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Abstract

Periodic Nanostructured anti-reflection coatings (NALs) are a promising op-
tion for enhancing transmission of coherent light without inducing scatter-
ing. We've found that reducing the height of NALs below a critical value to
enhance mechanical stability can highly reduce the transmission efficiency.
Here, using Rigorous Couples Wave Analysis (RCWA), we find the minimum
height for over 99% transmission and effect of height on transmission band-
width. Then, during a one-step plasma etching, two samples with different
heights have been generated and their efficiency is evaluated using RCWA.
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1. Introduction

Conventional ARCs coatings are based on destructive interference [1] [2] [3] ata
certain wavelength, enhancing optical transmission at that specific wavelength.
Using multiple layers for broadening the transmission spectrum results in con-
siderable residual stresses [4], lowers the tolerance and life of the multi layer AR
coating; specially for high power laser applications [5]. Nanotechnology has in-
troduced a broad span of new options for overcoming obstacles in science [6]
and engineering [7] [8] [9] from sensing [10]-[14] to mechanical characteristics
of materials [15] [16] which was not before possible. Nanostructured an-
ti-reflection coatings (NALs) are the new generation of anti-reflection coatings
designed to deal with previous problems.

These nanostructured materials work based on a fill factor concept [1] (fill

factor relates the volume occupied with a dielectric to an effective refractive in-
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dex of the dielectric). Such coatings are widely used for increasing light trans-
mission to solar cells [17] [18], and light extraction from LED’s [19] [20] and
lasers [21] [22]. Sub-wavelength NAL structures are usually carved out of sub-
strate and thus, are made of the same material as the underlying medium. NALS
are used for different applications. For example, these structures can be used for
increasing transmission in infrared detectors [23]. By using NALs on materials
transparent to IR, the detection capability of infrared cameras considerably has
improved [24] [25]. For solar cells and LEDs, the goal is to enhance scattering
with or without diffraction of light [17] [18] [26]. In fact, for such application,
the important parameters are the peak transmission and the bandwidth.

Moreover, for laser applications, these nanostructures should be made in sub-
wavelength periodic fashion for reducing scattering [22] [24] [27]. Silicon is
transparent across a portion of near and mid-IR [28] but its high refractive index
causes significant reflection at the silicon/air interface. Nanostructuring the sur-
faces of silicon can be used to improve transmission at the silicon/air interface in
IR applications. As previously mentioned, one of the main applications of NALs
is enhancing transmission of light through optical elements used in high-power-
laser applications [29] [30]. In such applications, it is also crucial to avoid scat-
tering. Therefore, the randomly distributed NALs are replaced by ordered ones
[24].

So far, considerable research has been done to fabricate NALs for enhancing
transmission of IR [17] [23] [27] [31]. In most of these works, the height of na-
nostructure was optimized for boosting transmission without regard to mechan-
ical stability and ruggedness. We will investigate the effect of height on the
transmitted wavefront. We have fabricated an efficient profile for maximizing
the transmission of light, while keeping the height of the nanostructures as low
as possible. Shorter SiNPs are less prone to mechanical damage.

As the height of SiNPs decreases, the transmission significantly reduces. While
researchers have fabricated tall silicon nanostructures for suppressing reflection
[22] [27], we have fabricated much shorter silicon nanostructures with over 99%
transmission. The transmission capability of the NAL structure has been eva-
luated using RCWA for different heights. It's shown that NALs designed for dif-
ferent wavelengths (with different heights), yield the same 99.1% transmission
when their height results in a 7 phase shift imposed on the transmitted light
beam. It’s seen that doubling the height of the nanopillars significantly widens
the bandwidth lowering the dependence of the nanostructures on pitch. This is
important if one wants the NALs to improve the transmission across a wider
bandwidth. In such a broadband design, one wants to design the broadband na-
nostructures with a small pitch to avoid diffraction for lower wavelengths [7]
[32].

