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High transparent mid-infrared silicon
“window” decorated with amorphous photonic
structures fabricated by facile phase
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Abstract: High transparency in the infrared (IR) region is desirable for most common IR
materials and devices, due to their high interfacial reflectance, resulting from the high
refractive indices of constituent substances. Herein, a new strategy, with using phase-
separated polystyrene (PS)/polymethylmethacrylate (PMMA) blends as masks, is proposed to
fabricate subwavelength structures for Si with significantly enhanced mid-IR transmission.
Maximum transmittance approaching to 70% and 90% are achieved with single and double-
side structured Si respectively. The fabricated subwavelength structures are short-range
ordered amorphous photonic structures (APSs). By using different spin-coating speeds and
molar ratios of PS to PMMA and by adjusting the etching duration time, tunable enhanced
transmission are also obtained. The good performance of high transmission is confirmed by
mid-IR thermal imaging experiments. Furthermore, the enhanced transmission is effective
over a wide range of incident angles up to 50° and well maintained at high temperatures up to
600 °C.
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1. Introduction

When a plane wave of light is incident on an interface between two different media, reflection
always appears because of the refractive index (impedence) mismatch. In the mid-IR region,
due to the high refractive indices for most of IR materials, the reflectance could achieve as
high as 40% [1]. This will greatly influence the performance of corresponding IR devices
such as IR lenses, IR cameras and IR photodetectors. In order to reduce the reflection and
enhance the transmission, normally, low-refractive-index layers are applied to coat the IR
devices. The underlying physics is index (impendence) matching and destructive interference.
To maximize the transmission, three requirements should be satisfied. First, the coating layer

should have a refractive index n,=./n,-n, with n, and n, being the indices of the

background medium (air) and IR material, respectively. Second, the thickness of coating layer
need to be a quarter of the wavelength in the coating [2]. Finally, the coating film should
possess a negligible value in the imaginary part of the refractive index, so that it is transparent
and does not absorb light in the IR region.

Two main approaches have been adopted to obtain low-refractive-index layers: thin-film
coatings [3] and subwavelength photonic structures [4]. Thin-film coatings of a homogeneous
layer or heterogeneous layers have been realized by techniques such as thermal or electron
beam deposition [5,6], atomic layer deposition [7], oblique-angle deposition [8,9] and sol-gel
process [10,11]. The coating materials can be natural ones, polymer blend or modified block-
copolymer [12-16]. This approach facilitates the fabrication of large-area antireflection
layers, while its limitation is that appropriate coating media are unavailable in some
wavelength ranges. In addition, the use of coating materials may bring problems such as low
thermostabilization, low adhesion and inconsistent stabilities in extreme environments.

Subwavelength photonic structures, represented by the famous moth-eye structure [17],
effectively possess low refractive indices and thus can reduce reflection and enhance
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transmission. Since no coating material is needed in subwavelength structures, the
troublesome problems in thin-film coatings can be avoided [18,19]. Moreover, wide-angle
antireflection and transmission can be achieved by using the subwavelength structures, which
is quite useful in practical applications. Artificial subwavelength photonic structures have
been fabricated by various methods. These methods commonly consist of two processes:
fabricating subwavelength masks and transferring mask patterns to the substrates by using
conventional etching techniques [4]. Currently, subwavelength masks at mid-IR region are
mainly obtained by several techniques: forming patterns by electron beam lithography (EBL)
[20] or interference lithography (IL) [21,22], and obtaining templates prepared by self-
assembly of monolayer colloidal spheres [23-28] or by nanoimprint technique [28-30]. These
techniques suffer from some apparent drawbacks, such as limited mass-productive ability for
EBL, advanced equipment requirements for generating submicron patterns by IL, time
consuming and limited tunability in self-assembly of colloidal spheres, and rigid masks
required in nanoimprint technique. All these issues greatly limit the potential practical
applications of subwavelength photonic structures.

Here, a new strategy, by using facile phase separation of polymer blends as masks, is
firstly proposed to fabricate subwavelength photonic structures on IR materials (Si) for
enhanced transmission. The whole fabrication process is simple, tunable, mass-productive
and it only uses well-established processing techniques [See Fig. 1(a)]. The fabricated
subwavelength structures are found to possess only short-range orders, called amorphous
photonic structures (APSs) [31,32]. By adjusting fabrication parameters including molar
ratios of polymer blends, spin-coating speeds and etching duration time, tunable low effective
refractive indices and thus the enhanced transmission are obtained by the subwavelength
structures. Hence, tunable high transparent “window” can be achieved for IR materials. The
enhanced transmission can be effective in a wide range of incident angles due to the
subwavelength characteristic. The proposed strategy here can also be applied to other IR
materials and devices, such as Ge lenses, IR cameras and IR photodetectors.

