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Abstract 
In this work, we used nanosphere lithography to fabricate large area 2-D magnetic nanoparticle (MNP) arrays on a flexible 
polyimide substrate (Kapton). Samples were fabricated by assembling polystyrene (PS) spheres on thin films of Co capped 
with Au. Etched PS spheres were used to mask Co–Au particle arrays. The MNP arrays were subjected to superconducting 
quantum interference device measurements; flat samples (10 nm Co coated with 10 nm Au) exhibited an Ms of 117.3 emu  g−1, 
which was lower than the reported literature value for bulk Co (162.7 emu  g−1). When compared to the flat film, coerciv-
ity, Hc, increased in a linear fashion with respect to particle size. These preliminary results reveal that future investigations 
of the magnetic properties on flexible substrates should account for residual Co remaining in the polymeric material, the 
unique MNP shape, the effect of order (or lack or order) of the 2D array, and positioning with respect to the direction of the 
magnetic field.

Introduction

Magnetic nanoparticle (MNP) arrays have been shown to 
possess unique magneto-optical properties such as con-
trolled magneto-optical resonance tuning [1]. Fabrication 
of MNP arrays of a few millimeters can be carried out 
using highly precise and costly techniques, such as e-beam 
lithography. In contrast, the high-throughput and low-cost 
technique of nanosphere lithography (NSL) can be used to 
fabricate large areas of ordered magnetic nanoparticle arrays 
on rigid or flexible substrates [2–12]. Flexible substrates are 
important in new application areas that require lightweight 
and conformal packaging for advanced electronics and 
electromagnetics functionalities. There are several varia-
tions to the NSL method, including masking and thermal 
approaches. Recently, our group has fabricated Au, Au–Co, 
and Co metallic nanoparticle arrays on Si wafer and flexible 
glass substrates. [2–4, 12, 13] In the thermal degradation 

approach, we applied heat or intense pulsed light (IPL) to 
degrade the polymer template, leaving behind an ordered 
nanoparticle array. [13] For the masking approach, closely 
packed polymeric spheres were assembled on top of the 
desired material/metal, the spheres were then reduced in 
size to produce isolated polymeric particles and then the 
metal layer was removed to reveal an ordered array. [2] Fab-
rication strategies for flexible arrays can be limited due to 
substrate properties such as temperature tolerance, chemi-
cal inertness, and outgassing under vacuum, therefore, we 
chose Kapton, which is a flexible substrate comprised of 
poly (4,4ʹ-oxydiphenylene-pyromellitimide) that tolerates a 
wide temperature range and has a low outgassing rate under 
high vacuum.

Magneto-optical properties of nanostructures depend 
on the size, shape, composition, and spacing of the nano-
particles (NPs). [1] Magnetic properties such as saturation 
magnetization, Ms, and coercivity, Hc, are dependent on par-
ticle composition, size and shape. [7, 8, 11] The majority of 
the aforementioned publications focused on MNPs present 
fabrication strategies on ideal surfaces such as Si wafers. 
In our approach, we chose to apply the NSL process to a 
polyimide substrate, which, when compared to Si wafer, has 
the advantage of flexibility, and therefore extends the util-
ity of the material to a wider range of applications. In this 
preliminary investigation, we measured the magnetic proper-
ties of Au-capped Co on Kapton, i.e., a non-ideal substrate. 
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Both flat Co films and MNP arrays were investigated using 
a superconducting quantum interference device (SQUID).

