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We report a simple way to enhance the size gradient of an imprinted nanopattern through 

oxygen plasma etching under a nonuniform magnetic field. A sample substrate was placed 

next to a magnet, and then a nonuniform magnetic field condition was formed around the 

sample. Using oxygen plasma etching, a line pattern having an initial width of 273 nm was 

gradually modified from 248 nm at one end to 182 nm at the other end. Controlling the 

arrangement of the magnet and sample, we could induce a triangular shape size gradient. 

We verified that the gradually modified nanopatterns we produced are applicable to continual 

optical property control, showing a possibility to be utilized for optical components such 

as gratings and polarizers.
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I. Introduction

With the development of fabrication technology, 

nanopattern-based applications have attracted much 

interest in various fields such as photonic devices [1-4], 

electronic devices [5-9], energy systems [10-14], and 

biosensors [15-18]. Among the various methods for 

nanopattern production, nanoimprint lithography 

(NIL) has taken center stage in recent years. In NIL, 

nanopatterns are prepared by pressing the resist by a 

mold that is engraved with a desired pattern, and the 

resist is hardened by heat or UV light. This method 

is a fast, easy, and reproducible way to fabricate a 

large scale nanopattern with a high resolution [19]. 

Although the resultant nanopatterns have diverse 

properties depending on their structures (such as 

width, radius, and height), it is highly undesirable to 

prepare each mold corresponding to the desired pattern 

structure.

To overcome these problems, researchers have 

modified the imprinted patterns using chemical or 

physical treatment. C. P-Hernandez et al. performed 

heat treatment to decrease the pattern size, and covered 

the molecular layer to increase the pattern size [20]. 

Our research group reported that the pattern size can 

be reduced homogeneously when plasma and heat 

treatments are combined properly [21]. However, these 

methods are applicable to only one size of pattern per 

each process and it is necessary to the repeat process 

to obtain a desired size.
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Figure 1. (a) Schematic image of a magnet and a 
sample arrangement for the gradual 
modification. (b) Front view of the simulated
magnetic field condition. (c) Schematic image
showing the formation of size gradient. (d) 
Linewidth profile of the gradually modified 
patterns.

To solve these limitations, another plan was suggested 

for gradual modification of the initial pattern, or a 

‘size gradient’. Y. Ding et al. reported a method to 

form a size gradient using a nonuniform thermal 

treatment [22]. However, the proposed thermal etching 

may cause unwanted deformation of the pattern when 

the process temperature is high enough if the resist 

is vulnerable to heat.

In this work, we demonstrated the formation of a 

size gradient of an imprinted nanopattern through 

oxygen plasma etching under a nonuniform magnetic 

field. A gradient pattern with a continuously-shifting 

optical property was easily induced with gradually 

adjustment of the plasma density around a sample by 

applying a permanent magnet.

II. Materials and Methods

A linear pattern of 273 nm in width was imprinted 

on a silicon wafer using a polyurethane acrylate (PUA, 

Minuta Technology) resist with the use of a self- 

designed NIL system (ANT-6Ho2, developed by KIMM). 

A primer solution (Minuta Technology) was spin-coated 

on the silicon substrate (3,000 rpm, 30 s, and baking 

for 10 min at 150oC) to improve the adhesion between 

the polymer resist and the silicon surface. The PUA 

resist was then spin-coated (3,000 rpm, 30 s), and it 

was covered with an imprint stamp (hard- 

polydimethylsiloxane material, linewidth and height 

were about 300 nm, respectively). After hardening for 

2 min by UV exposure, the stamp was detached and 

the pattern was cleaned by distilled water and 

nitrogen gas.

A neodymium magnet (Yuyang M&M) was used for 

directing the oxygen plasma around the imprinted 

nanopattern. For the formation of a gradient structure, 

the size of the magnets was 20×20×10 mm (for 

linear gradient) and 40×20×10 mm (for triangular 

gradient), and the average magnetic field intensity was 

about 4000 G. Plasma treatment (COVANCE, 

Femtoscience Inc.) was performed under conditions of 

100 sccm oxygen flow, 1.5 Torr process pressure, 50 

to 150 W plasma generation power, and 1 h total 

reaction time (1 h was divided into 4 periods of 15 min 

for equipment stability).

The linewidth of the pattern was measured by 

scanning electron microscopy (JEOL, JEM-7800F) after 

conductive metal coating, and the optical property of 

the pattern was measured by a UV/Vis/NIR 

spectrophotometer (Shimadzu, UV-3600) in a reflection 

mode.

III. Results and Discussion

As shown in Fig. 1(a), an imprinted nanopattern 

was placed next to a neodymium magnet for linear 
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Figure 2. Dependence of the linewidth on the position
with (a) and without (b) the magnetic field. 
(c) SEM images of both edges of the sample.

gradient formation, and the simulated magnetic field 

conditions (front view) are represented in Fig. 1(b) 

[23]. The condition where the sample was in contact 

with the N- and S-pole of the magnet is denoted as 

B (+x) and B (-x), respectively. The formation process 

of the size gradient pattern is conceptually illustrated 

in Fig. 1(c), and the width after oxygen plasma etching 

is shown in Fig. 1(d). As a reference, we used a metal 

block that has the same volume and composition as 

the magnet, whose magnetic property was removed by 

heat treatment at 350oC, which is higher than the 

Curie temperature of the neodymium magnet. In this 

control experiment, the concentration of the cations 

in the oxygen plasma was lowered in the vicinity of 

the metal block, because of the steric hindrance of 

the metal block itself and the charge-charge repulsion 

from the sheath potential developed on its surface. 