2. Results and discussions
2.1 Fabrication of Si subwavelength photonic structures

Phase separation of polymer blends has been extensively studied theoretically and
experimentally, due to their potential applications in photovoltaic devices, light-emitting
diodes, antireflection coatings and biological devices [12, 29, 30, 33—-43]. Furthermore, when
one phase is removed from the blends, various nano- and microporous structures are readily
obtained and they can serve as templates for novel applications. In this paper, phase
separation is used to fabricate subwavelength photonic structures for enhancing transmission
through IR materials.

The whole fabrication process is schematically illustrated in Fig. 1(a). First, a blend of PS
and PMMA is dissolved in tetrahydrofuran (THF), and the solution is cast on a pre-cleaned IR
substrate (here is a Si wafer) by the well-established spin-coating technique. Because of the
immiscibility of PS/PMMA and highly volatile characteristic of THF, a large-area phase-
separated thin film is formed in tens of seconds during the spin-coating process. Then, the
sample is immersed into acetic acid, so that the PMMA phase is removed and a patterned PS
phase is left [Fig. 1(b)].
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Fig. 1. (a) Schematic illustration of the process of fabricating Si subwavelength structures, in
which phase-separated PS/PMMA blends are used as masks. (b) Optical microscopic image of
phase-separated PS pattern after the developing process in (a). Inset is the optical image of a 2-
inch Si wafer covered with the phase-separated PS film. (c) SEM image of chromium-coated
phase-separated PS pattern after the metal-film-deposition process in (a). (d) SEM image of
phase-separated chromium pattern after the redeveloping process in (a), which will be used as
the masks for the following ICP-etch process. The PS/PMMA blend in (b)-(d) was prepared by
using a molar ratio 1:1 of PS to PMMA and a spin-coating speed of 5000 rpm.

Thicknesses of the phase-separated PS films range from 60 nm to 120 nm [Fig. 8 in the
Appendix], which depends on both the concentration of polymer blends in solutions and the
spin-coating speed. Porous polymer films have been used directly as antireflection coatings in
the visible region [12,37], but they cannot work in the IR range, due to their thin thickness
and large loss for IR light.

The structured PS film here cannot be used directly as masks for etching since it is not
thick enough to be depleted in dry etching process. A 5 nm-thick chromium (Cr) film is thus
deposited on the porous PS film and then the sample is immersed into cyclohexane, so that
the Cr-coated PS parts are removed and a complementary patterned Cr hard mask is formed.
After a dry etching, the sample is immersed into Cr etchant to remove the Cr masks. A Si
subwavelength photonic structure is finally obtained on the Si wafer.

Figure 1(b) illustrates the microscopic optical image of a structured PS film. The
structured PS film is fabricated on a 2-inch Si wafer and shows a uniform light-blue color
[Inset in Fig. 1(b)], indicating the mass-productive capacity of the strategy. The conformal
deposition of thin Cr layer on the structured PS film [Fig. 1(c)] ensures good complementary
preparation of Cr hard masks [Fig. 1(d)].

2.2 Si subwavelength structures of different thicknesses with enhanced mid-IR
transmission by varying the etching duration time

The Si wafers coated with the above structured Cr films were etched by standard inductively
coupled plasma reactive ion etching (ICP-RIE) processes. By varying the etching duration
time, Si subwavelength structures with different thicknesses were fabricated on the Si wafers.
Several parameters, such as reactive ions density, substrate temperatures and opening sizes of
masks, can influence the etching rate. In our experiments, the etching rate is estimated to be
about 500 nm/min.

Figure 2(a) shows the obtained large-area Si structure, which is uniform and has no
obvious cracks. A connected type of disordered porous structure is formed at the surface of Si
wafer [Fig. 2(b)]. Here, the used mask is prepared under the condition of a molar ration 1:1 of
PS to PMMA and a spin-coating speed of 5000 rpm. The Si structure has smooth sidewalls
with profile angle about 85 degree, as can be observed from oblique and cross-sectional
scanning-electron-microscopy (SEM) images [Figs. 2(c) and 2(d)]. The structured Si surface
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also shows a vivid color, due to the interference effect [Inset in Fig. 2(a) for a sample etched
for 2 min]. Such a structural color is uniform in a large area, confirming the uniformity of the
fabricated Si structures.
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Fig. 2. (a) SEM image of the fabricated large-area Si subwavelength structure and (b) its
enlarged view. Inset in (a) is the optical image of the sample. (c) Oblique and (d) cross-
sectional SEM images of the structure in (b). (e) Rationally averaged Fourier transform
spectrum for the structure in (a). Inset in (e) is the corresponding two-dimensional Fourier
transform spectrum. (f) Transmission spectra of the fabricated single-side structured Si
samples with different etching duration time. The transmission spectrum of a double-side
polished Si wafer was shown for comparison (black line). The sample in (a-d) was fabricated
under the condition of a molar ratio 1:1 of PS to PMMA, a spin-coating speed of 5000 rpm and
etching duration time for 2 min.

