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Currently, the most widely used photoresists in optical lithography are organic-based resists. The major
limitations of such resists include the photon accumulation severely affects the quality of photolithography
patterns and the size of the pattern is constrained by the diffraction limit. Phase-change lithography, which
uses semiconductor-based resists such as chalcogenide Ge,Sb,Tes films, was developed to overcome these
limitations. Here, instead of chalcogenide, we propose a metallic resist composed of MgssCu,oY;; alloy
films, which exhibits a considerable difference in etching rate between amorphous and crystalline states.
Furthermore, the heat distribution in MgsgCu,9Y 5 thin film is better and can be more easily controlled than
that in Ge,Sb,Tes during exposure. We succeeded in fabricating both continuous and discrete patterns on
Mgs5Cu,oY 3 thin films via laser irradiation and wet etching. Our results demonstrate that a metallic resist
of MgsgCu,oY 3 is suitable for phase change lithography, and this type of resist has potential due to its
outstanding characteristics.

Ithough sub-100-nm lithography resolution can be achieved using electron-beam lithography (EBL)', this

technique is not optimal because of its extremely high cost and poor efficiency. In contrast, it is difficult to

create sub-diffraction*’ nanopatterns using optical lithography because of the diffraction limit*. Although
it is possible to improve the resolution by increasing the numeral aperture (N.A.) of the objective lens or
decreasing the wavelength of the incident laser, “1” is the ideal maximum N.A. value possible in air, and
157 nm’ is considered to be the shortest wavelength that can be achieved for current optical lithography in
air. Moreover, the most widely used photoresists in optical lithography are organic-based resists, which may not
only cause the borders of lithography patterns to blur but also present a health risk to users because of their
toxicity. Semiconductor-based resists such as chalcogenide Ge,Sb,Tes have been used for phase-change litho-
graphy (PCL)* ", which is based on the etching-rate (solubility) difference between the amorphous (as-deposited)
and crystalline (annealed) states of phase-change materials in acid/alkaline solution. Because the Gaussian profile
of the laser beam intensity confines the “phase-change” process well within the localised laser-heated area, it
would efficiently fabricate sub-diffraction structures'>'® and femtosecond laser source'”"" would be an appro-
priate option to achieve a fine feature size.

Metallic glasses, which exhibit excellent performance in terms of strength, elastic limit strain, corrosion
resistance and abrasion resistance’*?’, have recently attracted the increasing attention of many researchers®™".
In general, metallic glasses are metals and are good heat conductors, so metallic glass has been applied as a thermal
absorption layer” in phase-change lithography. In addition, metallic glasses also exhibit both “amorphous” and
“crystalline” states, similar to chalcogenide-based phase-change materials. This feature indicates that metallic
glasses may have the potential to be directly used as metallic resists. However, the use of metallic materials as
etching layers in lithography has not yet been reported. In this report, we propose a metallic resist consisting of a
thin film of MgssCu,oY;; (MgCuY) alloy, which presents considerable etching selectivity between the crystalline
and amorphous states. Unlike organic resists, this metallic resist is non-toxic. Moreover, the use of a metallic resist
is expected to reduce production cost because abundant metal elements are readily available in nature. This is the
first report to demonstrate the feasibility of a metallic resist using MgCuY alloy, and we expect that because of
the outstanding characteristics of metal, “metallic resists” will surely play an important role in lithography in
the future.
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Figure 1 | Different etch rates for as-deposited and crystalline MgCuY
thin films. (a) XRD patterns acquired from an as-deposited MgCuY thin
film and from a film annealed at 573 K for 30 min. (b) Etching
characteristics of a sputter-deposited MgCuY thin film in 0.5 wt% nitric
acid/ethanol solution under magnetic stirring at 300 rpm. The initial
thicknesses of the as-deposited (amorphous) and crystalline samples were
both approximately 100 nm. The etch rates for both samples remain
constants over time; the as-deposited sample was etched away at a rate of
~3.32 nm/s, which is approximately three times of the etching rate of the
crystalline sample, ~1.13 nm/s.

