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Figure 6.2.2 Influence of (a) — (b) metals and (c) — (d) semiconductors on absorption spectra. A
broad and high absorption property can be attained employing lossy metals, such as Au, Cu, and
Al as shown in Figure 6.2.2 (a), however, the absorber structure with Ag metallic mirrors shows
the highest absorption in a-Si layers among all the cases exhibited in Figure 6.2.2 (b), which is
critical to achieve high efficiency PV devices. This is because a higher absorption only in the
photoactive semiconductor layer is required for high performance PV cells. The bandwidth of the
optical absorption can be broadened by using low band gap semiconductors, such as silicon-
germanium (SiGe) and germanium (Ge), as depicted in (c) and (d). We note that it is difficult to
observe the multi-cavity resonance phenomena in the Ge-based absorber structure due to its very
large absorption coefficient at visible frequencies, yielding a very broad resonance. We should
also note that an Vo gets lower with the low band gap semiconductor materials although the broad
absorption bandwidth, which corresponds to the high Jsc, could be obtained. The specific structures
are [12 nm a-Si/30 nm Ag/24 nm a-Si/80 nm Ag], [10 nm a-Si/40 nm Au/20 nm a-Si/80 nm Aul],

[10 nm a-Si/45 nm Cu/20 nm a-Si/80 nm Cu], and [17 nm a-Si/15 nm Al/35 nm a-Si/80 nm Al] in
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(@) — (b), and [12 nm a-Si/30 nm Ag/24 nm a-Si/80 nm Ag], [12 nm SiGe/30 nm Ag/25 nm SiGe/80

nm Ag], [20 nm Ge/80 nm Ag] for (C) — (d). =======m=mmmmmmmmmm e e 79

Figure 6.2.3 Refractive indices of thick Ag and a-Si (50 nm) materials, both of which are measured

by a spectroscopic ellipsometer (M-2000, J. A. Woollam). ===========ssmsmmmmmmmmmeeeee oo 80

Figure 6.2.4 Simulated and measured absorption spectra of the proposed ultrathin broadband
visible absorber at normal incident angle in (a) and (b), respectively, showing great agreement with
each other. The broadband absorption profile arises from the multi-cavity resonances within the

tWO @-Si |aYerS. ==s=smmsmmmm e e e 81

Figure 6.2.5 (a) The calculated net phase shift, which includes the two reflection phase shifts and
the propagation phase shift, of both the top and middle a-Si layers as a function of the wavelength.
The resonances occur at the wavelength where the net phase change is zero. (b) Electric field
distribution within the whole structure at all wavelengths. The positions where the optical field is
strongly concentrated and therefore the higher absorption is in good agreement with the positions

of the multiple resonances in Figure 6.2.5 (a) as well as the absorption peaks shown in Figure 6.2.4.

Figure 6.2.6 Calculated absorption spectra for a different number of a-Si/Ag stacks. The absorption
efficiency can be improved with increased stack numbers by creating more resonances in other
cavity systems. The specific structures are [12 nm a-Si/30 nm Ag/24 nm a-Si/80 nm Ag], [11 nm
a-Si/32 nm Ag/25 nm a-Si/40 nm Ag/28 nm a-Si/80 nm Ag], and [11 nm a-Si/31 nm Ag/25 nm a-

Si/36 nm Ag/27 nm a-Si/47 nm Ag/28 nm a-Si/80 nm Ag] for 2, 3, 4 stacks of a-Si/Ag, respectively.

XX



Figure 6.2.7 The dependence of the thickness of (a) the top Ag and (b) the top a-Si on the optical
absorption characteristics. Both the absorption efficiency and the bandwidth vary with the top a-
Si-Ag stack thickness and the highest absorption efficiency is achieved when the top Ag and the

top a-Si layers are designed to be 30 nm and 12 nm, respectively. ---=-==-====smmmmmmmmmnmananan- 84