The porous structure in Fig. 2(a) was further analyzed by doing 2D fast Fourier transform
(FFT) [Fig. 2(e)]. A ring pattern can be seen in the 2D Fourier transform power spectrum
[Inset in Fig. 2(e)]. This indicates that the Si porous structure has only a short-range order and
thus is a APS. The characteristic length scale A of the structure, inverse to the spatial
frequency of the scattering peak in rotational averaged FFT spectrum [32], is found to be
about 901 nm. Such a structure can be considered as a subwavelength photonic structure for
wavelengths 4, > n-A which 4, is the wavelength in vacuum and n is the refractive index

of substrate (n~3.42 for Si in the IR range) [18]. Since such a structure has a smaller
effective refractive index than Si, it can enhance the transmission for light with 4, >n-A..

Figure 2(f) illustrates the transmission spectra for single-side structured Si wafers
fabricated with different etching duration time. For comparison, the result of a double-side
polished Si wafer is also shown. As can be seen, the maximum transmittance increasement is
about 10% for these samples, compared to the polished Si wafer. By increasing the etching
duration time, the peak wavelength corresponding to maximum transmittance also increases,
agreeing well with theoretical expectation.

2.3 Tuning the characteristic lengths of subwavelength structures by varying the
spin-coating speed

A series of masks were fabricated by varying the spin-coating speeds when keeping the molar
ratio of PS to PMMA fixed. The prepared masks with the ratio of 1:1 are shown in Fig. 9 in
the Appendix. We can see that the masks exhibit similar morphologies of connected type, but
they possess different characteristic lengths. Using such masks, Si subwavelength structures
with different characteristic lengths were then fabricated at the surfaces of Si wafers [Figs.
3(a)-3(d) and Figs. 10(a)-10(f) in the Appendix]. From Fourier transform analyses, the
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characteristic length is found to decrease with increasing the spin-coating speed [Fig. 3(e) and
Fig. 10(g) in the Appendix]. For spin-coating speeds of 1000 rpm, 3000 rpm, 6000 rpm and
8000 rpm, the characteristic lengths are 2090 nm, 976 nm, 856 nm and 747 nm, respectively.

1.04 — 1000 rpm

3 —— 3000 rpm
6000 rpm
—— 8000 rpm

5

1 2 3 4
Spatial frequency (um’')

— 1000 rpm — 2000 rpm— 3000 rpm
5000 rpm=— 6000 rpm=—7000 rpm
— 8000 rpm—Bare

045 b
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm)

Fig. 3. (a)-(d) SEM images of Si subwavelength structures fabricated by using masks prepared
at four different spin-coating speeds: (a) 1000 rpm, (b) 3000 rpm, (c) 6000 rpm and (d) 8000
rpm. (e) Rationally averaged Fourier transform spectra for the structures in (a)-(d). (f)
Transmission spectra of the fabricated single-side structured Si samples by using masks
prepared at different spin-coating speeds (from 1000 to 8000 rpm). The molar ratio of PS to
PMMA 1:1 was used for these samples and the etching duration time was fixed at 1 min.

Figure 3(f) illustrates the transmission spectra for the fabricated samples of single-side
structured Si wafers. The spin-coating speeds range from 1000 to 8000 rpm, and the etching
duration time is fixed as 1 min. It can be seen that compared with a polished Si wafer, the
samples exhibit higher transmission in the mid-IR region. The transmittance increasement can
be as high as 10% at certain (peak) wavelengths. Moreover, it is found that the etching rate is
also strongly related with the characteristic length of the mask. A small etching rate occurs for
a small characteristic length, which is also verified by direct SEM observations [Fig. 11 in the
Appendix].

2.4 Optimizing the transmittance by varying the molar ratio of PS to PMMA

Optimal transmittance has not been achieved in the above investigations since the molar ratio
of PS to PMMA is fixed to be 1:1. In order to further improve the transmittance, more
samples were fabricated by varying the molar ratio of PS to PMMA.

Generally, a homogeneous system, consisting of two kinds of polymers in a solution, can
be separated into two distinct phases by fast solvent evaporation [Fig. 4(a)] [44]. When the
two polymers have close molar concentrations, the process is dominated by spinodal
decomposition, resulting in a bicontinuous structure [middle panel in Fig. 4(b)]. In contrast, if
one polymer dominates in the blend, droplet-like structures occur due to the process of
nucleation and growth [left and right panels in Fig. 4(b)]. By numerically solving the Cahn-
Hilliard equations [33,34], the phase-separated structures can be obtained for different ratios
of the two polymers. Under the guidance of the theory, similar phase-separated patterns were
also experimentally realized in the PS films and Cr masks [Fig. 4(c)].
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Fig. 4. (a) The schematic phase diagram for binary polymer blend. (b) Numerically generated
phase-separated patterns for binary polymer blends with three different ratios, where C is the
ratio of one polymer in the blend. (c) SEM images of fabricated phase-separated chromium
patterns by using three different molar ratios of PS to PMMA.