Results

Etch-rate difference between as-deposited and annealed MgCuY
thin films. XRD patterns of the as-deposited and annealed MgCuY
thin films used in the following experiments were obtained (Fig. 1a).
Samples of MgCuY thin films were annealed in a vacuum oven (5 X
107* Pa) at a temperature of 573 K for 30 min. The lower blue curve
represents the XRD pattern of the as-deposited state, which exhibits
no diffraction peaks corresponding to the crystallisation phase. This
result indicates that the as-deposited MgCuY thin film, which was
prepared via magnetron sputtering, is in an amorphous state. The
upper red curve displays the XRD pattern after the annealing. The
data show two sharp peaks near the position of 40°, which
correspond to the phases of CuMg, and MgCu,.

The samples used to investigate the etching characteristics were
100-nm-thick MgCuY alloy sputter-deposited onto a 0.8-mm SiO,
substrate. The etching duration for the amorphous sample was 30 s,
while that for the crystalline sample was 70 s. The hollow squares and
stars (Fig. 1b) denote the thicknesses of the crystalline and amorph-
ous samples, respectively, after etching for the given duration. Both
samples had an approximately constant etch rate over time. For the
as-deposited state, the etch-rate function is

y=—3.321x+102.482 (1)

For the crystalline state, the etch-rate function is

y=—1.131x+102.734 ()

The etch rate of the as-deposited MgCu is thus nearly three times of
the crystalline film. After 30 s etching, the thickness difference
between the crystalline and the as-deposited alloys was nearly
60 nm. We believe that this 3-fold selectivity is unlikely to be the
maximum etching selectivity of MgCuY resist, as metallic glasses are
strongly composition dependent™.

Laser-heating simulation for GST and MgCuY alloys. To investi-
gate the disparity between the transient thermal distributions inside
the GST and MgCuY thin films, a laser-heating simulation was
implemented using the finite element method. In the simulation,
two models (Fig. 2a) were constructed using the same geometric
dimensions of 20 pm X 20 pm X 4.1 pum, with an alloy thickness
of 0.1 um. The laser beam used to irradiate the models has a
Gaussian distribution®® and an 1-um radius. The simulated
temperature at the edge of the 3D geometry is fixed at 20°C (the
ambient temperature), and the models exchange heat with the
environment through free convection. The coordinate origin (0, 0,
0) is indicated in the models of Fig. 2a, and all parameters used in the
simulation are listed in Table 1.

It is apparent that the green line represents a higher temperature
profile than the red line under the same laser irradiation (5 mW,
100 ns); in particular, the central temperature gap (x = 0, z =
0.1 pm) is greater than 400°C (Fig. 2b). However, if the temperatures
in the central areas of the two models are the same, the laser power
applied to the MgCuY thin film, 224.5 mW, is 44.9 times that applied
to the GST thin film. Nevertheless, despite possessing the same cent-
ral temperature, these two thermal curves are distinct. When the
green line (GST, 5 mW) is compared to the blue line (MgCuy,
224.5 mW), it can be seen that the temperature decreases rapidly
in the GST thin film from the centre to the edge, whereas in the
MgCuY thin film, the temperature decreases more gradually
(Fig. 2b).

Six different combinations of laser powers and pulse durations
were applied in the simulation to investigate the rate of the temper-
ature decrease from the centre to the edge of the MgCuY thin film
(Fig. 2c). The MgCuY thin film was subjected to a laser beam under
the following laser-irradiation conditions: a) 50 mW-4 ms, b)
70 mW-6.5 ps, ¢) 100 mW-290 ns, d) 150 mW-36 ns, e) 250 mW-
7 ns and f) 500 mW-1.58 ns. These groups of parameters were
selected to maintain a constant temperature at the centre point (0,
0, 0.1 pum). It can be seen that the six curves have the same temper-
ature of approximately 265°C at x = 0 but different rates of temper-
ature decrease from the centre to the edge. The temperature profiles
shrink towards the centre from one curve to the next. A higher laser
power and shorter pulse duration produce a higher rate of decrease,
whereas the temperature profile decreases more gradually in the case
of a lower laser power and longer pulse duration. If the crystalline
temperature of the MgCuY alloy is assumed to be 200°C, the crys-
talline area in the case of 500 mW-1.58 ns is a half of that in the case
of 50 mW-4 ms. These results imply that the crystalline area in a
metallic glass material can be significantly reduced by increasing the
laser power while simultaneously decreasing the pulse duration.