In this paper, we evaluate the effect of height on transmission peak efficiency
and bandwidth. After finding out the effect of height using RCWA method for a
previously designed NAL [32], we proceed with fabricating NALs with two dif-
ferent heights. As the first step of fabrication, we use Interference lithography for
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patterning the silicon surface. Afterwards, the etching for generating tapered
profiles is done using CF, and O, plasma. This is a single step process without
the complexity of changing the plasma condition during the etch [33]. We have
shown the resulting NALs using Scanning Electron Microscope (SEM). It’s seen
that using the lithography approach, the fill factor reduces due to empty spaces
Ng; X A + N X Anie
2
for cross-section occupied at each elevation of the NAL). Enhancing the fill fac-

filled with air at the bottom ( Fill-Factor = , where A stands

tor of the NALs at the base is a common problem for lithographically generated
NALs [7] [27]. Clearly, at the base, there is an empty space between the NALs
due to nature of the Lithography. The effectiveness of the fabricated nanostruc-
tures is evaluated using RCWA. Taller NALs result in much higher transmission.
It’s found that despite the empty spaces between the NALs, our NALs can result

in a transmission above 92%.

2. Increasing Height to Wavelength Ratio

The nanostructures profile studied in our previous work [32] generated by a lo-
A
2N
of min the light as it travels through the nanostructure. For simplicity, we will
N A
i=1ﬂ

garithmic approach, had a height of which would result in a phase-shift

refer to this height as h_ ()] ). This height is different for different

profiles. The h_ is actually half of the value commonly used in other reports
[24] [27]. A NAL structure designed to generate a peak transmission for 4.72 ym
wavelength using logarithmic approach [32], is shown in Figure 1. Our simula-
tion results indicate that increasing the nanostructure height further than h,
doesn’t result in any significant increase in transmission at the peak wavelength,
however the bandwidth will improve significantly as shown in Figure 2.

Effect of height is more significant for high refractive index materials. That is,
as the refractive index increases, a more gradual shift of the effective refractive
index is needed and higher NALs must be applied for increasing the transmis-
sion. While examining effect of height for our silicon NALs, we want to find the
minimum possible height for maximal transmission of light (to avoid wave-front
diffraction).

Figure 3(a) & Figure 3(b) show how transmission changes as a function of na-
nostructure height. Each of the nanostructures of Figure 3(a) is designed for a dif-
ferent A value. The selected pitch for each A value falls on the Pitch =0.27* 4
line. This guarantees that the profile used will yield maximum transmission. As
can be seen the transmission increases as the nanostructure height increases. The
transmissions reach almost 100% as the height reaches h_. As shown in Figure
3(b), all curves of Figure 3(a) overlap when the nanostructure-heights are nor-
malized with respect to their corresponding h_. Thus Figure 3 can be used to
study the effect of nanostructure-height on transmission through NAL for all the
wavelengths of interest.
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Figure 1. Profile of a NAL structure designed for 4.72 um using logarithmic approach
[32].
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Figure 2. Comparison of the transmission bandwidth between two sets of nanostructures with heights of (a) h, and (b) 2h_.

The results obtained here indicate that NALs with a thickness of h_ provide
maximum transmission while keeping the nanostructure heights at minimum.
The wave-front passes without diffraction when the pitch for the logarithmic

calculated profile is small enough ( Pitch < ;& ).

sub
The results of this section indicate that h_ is the optimal height for our na-
nostructures and in order to obtain maximum transmission at a target wave-
length, the pitch should be set as using the Pitch =0.27+1 relationship. This
pitch is related to our previously calculated profile [32].
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Figure 3. The transmission versus pillar height for different wavelengths. The total phase shift is 7where 7'= 99.1% (a) Transmis-
sion versus NAL height. Pitch=0.27+4 [32] (b) All transmission curves overlap when the nanostructure-heights are norma-

lized with respect to the h_ for each design.

