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Abstract
This study reports a simple imprinting method for the fabrication of biomimetic moth-eye antireflective polymethyl methacrylate
(PMMA) nanostructures on the surface of the substrate. The antireflection structured silicon was obtained by Reactive Ion Etching (RIE)
method. By using the antireflection structured silicon substrate as the imprinting stamp, the biomimetic moth-eye polymer structures
showed tapered holes, whose depth and periodicity were around 780 nm and 580 nm, respectively. The reflectance of the resulting PMMA
structures was reduced from 10% to less than 1% in the wavelength range from 300 nm to 1600 nm. This simple methodology can be
scaled up via self-loading and nanoimprinting, which may have a promising application in optoelectronic devices and solar cells.
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1 Introduction
The Fresnel reflection of an incident light comes
from the large refractive index discontinuity at the interface of two media. The significant difference between
the indices of PMMA and air causes up to 10% of the
incident light to be reflected, severely limiting the performance of optical and optoelectronic devices[1–5]. Thin
film coatings with intermediate or gradient refractive
indices are commonly utilized to suppress undesired
Fresnel reflection[6–12]. However, the stability problems
induced by adhesiveness and thermal mismatch are often
associated with this approach.
The cornea of the nocturnal moth showed that the
size of the surface relief array could be smaller than the
wavelength of the incident light. Therefore, biomimetic
moth-eye, which is regarded to be more stable and more
durable than the surface coating, can be considered as an
alternative to the thin film coating[13]. During the past ten
years, extensive research has focused on the fabrication
of surface antireflective structures[14–38]. Numerous
structures such as gratings[14,15,27], porous structures[16,17],
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nanopillars[5,18–27,33], and nanotubes[25] are able to suppress surface reflection. The principle of these techniques is to introduce another material with a gradient
refractive index different from air; meanwhile, these
technologies can gradually change the refractive index
to achieve surface antireflection. Taking into account the
massive applications of Si in the modern optical and
optoelectronic industries, various techniques are reported to produce sub-wavelength “moth-eye” polymer
structures on silicon, which can be widely used in electron-beam lithography[21], laser interference lithography[22,23], and nanoimprinting lithography[17,24]. However, due to the massive equipment required as well as
complex fabrication procedures, the practical applicability of these techniques is severely restricted. In terms
of simplicity and low cost of self-assembly, this technique is regarded as a more preferred method for the
practical applications compared to the direct and complicated writing lithography. The implementation of
some important techniques can be achieved only with
the assistance of self-assembled masks such as anode
porous aluminum[25,26], silica nanosphere[27,30], and sil-
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ver islands[31]. Techniques involving a simple preparation method are still highly desirable from practical
points of view. A high demand for usable optical devices
has motivated manufacturing low-cost devices. Some
inexpensive and easily prepared polymers are thought to
be excellent candidates for manufacturing antireflective
devices.
Herein, a simple imprinting method is disclosed to
prepare antireflective polymer nanostructures. The Si
stamps used in this study were fabricated by polystyrene
(PS) sphere monolayers, which were utilized as shadow
masks during the subsequent RIE process. The biomimetic moth-eye PMMA structures appeared as tapered
nanoholes in the presence of antireflection structured Si
imprinting stamps. The depth and periodicity of the
tapered nanoholes were around 780 nm and 580 nm
respectively. The reflectance of the polymer nanopatterns was also measured by specular optical reflection.
The obtained PMMA structures reduced the reflectance
to less than 1% in the wavelength range from 300 nm to
1600 nm. The imprinted polymer coating exhibited excellent broadband antireflection properties.