The thermal distributions of the two alloys also differ in the lon-
gitudinal direction. The laser power used to irradiate the GST thin
film is 5 mW, and that used to irradiate the MgCuY film is 80 mW;
both have a 400-ns pulse duration. The blue line (Fig. 2d) shows the
upper-surface temperature profile in the GST thin film along the x
direction, and the red line (Fig. 2d) displays the temperature profile
of the bottom surface. There is a clear gap between the two temper-
ature profile curves, and the central temperature gap reaches 450°C.
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Figure 2 | Computed temperature profiles of GST and MgCu thin films along the x direction. (a) A schematic of the 3D finite element model of
monolayer GST or MgCuY alloy. Both alloy thin films have a thickness of 100 nm, and the glass substrates are 4 pum in thickness. (b) Temperature curves
for the upper surfaces of the GST and MgCuY thin films along the x direction. The laser power applied to the GST thin film is 5 mW, whereas those
applied to the MgCuY thin film are 5 and 224.5 mW. The duration of the laser pulse is 100 ns. (c) Temperature curves for the upper surface of the MgCuY
thin film. The applied laser has a range of laser powers and pulse durations, but different sets of irradiation parameters can lead to the same temperature at
the central point. (d) Temperature curves for the upper and bottom surfaces of the GST thin film along the x direction. The laser has a power of 5 mW and
a 400-ns duration. (e) Temperature curves for the upper and bottom surfaces of the MgCuY thin film along the x direction. The laser has a power of

80 mW and a 400-ns duration. An enlarged image of the region enclosed by the red square is displayed on the right.

Because of the relatively low thermal conductivity of the GST thin
film, it is difficult for the laser-induced heat absorbed by this film to
transfer from the top to the bottom, and the temperature profile
shrinks inward accordingly. In this case, a crystalline body with the
appearance of a bowl should form in the GST thin film. However, the
situation in the MgCuY thin film is entirely different from that in
the GST film. The red line (Fig. 2e) represents the upper-surface (z =
0.1 pm) temperature profile of the MgCuY film along the x direction,
and the blue line (Fig. 2e) represents the temperature profile of the
bottom surface (z = 0) under irradiation conditions of 80 mW and
400 ns. It can be seen that the two lines are nearly coincident; even
the enlarged image on the right shows only a small profile gap with a
maximum temperature difference of 4°C atx = 0. This difference can
be ignored in practical applications, and we can regard these two
surfaces (z = 0.1 pm and z = 0) of the MgCuY thin film to have the
same temperature profile under the laser irradiation.

Fabricating patterns on MgCuY thin films via laser irradiation
and wet etching. A 100-nm-thickness amorphous MgCuY thin film
was deposited on a glass substrate and exhibited a relatively smooth
cross section surface (Fig. 3a). A continuous-wave laser was used to
irradiate the surface of the MgCuY resist to create line patterns. The
line patterns on the MgCuY thin films were more easily recognisable
under an optical microscope after wet etching (Fig. 3¢) in contrast to
that before the etching (Fig. 3b). After the MgCu resist was exposed
to the laser, it appeared to shrink slightly inward in the irradiated

regions, forming concave shapes (Fig. 3b). However, these concave
shapes became convex after the wet-etching process (Fig. 3c).

A discrete dot pattern was also fabricated using a pulse laser. As in
the case of the line patterns (Figs. 3a, b), the MgCuY thin film exhib-
ited a higher reflectivity difference between the dots and the amorph-
ous region after the wet-etching process (Figs. 4a, b). Because the
amorphous region experiences a higher etching rate compared to the
crystalline region (Fig. 1b), bulges were expected to emerge at loca-
tions irradiated with a laser pulse. The atomic force micrograph
(Fig. 4c) of this sample clearly displays the topography of the gener-
ated dot pattern on the MgCuY thin film. The structure of the dot
pattern is as predicted above. The average height of the dots is
approximately 25 nm (Fig. 4d), and the height difference between
two dots is less than 2 nm. As the pulse duration increased from the
shortest tested duration, the dot size and height gradually increased,
as shown in the cross-sectional profiles (Figs. 4d-g).