Figure 6.2.8 Simulated and measured angle resolved absorption spectra for (a), (b) TM and (c), (d)
TE polarizations up to 70< The angle insensitivity of the proposed broadband absorber is enabled
by the negligible propagation phase accumulation within the ultrathin a-Si layers, showing a flat
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Figure 6.2.9 (a) A schematic representation of the proposed tandem-mimicking ultrathin a-Si PV
device, which could be made on ITO-glass. (b) Simulated absorption spectra in both top (black)
and middle (red) a-Si photoactive layers along with the calculated corresponding Jsc values. The
top cell (#1), which has the thinner thickness than the middle cell (#2), primarily captures the
shorter wavelengths of solar radiation, while #2 harvests the green portion of solar energy, thus
being able to achieve the broadband absorptions for high efficiency. Note that it is difficult for the
a-Si material to absorb the longer wavelengths beyond 650 nm due to its band gap. (c) Simulated
absorption spectra in the photoactive layer of the tandem-mimicking a-Si PV cell and the single a-
Si layer based PV, both of which have the same total photoactive layer thickness, clearly exhibiting
that our proposed tandem approach can significantly boost the absorption in the photoactive layer,
thereby leading to higher PCE. Js is calculated assuming that the internal quantum efficiency is

100 % and both FF and Vqc are taken from our previous work to estimate the efficiency. ------- 38

Figure 6.3.1 (a) The schematic diagram of the proposed efficient ultrabroadband absorber. (b) The
simulated and the measured absorption of the proposed absorber targeted for 400-2000 nm range

(Film stack 1). (c) A photograph of the fabricated absorber device under normal incidence. ----89
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Figure 6.3.2 The absorption spectra of the 5-layer structure with various alternative metals. Similar
high efficiency absorption can be achieved with different absorptive metals. The slight degradation

of absorption spectra for Ni at long wavelengths is due to the weak index mismatch of the graded

Figure 6.3.3 The absorption spectrum of the proposed structure with the bottom absorptive layer
replaced by reflective metals, here Ag, which is potentially applied for the PV applications to make

the absorption mostly confined within the semiconductor layers. ----=-=======msnmmmmmmmnmnnnnn 91

Figure 6.3.4 The absorption spectra of the 5-layer structure with different alternative materials of
intermediate layers. Anti-reflection result, which is equal to the high absorption here without any
transmission, can be achived as long as the refractive indices are graded from bottom to top, which

provides more freedom for our designs. ============mmmmmmmm e 91

Figure 6.3.5 The simulated and measured absorption of the proposed absorber based on the 5-layer
structure targeted for 400-1200 nm range. The calculated average absorption across 400-1200 nm

region is up to 99.14% while the measured average absorption reaches 98.90%. ----------=------- 93

Figure 6.3.6 (a) The simulated incident angle resolved spectrum response of the ultrabroadband
absorber. (b) The measured incident angle resolved spectrum response of the ultrabroadband
absorber. (c) The simulated and measured average absorption of the proposed ultrabroadband
absorber for Film stack 1 at different incident angles. (d) The optical images of the fabricated
absorber taken with indoor ambient light at oblique incidence of 20°, 40°, 60°. The diameter of the

fabricated device 1S 2 INCheS. ========mmmmmmm e e e 94

Figure 6.3.7 The optical admittance locus of the ultrabroadband absorber for Film stack 1 at each

peak reflectance wavelengths and valley reflectance wavelengths. The length of the black line
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provides a measure of the reflectance of the structure. The reflectance marked in the figure is

calculated by the Fresnel reflection formula with the acquired equivalent admittance. ----------- 95

Figure 6.3.8 The layer absorption distribution profile of the ultrabroadband absorber for 5-layer
structure at different wavelengths, showing the shift of absorption layer from Si to Cr with

INCreasing Wavelength, =--ssssme e e e e e e e e e e e 97

Figure 6.3.9 The optical constants of the material used in the simulation. The data of Cr comes
from Palik while other materials were obtained by spectrometry method or ellipsometry method.