2 Experimental section
2.1 Materials
All solvents and chemicals were of reagent grade
and were used without further purification. Acetone,
anhydrous ethanol, chloroform, and tetrahydrofuran
(THF) were purchased from Sinopharm Chemical Reagent Beijing Co., Ltd. (China). Ultrapure water
(18.2 MΩcm) in test was purchased from Wahaha
Group Co., Ltd. (China). The monodispersed PS spheres
with less than 5% variation in diameter were obtained
from Sinopharm Chemical Reagent Co., Ltd. (China).
The Si wafers (n type (100)) were purchased from
Youyan Guigu Beijing, China.
2.2 Antireflection stamp fabrication
The Si mold was prepared according to the procedures published elsewhere[36]. Briefly, Si and a glass
substrate were sequentially rinsed using ultrasonic for
about 5 min in a bath of chloroform, acetone, ethanol,
and water. The substrates were then treated with oxygen
plasma etching on a plasma system 100 PVA TePLA
(Germany) at an O2 rate of 100 mL·min−1 and at a power
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density of 300 W for about 3 min. A single layer of PS
spheres (580 nm) was thoroughly manufactured based
on the reported procedure[34]. Then, the pattern of the
mask was integrally transferred to the Si substrate by
RIE, in which the periodicities of the Si nanoarray were
in good agreement with the mask. Not only the height,
but also the shape of the nanopillars could be restricted
to a certain degree by changing the etching time. The
whole height of the Si mask was controlled by altering
the etching time. In order to transfer the pattern of the PS
sphere onto the Si substrate, RIE was performed by
using a plasma film Oxford 80 Plus (ICP 65) system
(Oxford Instruments, UK). Some gases, mainly sulfur
hexafluoride (SF6, 30 sccm), trifluoromethane (CHF3,
6 sccm), and oxygen (O2, 5 sccm) were produced during
the process, with a radio frequency power of 100 W and
a chamber pressure of 30 mTorr.
2.3 Antireflection polymer
A PMMA layer (800 nm) was spin-coated onto the
glass substrate at 1,500 rpm, followed by baking at
120 ˚C for 5 min. Subsequently, the etched Si stamp was
brought into contact with the glass coated with PMMA at
a pressure of 40 bar and at a temperature of 170 ˚C. After
peeling off the stamp from the substrate at 70 ˚C, the
patterns of the stamp were transferred onto the glass
substrate.
2.4 Characterization
The surface morphologies were characterized using
a Scanning Electron Microscope (SEM, SUPRA-55,
ZEISS, Germany). The PMMA nanostructure and the Si
stamp array were sputtered with gold (a thickness of 5
nm). The Atomic Force Microscope (AFM) images were
recorded using a Digital Instruments Nanoscope IIIa
scanning probe microscope under ambient conditions.
The reflectance spectra of the antireflective PMMA
nanostructural coatings and the Si stamp were obtained
using a UV-VIS-NIR spectrophotometer (Lambda-950,
Perkin Elmer) working in the wavelength range of
400 nm – 2,400 nm.

3 Results and discussion
The Si stamps for the fabrication of biomimetic
antireflective arrays were fabricated according to the
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reported literature[36]. Fig. 1 schematically illustrates the
main steps of the fabrication process of the biomimetic
antireflective arrays. Firstly, a monolayer of the hexagonal close-packed PS spheres was fabricated on a
Si (100) substrate (Fig. 1a). The SEM image of PS
nanosphere monolayer on Si (100) substrate is shown in
Fig. 2. Then, the PS sphere array on the Si substrate
was subjected to the RIE process using SF6, CHF3, and
O2 at a radio-frequency (RF) power of 100 W. After
removing the polymer mask, the tapered Si nanopillar
arrays were obtained (Fig. 1b). Subsequently, the
stamp was imprinted onto the glass substrate by a
spin-coated PMMA film surface (Fig. 1c). Finally, the
stamp was removed from the PMMA surface, and the
biomimetic antireflective arrays were then fabricated by
nanoimprinting PMMA film on a glass substrate
(Fig. 1d).
The SEM images of the Si nanopillar arrays are
presented in Fig. 3. The height of the Si nanopillars was
120 nm, 300 nm, 450 nm, 600 nm, and 780 nm for the
etching time of 3 min, 5 min, 7 min, 9 min, and 11 min,
respectively (Figs. 3a–3e). Meanwhile, extending etching duration reduced the radius of the Si nanopillars
at the top in a way that the Si nanopillars were almost