Figures 5(a)-5(h) and Fig. 12 in the Appendix illustrate the Si subwavelength structures
fabricated by using different molar ratios of PS to PMMA. The spin-coating speed is 5000
rpm and the etching duration time is 2 min. It can be seen that different Si subwavelength
patterns, such as holey structures, rod arrays, intermediate continuous and rod-elongated
structures, can be obtained. These 2D structures can be fine tuned and resemble the phase-
separated structures in metal alloys, glasses and some Ionghorn beetles [45,46].
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Fig. 5. (a)-(h) SEM images of Si subwavelength structures fabricated by using masks prepared
with eight different molar ratios of PS to PMMA. The molar ratios are shown at the upper-
right corners of the images. (i) Transmission spectra for the single-side structured samples in
(a)-(h). The ideal maximum transmittance of 70% is also shown for comparison (the gray dot
line). (j) Effective refractive indices retrieved for twelve samples. Sample markers 1-12
represent the samples fabricated with molar ratios of PS to PMMA of 1:6, 1:5, 1:4, 1:3, 1:2,
1:1.7,1:1.4,1:1, 1.4:1, 1.7:1, 2:1, 3:1, respectively.
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Transmission spectra were measured for the samples of single-side structured Si wafers,
as shown in Fig. 5(i) and Fig. 13(a) in the Appendix. We can see that the transmission is
enhanced in the mid-IR region. The heights and positions of the transmission peaks are found
to be different for these samples. When the molar ratio of PS to PMMA is 1:3, the maximal
transmittance of 69% is obtained, very close to the ideal value of 70% (obtained by
substituting T: = 1 and Ry = 0 in Eq. (1) in the Appendix).

The subwavelength photonic structure can be regarded as a low-refractive-index layer
with a refractive index n, and thickness t,, which is coated on a Si wafer with a refractive

index ng . Based on a transfer-matrix method, the relationship between the transmittance
enhancement and n, can be obtained [Eq. (1) in the Appendix], as shown as the black curve

in Fig. 5(j). Different samples exhibit different values in the heights and positions of
transmission enhancement peaks [Fig. 13(b) in the Appendix]. The heights of transmission
enhancement peaks are plotted as symbols in Fig. 5(j). Thus, the effective refractive indices
can be obtained for different samples. It can be seen that the effective refractive indices range
from 1.18 to 2.57. For the sample with the maximal measured transmission of 69%, the
effective refractive index is 2.1, close to the ideal value 1.85 for perfect transmission. Here,
the effective refractive index n, is lower than ng due to the existence of air holes, which can

also be simply understood by conventional effective medium theory [47,48]. The thicknesses
of subwavelength structures can also be retrieved by using the wavelengths of transmission
peaks [Fig. 14(a) in the Appendix]. For our samples here, the thicknesses range from 0.80 to
1.76 pum, which is consistent with our experimental observations [Figs. 14(b)-14(d) in the
Appendix]. Note that the experimental measured values based on SEM images are slightly
lower than those theoretical ones. It may lie on that the absorption of materials is not included
in the calculations.

2.5 Cutoff wavelengths of enhanced transmission for the subwavelength structures

The fabricated Si APS layers can enhance the transmission through Si wafers in a broad mid-
IR region. Nevertheless, when the incident wavelength is shorter than the cutoff wavelength,
such an enhancement effect does not exist and the Si wafers with structured surfaces exhibits
lower transmittance than a polished Si wafer [Fig. 2(f), Fig. 3(f) and Fig. 5(i)]. The reason lies
on that short-wavelength light is scattered by the Si surface structure and a part of the
transmitted light propagates in directions different from the incident one.

The experimental results in previous sections show that the cutoff wavelengths depend on
the fabrication conditions and vary in a large range. When the same mask is applied, the
cutoff wavelength increases with increasing the etching duration time [Fig. 2(f)], since
stronger scattering occurs with increasing the structured layer thickness. For the same molar
ratio of PS to PMMA, decreasing the spin-coating speed which produces a longer
characteristic length for the structured layer, will increase the cutoff wavelength [Fig. 3(f)]. If
both the spin-coating speed and etching duration time are fixed, a complex relationship exists
between the cutoff wavelength and the molar ratio of PS to PMMA [Fig. 5(i)], because the
characteristic length, the filling ratio of Si and the thickness for the structured layer vary with
increasing the molar ratio of PS to PMMA.