------------------------------------------------------------------------------------------------------------------ 97

Figure 6.3.10 (a) The reflectance of the proposed structure with different materials: practical
absorptive materials or non-absorptive hypothetic materials. ARC: Ge/Si/TiO2/MgF, where the
extinction coefficients of Ge and Si is set artificially while the optical constants of TiO2 and MgF-
remain invariant as shown in Figure 6.3.9. (b) The net phase shift in each absorptive layer of Film
stack 1 and the corresponding reflectance curve. The resonances indicated by the phase shift curves
(the net phase shifts are equal to the multiple of 2z) are in great consistency with the reflection
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Figure 6.3.11 (a) The schematic diagram of the improved ultrabroadband absorber with 7 layers
by inserting Ge/Cr layers. (b) The simulated and measured absorption of the improved 7-layer
absorber. (c) The calculated reflectance spectra of the 7 layers film stack. One additional reflection
dip is created by the inserted Ge/Cr pair as compared to 5-layer structure as shown with the circled
valley reflectance. (d) The relationship between the absorption characteristic and the number of
Cr/Ge pairs, and it indicates that the absorption band can be broadened by 500 nm after inserting

every additional Cr/Ge Pair. =-=====sssmsms e e e e e e e e e e e e e e 101
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Figure 7.1.1 The definition of the veiling glare effects. -=-=-======msmmmmmmmmmm e 104

Figure 7.2.1 Veiling glare angular range calculation with rake angle & and the direction of light
rays from windshield ¢. (a) A schematic diagram draws a relation between reflection angle from
dashboard y and 6, ¢ as y = 20 + ¢. (b) Veiling glare range for vehicles with different rake angles
varies between ymin = 20 — 15°and ymax = 260 + 15°with ¢ ranging from 25<to 35< The whole

veiling glare range lies in the right half plane with respect to the normal of the incident plane. 106

Figure 7.2.2 Reflectance of the air and windshield glass interface dependence on incident angles.
The ambient light of daily driving environment can be regarded as unpolarized. The Brewster’s
angle for the p-polarization corresponds to an angle where reflectivity is zero. The refractive index

of glass here is selected as 1.5 without diSPersion. =========sssesmsmmmmmee e 107

Figure 7.2.3 Physical explanation of the light guidance property of the lenticular lenses. (a)
Different images can be observed when viewed from different angles and this contributes to the
various visual effects created with the lenticular lens array. (b) Analysis of the dimension of a
single lenticular lens. The thickness of the lens d can be expressed with the refractive index n and
the radius R asd = nR / (1 — n). (c) Schematic of refraction of light rays coming from the bottom
side. The Light from the colored area will be directed to the left half, and the light from the dark

area is refracted to the right. ==--===m=smmmm e e e e e eeee 108

Figure 7.2.4 Design criteria for lenticular lens array. (a) Analysis of anti-glare conditions for
lenticular lens array. Two extreme positions on the dashboard are used to analyze the veiling glare
range. « is the minimal refracted angle by the single lens itself for light coming from the colored
stripe (corresponding to the light coming from the left-most point of the colored area within one

period), £ is the maximal angle of refraction by the adjacent lens for colored light rays
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(corresponding to the light coming from the right-most position of the colored stripe within one
period). (b) Maximal and minimal radius |R| of the curved dome dependence on rake angle 6. The
minimal value is determined by the lens geometry |R| > w/ 2, and the maximal value of |R] is fixed
according to Equation 7.2.6 with a2 > ai. (c) Position and width of the colored stripes when
|R| =w/2=25 um. (d) The relation between the refractive index of material n and the rake angle

6. The position and width of the colored area are fixed as a1 = 7 um and a2 = 27 pm. ==-=====--- 111

Figure 7.2.5 Reflection investigation of the designed lens. (a) Designed lenticular lens for the
simulation. The reflective area is simulated with the ‘Mirror’ boundary conditions, which will
reflect all light rays incident on it. (b) Dependence of o (the minimal refraction angle by the single
lens itself, black solid circles) and g (the maximal refracted angle by the adjacent lens, blue
triangles) on incident angles. Some portion of light will go into the veiling glare range, which is
the range between black and blue dashed lines in the plot with ymin = 55°and ymax = 85< due to the
aberration of the lenses. (c) Dependence of a (the minimal refraction angle by the single lens itself,
black solid circles) and g (the maximal refracted angle by the adjacent lens, blue triangles) on
incident angles of the optimized lens. All light rays are controlled out of the veiling glare range

and the veiling glare is further reduced. -=-========n=mmm s e e e 113

Figure 7.2.6 Trace of light rays from different incident angles of the initial designed lenticular lens
(thickness d = 71 pum). (1) — (8) correspond to incident angles from 0°to 70< respectively. As
analyzed above, the out-coming light is refracted by both the single lens itself and the adjacent
lens. Due to the aberrations from the cylindrical shape of the lens, the refracted light will fall into

the veiling glare range at some incident angles. =--=-===mmmmm e e e 115

Figure 7.2.7 Trace of light rays from different incident angles of the optimized lenticular lens