3. Fabrication Method

In this section, we describe a process to fabricate tapered NALs in a single step
without altering plasma condition or composition during the etching process. As
discussed in previous section, as the height of the nanopillar decreases, the
transmission decreases and its bandwidth narrows. This demands careful ad-
justment of pitch and profile for maximizing the transmission for the desired
frequency. The fabrication process consists of patterning NR-7 negative pho-
to-resist (over 70 nm Icon-7 ARC) by interferometric lithography (IL). An ex-
ample of nanoholes generated by this approach is shown in Figure 4. As a first
step of fabrication, the silicon wafers were cleaned by RCA I and RCA II. A thin
70 nm thin layer of Icon7 (ARC) coating was spin-coated on silicon wafer and
baked at 200°C. Afterwards a 500 nm thick NR7 photo-resist was coated over the
ARC layer and backed at 110°C for 90 s. After exposure, the photo-resist was baked
again at 110°C for 1 minute and developed for 90 s (using MFp! /H,0 =3/1)
and then dried with a nitrogen gun. The next step is exposing the silicon on the
developed areas by ashing the Arc layer using an oxygen plasma (Figure 4).
Then, using E-beam deposition, the sample was coated with Cr (or Ni). After
lift-off the mask is ready. The IL setup used for this purpose is shown in Figure
5.

A 355 nm wavelength, 3ns frequency tripled ND YAG laser is used for pat-
terning the negative resist. The interference setup is shown in Figure 5, where
the laser beam passes a lens and is collimated using a concave mirror. Half of the
beam is directly incident on the sample while the rest of beam, first hits the mir-
ror and gets reflected on the resist. This generates parallel line patterns on the

photo-resist. Now, the sample is rotated 90° and exposed to the IL laser again.
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Figure 4. 2D photo-resist patterned created by the IL setup and 355 nm UV laser beam
creating the low-pitch periodic nano-patterns on the photo-resist.
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Figure 5. The IL setup showing the generation of the periodic nano-patterns on the pho-
to-resist through interference.

The 2D pattern is now ready for being developed by developer solution. After
developing the pattern (Figure 4) the masking metal will be deposited on the
photo-resist and lifted off resulting in a periodic 2D pattern of metal dots. The
metal mask preserves the silicon underneath it while the silicon elsewhere is
etched by reactive ion etch process (RIE). The resulting straight NALs as seen in
Figure 6 if only CF, are used for etching.

Figure 7 illustrates the method to fabricate tapered NALs in a single step
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Figure 6. Metal cap on top of the straight NALs prevents the silicon under it from being

etched by plasma. Absence of Oxygen has resulted in a vertical etch.

Carbon ions or radicals
Oxygen ions or radicals
Fluor ions or radicals
Chromium Mask

RF Voltage

RF Voltage

Figure 7. The ions or radicals of Carbon, Oxygen, and Fluor are shown in blue, green,
and red. The teflone generated by carbon plasma, protects the Silicon from rather low

energy fluor reactants but gets removed easily by oxygen.

without altering plasma condition or composition during the etching process.

First Molecules containing Carbon, Oxygen, and Fluor enter the plasma cham-

ber. The two big shown blue pads induce a very high voltage ionizing the mole-

cules or generating radicals of the atoms. Carbon plasma bonds with silicon ge-

nerating a teflon like long chain molecule. The long chain molecule protects Sil-

icon from being etched by Fluor ions or radicals. The atoms of the plasma have

the highest speed in vertical direction. Therefore, Oxygen can effectively remove
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the teflon on surface of substrate (leaving them exposed to Fluor), while it shal-
lowly etches the teflon on the sidewalls of the NAL. By adjusting the amount of
oxygen in chamber, one can decide the verticallity or slope of the side walls of
the nanostructure. Low amount of Oxygen generates rather vertical sidewalls
while higher amounts of Oxygen results in slanted side-walls. For etching the
vertical pillars, we used 70 Watts, CF, plasma (15SCCM flow) under 20 mToor
pressure and 0SCCM O, flow for 25 minutes. For etching short tapered NALs,
we have used 50 Watts, CF, plasma (15SCCM flow) under 20 mToor pressure
and 2SCCM oxygen flow for 25 minutes. If we increase the power further, we
risk to completely under etch the top of silicon nanopillar. Figure 8(a) shows
short tapered NALs. The tapered profile is a result of O, etching the side wall
teflon [7] which usually form during etching silicon by CF,. For etching taller
pillars with tapered sidewalls, we have used 120 Watts, CF, plasma (15SCCM
flow) under 20 mToor pressure and 1ISCCM oxygen flow for 25 minutes. While
the reduction in Oxygen flow reduces the risk of excessive side etching, the
higher power also increases the verticallity (compared to highly tapered NALs of
Figure 8(a)), alongside etching depth at a fixed span of time.