In order to obtain a rule for estimating the cutoff wavelength, the tranmission spectra are
replotted with the wavenumber renormalized by the wavenumbers of transmission peaks [Fig.
15 in the Appendix]. It can be seen that the ratios of cutoff wavenumber to peak wavenumber
range from 1.44 to 1.64 in Fig. 2(f), from 1.38 to 1.66 in Fig. 3(f) and from 1.36 to 1.76 in
Fig. 5(i). The average of the ratios is about 1.5. Therefore, for our samples, the cutoff
wavelength can be estimated as about 0.67 times of the wavelength of transmission peak.
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2.6. High transparent mid-IR Si “window” through the double-side subwavelength
structures and the wide angle and high temperature properties

Double-side Si subwavelength structures can be readily obtained by repeating the fabrication
steps on double sides of a polished Si wafer. Figure 6(a) shows the transmission spectrum for
the fabricated double-side structured sample using the same fabrication condition as the one
in Fig. 5(a). The maximal transmittance of 89% at the peak wavenumber is obtained. Cross-
sectional SEM images for the double sides of the structured Si wafer are shown in Fig. 6(b).
In order to check the actual performance, the double-side structured Si sample is placed on a
steadily working radiator, and the mid-IR thermal images of the radiator are taken. Figure
6(c) shows the IR thermal image of the radiator without any covers and inset is its optical
image. Figure 6(d) shows the IR thermal image of the radiator covered with a double-side
structured Si sample, and inset is their optical image. A double-side polished Si wafer is also
laid aside for comparision. It is obvious that both the symbol markers and radiator ridges
below the double-side structured Si sample are clearly observed, while nearly all the features
of radiator below the polished Si wafer are lost. This result intuitively shows the high mid-IR
transmittance of the double-side structured Si sample.
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Fig. 6. (a) Transmission spectrum of the double-side structured Si wafer. Each side structure
was fabricated by using the same condition as the one in Fig. 5(a). (b) Cross-sectional SEM
images for the two sides of the structured Si wafer. (c) Mid-IR thermal image of a working
radiator. Inset is its optical image. (d) Mid-IR thermal image for a double-sided polished (left,
rectangular) and the double-sided structured (right, sectorial) Si wafer in Fig. (a) on the
working radiator. Inset is the optical image. The gray area in (a) is the spectral range of the
used IR thermal camera.

The wavelength of enhanced transmission here is nearly independent on the incident
angle. Figure 7(a) shows the angle-resolved mid-IR transmission spectra for the double-side
structured Si samples. The enhanced transmission is still valid over a large range of angles of
incidence, to about 50°, while keeping the spectral ranges and transmittance nearly
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unchanged. This wide-angle characteristic is very useful in practical multi-angle imaging

applications.
1.0 1.0
(a) (b)
0.8 0.8
8 g \‘\Q
c c \
Joe6 o6, Q
E € ,
—— Original ‘
204 2o go
E E 600 °C
Fo.2 F02{ —as00°Cc
1000 °C
0.0 . L . . . 0.0 - . y . ,
3000 2500 2000 1500 1000 500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)

(c) (d) (e)

Fig. 7. (a) Angle resolved IR transmission spectra for the double-side structured Si sample in
Fig. 6. (b) The IR transmission spectra for the same sample processed at different high
temperatures. (c)-(e) Optical images of the fabricated subwavelength structured Si samples
(left in each image) processed at different temperatures: (c) Original, (d) 400 °C and (e) 600

°C. The commercial 3-5 pm coated Si (right in each image) IR window (Edmund Optics, 68-
524) processed at the same temperatures are also shown for comparision.

2cm

Since IR thermal imaging is widely used in high temperature occasions, the enchanced
transmission measurements for the fabricated samples processed under different high
temperatures were also performed. Figure 7(b) shows that the enhanced transmission are well
maintained up to 600 °C. For higher temperatures, Si-O band absorption as well as lattice
absorption valleys caused by oxidation and melting effects respectively, are intensified. In
spite of this, enhanced transmission still holds in the IR-transparent spectra regions of Si.
Figures 7(c)-7(e) show the optical images of the fabricated subwavelength structured Si
samples processed at different temperatures (Original, 400 °C and 600 °C), indicating the
good high-temperature stability. Commercial 3-5 um coated Si IR window (Edmund Optics,
68-524) processed under high temperatures are also compared [right in Figs. 7(c)-7(e)] and it
is obviously damaged at 600 °C.