(thickness d = 61 um). (1) — (8) correspond to incident angles from 0°to 70< respectively. By
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reducing the thickness of the lens to d = 61 um, the aberrations are greatly reduced, and all refracted

light at various incident angles are controlled out of the veiling glare range. -------=-=======-=--- 117

Figure 7.2.8 The schematic diagram for removing the veiling glare of light coming from the vehicle
side. The drivers’ viewing angle ¢ remains as #15“and the lenses are well orientated so that the
lens length is perpendicular to the incident light direction. Veiling glare due to light rays coming
from the vehicle side can also be removed by orientating suitable lenticular lens array with the lens
length perpendicular to the incident light direction. Here, effective rake angle &' refers to the angle
between the windshield and dashboard in the incident plane and the satisfactory lens parameters
can be obtained with Equation 7.2.4 — 7.2.6 based on the corresponding veiling glare angular range

(defined by ymin = 20" + @2 and ymax = 26" + 1), =======mmmmmmmm e 118

Figure 7.2.9 Preparation of the Ni mold with the precision five-axis planing machine. The diamond
tool has an arc tip with the arc of 170° and a radius of 25 pm from Contour Fine Tooling Ltd. 200
um thick Ni is electroplated onto the thick Al plate as the mold material since Ni is much softer
when compared to Al and Cu considering the sharp diamond tip. Using an ultra-precision five-axis
machining system (Nanotech 350FG, Moore Nanotechnology Systems LLC), two 29 um steps are
firstly planed out onto the Ni layer. Then the semi-cylindrical patterns inversed to the final lenses

are created with the semi-circle shaped diamond tool. -=-=-========nmnmmmmmememee e 119

Figure 7.2.10 The fabrication process of the lenticular lens array and the alignment with the colored
substrate. Due to the hydrophobic property of the COC, the peeling off and the alignment are done
in the water, which guarantees lens sheet to be smooth and flat. (¢) and (f) are the microscopic

images of the imprinted lenses and the colored alternating stripe substrate, respectively. ------ 120
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Figure 7.2.11 Alignment of the lenses and colored substrate. (a) — (b) Photos of the imprinted
lenses and the alternating colored stripes, respectively. Both periods are 50 um. The yellow stripes
(Au) has a width of 20 um and the width of the absorber stripe is 30 um. (c¢) 7 um offset between
a lens unit and an absorber/Au stripe unit is achieved under the microscope. (d) The pitch mismatch
between the lens and the substrate will cause the moriéfringe. The left image shows the morié
fringe of a period ~1.25 mm corresponding to a 2 um pitch mismatch between the lens and the
colored stripes. The right image shows the interference fringe with a period ~2 cm corresponding

to a 120 nm pitch mismatch between the lens and the substrate. ----=-=========n=nmsmmmmmmamanannon 121

Figure 7.2.12 Demonstrations of samples on the windshield-dashboard setup. (a) and (b) show the
final aligned sample when viewed in and out of the veiling glare range, respectively. (c) presents
the windshield-dashboard setup with the rake angle 8 = 35 <for demonstration. The sample renders
no reflection into the veiling glare range which is consistent with the prediction by the simulations
and doesn’t cause the veiling glare when installed on the dashboard as shown in (d). By comparison,
projected image of the sample on the windshield is clearly observed if rotating the sample by 180°

aS Presented N (B). ====s=m=mmmmmmmmm e o o e e e e e 123

Figure 8.2.1 (a) Configuration of a cloak structure having the image projection capability. The
structure consists of polarizers for oblique incidence (Po,1-Po4), mirrors (M1-Ma), and a polarizer
for normal incidence (Pn,1), where port 4 has the polarizer Pn1, and port 9 does not have a polarizer
for comparison. Labels of transmission coefficients of (b) a polarizer for oblique incidence, (c) a
polarizer for normal incidence, and (d) a mirror for the use in Table 8.2.1. (e) Experimental
observation of the cloak structure. The inset shows the experimental setup. A toy car is placed

