This is the Pre-Published Version.

The following publication X. Li, C. W. Leung, K. . -W. Lin, M. S. Chan and P. W. T. Pong, "Exchange bias study of CoFeB/IrMn antidot and nanodot arrays fabricated by nanosphere lithography," 2016 5th
International Symposium on Next-Generation Electronics (ISNE), Hsinchu, Taiwan, 2016, pp. 1-2 is available at https://doi.org/10.1109/ISNE.2016.7543341.

Exchange bias study of sub-100 nm CoFeB/IrMn antidot and nanodot

arrays fabricated by nanosphere lithography

X. Li!, C. W. Leung?, C.-C. Chiu?®, K.-W. Lin®>, M. Chan*, Y. Zhou?, Philip W. T. Pong!:*

! Department of Electrical and Electronic Engineering, The University of Hong Kong, Hong Kong
2 Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong
3 Department of Materials Science and Engineering, National Chung Hsing University, Taichung 402,
Taiwan
4 Department of Electronic and Computer Engineering, Hong Kong University of Science and Technology,
Hong Kong
3 Department of Physics, The University of Hong Kong, Hong Kong

* Tel: +852 28578491, Fax: +852 25598738, Email: ppong@eee.hku.hk

© 2016 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media,
including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers
or lists, or reuse of any copyrighted component of this work in other works.



Abstract

Exchange-biased bilayers are widely used as reference layers in nanometric
spintronic devices. While the magnetic properties of polycrystalline multilayers are widely
reported, the exchange bias effect in nanostructures containing amorphous ferromagnetic
layers are not systematically investigated. In this work, CoFeB/IrMn antidot and nanodot
arrays were patterned by nanosphere lithography. The average diameter of pores in the
antidot arrays changes from 88 nm to 105 nm as the thin film thickness increases from 20.8
nm to 28.5 nm, while the size of nanodots are kept at 60 nm. The exchange bias and
coercivity of the nanostructures and continuous films exhibit similar exponential
dependence on CoFeB layer thickness. The vacuum annealing under magnetic field results
in structural relaxation, interdiffusion, and CoFeB crystallization, as the annealing
temperature is increased from 373 K to 673 K. These mechanisms are responsible for the
changes in crystallinity, surface roughness, and magnetic properties. Reduced coercivity
and enhanced exchange bias is observed after annealing at low temperatures, while
high-temperature annealing (> 573 K) results in higher coercivity and lower exchange bias.
This work provides physical insights on the magnetization reversal response in nanosized

spintronic devices involving CoFeB/IrMn reference layers.
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1. Introduction

The centers of hysteresis loops of ferromagnetic (FM) thin films shift away from
zero when interfacing with antiferromagnetic (AF) layers [1], which 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 magnetic thin films, thus is used as reference layers in
spin valves [3]. Ever since the primary discovery in CoO coated Co particles [4], intense
research have been conducted to reveal the influencing factors of exchange bias, such as
thin film composition [5], layer thickness [5, 6], applied field angle [7], field cooling [8, 9],
ion-beam bombardment [10], and post annealing [11, 12].

The emergence of state-of-the-art micro- and nano-fabrication techniques
accelerate the research and development on spintronic devices with ever shrinking
dimensions, such as the nanometric magnetoresistive sensors, magnetic random access
memories, and spin torque oscillators. Since the domain structures are altered by the
reduced structural size, the exchange interactions in nanostructures differ greatly from
those in continuous films [13, 14]. Both enhanced and reduced H.. in nanostructures are
reported, depending on the AF layer thicknesses [15-17] and structural sizes [18]. Most of
the previous reports focus on the exchange-biased nanostructures with polycrystalline
structures (such as CoFe/IrMn [13] and Co/IrMn [19]). CoFeB is an amorphous FM
material which is widely used in magnetic tunnel junctions [20]. Both positive [21] and
negative [22] H., 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 partially crystallized after annealing [23], which may also result in changes in Hex



and H.. The investigation on the magnetic properties and annealing effect in CoFeB/IrMn
nanostructures will be beneficial for understanding the magnetic switching properties in
nanometric spintronic devices.

