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ABSTRACT

In this work, a novel lithographic method is proposed to prepare three-dimensional (3D) photonic crystal (PC) that is different from conven-
tional top-down and bottom-up approaches. The method combines a 2D optical mask and off-the-axis double optical exposures to create a
desirable 3D PC structure. Since the method uses only two optical exposures of a photo-resist layer, it is inherently a low-cost, high throughput
and wafer-scale lithographic method. The method is implemented to make a slanted post 3D PC having the SP2 lattice symmetry. Three types
of SP2 3D PC structures were successfully fabricated with a minimum feature size of d=1.5 um over a large scale of 8x10 mm®, without any
observable fabrication defects. The SP2 PCs are: (i) SU8 posts in air background, (ii) air pores in CdS background and (iii) Pt coated on SU8
SP2 templates. A spectroscopic study of the SP2 PCs shows select spectral regions of high reflectance, indicating the existence of a photonic
stop band. This low-cost and large-scale method could enable broader technological impacts of 3D PC materials in areas such as thermo-
photovoltaics and above room-temperature Bose-Einstein Condensation. Furthermore, this off-axis method could lead to the creation of an
entirely new class of slanted-rod based photonic crystals, such as topological photonic crystal in 3D.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5113549

I. INTRODUCTION a large photonic band gap. In 1994, a layer-by-layer, or woodpile,

design with diamond symmetry was proposed.'® It had a complete

Since the photonic crystal (PC) concept was first introduced in
1987, a new era of advanced nano-materials for molding the flow
of light on-chip’* and for extreme light trapping” ' has begun. The
past three decades have seen significant progress in the preparation
of PC materials by both the bottom-up and top-down approaches.
These approaches include, but are not limited to, self-assembly,"’
and optical and electron-beam lithography methods.'"'” The self-
assembly approach is attractive, as it naturally produces a three-
dimensional (3D) lattice structure. However, it provides a limited
choice of lattice symmetry and has a relatively short range (<100pum)
of lattice structure order. The lithographic approach is also attrac-
tive, as it can produce almost any lattice symmetry, and by extension,

PBG of ~25% of the midgap frequency'® and was amendable to
micro-electronic processes.”'” '’ However, due to extensive equip-
ment usage, and the need to perform a lithographic exposure for
each layer, this method suffers from low throughput and high cost.
This is the major obstacle for a broader technological impact and
utilization of 3D PC materials as of today. Clearly, a new solution
is needed to overcome the drawbacks of bottom-up and top-down
approaches.

The new 3D PC design we adapt is also a representation of
the diamond lattice called the SP2 structure.”’ However, as shown
in Figure 1(a), the 3D PC is produced by making two sets of inter-
penetrating rods, one rotated off-axis by —45° (red color) and the
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FIG. 1. (a) Schematic of the woodpile SP2 PC structure, consisting of two sets of crossing rods (red and blue arrows); (b) a top view the two sets of rods in the x-y plane;
(c) schematic of the optical double exposure lithographic system, where light is to be incident along +45° (the blue arrow path) during the first exposure and, subsequently,
—45° (the red arrow path) during the second exposure; (d) the layout of the mask, which is to be shifted along the y-direction during the second exposure; (e) A large area
view of the fabricated SP2 PC, demonstrating the structure uniformity over a large area (>100x100um?).

other off-axis by +45° (blue color). Figure 1(b) shows a top view of
the two sets of crossing rods. Here, one complete cross makes up
a unit-cell. Consequently, the task of making a complex 3D struc-
ture is transformed into making two sets of linear-rod arrays. This,
in turn, simplifies the 3D PC fabrication process. This SP2 PC is
important for the realization of the above-room-temperature Bose-
Einstein-Condensation due to its reduced symmetry.”' This SP2 PC
may be synthesized by techniques such as direct laser writing,”””” ion
beam etching” and deep x-ray lithography,” but each with certain
limitations. For example, direct laser writing can produce a precise
3D structure, but is limited to a small sample size of ~50 x 50 x 50
um’. Ton-beam etching of GaAs can lead to a large PBG, but the
sidewall of the slanted rods tends to be non-straight, due perhaps
to ion scattering. Here, we propose a multi-beam laser lithogra-
phy method”®*’ that would satisfy all the requirements for low cost,
large scale, and long-range lattice-order, without sacrificing large
photonic band gap.