Discussion

Copper alloys typically present good corrosion-resistance properties.
Crystalline MgCuY thin films primarily consist of MgCu, and
CuMg, (Fig. 1a), which behave as inert phases, thus leading to a
higher etch rate in the amorphous alloy than that in its crystalline
counterpart (Fig. 1b). In fact, many metallic glasses exhibit different
corrosion resistance or etching selectivity in certain states. Some Fe-
based and Cu-based bulk metallic glass (BMG) alloys have been

Table 1 | Parameters applied in the laser-heating simulation*245

Materials Density (kg/m?) Thermal conductivity (w/m K) Heat capacity (J/kg K)
GST 6150 0.2 210

MgCuY 3130 235 712

SiO, 2220 1.38 745
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Figure 3 | Continuous line patterns on a MgCuY thin film. (a) An optical micrograph of an amorphous MgCuY thin film deposited on a glass
substrate and its cross-sectional profile. (b) The optical micrograph and cross-sectional profile of laser-induced line marks on the MgCuY amorphous
thin film after exposure and before wet etching. (c) The optical micrograph and cross-sectional profile of the laser-induced line marks on the MgCuY
amorphous thin film after wet etching. The MgCu thin film was irradiated with a continuous-wave laser and immersed in a 0.5-wt% nitric-acid/ethanol
solution for 5 s. The applied laser power was 20 mW. The profile image of the sample was obtained using a surface profiler. The laser wavelength is

660 nm and the N.A. of objective lens is 0.4.

found to exhibit better corrosion properties in the amorphous state
than that in the crystalline state** . In other cases, the corrosion
resistance of some Pd-based and Fe-based BMGs amorphous alloys
can be improved by annealing” . Al-based amorphous thin films
have also exhibited a lower etching rate after the annealing. These
results indicate that both positive and negative resists can theoret-
ically be achieved using metallic glasses for thermal lithography.
The simulation results indicate that the thermal distribution in a
MgCuY thin film differs from that in a GST film (Fig. 2). It is appar-
ent that for the same thickness, the heating modes of the two alloys
are different. Only the temperature data computed for the alloys (z =
0 to z = 0.1 pm) are plotted; the temperature in the substrate is
ignored (Fig. 5). In images A to F (Fig. 5a), the chromatic regions
signify areas in which the temperatures are greater than the crystal-
line temperature of the GST alloy (approximately 150°C). It can be
clearly seen that a bowl-shaped crystalline area forms in the film
under laser irradiation, and this area grows as the pulse width
increases. In this case, the model of a GST thin film heated by a
Gaussian-distributed laser beam can be approximately considered
as follows: There exists a point heat source at the coordinates (0, 0,
0.1 um). The heat-transfer rate in the GST film is assumed to be
anisotropic; the transfer rates along the x and y directions are greater

than that along the z direction. The arrow in image F indicates the
heat-transfer direction in the GST thin film.

The MgCuY alloy has a larger specific heat and a higher thermal
conductivity than GST, which indicates that it has a rapid heat-
transfer rate. In images A to F (Fig. 5b), the chromatic regions signify
areas in which the temperatures are greater than the crystalline tem-
perature of the MgCuY alloy (approximately 200°C). We can see that
heat moves rapidly in the vertical direction in the MgCuY thin film,
and thus, the temperature profiles on the upper and bottom surfaces
become identical within a short time. As the pulse duration increases,
the heat moves primarily in a transverse direction from the centre to
the edges, as indicated by the arrow in image F. Therefore, the model
of a MgCuY thin film heated by a Gaussian beam can be approxi-
mately considered as follows: It is assumed that a line heat source
exists in the region between (0, 0, 0) and (0, 0, 0.1 pm). This assumed
source has the same heat-generation rate at all points along the line,
and heat is uniformly transferred from the centre to the edges. The
arrow in image F indicates the heat-transfer direction in the MgCuY
thin film.

When the above two results are compared, it can be seen that the
thermal distribution in the MgCuY thin film is more regular than
that in the GST film, and the heat transfer is also better controlled
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Figure 4 | Discrete dot patterns on a MgCuY thin film. (a) Image of laser-induced marks on an amorphous MgCuY thin film before wet etching under an
optical microscope. (b) Marks after wet etching under an optical microscope. (¢) An atomic force micrograph (27 pm X 19 pm) of the discrete dot
patterns after wet etching. (d) The cross-sectional profile of the second row of the dot array. (e) The cross-sectional profile of bulde A. (f) The cross-
sectional profile of bulde C. (g) The cross-sectional profile of bulde D. The laser power in this experiment was 40 mW, and the pulse durations were, from
top to bottom, 5 ms, 2 ms, 500 ps, 200 ps. The laser-marked MgCuY sample was subjected to a 5-s etching process in a 0.5-wt% nitric-acid/ethanol