behind the cloak structure and a cylindrical object is partly inserted in the cloak structure. The
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white number “1” or “2” printed on a black paper reversely in the left and right is attached on each

lateral side, POrt 4 OF POrt 9. =====mmmmmm s e e e e e e 128

Figure 8.2.2 Image projection ability. The text “CLOAK” appears in region I for (a) — (c), in region

Il for (d) — (f), and in the middle of regions I and 11 for (g) — (i). Light paths (a), (d), (g), the image

projection (b), (e), (h), and the cloaking (c), (), (i) are presented. =--=-======s==mmmmmmmmmmmmnmnnnns 131

Figure 8.2.3 View angular dependence of the cloak structure. (a) Experimental setup. (b)
Simulation setup. Experimental observations of the scene including a red car ((c), (f), (i), the
simulation results ((d), (g), (j)), and the corresponding light paths ((e), (h), (k)) are presented at

view angles of 0°((c) — (e)), (b) 2°((f) — (h)), and (c) 4°((i) — (k)), respectively. =-==-====-=--=- 133

Figure 9.2.1 (a) A schematic diagram of the proposed flexible transparent electrode with great
electric performance. (b) Calculated and measured optical transmission and reflection spectra,
showing great agreement. (c) The optical image of the fabricated sample, showing great

LrANSPAIENCY. ======ssmmsee e e e e e e e e e e e e e e e e s e e s s e ane 137

Figure 9.2.2 (a) The co-sputtering system for Cu-Ag deposition. SEM (b) and AFM (c) images of
the ~6.5 nm Cu-Ag film. (d) SEM image of 9 nm pure Ag, showing discontinuous island

MOIPNOIOQY. ======mmmmmmm e o o e o o e e o e o e e 138

Figure 9.2.3 Dynamic inward (a) and outward (b) bending test results of DMD-based transparent
electrodes as a function of bending cycles. (¢) Accelerated humidity test results of DMD-based
transparent electrodes as a function of test duration. The test condition is 85<C and 85% relative
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Figure 9.3.1 (a) Calculated EMI SE as a function of Rs for thin Ag films. (b) Schematic of
the ITO and Cu-doped Ag layers in the DMD configuration on PET substrate. (c)
Calculated average visible transmittance of EMAGS film for various thicknesses of the top

and bottom ITO layers with 8 nm Cu-doped Ag. =--=========smmmmmmmmme e 142

Figure 9.3.2 Photographs of (al) EMAGS film with good transparency, (a2) EMAGS film
under folding, showing outstanding flexibility, (b) A large-area (200 cm > 50 cm)
transparent EMAGS film on PET fabricated by a roll-to-roll process. (c) Transmittance and
(d) reflection spectra of the EMAGS, Cu-doped Ag (8 nm), ITO (40 nm), and PET substrate

Trom 300-1000 NM. ==mmmmmmm e e e e e o o o e o e e e o o e o o e e e 145

Figure 9.3.3 (a) Schematic illustration and (b) photograph of the measurement setup for the EMI

shielding. Inset in (b) shows the rectangular waveguide of the Ka-band. ----=-=-==-=-====2=zu---- 146

Figure 9.3.4 Measured EMI SE results of EMAGS, double-layer EMAGS, double-layer
EMAGS separated by a quarter-wavelength space, Cu-doped Ag (8 nm), ITO (40 nm) and
PET films at (a) X-band (8-12 GHz), (b) Ku-band (12-18 GHz), (c) K-band (18-26.5

GHz), (d) Ka-band (26.5-40 GHZ). --=--xsmr=msemremreamramreameammeamnammemeamnemeams e meamnenns 148