Experimental details

Sample fabrication

Fabrication of the flexible Au–Co arrays was carried out 
on Kapton (Dupont; ~ 1.5 inch squares). Initial cleaning was 
performed by rinsing the Kapton squares in isopropanol and 
DI water and then drying under  N2. Next, a 5 min oxygen 
plasma cleaning process was applied using the Oxford Dual 
Chamber Reactive Ion Etch Plasma Lab 80 Tool. Next, a 
layer of Co (10 nm) was deposited onto the clean Kapton 
using e-beam evaporation (CHA Industries). The Au layer 
(10 nm) was immediately deposited sequentially onto the 
Co without breaking vacuum. Then, polystyrene (PS) beads 
were assembled on top of the Co–Au via spin coating. A 
colloidal suspension of PS microspheres (10% solids; Bang-
sLabs, USA) with an approximate diameter 200 or 500 nm 
was filtered through a syringe filter (cut-off = 1.5 µm) to 
remove large particles or ‘supers’ that could interfere with 
the assembly process. Next, the PS suspension was pipetted 
onto the Au and spun with a step-wise spin speed ramp [13]. 
These steps were 200 rpm for 5 s, 500 rpm 10 s, 1000 rpm 
for 20 s, 4000 rpm for 15 s, 6000 rpm for 10 s, 4000 rpm for 
5 s, 1000 rpm for 5 s, 500 rpm for 5 s, and 200 rpm for 5 s. 
The PS bead-coated samples were placed in the Oxford RIE 
(50 W; 20 ccm) and etched for 0, or 60 s. The Au–Co layer 
was removed using an ICP Etch Tool (Oxford Plasmapro 
380) in cryo cold mode (− 120 °C). Etching parameters were 
RF power of 100 W and an ICP power of 2000 W and an 
Ar flow rate of 20 ccm and an etch time of 90 s. Finally, 

the samples were subjected to high temperature (325 °C) 
for 3600 s under  N2 in a high-temperature oven (Blue M). 
Samples were stored in ambient conditions.

Please refer to the supplementary material section for 
sample characterization details (scanning electron micros-
copy (SEM) and superconducting quantum interference 
device (SQUID)).

Discussion

Sample fabrication

Flexible MNP arrays were fabricated on Kapton using the 
NSL process depicted in Fig. 1. First, clean Kapton was 
coated with a layer of Co and then a layer of Au was depos-
ited using an e-beam evaporator without breaking vacuum. 
The Au layer was deposited to minimize oxidation of the Co 
layer and provide desired optical properties. Next, an assem-
bled monolayer of filtered PS beads in aqueous suspension 
was applied on top of the Au surface via spin coating. Fig-
ure 2A depicts the hexagonal packing of the PS bead mon-
olayer. After assembling the PS beads into a packed mon-
olayer, the PS beads were etched to produce discrete islands 
blocking the metal layer. Partial removal of the PS bead 
mask during the oxygen plasma etch step reduces the size 
of the PS bead mask, as shown in Fig. 2B. The reduction in 
size of the polymer beads depends on the exposure time, i.e., 
long exposure times result in smaller bead masks. After the 
PS beads were reduced in size, the metal layer in areas not 
blocked by the PS bead mask was removed using ICP etch-
ing in cryo mode. The ICP etch tool was used in ‘cryo mode’ 
to minimize damage to the PS bead mask and to efficiently 
remove the Co–Au layer. The ICP etching process reduced 

Fig. 1  Schematic depicting MNP fabrication processes based on 
NSL. The substrate is cleaned using IPA and  O2 plasma (a); 10 nm 
layers of Co and then Au are deposited onto the substrate via e-beam 
evaporation (b); the PS beads are assembled on the Co—Au layer via 

spin coating (c); the ordered PS beads are etched using  O2 plasma 
(d); the Co—Au layer is removed using ICP etching (e); and, finally, 
the PS beads are removed (f)
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the size of the PS beads without completely removing the 
bead mask. The remaining PS bead layer was removed to 
reveal a Co–Au particle array on flexible substrate, Fig. 3.

Sample characterization

SEM images of Co–Au particle arrays with average diam-
eters of 115, 269, and 321 nm are displayed in Fig. 3, respec-
tively. The particle arrays retained some of the original hex-
agonal ordering; however, the Kapton substrate is tentatively 
thought to distort the array due to inhomogeneity in the mor-
phology and lack of stability during the fabrication process. 
Visual inspection confirmed that a metallic layer remained 
after the fabrication steps were performed, although the layer 
did not have a smooth reflective appearance associated with 
a continuous metallic film. The Samples without the PS bead 
mask were subjected to the fabrication process, and upon 
visual inspection, the metallic layer was not observable and 
the sample appeared to be a clean Kapton substrate.