3. Conclusion

We have proposed and demonstrated a new strategy, with using phase-separated PS/PMMA
blends as masks, to fabricate subwavelength surface structures for Si with significantly
enhanced mid-IR transmission. The subwavelength structures are APSs with short-range
orders. By adjusting parameters in the fabrication process, including molar ratios of PS to
PMMA, spin-coating speeds and etching duration time, unique phase-separated Si structures
and tunable enhanced transmission in mid-IR region were obtained. Maximum transmittance
approaching to the ideal 70% is realized for single-side structured Si wafer. For double-side
structured Si, the maximum transmittance can reach 89%. Based on a transfer-matrix method,
effective refractive indices were retrieved for the subwavelength structures. It is also found
that the cutoff wavelengths of enhanced transmission rely on the characteristic lengths and
thicknesses of the fabricated structures, and they are around 0.67 times of the wavelengths of
transmission peaks. From the application point of view, the enhanced transmission is effective
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over a wide range of incident angles up to 50° and can be well maintained at high temperature
up to 600 °C, which are useful in multi-angle and high temperature imaging applications. The
proposed strategy here is shown to be mass-productive, tunable, simple and could be applied
on curved substrates in principle. Moreover, by adopting modified etching parameters in
fabricating process, pyramid structures with gradient effective refractive indices can also be
fabricated by this strategy for wavelength non-selective IR window. In order to further
facilitate the fabrication, conventional wet etching could also be tried. This strategy can also
be extended to other IR materials and devices, such as Ge lens, IR cameras and IR
photodetectors.

Appendix

Materials: Analytical standard polystyrene (PS) and poly(methyl methacrylate) (PMMA)
were purchased from the Sigma-Aldrich Co. Ltd. The Mw of PS and PMMA are 94900,
91500 respectively. Analytical reagent (AR) tetrahydrofuran (THF) (stabilized with 0.025%
2,6-di-tert-butyl-p-cresol), cyclohexane and acetic acid were purchased from Sinopharm
Chemical Reagent Co., Ltd. These reagents were used as received. 2-inch and 4-inch double
side polished Si wafers (R>10000 ohm.cm, <100>/<110><110>) with a thickness of 0.5 mm
were purchased from Hefei KeJing Materials Technology Co. Ltd and they were pre-cleaned
using standard cleaning procedure before being delivered. Chromium (Cr) pieces for
evaporation deposition were purchased from Kurt J. Lesker Company. Cr etchant was
prepared by 21 ml AR perchloric acid, 100 g AR Ceric ammonium nitrate (Sinopharm
Chemical Reagent Co., Ltd) and 500 ml deionized water.

Fabrication of Subwavelength Structures: PS (10 mg) and PMMA (10 mg) were firstly
dissolved in THF (2 g) and ultrasound assisted fast dissolution was optional. Then certain
amount (2 ml) of the polymer solution was taken by a dropper and spin-coated onto the pre-
cleaned double side polished Si wafers. The solvent THF was evaporated in about ten
seconds. The samples were immersed into acetic acid for 5 min to remove PMMA. 5 nm Cr
was then deposited onto the above samples by electron beam evaporation system (Labl8,
Kurt J. Lesker Company). The Cr/PS hybrid samples were immersed into cyclohexane to
remove the PS phase and patterned Cr films were used as etching masks. Etching was
performed by using the ICP-RIE technique (ICP 180, Oxford Plasmalab System100), Sulphur
Hexafluoride (SF¢) and Perfluorocyclobutane (C4Fs) were the etching gases. Parameters of
RF power 30 W, ICP power 1200 W, SFg 25 sccm, C4Fg 50 sccm and varied etching duration
time were used. Also, by changing the spin-coating speeds from 1000 rpm to 8000 rpm,
varied masks with different characteristic lengths were prepared. Twelve mass ratios of PS to
PMMA, 2.9:17.1, 3.3:16.7, 4:16, 5:15, 6.6:13.4, 7.5:12.5, 8.3:11.7, 10:10, 11.7:8.3, 12.5:7.5,
13.4:6.6 and 15:5, corresponding to molar ratios of 1:6, 1:5, 1:4, 1:3, 1.2, 1:1.7, 1:1.4, 1:1,
1.4:1, 1.7:1, 2:1 and 3:1, were used to obtain masks with different morphologies and filling
factors. Finally, the etched samples were immersed into Cr etchant to remove Cr and rinsed
using deionized water.

Optical and Structural Characterization: The microscopy images were taken by an optical
microscope (Leica DM6000 M) connected with a CCD camera. The optical photographs were
taken by a digital camera (Canon EOS 6D). The IR thermal images were taken by a IR
thermal imaging camera (FLIR T420) with the spectral range of 7.5 to 13um. The
microstructure images were characterized by field emission scanning electron microscopy
(FESEM) (Zeiss Sigma 300). The thicknesses of polymer films were measured by a
profilometer (Bruke Dektak XT).