Figure 9.3.5 Measured microwave reflection (R) and absorption (A) of EMAGS film in the
(a) X-band (8-12 GHz), (b) Ku-band (12-18 GHz), (c) K-band (18-26.5 GHz), (d) Ka-band
(26.5-40 GHz). (e) Calculated power loss density within each layer of the ITO/Cu-doped
AQ/ITO structure at 12 GHz using CST microwave studio. (f) Calculated shielding
contribution from R and A of the 1) Cu-doped Ag, 2) ITO/Cu-doped Ag, and 3) ITO/Cu-
doped Ag/ITO structures. Simulated power flow within the structure of the (g1) Air, (92)

ITO, (g3) ITO/Cu-doped Ag, (g4) ITO/Cu-doped Ag/ITO structures at 12 GHz using CST
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microwave studio. The white arrow in (g1) —(g4) denotes the incident electromagnetic wave
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Figure 9.3.6 Simulated transmission and reflection of EMAGS film using commercial CST
microwave package. The results show that the simulated EMI SE of the EMAGS film is around
26 dB up to 100 GHz, very close to the measured result. EMAGS film shows reflection of -0.4 dB

in the entire band, which means nearly 90% reflection of incident power. =----=-====ssnssunuuaun 151

Figure 9.3.7 (a) Measured Rs of EMAGS and ITO (40 nm) on PET substrate as a function
of bending cycles at the bending radius of 6 mm. Inset is a schematic illustration of the
bending system. (b) EMI SE at 12 GHz of EMAGS and ITO films as a function of bending
cycles at the same bending radius. Inset shows the SEM images of corresponding films
after 250 times bending. EMI SE at 12 GHz of EMAGS and ITO films as a function of
bending radius for (c) TM and (d) TE waves. Insets show the orientations of the electric

and magnetic fields of two polarizations with respect to crack lines. ------=-==-=-=nssunuu-- 152

Figure 9.3.8 SEM images showing cracks of (a) EMAGS film and (b) ITO (40 nm) film
after 250 bending cycles at the bending radius of 3mm. White arrows in the figures indicate

the crack lines on the films. =-=mmmmm s e e e 154

Figure 9.3.9 Comparison of EMI SE and average optical transmittance of our EMAGS and

D-EMAGS films with previously-reported transparent shielding materials. --------------- 155

Figure 10.2.1 (a) Ray tracing of light incident on a reflective silica particle (n = 1.45). (b) Trace
of paraxial rays incident on a reflective particle with refractive index of 2. (c) Trace of non-paraxial

rays incident on the same particle in (D). ==========mmmmmm e e 159
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Figure 10.2.2 Ray tracing of light incident on the core-shell particle at (a) normal and (b) oblique
incidence (309. The refractive indices of the core and shell materials are 1.81 and 1.77,

FESPECHIVEIY. ==mmmmmmm e e e e e 160
Figure 10.3.1 A method of collapsing a bulk focusing mirror into a planar concentrator. ----- 161

Figure 10.3.2 (a) — (c) Fabrication process of the planar concentrator on a PET substrate. (d) A
microscopic image of a part of the imprinted device after step (b). (e) A photograph of the final

planar CONCENLrator. ==-=====smsemememe e e e 162

Figure 10.3.3 Optical setup for characterizing the focusing capability of the planar concentrator.
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ABSTRACT

Recent advances in fabrication and processing methods have spurred many breakthroughs in the
field of nano- and micro-structures that provide novel ways of manipulating light interaction in a
well controllable manner, thereby enabling various innovative applications. In this dissertation,
new photonic design concepts and materials featuring high performance and long-term stability

are investigated for bridging the gap between the research and the real-world applications.

Firstly, angle-insensitive and high-purity structural color filters based on one-dimensional layered
structures that are suitable for mass-production are studied. Various scenarios including reducing
the layer number and depositing the whole device via an all-solution process have been proposed
to simplify the fabrication, thereby lowering the manufacturing cost. The proposed structures offer
significant advantages over existing colorant-based filters in terms of high efficiency, slim
dimension, and being free from photobleaching. They have been successfully adapted into
practical applications including decorative paints, visibly-opaque but near-infrared-transmitting
camouflage coatings, and highly-efficient colored photovoltaics. As a special color, ‘black’ has
been studied separately based on ultrabroadband absorbers that are achieved by simultaneously
exciting multiple absorption resonances. It can significantly enhance the efficiency of energy
harvesting and conversion in various applications. In addition, optical designs are incorporated