Nanosphere lithography (NSL) is a promising low-cost nanofabrication technique
for patterning nanostructure arrays. The recent demonstration of magnetic nanodot [24-29]
and antidot [30-32] structures and spin valve nanopillars [33] fabricated by NSL have
proved its feasibility in patterning nanostructures for investigating magnetic properties. In
this work, NSL is 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. Experimental methods

The layer stack is Si/SiO»/Ta 3.5/Ru 3.5/IrMn 8/CoFeB tri/Ta 3.5 (thickness in
nanometers), in which #ry is adjusted from 2 to 10 nm. High purity Ta, Cu, Ir20Mnso,
CosoFes0B2o, and Ru targets were DC-sputtered in argon pressure of 3x107 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 process of nanodot and antidot arrays are similar to that in the
references [24, 31, 34]. Detailed fabrication steps are shown in Figure 1. For the antidot
arrays, the substrates were firstly cleaned and treated with positive electrolyte (0.2% water
solution of Poly(diallyldimethylammonium chloride)) (Figure 1(a)). Non-close-packed
polystyrene nanospheres (120 nm, negatively charged) were adsorbed to the wafer surface

(Figure 1 (b)) by electrostatic interaction. Thin film stacks were subsequently sputtered on



the sphere masks while the substrate was rotating at 40 rpm ((Figure 1 (c)). During
sputtering, the material gradually filled up the spaces between spheres, so the antidot
diameter (d) increased with the thin film thickness (¢) (Figure 1 (d)). The antidot arrays
were formed (Figure 1 (e)) by lifting-off the spheres in toluene. For the nanodot arrays, the
continuous films were firstly sputtered onto the rotating substrate (Figure 1 (f)). Then
nanospheres were adsorbed to the film surface (Figure 1 (g)). Ar’ ion milling were
conducted while the sample was spinning at 37 rpm (Figure 1(h)). 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
etch rate varies depending on the material). The nanodot arrays were formed by removing
the residual spheres in toluene (Figure 1 (j)).

Samples with ¢z = 6 nm were vacuum annealed for 60 minutes under magnetic field
of 0.15 T at 373 K to 673 K to investigate the annealing effect. The magnetization
hysteresis loops of the as-deposited and annealed samples were measured at ambient
temperature by a Microsense EZ7 vibrating sample 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 Briikker 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.
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Figure 2 The surfacemorphlogies 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) planar view of the antidot arrays with ¢z = 8 nm; (d) square
dot: the measured antidot diameter (scale bar refers to the 95% confidence interval of 30
samples); red line: the calculated d- #7us relationship in equation (2); (e) planar view of the
nanodot arrays with ## = 2 nm; (f) cross-sectional view of the nanodot arrays with ¢z =2

nm. (Scale bar represents 200 nm)



3. Results and discussions

The surface morphologies of the samples are shown in Figure 2. Non-close-packed
spheres are uniformly distributed (Figure 2(a)) with an average diameter of 120 nm (Figure
2(b)) and an average center-to-center distance of 220 nm. The planar view of antidot arrays
with zzy = 8 nm is presented in Figure 2(c). The radial distribution of the antidots duplicate
that of the nanosphere masks, while the diameters are much smaller. From Figure 1(d), the
thin film thickness (¢t = ¢tz + 18.5 in this case) and the pore diameter (d) exhibit the

following relation:
P +R-1 =R

in which R = 60 nm is the diameter of the nanosphere. d can be roughly calculated through
a Taylor linear approximation:

d =192, +86.7

The measured diameters of pores correspond well with the calculations in equation (2), as
shown in Figure 2(d). The top and cross-sectional views of the nanodot arrays are shown in
Figures 2(e) and 2(f), respectively. The diameter of the dots with ¢z = 2 nm is reduced to
around 60 nm in the tilted ion milling process. The 30-nm-thick dots observed by SEM is
composed of multilayer stacks (# =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 60 nm can be fabricated by NSL. Based on this new
method, the magnetic properties of CoFeB/IrMn exchange-biased nanostructures were

investigated.
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Figure 3 (a) H.x and (b) H. as a function of #ry in continuous films, antidot and nanodot

arrays respectively.