Il. DESIGN OF OPTICAL LITHOGRAPHIC SYSTEM

It is seen in Figure 1(b), that the two sets of crossing rods have
an identical 2D triangular pattern, but are shifted relative to each
other by a distance d along the y-axis. Accordingly, the new optical
lithographical system was designed to accommodate (I) an inter-
changeable optical path (the blue and the red optical paths) by a
switchable mirror and (II) an optical mask mounted on a precision
translational stage. Figure 1(c) shows a schematic of the optical sys-
tem. Typically, a UV laser is used to produce a minimum feature size
of about one micrometer. Our system uses a A=355 nm Q-switched
laser. Also, a prism is used to guarantee a 45° light path inside the
high-index SU8 photo-resist material. A photo of the successfully

implemented optical system is shown in the supplemental section.
Figure 1(d) shows the detailed design of the 2D triangle mask. Each
rectangular hole has dimensions of d by /2 d. The factor of “\/2”
accounts for the geometrical factor of an off-axis 45° light incidence.
The lattice constant of the designed SP2 PC is given by a = 2.9155d.
In a step-by-step procedure, the first exposure of a photoresist layer
is done with a light incident angle of —45°, generating the first set
of slanted rods (red color). Next, the mask is shifted by a distance
“d” along the y-axis. Finally, the second exposure is done at +45°,
generating the second set of slanted rods (red color). This completes
the optical exposure process for generating a SP2 PC structure. We
note that, in our experiment, the laser light wavelength is A=355 nm
and the light exposure energy varies from 20-200 mJ/cm”* depending
on the thickness of the photoresist film. Figure 1(e) shows a lower-
magnification SEM image of the fabricated structure, demonstrating
uniformity over a larger area (>100 x 100 pmz).

The photosensitive resist we chose is the commercially avail-
able, thick film negative photoresist SU8 (MicroChem). In our
experiment, a 10-20 pum thick SU8 film is first spin-coated onto a
1 mm-thick silica substrate, and followed by a soft bake. After optical
exposure, the resist is baked on a hot plate at 100°C for 2 min-
utes. This is to promote cross-linkage of the resist to the polymer
in the exposed regions. In a subsequent step, the photoresist in the
under-exposed regions is washed away by solvent. This completes
the fabrication process for the SU8-based SP2 PC structure.

For our SP2 PC, a primary focus of process control is the
geometrical shape of the slanted rods. This includes the minimum
width, maximum height, tilt angle, and the straightness and rel-
ative alignment of the rods. Therefore, a series of experiments
were performed to optimize process parameters such as exposure
optical intensity and light incident angle. First, a laser beam with
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FIG. 2. (a)-(d) are SEM images of the SU8 photoresist PC structure on glass substrate and are exposed without 45-90-45 prism. (a) result of single light exposure at the
normal incidence angle; (b) result of single exposure at a slanted incident angle; (c) result of double exposures without shifting the mask. (d) result of double exposure, where
the mask is shifted by a distance d along the y-direction. () and (f) are the side and top view SEM images of SP2 PC structure, exposed with 45-90-45 prism, respectively.

A=355 nm was made to impinge the top surface of the mask at
normal incidence. We found that a single exposure with a dose of
150 mJ/cm? can produce rods with a straight sidewall. Figure 2(a)
shows an SEM image of the single exposure result, where the rod
height is h = 11.4 ym and the rod width is d = 2.6 um. During expo-
sure, it is critical that the mask be in direct contact with the top
surface of the photoresist. This is to reduce local air-gaps between
the mask and the photoresist, and to avoid light diffraction induced
by the mask’s small feature size. It was further determined that, for
laser light of A=355 nm, it is possible to produce a straight rod of
h =20 um and d =1.5 um, having an aspect ratio of >13. Second,
we performed an off-axis exposure with the light beam directed at a
tilt angle of 0,;r=45° relative to the surface of the mask in air. How-
ever, by Snell’s Law, the refracted light inside the SU8 film (refractive
index is n =1.6) is expected to be Osus = 63.8° relative to the surface
of the substrate. Figure 2(b) shows an SEM image of the off-axis,
single exposure result, where a set of slanted rods is created and
their tilt angle is measured to be Bsys~61°. Note that, in this off-
axis configuration, the optimum dose needed to be increased up to
250 mJ/cm? due to a longer optical path length. Third, we performed
an off-axis, double exposure calibration. The first exposure was done
at 0,ir=45° through the optical mask and the second at 6,;,= —45°.
Figure 2(c) shows an SEM image of the double-exposure result. In
this case, the mask remained un-shifted between the first and the
second exposures. Consequently, the two sets of rods formed crosses
that overlay with each other. Indeed, the crossing rods at the mid-
dle section of the SU8 film (the horizontal blue dashed line) have a
good overlapping. This is also evident by observing the top surface
image in Figure 2(c), where the two sets of rods join each other at
the same location (the red circles). The tilt angle was measured to be
Bsus~63°. Fourth, to create a relative displacement between the two