Spectra Measurement: Transmission spectra of samples at normal incidence in the MIR
region were measured by a Fourier-transform infrared spectrometer (FTIR) (Bruker Vertex
80v). The angle-resolved transmission spectra of samples were measured by the FTIR with
the aid of a home-built rotatable accessory for placing the samples.
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High temperature experiments: In order to simulate the actual high temperature
application scenarios, the fabricated subwavelength structured samples and the commercial 3-
5 um coated Si IR window (Edmund Optics, 68-524) were placed into an air muffle furnace
(Sigma Instrument manufacture Co., LTD) and heated at 400 °C, 600 °C, 800 °C, 1000 °C
respectively for 10 minutes.

More detailed results about our experiments are given in Figs. 8-15.

100 um

Fig. 8. (a) SEM images of the phase-separated PS pattern after scratching off a part for
observing the film thickness. (b) Thickness curves of the phase-separated PS film measured by
a profilometer.

Fig. 9. (a)-(f) Optical microscopic images of the phase-separated PS patterns prepared with
different spin-coating speeds: 1000 rpm, 2000 rpm, 3000 rpm, 6000 rpm, 7000 rpm and 8000
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Fig. 10. (a)-(f) SEM images of Si subwavelength structures fabricated by using masks prepared
at six different spin-coating speeds: (a) 1000 rpm, (b) 2000 rpm, (c) 3000 rpm, (d) 6000 rpm,
(e) 7000 rpm and (f) 8000 rpm. (g) Rationally averaged Fourier transform spectra for the
structures in (a)-(f). The molar ratio of PS to PMMA 1:1 was used for these samples and the
etching duration time was fixed at 1 min.
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Fig. 12. (a)-(c) SEM images of the fabricated Si subwavelength structures by using masks
prepared at molar ratios of PS to PMMA 1:6, 1:5 and 1:4. These samples have the same
fabrication condition (spin-coating speed and etching duration time) with the samples in Figs.

5(a)-(h).
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Fig. 13. (a) Measured transmission spectra and (b) transmission enhancement spectra for the
fabricated subwavelength structured samples in Fig. 5.
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Fig. 14. (a) The thicknesses retrieved for twelve samples. Sample markers 1-12 represent the
samples fabricated with molar ratios of PS to PMMA of 1.6, 1.5, 1:4, 1:3, 1:2, 1:11.7, 1:1.4, 1:1,
1.4:1, 1.7:1, 2:1, 3:1, respectively. (b)-(d) Cross-sectional SEM images of the samples
fabricated with molar ratios of PS to PMMA 1:3, 1:1 and 2:1, respectively.



Research Article Vol. 26, No. 14 | 9 Jul 2018 | OPTICS EXPRESS 18748

Optics EXPRESS

4 —— 1 min 14 ——1000 rpm 18
(a) 2min (b) 2000 pm s
1.3 — 3 mi 1.3 ——3000rpm ‘
3 min 5000 rpm 12
—— 6000 rpm 13
124 = 7000 rpm 117

—1:14
11
F—1.4:1
1.71
—2:1
31

= 8000 rpm

nsmission enhancement factor

ransmission enhancement factor

T T T T Y
0.50 0.75 1.00 1.25 1.50 1.75 2.00
V/Vu

Transmission enhancement factor

T T T T T .
050075 1.00 1.25 150 175200 § 050 0.75 1.00 1.25 1.50 1.75 2.00

=
\AY o v v,

Fig. 15. (a) Enhanced transmission spectrum for Fig. 2(f) replotted with the wavenumber
renormalized by the wavenumbers of transmission peaks. v is the wavenumber and v is the
wavenumber of transmission peak. (b) and (c) are the same as (a), but for Fig. 3(f) and Fig.
5(i), respectively.

Part 1l. Reflection and transmission through a Si wafer coated with a low-refractive-
index layer

We consider a silicon slab with a refractive index nsi and thickness tsi ( ngtg >> 4

with 4 being the wavelength), which is coated by a dielectric film with a thickness t. and

refractive index ne [inset in Fig. 14(a) in the Appendix]. For normal incidence of light upon

the structure, the reflectance R and transmittance T can be derived as
le RZ T _ T1T2

R=R+—2 2

=——— @
1-RR, 1-RR,

Here, R; and T, are the reflectance and transmittance for a semi-infinite Si substrate coated by
a dielectric film with a thickness t. and refractive index n. at normal incidence, namely
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where C =cos p,S =sinp, p :Zﬂ%te [49], and the value of ng; is taken from experimental

data [50]. Rz and T, are the reflectance and transmittance for a semi-infinite Si substrate in air

at normal incidence, namely
1-n, Y 4n
S o
1+ng (L+ng)
We note that the light interference is considered in Eq. (2).

We consider the experimental situation that the incident light is coherent in thin structures,
which gives rise to Eq. (2). However, the light interference does not occur in the thick Si slab
(ngty, >> A ). Hence, a transfer-matrix method [51] with intensity vectors is applied to derive
Eq. (1). Similar results have also been present in [52].