The H.x and H. of continuous films and nanostructures are plotted against 1/z7y in
Figures 3(a) and 3(b), respectively. As predicted by Stiles et al. [35-37], the H.r and H. of

the continuous films exhibit exponential reliance on the FM thickness (zr7u):

in which m and n are positive numbers, and approaches unity at room temperature. This
relation is already reported in many experimental investigations on polycrystalline FM/AF
pairs (such as Fe/MnF; [2], CoFe/IrMn [38], NiFe/FeMn [39] and NiFe/NiO [39]). The
results in Figure 3 proves that H., and H. of the continuous films and nanostructures of

amorphous-CoFeB/IrMn also follow this 1/try relation. It is noted that the H. of the
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nanodot arrays show some deviations from the linear fitting when ¢z = 2 nm. This can be
explained by the increasing influence of the edge effect and defects when #ru is small. The
H.. of the antidot arrays are smaller than that of the continuous films, which is
contradictory to some previous observations [17]. However, this phenomena can be
explained by the misaligned FM and AF spins at the edges of the pores [40]. In the
meantime, the effect of reduced AF domain size, which is responsible for the enhance Hex
in antidot structures in the previous report [41], becomes marginal as the diameters of the
antidots are reduced to smaller than 100 nm. Indeed, Hex decreases at smaller pore diameter
in NiFe/IrMn antidot arrays, as reported in the reference [42]. The smaller H. in nanodot
arrays, on the other hand, is consistent with the previous report on 50-nm Co/IrMn
nanodots [43]. The H. of antidot arrays are larger than that of the continuous films, due to
the enhanced domain wall pinning at the edge of the nanostructures in the FM and AF
layers [13, 44]. The H. of the nanodot array, on the other hand, is smaller than that of the
continuous film, which is consistent with the previous report on Co/CoO nanodot arrays
that H.. and H. decreases with reducing diameter [45]. This is possibly because of the
reduction in thermal stability and the increasing influence of edge effects in the sub-100

nm nanodots.
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Figure 4 GIXRD patterns of the as-deposited and field-annealed continuous films.

In order to further investigate the structural changes induced by field annealing,
the GIXRD patterns of as-deposited and annealed continuous films are shown in Figure 4.
The as-deposited sample presents two broadened peaks at 20 = 42.2° and 44.1°,
corresponding to Ru (002) and (110) grains, respectively. The major peak at 20 = 53° can
be decomposed into one sub-peak at 26 = 52.5° (which comes from the Si/SiO; substrate
[46]) and another one at 26 = 54° (which is contributed by IrMn (210)). As 7., increases to
473 K, a sharp IrMn (111) peak emerges at 20 = 41.4°, indicating remarkable enhancement
of crystallinity of IrMn. No diffraction peak of CoFeB crystallite is observed at 7., below
473 K, which confirms the amorphous structure of as-deposited CoFeB layer. Further
increasing 7y, results in body-centered cubic (BCC) CoFeB (111) texture, which is
consistent with the previous report on the annealed CoFeB/Ru multilayers [47].
Meanwhile, the diffraction peaks of [rMn gradually vanishes, due to the detrimental effect
of boron diffusion into IrMn at high annealing temperatures [48]. When 7u, = 673 K, the

broad diffused peak centered at 20 = 45° evidences the formation of CoFeB (110) grains.
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Figure 5 (a) — (e) AFM images (3 um x 3 um) and (f) RMS roughness measured on
as-deposited and field annealed planar films (The error bars refer to the standard deviation

of R, measured on three regions).