For this reason, a weak size gradient was observed 

and the linewidth was varied from 245 nm to 228 nm 

at the condition of 100 W [black curve in Fig. 1(d)].

This size gradient could be improved by applying a 

magnetic field. In the condition of B (+x), the linewidth 

showed an improved range of variation from 247 nm 

to 203 nm [blue curve in Fig. 1(d)]. It was found that 

the size gradient depended on the direction of the 

magnetic field. When the magnetic field direction was 

switched to B (-x), the size gradient was further 

improved to show a range of 248 nm to 182 nm [red 

curve in Fig. 1(d)]. These results could be explained 

with the confinement effect of the plasma species 

around the magnet. It is generally believed that with 

application of a magnetic field, the etching of the 

polymer pattern by the ionic species in the plasma is 

enhanced. However, since the above-mentioned blocking 

effect of steric hindrance and sheath potential is also 

expected in the vicinity of the magnet, the size 

gradient was induced with a wider range, as shown in 

Fig. 1(d).

As can be seen from Fig. 1(d), the size gradient was 

more pronounced in the B (-x) case than in the B (+x) 

case. This can be attributed to the movement of the 

cationic species in the plasma under the magnetic 

field. Since the cations, which are considered to be 

the etchant, in the plasma move along the opposite 

direction of the magnetic field, in the B (+x) condition, 

the cationic plasma species would be attracted to the 

magnet (not to the sample), whereas they would be 

repelled from the magnet in the B (-x) condition. 

Since the strength of the magnetic field is decreasing 

with an increase of the distance from the magnet, the 

attracted and repelled species would experience an 

accelerating and decelerating effect, respectively, which 

results in the difference in the size gradient of the B 

(+x) and B (-x) conditions.

Fig. 2 shows the dependence of the size gradient 

upon the variation of the plasma generation power. 

As shown in Fig. 2(a), the etch rate was greatly 

increased with an increase of plasma power, while the 

size gradient was not substantially promoted. In the 

case of 150 W [blue curve in Fig. 2(a)], the entire 

sample surface was etched significantly, resulting in 

linewidth variation of 159 nm to 115 nm, which is 

comparatively smaller than the other conditions. In 

this power condition, the size gradient induced by the 
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Figure 3. (a) Schematic image of the geometry for the
triangular size gradient. (b) Magnetic field 
simulation result. (c) Schematic images of 
the modification process. (d) Linewidth profiles
of the modified patterns.

Figure 4. Reflectance spectra obtained from the modified
pattern at three different positions.

steric hindrance and sheath potential of the magnet 

is considered to be dominant, since the size gradient 

[blue curve in Fig. 2(b), which summarizes the results 

obtained with the metal block (control experiment)] 

formed at 150 W was comparable with the gradient 

generated with the use of the magnet.

When the plasma power was 50 W and 100 W, the 

surface etching was rather restricted and the initial 

linewidth remained almost intact in the vicinity of 

the magnet. At 50 W, the size gradient showed good 

linearity from 250 nm to 196 nm. When the plasma 

power was 100 W, the etching reaction yielded the 

biggest linewidth variation (from 248 nm to 182 nm). 

Fig. 2(c) presents SEM images showing the difference 

in the linewidth at both ends of the sample in Fig. 

2(a).

Fig. 3(a) shows the location of the sample on the 

magnet for triangular size gradient formation and 

Fig. 3(b) presents the magnetic field simulation results. 

The condition where the sample was laid on the N- 

and S-pole of the magnet is denoted as B (+z) and B 

(-z), respectively. The modification process is 

conceptually shown in Fig. 3(c), and the width 

profiles are shown in Fig. 3(d). The direction and 

strength of the magnetic field were changed from the 

sample’s center to both ends, and this resulted in a 

triangular shape size gradient. In the condition of B 

(+z), the extent of etching was relatively higher than 

that of B (-z). With B (+z), both edges of the sample 

were etched less than at the center: the linewidth at 

the edge and at the center was 216 nm and 194 nm, 

respectively. On the other hand, at B (-z), the center 

of the sample was etched less than at both edges: the 

linewidth at the edge and at the center was 239 nm 

and 253 nm, respectively. These results are attributed 

to the modulation of the plasma density induced by 

the inhomogeneous magnetic field. These results 

demonstrate that various forms of the size gradient 

could be easily fabricated by using other forms of 

magnetic fields such as a radial form (cylinder magnet) 

or a complex form (plural magnets or a multi-polar 

magnet).

It was also observed that the optical property of 

the modified pattern was gradually changed. Fig. 4 

shows the reflectance spectra taken from three different 

positions of the size gradient patterns prepared at the 

etching condition of B (-x) and at plasma generation 

power of 100 W [red curve in Fig. 1(d)]. The average 
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linewidth of each position (2, 10, and 18 mm) was 

222, 182, and 173 nm, respectively. A reflection peak 

shift was observed. The two peaks at the 2 mm 

position were continuously shifted from long to short 

wavelength (main peak shifted to 1214 → 1203 → 

1179 nm). This position-dependent optical property 

variation might be useful in the implementation of 

some optical components and, furthermore, sensors 

based on such components.

IV. Conclusions

By applying a nonuniform magnetic field, various 

forms of a size gradient on imprinted nanopatterns 

were fabricated with the aid of oxygen plasma. A line 

pattern having an initial width of 273 nm was gradually 

modified to have a varied width from 248 nm to 182 

nm. By adjusting the shape of the magnetic field, the 

profile of the size gradient could be changed into 

various forms: e.g., linear and triangular. It was also 

found that the optical property of this modified 

pattern varied gradually depending on the position. 

We anticipate that our method of magnetic field 

assisted gradual modification will be applicable to 

other patterns involving different structures and 

chemical compositions. 
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