solution with a magnetic stirring rate of 300 rpm.
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Figure 5 | Images of computed transient thermal contours on an x-z plane cross section in GST and MgCuY. (a) A 5-mW laser beam focused on the
surface of a GST thin film for pulse durations of, from A to F, 20, 50, 100, 200, 300 and 400 ns. (b) An 80-mW laser beam focused on the surface of a
MgCuY thin film for pulse durations of, from A to F, 200, 300, 500, 1, 2 and 3 ps. For both images, the black regions signify an area in which the
temperature is less than the material’s crystalline temperature (approximately 150°C for GST and approximately 200°C for MgCuY). Corresponding

colour bars are provided on the right-hand side of each contour picture, and the unit is (°C).

because effective heat transmission only occurs in the horizontal
direction. The size of the cylindrical crystalline body is directly
modulated by the pulse duration when the laser power is a constant,
and the pulse direction can be precisely controlled. It should be noted
that these results rely on the assumption that the thickness of both
alloys is the same as 100 nm. If the thickness of the MgCuY thin film
is increased to the micron level or beyond, the heat-transfer mode
becomes the same as that in the GST film. The only difference
between the two films is that the volume of the bowl-shaped crystal-
line body in the MgCuY thin film is far greater than that in the GST
film because a very high laser power is required to crystallise such a
thick metallic glass film. However, for a thickness at the nanometre
level, the MgCuY alloy offers distinct advantages with respect to both
heat transfer and the crystalline shape, which will be valuable for use
as a metallic resist and in other applications.

The fabrication and application steps of a MgCuY thin film resist
can be summarised as follows: 1. To coat the MgCuY resist onto the
substrate via magnetron sputtering (Figs. 6a, b). It is worth noting
that although it is an inorganic resist, the thickness of the MgCuY
directly determines the required exposure parameters, as in the case
of the organic resists currently applied in optical lithography. The
spinning time determines the thickness of a photoresist, whereas the
sputtering time determines the thickness of a metallic resist. 2. In
accordance with the patterns required, to select an appropriate writ-
ing strategy to achieve the laser exposure of the resist (Fig. 6¢). The
structure of MgCuY changes from “amorphous” to “crystalline”

Metallic resist

Subtrate

\
\

Deposition

a

Exposure

during exposure. The smooth surface becomes concave in the irra-
diated areas (Figs. 3b, 6¢). We consider that this formation of con-
cavities is primarily attributable to the local increase in material
density caused by laser-induced crystallisation, which causes the
volume of the MgCu resist to decrease and concavities to be formed.
3. To dip the laser-exposed material into the etchant (0.5 wt% nitric
acid/ethanol solution) for a defined duration to form the intended
metallic patterns (Fig. 6d). As the wet etching proceeds, the laser-
induced concavities rapidly fade away because of the high etching-
rate and solubility difference between the amorphous and crystalline
regions (Fig. 2b). Raised metallic patterns are fabricated in the irra-
diated regions following the etching step.

The dimensions (horizontal size and height) of the metallic pat-
terns formed in this manner are proportional to the pulse duration
(Figs. 4d-g). This finding indicates that when subjected to a litho-
graphy process, the shape of the metallic patterns is not constant but
can be modulated by the laser writing strategy. In this way, three-
dimensional fabrication* should also be possible using metallic
resist.

In conclusion, with the development of micro- and nano-fabrica-
tion technology, various types of resists have been applied in litho-
graphy in the pursuit of better performance. However, the use of
metallic materials as a type of resist for lithography has not yet been
reported. In this paper, using MgCuY alloy films, we demonstrate
that metallic resist is suitable for lithography in principle, and we
expect that this type of resist can offer considerable opportunities for

Crystallization
Metallic patterns

Wet
Etching

c d

Figure 6 | Schematic diagram of a metallic resist for lithography. (a) Preparation of the substrate. (b) Deposition of the metallic resist onto the substrate.
(c) Laser irradiation of the resist. (d) Wet etching to obtain the intended patterns.
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development because of its outstanding characteristics. Certainly,
MgCuY is not the only feasible type of metallic resist or even neces-
sarily the best one. Other metallic materials may also be suitable for
use as resists in lithography. Moreover, the quality (size, height, and
side angle etc.) of metallic patterns is affected by many factors,
including the thickness of the resist; the laser writing strategy; the
material composition; the concentration, temperature and type of
etchant applied; the etching time and the rate of magnetic stirring.
We believe that as research in this field progresses, metallic resists
will achieve outstanding performance in lithography.