SQUID measurements revealed that residual Co remained 
behind on the Kapton substrate that was subjected to the 
fabrication procedure without the PS bead mask. Figure 4A 
displays the hysteresis loops (H applied in the plane of the 
sample) for Co–Au-coated Kapton samples before and after 
the fabrication protocol. The hysteresis loop revealed that 

saturation magnetization, Ms, was 5–10% of the flat Co–Au 
film. Flat samples (10 nm Co coated with 10 nm Au) exhib-
ited Ms = 117.3 emu  g−1, which was lower than the reported 
literature value (162.7 emu  g−1) by 27.9%. [14] It should 
be noted that the Co layer thickness (10 nm) is thin enough 
for properties to differ from bulk, and magnetic properties 
may be weaker very close to the interface. A reduction in 
magnetic saturation could be attributed to oxidized regions 
of Co, which could be a relatively large percentage for thin 
layers. Ms was obtained by estimating the mass of the Co in 
each sample. Given that there is residual Co remaining in the 
substrate, we expect that the mass has been underestimated, 
which can artificially inflate Ms. Magnetic hysteresis loops 
for Co–Au MNP arrays on Kapton were also obtained. When 
compared to the flat film, the coercivity, Hc, increased in a 
linear fashion with respect to particle diameter, Fig. 5. We 
considered the flat film as a particle array with d = 0. This 
linear increase occurred for the 2-D MNP arrays irrespective 
of the particle spacing or lack of ordering. This is tentatively 
associated with magnetic domains having roughly the same 
uniaxial in-plane anisotropy. [15]

Additional experiments were performed to understand if 
the hysteresis loops could be used for not only qualitative 
analysis, but to determine Ms. The saturation magnetization 
was obtained for 20 and 50 nm layers of Co and found to 

Fig. 2  SEM images of assem-
bled PS beads before (a) and 
after (b) etching

Fig. 3  SEM images of Co–Au MNP arrays on Kapton with average particle diameters of 155 (a), 269 (b), and 321 (c) nm. Scale bars = 1 μm
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be 127.8 and 147.9 emu  g−1, 21.5% and 9.1% below the 
literature values, respectively. It should be noted that the 
20 nm layer of Co was capped with Au, but the 50 nm layer 
was not capped. The saturation magnetization for the 50 nm 
layer of Co was obtained for the out-of-plane run and found 
to be140.5 emu  g−1. These results are much closer to the 
literature value for bulk Co. The experimentally obtained 
Ms values are listed in the table displayed in Figure SM1. Ms 
values for particle arrays were based on estimated residual 
Co mass, as depicted by SEM images. Given that residual 
Co remains behind on the bare Kapton sample, we have 
concluded that experimental methods that directly measure 
the remaining mass of Co should be employed in order to 
decouple the effects.

Conclusion

This preliminary investigation supports other published work 
demonstrating that magnetic properties (easy axis coerciv-
ity in this case) of particles with nanometric dimensions 

Fig. 4  Hysteresis loops (magnetic moment vs. applied magnetic field) of 4 × 4 mm samples of Kapton coated with a continuous layer of Co–Au 
(a) before (black) and after (red) Co–Au removal; NP arrays with particle diameters of 115 (b), 269 (c), and 321 (d) nm

Fig. 5  Coercive field, Hc, with respect to particle diameter for Co 
films and MNP arrays on Kapton. Particle diameter of 0 is the flat 
film, which is comprised of 10 nm of Co coated with 10 nm of Au. 
MNP arrays were fabricated by  using the flat film and removing a 
portion of the film to leave behind particle arrays
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are dependent on particle size. [7, 8, 11] Hysteresis loops 
obtained when the external magnetic field lay in the plane of 
the sample revealed that 2D MNPs exhibit increased Hc with 
respect to particle diameter. These preliminary results also 
revealed that future investigations of magnetic properties on 
flexible substrates should account for residual Co remaining 
in the polymeric material. The fabrication protocol, substrate 
material, and magnetic material will affect the properties and 
performance of the magnetic array. Moreover, the unique 
MNP shape, which is a flat disc, could have magnetic prop-
erties that deviate from spherical particles that are randomly 
distributed in a 3D space. Finally, the effect of order (or lack 
of order) in the 2D array should be taken into account along 
with bending, folding, and positioning with respect to the 
direction of the magnetic field.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1557/ s43580- 021- 00193-z.
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