanced and reduced H.
are observed depending on Tgy, due to the competing effect of ex-
change interaction and CoFeB crystallization (which increases H)
and Mn diffusion (which reduces H.). The results show that the
exponential thickness dependence of Hqy and H. can be extended
to sub-100 nm-diameter nanostructures of amorphous-FM/AF bi-
layers. This work provides useful insight and guidance for the
magnetic properties and microstructures of nanoscale spintronic
devices containing CoFeB/IrMn reference layers.
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