Then, the relationship between the transmittance enhancement and n. can be obtained
from Eqg. (1), as shown as the black curve in Fig. 5(j).

Funding

National Natural Science Foundation of China (11604355, 61521005, 11427807, 61422504,
11574037, 11774063, 11727811); Program 973 (2015CB659400); China National Key Basic
Research Program (2016'YFA0301100 and 2016YYFA0302000).



	References and links
	1. Introduction
	2. Results and discussions
	2.1 Fabrication of Si subwavelength photonic structures

	Fig. 1. (a) Schematic illustration of the process of fabricating Si subwavelength structures, in which phase-separated PS/PMMA blends are used as masks. (b) Optical microscopic image of phase-separated PS pattern after the developing process in (a). I...
	2.2 Si subwavelength structures of different thicknesses with enhanced mid-IR transmission by varying the etching duration time

	Fig. 2. (a) SEM image of the fabricated large-area Si subwavelength structure and (b) its enlarged view. Inset in (a) is the optical image of the sample. (c) Oblique and (d) cross-sectional SEM images of the structure in (b). (e) Rationally averaged F...
	2.3 Tuning the characteristic lengths of subwavelength structures by varying the spin-coating speed

	Fig. 3. (a)-(d) SEM images of Si subwavelength structures fabricated by using masks prepared at four different spin-coating speeds: (a) 1000 rpm, (b) 3000 rpm, (c) 6000 rpm and (d) 8000 rpm. (e) Rationally averaged Fourier transform spectra for the st...
	2.4 Optimizing the transmittance by varying the molar ratio of PS to PMMA

	Fig. 4. (a) The schematic phase diagram for binary polymer blend. (b) Numerically generated phase-separated patterns for binary polymer blends with three different ratios, where C is the ratio of one polymer in the blend. (c) SEM images of fabricated ...
	Fig. 5. (a)-(h) SEM images of Si subwavelength structures fabricated by using masks prepared with eight different molar ratios of PS to PMMA. The molar ratios are shown at the upper-right corners of the images. (i) Transmission spectra for the single-...
	2.5 Cutoff wavelengths of enhanced transmission for the subwavelength structures
	2.6. High transparent mid-IR Si “window” through the double-side subwavelength structures and the wide angle and high temperature properties

	Fig. 6. (a) Transmission spectrum of the double-side structured Si wafer. Each side structure was fabricated by using the same condition as the one in Fig. 5(a). (b) Cross-sectional SEM images for the two sides of the structured Si wafer. (c) Mid-IR t...
	Fig. 7. (a) Angle resolved IR transmission spectra for the double-side structured Si sample in Fig. 6. (b) The IR transmission spectra for the same sample processed at different high temperatures. (c)-(e) Optical images of the fabricated subwavelength...
	3. Conclusion
	Appendix
	Fig. 8. (a) SEM images of the phase-separated PS pattern after scratching off a part for observing the film thickness. (b) Thickness curves of the phase-separated PS film measured by a profilometer.
	Fig. 9. (a)-(f) Optical microscopic images of the phase-separated PS patterns prepared with different spin-coating speeds: 1000 rpm, 2000 rpm, 3000 rpm, 6000 rpm, 7000 rpm and 8000 rpm.
	Fig. 10. (a)-(f) SEM images of Si subwavelength structures fabricated by using masks prepared at six different spin-coating speeds: (a) 1000 rpm, (b) 2000 rpm, (c) 3000 rpm, (d) 6000 rpm, (e) 7000 rpm and (f) 8000 rpm. (g) Rationally averaged Fourier ...
	Fig. 11. Oblique SEM images of the samples fabricated by using masks prepared at two different spin-coating speeds (left: 3000 rpm, right: 7000 rpm).
	Fig. 12. (a)-(c) SEM images of the fabricated Si subwavelength structures by using masks prepared at molar ratios of PS to PMMA 1:6, 1:5 and 1:4. These samples have the same fabrication condition (spin-coating speed and etching duration time) with the...
	Fig. 13. (a) Measured transmission spectra and (b) transmission enhancement spectra for the fabricated subwavelength structured samples in Fig. 5.
	Fig. 14. (a) The thicknesses retrieved for twelve samples. Sample markers 1-12 represent the samples fabricated with molar ratios of PS to PMMA of 1:6, 1:5, 1:4, 1:3, 1:2, 1:1.7, 1:1.4, 1:1, 1.4:1, 1.7:1, 2:1, 3:1, respectively. (b)-(d) Cross-sectiona...
	Fig. 15. (a) Enhanced transmission spectrum for Fig. 2(f) replotted with the wavenumber renormalized by the wavenumbers of transmission peaks. v is the wavenumber and v0 is the wavenumber of transmission peak. (b) and (c) are the same as (a), but for ...
	Part II. Reflection and transmission through a Si wafer coated with a low-refractive-index layer