Methods

Preparation of MgCuY thin films. MgCuY thin films with a 100-nm height on the
substrate were fabricated via optical lithography and magnetron sputtering. A glass
wafer was ultrasonically cleaned in water at a temperature of 50°C and then placed on
a hot plate to dry. Optical lithography was performed to fill a part of the wafer with
photoresist, and magnetron sputtering in conjunction with lift-off was implemented.
The MgCuY films that directly adhered to the glass wafer were preserved, whereas
those that were deposited on the photoresist were removed by the dissolution of the
photoresist. The magnetron-sputtering conditions were as follows: 60 W of DC
power, vacuum of 7.8 X 107 Pa, 0.5 Pa of Ar" pressure and 5 min.

Etching-selectivity experiment. An amorphous thin film of MgCuY was subjected to
annealing at 573 K for 30 min in a vacuum oven. Both amorphous and annealed
MgCuY thin films were investigated using an X-ray diffraction apparatus
(PANalytical Company, Netherlands) to determine whether they were crystalline or
amorphous. The XRD test angles ranged from 20° to 70°. A volume of 1.2 ml of 65%
nitric-acid solution was slowly added to 500 ml of 98% absolute-ethyl-alcohol
solution to obtain a 0.5-wt% nitric-acid/ethanol solution. The solution was stored in a
brown bottle and was used as soon as it was mixed. Amorphous and crystalline
MgCuY thin films were wet etched using this solution under 300-rpm magnetic
stirring for various etching times. After the etching, the samples were soaked in
deionised water for 1 min and then blown dry using nitrogen. A surface profiler
(KLA-TENCOR Company, USA) was used to determine the height difference
between the film and the substrate.

Laser-heating simulation. The finite element method was applied to simulate the
laser heating*'. The model was established as shown in Fig. 2. Considering the spatial
symmetry characteristics, only 1/4 of the structure was modelled to reduce the
computation time and to permit observations of the thermal distribution in the cross
section. The first layer in the model is the MgCuY or GST alloy, and the second layer is
the glass wafer. The method of meshing was as follows: 1. In the first layer, a fine mesh
with isometric grids was established within the region of laser irradiation. 2. Another
mesh with non-isometric grids was established in the first layer beyond the region of
laser irradiation. The fine level of meshing at the border between the inner and outer
regions was the same and decreased inwards and outwards. 3. A relatively coarse
mesh with isometric grids was established throughout the entire second layer (the
glass substrate). A heat-flux load with a radius of 1 pum was placed at the centre of the
first layer’s surface to approximate the laser-heating process. The heat flux has a
spatial intensity distribution described by the following equation:

I(x,y)=(1—Ry) x Py / (mx r})-exp[ — (x> +Y*) /3] (3)

Where Ryis the reflectivity of the material, Py is the laser power and ry is the 1/e radius.
Because the crystalline and melting temperatures of GST and MgCuY alloys are
relatively low, heat convection was considered, whereas heat radiation was ignored.
Each aspect of the model maintains heat transfer to the surroundings via free
convection. The environmental temperature was 20°C, and the free heat-transfer
coefficient was 20 W/m’K. The simulation was performed using ANSYS 13.0
software.

Pattern fabrication. A thermal-lithography optical system was constructed using a
semiconductor laser (Coherent Company, USA) connected to, in succession, a laser-
beam expander, a polarising beam splitter, a 45° plane mirror and a 0.4-N.A. objective
lens. A sample of an MgCuY amorphous thin film was placed on a high-resolution X-
Y stepper motor under the objective lens. The laser beam was focused on the sample
surface with the aid of an auto-focus system (Sigma KOKI Company, Japan).
Crystalline line patterns and dot patterns were created on the MgCuY thin film using a
continuous laser and a pulse laser, respectively. The irradiated samples were
chemically etched in a nitric-acid/ethanol solution under magnetic stirring. The
surface of the MgCuY thin film was oriented away from the direction of the solution
flow to prevent the pattern’s structure from being affected by the movement of the
water. After etching, the sample was soaked in deionised water for 1 min and blown
dry using nitrogen. An atomic force microscope (Veeco Company, USA) and a surface
profiler were used to characterise the surface morphology of the fabricated patterns.
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