sets of slanted rods, the optical mask was shifted by a distance d along
the y-axis for the 2™ exposure. Figure 2(d) shows an SEM image of
the double-exposure result, with the mask shifted. Due to the mask
shifting procedure, the crossing rods at the middle section of the
SU8 film (the horizontal blue dashed line) no longer overlap. The
tilt angle was measured to be 8sus~63°. These four steps complete
the calibration of the width, straightness, and relative alignment of
the slanted rods.

The remaining task is to achieve the designed slanted-rod tilt-
angle of Bsys=45°. However, this desirable angle is not achievable
in our current design. This is because, by Snell’s law, when light is
incident from the air, the critical angle limits the minimum achiev-
able tilt angle inside the SU8 to be Osus=48.2°. Here, we use a
prism to overcome the problem. The prism is a right-angle prism
(45°-90°-45°) with a refractive index of n = 1.6. It is placed in direct
contact with the mask, as shown in Figure 1(c). The laser beam is
incident normal to the top surface of the prism and propagates with-
out refraction onto the bottom surface of the prism. Hence, we have
Bprism=0air=45°. Since the prism and the SU8 film have the same
optical index of n=1.6, no optical refraction is present. Therefore,
we can achieve esug=epr15m245o. Furthermore, to eliminate inter-
face refraction, an index-matching oil (n=1.6) is used to fill the
potential air gaps at the following interfaces: one between the prism
and the mask, and the other between the mask and the photoresist.
Figure 2(e) shows an SEM image of the double-exposure result with
the 45°-90°-45° prism in place. The resulting SP2 PC has a tilt angle
Bsus= 48°. This angle is 3° off from the desired 45° and maybe due
to a slight mis-alignment of the incident beam relative to the surface
normal of the prism or a slight refraction at the prism-SU8 inter-
face. The SP2 PC also a rod-width d = 1.5 pm and a rod height
h = 15.6 pum, corresponding to two complete crosses, or two unit
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cells. Figure 2(f) shows a top-view SEM image of the SU8 SP2 PC
structure. The two sets of slanted rods (indicated by the red and
blue circles, respectively) show a precise relative displacement of
d = 1.5 um. This result illustrates the precision of our alignment
scheme. Note that our SP2 PC has a typical sample size 8 x 10 mm?,
being limited by the laser beam size. These results demonstrate
that our proposed off-axis optical lithographical system can create
anearly ideal SU8-based SP2 3D PC at a large scale using two simple
exposure steps.

I1l. OPTICAL PROPERTIES OF SP2 PC STRUCTURE
AND DISCUSSIONS

The optical properties of the successfully fabricated SP2 PC
were modeled theoretically and also characterized experimentally.
The theoretical modeling of the fabricated samples includes finite-
difference-time-domain (FDTD) simulations and frequency-wave
vector (f vs k) dispersion calculations.”® The details are described
in the Method section. The theoretical reflectance spectra of the SP2
PCs, computed using FDTD, are compared to the reflectance spectra
of the fabricated samples, measured using a combination of Fourier
transform infrared (FTIR) spectrometer and infrared microscope. In
such an infrared microscope system, light is incident normally onto
the sample’s surface, is un-polarized and has beam spot size of 100
by 100 pm?.