changed to nanocones. The height of the Si nanopillars
increased with the etching time, which is ascribed to the
gradual reduction in the diameter of the PS-spheres in
the presences of O2. Therefore, a wider surface of the Si
nanopillars could be exposed to the etching gas. Fig. 3f
correlates the height of the Si nanopillar arrays with the
etching time. The height of the Si nanopillars linearly
was increased by extending the etching time up to a time
of 11 min and then leveled off. Fig. S1 in the supplementary material displays the photography of water
Contact Angle (CA) and the SEM images of the Si
stamps with a height of 780 nm after being modified
with a fluorine-included silane coupling agent. The obtained results demonstrated that the behavior of the Si
nanopillars stamp was super-hydrophobic.
The specular optical reflections of a flat polished Si
wafer (red line) and that of the Si nanopillars with a
height of 780 nm (black line) in the wavelength range
from 400 nm to 2400 nm are vividly depicted in Fig. 4a.
This figure indicates that the Si nanopillars effectively
suppressed the surface reflection. The reflectivity of the
polished Si in the range from 400 nm to 2400 nm
dropped from 30% to 5% in the presence of the Si nanopillars with a height of 780 nm. According to the

Fig. 2 The SEM image of the PS monolayer with the spheres
having a diameter of 580 nm.
Fig. 1 A schematic illustration of the fabrication of an antirefletive polymer surface.

Notes: The upper inset displays a magnified section of the SEM
image. The scale bars are 4 µm and 1 µm, respectively, for the
SEM image and the inset.
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Reflectivity

Fig. 3 The cross-sectional SEM images of the Si stamps with a pillar height of (a) 120 nm, (b) 300 nm, (c) 450 nm, (d) 600 nm, and
(e) 780 nm. (f) The correlation between the height of the Si nanopillar arrays and the etching time.

Fig. 4 (a) Specular optical reflection at normal incidence for a flat polished Si wafer (red line) and Si nanopillar arrays with a height of 780
nm (black line). (b) Photographs of a flat polished Si wafer (left part) and Si nanopillar arrays (right part): The Si nanopillar arrays exhibit
an antireflective property.

effective medium theory[34], the Si nanopillar arrays can
be considered as an effective medium layer which provides a layer with a gradient refractive index and results
in the reduction of reflectivity. Fig. 4b presents the
photographs of Si nanopillar and the polished Si substrate. The dark region on the right represents the strong
antireflection ability originating from the nanopillar
arrays while the bright silicon slice on the left is the
polished Si substrate. Furthermore, the thickness of the
Si substrate is 525 μm, which is mechanically strong

enough to be used as a stamp in the subsequent imprinting.
Then, the nanohole arrays with different depths
were created with the corresponding stamps using the
nanoimprinting lithography. Fig. 5 illustrates the SEM
images of the nanoholes prepared from the stamps with
different depths. The periodicity of the nanohole arrays
was consistent with the corresponding stamps, but the
depth of the nanohole arrays was slightly lower than that
of the corresponding Si stamps. This difference should
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result from the volume shrinkage of PMMA after peeling off the stamps. As it is demonstrated in Figs. 5a–5e,
the nanoholes with the heights of 120 nm, 295 nm,
440 nm, 585 nm, and 750 nm were respectively created
with the stamps having a height of 120 nm, 300 nm,
450 nm, 600 nm, and 780 nm.
Fig. S2 shows the AFM and SEM images of the
antireflection polymer structures prepared by using the
imprinting stamp of the antireflection structured Si substrate. As displayed in Fig. S2a, the imprinted structures
show hexagonal ordered holes. The skewed SEM image
in Fig. S2b proves a depth of around 750 nm for
the tapered holes. This value was slightly smaller
than the height of the Si nanopillars on the mold,
which originates from the volume shrinkage of the
PMMA after cooling-down process during the imprinting.
The measurement of specular reflection spectrum
was conducted using a VIS-infrared spectrometer. The
incident angle was set to be 5˚. Fig. 6 describes the
specular optical reflection at the normal incidence light
irradiation of a flat film (purple line) and nanohole arrays in the range of 300 nm – 1,600 nm. The measured
spectral reflectivity confirmed the antireflection property of the PMMA nanohole arrays. With the nanohole
(a)