Figure 8(b) shows the resulting tall-tapered NALSs, which is a common problem
for generating NALSs using interferometric Lithography [7]. The transmission of the
two short and tall nanopillars at the same pitch with different heights is shown
in Figure 9. Note that due to fabrication limitations it’s not possible to create the
sharp tip seen in the taller NALs in shorter versions. However, due to the small
cross-sections, the tips don’t play a major role in increasing the transmission.
The bottom side of the NAL plays a more critical role in amount of effective in-
dex. N =3.5% Ay cosesecion 1% (1= Asicross.section ) - Therefore Mg a =2.05
and Ny rnae =1.92. If in our simulations we enter the same effective index for
short NALs, its efficiency is still much less than the taller NALs.

We have emphasized the effect of height of nanopillars on bandwidth while
showing that if designed for a single wavelength laser, the height of NALs can be
taken quite short. This significantly enhances the mechanical stability. Profiles

with tapered sidewalls are fabricated. However, our fabricated nanostructures

s

Y S
. )
N . ~ L
P.C.50 HV  x14,000 1pm —
Nov 15, 2016

SED 20.0kVWD12mmP.C.38 HV  x35,000 0.5pm
Nanowire stressed1 Dec 12, 2016

(a) (b)

Figure 8. Both cases are etched for 25 minutes. Introducing Oxygen generates slanted
side walls (a) Power set to 50 Watts. (b) Power set to 120 Watts.
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Figure 9. Transmission comparison for the tall and short NALs seen in Figure 8.

still have a low fill factor and one would need to come up with new solutions for
lifting off metallic patterns that result in high fill factor at the bottom of the
NAL:s is required for further improvement. While we do not investigate complex
Maxwell equations, we should mention that the standing waves resulting from
reflection of light from nanotextured substrate, and the E-field pattern of the
light wave just above the substrate, is the reason behind the enhanced transmis-
sion of the light waves into bulk substrate. The E-field of the standing wave
highly enhances just above substrate and distributes itself in such a way that the

wave is least reflected on the border of space and substrate.

4. Conclusion

NALs etched out of a substrate have the same material as the substrate which
minimizes thermal stresses. They are designed to optimize transmission of infrared
light from air into silicon substrate. As long as the dimensions of the nanostruc-
tures are kept small compared to the wavelength of the light, the refractive index

can be engineered in NALs through changing the “Fill-factor”. Our investigation

still can result in above 99% transmission.

shows that reducing the height to

neff
This highly increases the mechanical stability of nanostructured surface. The re-
sults of RCWA show that we can gain a broadband transmission using the fa-
bricated structures. The NALS profile allows a continuous transition of refrac-
tive index from air to the silicon substrate resulting in up to 99.1% transmission.
Profiles close to the calculated results need to show that they are close to the
structures generated on silicon using CF, and O, plasma in a single step, without
changing the composition or plasma power during the etch. This highly reduces
the complexity and cost of the etching process. The patterns are generated using
IL. The periodicity of patterns generated by IL results in NALs capable of trans-
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mission without diffraction while minimizing the scattered light. This maintains
the quality of transmitted infrared laser beams without any forward diffraction
or any scattering common in random structures. The short height of the NALs
(equivalent to a 7 phase shift), would be big advantage since it retains the trans-

mission peak above 99% while highly enhancing the mechanical stability.
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