Figure 3(a) shows the dispersion diagram of the SP2 PC tem-
plate (i.e. SU8 posts in air background) for the lowest ten bands
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FIG. 3. (a) The frequency vs wavector dispersion curve of our SU8 (post in air
background) SP2 PC; (b) Reflectance spectra of the SU8-based SP2 PC with d
= 1.5 um. The experimentally measured curve (blue color) are compared to a
FDTD simulation results for x-polarization (brown color), y-polarization (red color),
and the averaged one (dashed green color). The reflectance peak at A = 7.1 um
corresponds to a normalized frequency of 0.61 (c/a).

scitation.org/journal/adv

along the major symmetry points. The inset shows a schematic of
the Brillouin zone (BZ) of the SP2 PC. The I'-Z direction (the ver-
tical, dashed red line) corresponds to light propagation along the
sample’s surface normal. A large photonic stop band exists along
I'-Z between band 3-4 and band 5-6 for a range of normalized fre-
quency f(c/a) = 0.41-0.67, with a mid-gap frequency f(c/a) = 0.54
(the horizontal solid red line). Here the frequency f is in units of
(c/a). Given d =1.5 pm and a = 4.3 pm of our SP2 PC, the expected
mid-gap wavelength is A,,i4.¢4p= 7.96 um. At a photonic stop band,
one expects to observe high optical reflectance. Figure 3(b) shows the
reflectance spectra of the SP2 PC, obtained by FTIR testing (the blue
curve) and by FDTD simulation for both x-polarized (the brown
curve) and y-polarized (the red curve) incident waves. Their aver-
aged value is indicated as the dashed green curve. The curves agree
well, i.e., they both exhibit high reflectance at Apca= 7.1 pm and a
full-width-half-maximum (FWHM) of AA~ 0.8 um. Apeqx also agrees
with Ayid.gap» Within 0.8um. This agreement between FTIR testing
and FDTD and dispersion calculations demonstrates the success of
our optical lithographic system in fabricating a nearly ideal SP2 PC.
However, the simulation peak reflectance for x-, y-polarized, and
unpolarized incident waves are 85%, 50% and 67.5%, respectively.
The measured peak reflectance is 50%, which is slightly lower than
the averaged FDTD value of 67.5%. The slightly reduced experi-
mental reflection at A = 7.1 pum may be due to optical scattering by
local structure roughness, fabrication imperfections or non-straight
sidewalls.

To improve the optical performance and increase reflection at
the photonic stop band, we performed material inversion of the SU8-
based SP2 PC to transform it into a Cadmium Sulfide (CdS)-based
structure. CdS has a higher optical index (n = 2.5) than SU-8 and
should give a wider photonic stop band. To perform the inversion,
we first deposited CdS throughout the entire SP2 PC structure and
then performed a series of etch steps to burn away the SU8 scaf-
folding. The experimental challenge is to apply a conformal CdS
coating to the SU8-template such that the PC structure integrity is
not distorted. This coating maybe done using a low temperature
chemical-vapor-deposition (CVD) method. Figure 4(a)-(d) shows
a sequence of SEM images of CdS conformal coating on an SU8-
based SP2 PC. Figure 4(a) shows an SEM image of a uniform, pla-
nar CdS coating on an SiO, substrate. Figure 4(b) shows an SEM
image of a conformal coating of CdS throughout the 3D structure.
The coating gives a similar CdS thickness on the top (H,=286nm),
along the side (V,=294nm) and at the bottom (H3=310nm) of the
SU8 slanted rods. The average coating thickness is t = (294 + 8)
nm. Figure 4(c) shows an SEM image at a different viewing angle
to display the way the slanted rods cross each other. Again, the CdS
coating is conformal and does not alter the tilt angle (6 = 45°) of
the slanted rods. Figure 4(d) shows an SEM image of the CdS coat-
ing on a 2 unit-cell SP2 PC, which is also conformal over the entire
structure.