arrays, the mean reflectivity of the flat PMMA film was
reduced from around 10% to less than 1.5% in a wide
spectral bandwidth range. The mean reflectivity decreased from approximately 6% to 1% with the increase
in the nanohole depth. The lowest mean reflectivity
belonged to the sample with the nanohole depth of 750
nm while the mean reflectivities of other four samples
were approximately 6% (120 nm), 5% (295 nm), 3%
(440 nm), and 2.5% (585 nm) in the measured bandwidth range. Previous investigations indicate that the
aspect ratio is a critical parameter for the antireflection,
and higher aspect ratios lead to a lower reflection[16,22].
For PMMA, the nanohole arrays created by the stamp
with the depth of 780 nm showed a depth aspect ratio of
about 1.5. The aspect ratio of the nanohole arrays was
influenced by the etching time of the Si stamp. The aspect ratio did not increase by further extending the
etching time, which means that the optimal etching duration of 11 min was enough for the present work.
However, the aspect ratio can be increased after further
optimizing the etching process.
The Fresnel reflection of the incident light is originally derived from the huge discontinuity between refractive indices at the interface of two media. Inserting
a surface layer with an intermediate refractive index or
(c)

(b)

500 nm

500 nm

500 nm

(e)

(d)

500 nm

500 nm

Fig. 5 The SEM images of the nanohole arrays with the depth of (a) 120 nm, (b) 295 nm, (c) 440 nm, (d) 585 nm, and (e) 750 nm.
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(1)

Transmission

Incident

Reflection

where ns is regarded as the refractive index of the
structure, and f is a significant factor of the antireflective
array, which is considered to be the main volume percentage of the AS in the current work[36]. The parameter
(f) was calculated from the cross-section of the SEM and
was considered a basis to calculate the height of the
antireflection array.
Fig. 7 schematically demonstrates the whole mechanism of the antireflective nanostructure coated with
PMMA and with the antireflective nanostructured surfaces. When a light with a specified wavelength hits a
flat surface of PMMA, Fresnel reflection occurs due to
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Fig. 6 Specular optical reflection at normal incidence light irradiation of a flat film and nanohole arrays with different depths.
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different refractive indices. The neff between nPMMA and
nair, which abruptly changes at their interfaces, results in
a relatively higher reflectivity for the flat PMMA. The
nanopores on the PMMA replication surface could be
approximated as a group of multiple effective dielectric
layers which possesses a gradient index from nair to
nPMMA. By considering the medium theory, the neff of the
positive incidence through the nanopores on the PMMA
replica was written according to Eq. (1). The neff was
changed gradually from 1.0 (nair) to 1.45 (nPMMA) along
with the increase of nanoholes' depth. Therefore, the
PMMA nanohole surface exhibited a lower reflectivity
than the flat PMMA surface (Fig. 6). Fig. S3 shows the
photographs of a scratch by an HB pencil, and the corresponding scratch is presented through the pencil
scratching method. The scratching result demonstrated

Incident

a multi-layer film having a step refractive index causes
this huge and complex discontinuity between refractive
indices, which leads to lower reflectance[35,38]. According to the effective medium theory, these biomimetic
antireflective arrays are thought to be known as an intercalation layer. Taking the effective medium theory
into account, the Antireflection Structure (ARS) basically refers to an intercalation layer, which has an effective refractive index (neff). As one of the most excellent ARS, neff can be continuously changed from 1 to
nsubstrate. Thus, the reflectance is sharply reduced by a
concomitant increase in the aspect ratio of the structure.
The effective refractive index was calculated by
Eq. (1)[36]:
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Fig. 7 A schematic diagram of the mechanisms of the antireflective film coated with PMMA and with the antireflective nanostructure
surfaces.
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