The as-deposited and field-annealed continuous films were characterized by AFM,
and the three-dimensional images and root mean square (RMS) roughness (R,) at different
Tyun are shown in Figure 5. The roughness slightly decreases after 373 K field annealing.
This indicates that the structural defects and disorders formed during deposition are
relaxed during the low-temperature annealing. Further increasing 74, to 573 K results in a
gradual increase in Ry, which is contributed by the grain growth with increasing 7., [49].
An abrupt increase in R, and surface grain sizes occurs when 7, = 673 K. This is resulted
from the interdiffusion of boron and Mn [50] and the crystallization of CoFeB, as
evidenced by the reduction of IrMn crystallinity and the emergence of CoFeB diffraction
peaks in Figure 4.

The changes in phases and structures in CoFeB/IrMn bilayers after annealing

altered the magnetic properties of the continuous films, antidot and nanodot samples, as



shown in Figure 6. The hysteresis loops of the patterned nanostructures are more curved
and less sharp than those of the continuous films, due to the pinning effect of edges and
defects in nanostructures. The squareness of the hysteresis loops are increased after 100 °C
annealing. This is because the density of defects in CoFeB is reduced after 100 °C
annealing, as evidenced by the lower roughness characterized by AFM. The CoFeB layer
switches more homogeneously when fewer pinning sites exist. Further increasing 7a,

results in reduced squareness, due to the enhanced diffusion at higher temperatures,

1.0 {a) Continous fi
N

0.5

0.0
0.5
1.0

b
-
’ et

M/M

- - 373K
-+ - 473K
---- 573K

Figure 6 The magnetization hysteresis loops of as-deposited and field annealed (a)
continuous films, (b) antidot arrays, and (c) nanodot arrays of CoFeB/IrMn exchange bias

system with #ry = 6 nm.

The Hex and H. of the antidot and nanodot arrays follow similar reliance on 74, as



the continuous films (Figure 7). The annealing temperature dependence of H.y is closely
correlated to the IrMn crystallinity shown in Figure 4. When 7., <473 K, the H,, increases
with 74, due to the enhanced AF ordering in IrMn. When 7, is further increased to 673 K,
the H., is remarkably reduced due to the loss of polycrystalline ordering in IrMn after high
temperature annealing. H. is slightly increased when 7., = 373 K, which is correlated to the
enhanced H... However, H. is decreased when T, is increased to 473 K or 573 K. The
coexistence of high Her and low H. at 473 K is attributed to the diffusion of Mn in
CoFeB/IrMn interface. The resulted uncompensated interfacial spins in [rMn contributes
to higher H. [22], while the diluted magnetic interface in CoFeB leads to lower H. [21].
When 7., = 673 K, maximum H. is achieved, due to the crystallization of CoFeB. The
above results show that magnetic field annealing is effective in tailoring the

microstructures and magnetic properties of exchange-biased multilayers.
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Figure 7 (a) H.x and (b) H. of the continuous films, antidot arrays, and nanodot arrays as a



function of 7., when tgyy = 6 nm.

4. Conclusions

The thickness dependence and annealing of the magnetic properties of
CoFeB/IrMn continuous films and sub-100-nm nanostructures were investigated. The Hex
and H. of the antidot, nanodot, and continuous films demonstrate similar 1/¢r) reliance on
the amorphous-FM layer thickness as in polycrystalline multilayers. Field annealing at low
temperature (7., < 473 K) enhances the crystallization of IrMn, resulting in higher H.,,.
Interdiffusion is promoted at higher annealing temperature, which leads to reduced IrMn
crystallinity, increased surface roughness, and reduced H... Both enhanced and reduced H.
are observed depending on 7,,, due to the competing effect of exchange interaction and
CoFeB crystallization (which increases H.) and Mn diffusion (which reduces H.). The
results show that the exponential thickness dependence of H.. and H. can be extended to
sub-100 nm nanostructures of amorphous-FM/AF bilayers. 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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