After the CdS deposition, we perform a sequence of etching
steps to remove the SU8 template. The details are described in the
Method section. Once the SU8 template has been removed, we have
realized an inverted SP2 PC structure. The new SP2 PC now con-
sists of mutually crossing air pores in a CdS background. Figure 4(e)
shows the reflectance spectra of the CdS-based SP2 PC, obtained
by both FTIR measurement (the blue curve) and by FDTD simu-
lation (the red curve). The FTIR data shows a high reflectance of
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FIG. 4. (a)-(d) are SEM images of a conformal coating of CdS onto a SU8-based SP2 photonic crystal. (a) shows a uniform coating of a planar layer of CdS; (b) shows a
conformal coating of CdS layer throughout the 3D structure. The coating gives a similar CdS thickness on the top and along the side of the SU8 slanted rods; (c) shows that
CdS coating is conformal and also does not alter the tilt angle of the slanted rod; (d) shows CdS coating to a 2 unit-cells SP2 PC, which is also conformal over the entire
SP2 PC structure. (e) Reflectance spectra of the Air pore in CdS background SP2 with d = 1.5um. The experimentally measured curve (blue color) are compared to a FDTD
simulation result (red color). The reflectance peak at A=6.1um corresponds to a normalized frequency of 0.70 (c/a).

R~85% at Apeaxk=6.1 um. The FDTD curve likewise shows a high
reflectance of R~85% at Apeak = 6.3 pum. There is a good agreement
of the peak wavelength between the two curves. The fact that both
spectra exhibit a high reflectance of ~85% at Ajeax, indicates the exis-
tence of a large photonic stop band along I'Z. At the reflectance peak,
the FWHM is AA~0.9 um or, equivalently, a gap-to-midgap ratio
of AMN ~15%. It maybe concluded that the use of a higher index
material, such as CdS, produces a slightly wider and more robust
photonic stop band. Note also that even the side peaks at A\~7.2,
8.3 and 9.3 um agree with each other between the FTIR and FDTD
simulation.

In addition to coating a semi-conducting material such as CdS,
a metallic coating is also an effective way to modify the optical prop-
erties of the SU8-based SP2 PC. As an example, we use atomic-layer-
deposition (ALD) to coat a thin layer of Platinum (Pt) onto our SU8
PC. The ALD Pt conformally coats the SU8-based SP2 PC at a rate
of 0.1 nm/min. Additionally, since the skin depth of Platinum t is
10-30 nm for A=1-10 pm, a thin Pt coating is sufficient for optical
index modification. Figure 5(a) shows an SEM image of a uniform,
planar Pt coating. The thickness is t = 65 nm. Figure 5(b) shows an
SEM image of a conformal Pt coating on a unit-cell (one cross) SU8-
based SP2 PC. The SU8 slanted rod is surrounded by a thin layer of

100 n T T T T T T
o 80 f ----
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o 60[

Q

=

o 40
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FIG. 5. (a)-(c) are SEM images of a conformal coating of
Platinum (Pt) onto a SU8-based SP2 photonic crystal. (a)
shows a uniform coating of a planar layer of Pt; (b) shows a
conformal coating of Pt throughout a unit-cell (one cross) of

1 3 5 7 9 1

SU8-based photonic crystal; (c) shows conformal Pt coating
to a 2 unit-cells SP2 PC. (d) and (e) are reflectance of SU8

13 15

Reflectance (%)
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in air background SP2 PC structure, coated conformally
with 60nm Pt with d = 1.5um and 1pm, respectively. The
green curves are the reflectance spectra of Pt 60nm pla-
nar film. The curves with red color are the FDTD simulation
results, and the curves with blue color are the experimental
data from FTIR measurement.
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Pt coating. On top of the substrate, a thin Pt layer of t = 30 nm is also
visible. Figure 5(c) shows an SEM image of a conformal Pt coating
throughout a 2 unit-cell SP2 PC.

Figure 5(d) show the reflectance spectra of the Pt-coated SP2
PC, obtained by both FTIR testing and FDTD simulation. The
PC sample has a rod width d = 1.5 ym and a lattice constant
a = 4.3 um. In our FDTD computation, Pt is modeled using the
data from Ref. 29 and implemented according to the dispersion
model of MEEP materials library.”’ We also assume a 60nm thin
Pt layer on the substrate, as shown in Fig. 5(c). The reflectance spec-
trum of a Pt planar film of t = 60 nm is also shown as a reference
(the green curve). It exhibits a high reflectance (R>90%) for a wide
range of infrared wavelengths from A = 3-15um. The FTIR data (the
blue curve) show a low reflectance (R<20%) for A = 1-5 um and a
high reflectance (R>90%) for X = 7-15 pm. At the photonic band
edge around A~6 pm, there is a sharp rise in reflectance that indi-
cates the onset of a plasmonic band gap. The FDTD result (the red
curve) agrees well with the FTIR data, which also shows a photonic
band edge at A\~6um. To illustrate the length-scaling behavior of our
Pt-coated SP2 PC, we fabricated a new sample with reduced char-
acteristic dimensions and studied its optical properties. Figure 5(e)
shows the reflectance spectra of the Pt-coated SP2 PC, having
d = 1.0 um and a = 2.92 um. The FTIR, FDTD, and planar Pt film
data are shown as blue, red, and green curves, respectively. The FTIR
data exhibit a low reflectance (R<10%) for A=1-3 pm, a sharp rise
of reflectance at A = 4 um and a high reflectance at A = 5-15um.
Note that the observed photonic band edge shifted from A= 6 um to
4 um, when the rod diameter was reduced from d = 1.5 pm to 1.0 um.
This validation of linearly scaling behavior shows that the observed
photonic band edge originates from the photonic crystal band struc-
ture. Again, the experimental FTIR data agrees well with the FDTD
simulation result. It is noted that, in our optical lithographic system,
it is relatively easy to create SP2 PCs of different lattice constants
by changing the dimensions of the optical mask. Note also that a
metallic PC having a low reflectance of R~10% for A = 1-3um and
a correspondingly high absorptance A~90% can function as a spec-
trally selective emitter for an energy efficient thermo-photovoltaic
applications.”’

IV. CONCLUSIONS

In summary, we proposed and demonstrated an off-axis optical
lithographic method to make 3D SP2 PCs that is inherently low-cost
and wafer-scale. The lithographic steps are simple and fast, involving
two off-axis optical exposures and a precision shifting of the opti-
cal mask. Additionally, the instrumentation is low cost, as its major
components consist of a laser, a prism, an optical mask and a preci-
sion translational stage. Through a detailed process calibration, we
have shown that a nearly perfect SP2 PC can be fabricated, having
a minimum feature size of d = 1.0 pm and a large sample size of
8x10 mm?, without any observable fabrication defects. Particularly,
three different types of SP2 PC were successfully created: (i) SU8
posts in air background, (ii) air pores in CdS background and (iii) Pt
coated on SU8 SP2 templates. The optical performances of the SP2
PCs were studied by FTIR reflectance measurements. The experi-
mental results agree with those obtained from a FDTD simulation
and a dispersion calculation. The agreement indicates that the fab-
ricated 3D PC has the desirable lattice symmetry, dimensions and
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the designed optical properties. We believe this low-cost and large-
scale method could enable a broader technological impact and future
utilization of 3D PC materials. Furthermore, this off-axis method
is unique and could lead to the creation of an entirely new class of
slanted-rod based photonic crystals, such as the recently proposed
topological photonic crystal in 3D.”

V. METHODS

A. Theoretical modeling of the
frequency-wavevector dispersion

The dispersion diagrams are calculated using plane-wave
expansion method, implemented through an open-source software
package MIT Photonic Bands (MPB).” The unit cell of the SP2
PC consists of two pores, slanted at +45° and —45° angles, respec-
tively. Figure 1(b) shows the primitive vectors spanning the PC in
the xy-plane and are denoted by 4, and 4, respectively. From the
given geometry, these two primitive vectors can be calculated as,
41 = a(cos a,sin &,0) and d, = a(cos &, —sin &, 0), where a is the
angle between d; and x-axis. For an inter-pore angle 90 degree,
the third lattice vector ds can be evaluated according to Ref. 28 as,
a3 = (0,0, c), where ¢ = 1.4552a.

B. Theoretical modeling
of finite-difference-time-domain (FDTD)

The FDTD computations are performed using a free, open-
source software package, MIT Electromagnetic Equation Propaga-
tion (MEEP).” The unit cell used for the FDTD computations is
shown by the highlighted green square in Fig. 1(b). Periodic bound-
ary conditions (PBC) are applied along x and y-directions. The
SP2 PC is assumed to have two unit cells along z-direction and
rests on a 2 um-thick SiO, substrate (refractive index 1.45). The
top of the SP2 PC is padded with air region of height 8c. The top
of the air region and the bottom of the SiO, substrate is termi-
nated by perfectly matched layers (PML). Effectively, this simu-
lates a semi-infinite substrate. The PC is illuminated with a nor-
mally incident, x-polarized and y-polarized plane wave coming from
+z -direction.

C. Fundamental optical limit of the size
and depth of the slanted posts

The laser lithographic method we proposed in this paper
requires the use of a 2D mask during optical exposure. The size
and shape of the produced slanted post is defined by the laser beam
profile after it passes through the 2D mask. By the scalar diffrac-
tion theory, the laser beam profile is influenced by the aperture’s
diameter (d) on the mask, the laser wavelength (A) and also the
laser propagating depth (z) into the photoresist. To maintain a well

collimated beam profile, we use the Fresnel number (Nr = %) to
describe the limit of our optical system. Therefore, as d is reduced,
z or A has to be reduced accordingly to produce a slanted post with
a uniform diameter. Our initial experimental data supports this rea-
soning. For example, in our experiment of making 3D SP2 structure,
when d=1.5um and A=355nm, we observed uniform post diameter
up to a thickness of z=14um. The deduced Fresnel number is 0.66.
For d=1pm and A=355nm, we found z=6um, and the corresponding
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Ng=0.64. Therefore, for a given A used for the optical system, the
minimum achievable d is set by Ny = % ~ 0.64 — 0.66.

D. SP2 SU8 sample preparation and development

The SU8 photoresist was spin-coated on 1 mm thick SiO; sub-
strates. The typical thickness of the SU8 layer varied from ~20 pum at
1000 rpm, to ~10 pm at 3000 rpm. The SU8 samples were then baked
on a hot plate at 95 °C for 1 to 2 minutes to remove residual solvent.
After the UV exposure, the SU8 samples were baked again at 95°C
for 1-2 minutes (post exposure bake), then dipped in SU8 developer
for 1-2 minutes and rinsed with IPA.

E. Low temperature CdS deposition on 3D SU8
photonic structures by CVD

A home-built horizontal hot-wall metalorganic chemical vapor
deposition (CVD) reactor was used for the conformal deposition
of CdS thin films on SU8 photonic crystal structures. Ultra-high
purity (UHP) hydrogen was used as the carrier gas. Dimethylcad-
mium (DMCd) and hydrogen sulphide (H,S diluted with hydro-
gen) were used as the sources for cadmium and sulphur, respec-
tively. The hot-wall configuration consists of two clamshell heaters
wrapped around a 4-inch internal diameter quartz reactor. All
depositions were carried out with the susceptor temperature main-
tained at about 50°C with the help of both front and back
heaters set to 80°C. Precursors carried by UHP H, enter the reac-
tor zone and undergo the chemical reaction (CH3),Cd + H,S —
CdS + 2CHy to deposit uniform CdS thin films on the photonic
structures.

F. Pt deposition on 3D SU8 photonic structures
by ALD

The deposition of platinum was performed in an Arradiance
ALD system, strictly alternating exposure of two different precursors
on the surface which then slowly forms a thin film. First, the system
was heated up to 250°C, followed by a 1 nm Al O3 nucleation layer,
and then bulk platinum was deposited. A total platinum thickness
of 60 nm was done in two 8.5 hour sessions, where the nucleation
layer took 10 cycles and 30 nm of platinum took 300 cycles for each
session.

G. Removal of SU8 PC template after CdS deposition

Optimization of the photonic band gap of the SP2 structure
requires the removal of the SU-8 polymer template following the
deposition of CdS. To expose the template, we used a Trion Phan-
tom series ICP-RIE system to dry etch the CdS overlayer in an 8:1
H,/CHy plasma at a pressure of 25 mTorr, resulting in a linear etch
rate of 77.6 + 2.8 nm/min. The top 12 microns of the template is
then removed in the same etching system by infiltrating the template
with oxygen. Because oxygen infiltration becomes more difficult fur-
ther into the structure, the template was removed non-linearly, and
we found that the top 6 microns was removed at about 50 nm/min,
while the next 6 microns was removed at about 17 nm/min. After
8-10 hours, exposure to oxygen no longer removed the template, so
the inversion process was completed by burning off the remaining
SU-8 in a furnace at 450°C. Because SU-8 is used as an underlayer to
promote adhesion of the templates to the substrate, the time in the
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furnace was limited to 15 minutes, which was sufficient to remove
the last few microns.
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