into vehicle interiors, opening up a new path to the extensive use of optics in automobiles: Anti-
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glare colored dashboard with the potential for high-resolution dashboard displays are demonstrated
with micro-scale lenticular lenses; Invisible vehicle pillars for safe driving are realized with
compact optical cloaks using different optical components, including polarizers and mirrors. The
next part is the research into a cost-effective and easy-to-fabricate method for flexible transparent
electrodes employing ultrathin (thickness <10 nm), ultra-smooth (roughness <1 nm), and low-loss
copper-doped silver. This novel silver alloy requires only room-temperature deposition and
presents outstanding optical and electrical properties, mechanical flexibility, and environmental
stability, which are greatly desired in potential high-performance flexible optoelectronic devices.
Lastly, other optical structures inspired by methods employed in above researches that have
impactful applications, including retro-reflective particles that can be embedded in transparent
glasses for light detection and ranging and omnidirectional planar solar concentrators based on
curved micro-reflectors, are briefly discussed. All the strategies and methodologies proposed here
could bring optical researches out of the labs and open up more opportunities for further

advancement.
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Chapter 1

Introduction

1.1 Background

The advent of various advanced micro- and nano-patterning technologies, which significantly
boost the manufacturing throughput and yield, opens up possibilities for wide applications of
optical and optoelectronic devices. This Ph.D. thesis describes some representative optical
structures that are suitable for mass-production and their corresponding practical applications,

aiming to intensify the impacts of lab researches by extending them into real-world applications.

Nanostructures exploiting either photonic or plasmonic resonances provide new optical properties
and enable unique optical devices with desired functionalities [1-8]. Such novel characteristics
offer great potentials for a wide variety of research fields such as near-field probes with ultrahigh
resolutions for sensing and imaging, optical trapping at the nanoscale with extraordinary precision,
tight light confinement to deep subwavelength volumes via plasmonic lenses, and steering light
beyond the diffraction limit. One emerging area that attracts much attention in recent years is the
ability of designed nanostructures to generate distinctive colors employing optical resonant
properties, often referred as structural colors. In contrast with the traditional approach of using
different organic dyes or inorganic pigments to create colors, different structural colors can be
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created by using the same materials (e.g., metal and dielectric) but simply changing the geometry
and dimension of the structures. Vivid structural colors can be observed in nature, e.g., Morpho
butterfly wings, peacock feathers, fruits, beetles, and opals, arise from optical interference effects
in multilayer structures [9-14]. Both transmissive or reflective colors have been realized by various
means, offering distinct advantages such as high stability, high reproducibility, easy
manufacturability, high spatial resolution, and slim dimension, over existing color filters that made
of organic dyes or pigments to absorb a spectral portion in the visible wavelength range for the
color generation. One-dimensional (1D) structural colors that provide a wide variety of color
selections and cost-effective scaling-up methods are well explored here. All the designs exhibit
both high brightness and wide-angle independent appearance and can be extended into several
applications with well-controlled fabrication cost, including vehicle paints, camouflage coatings,

and highly-efficient colored solar cells, etc [15-20].

Black can be considered as a special color, which can be created with nanostructured absorbers
featuring highly-efficient and broadband absorption, or with overlapped absorption bands to cover
the entire visible range. Broadband absorbers contrast the aforementioned color filters whose
function is to produce a relatively sharp resonance to filter a narrow spectral range of visible light.
Much effort was aimed at achieving “Perfect absorption”, which can benefit various applications
such as photovoltaics (PVs), solar-thermal harvesting, photodetectors, thermal emitters, and
bolometers, owing to their exceptional absorption characteristics with unique functionalities for
energy harvesting and conversion [3, 21-40]. Special attention has been paid to broadband
absorbers achieved via exciting multiple resonances simultaneously, which span a wide
wavelength range for high absorption performance, in this dissertation based on multi-layered

structures [41, 42]. Considering that our proposed structures already involve active materials such



as amorphous silicon (a-Si) and germanium (Ge), they can be potentially adapted into PVs after
inserting efficient hole and electron transport layers. The facile configurations enable the designs

to be mass-produced by roll-to-roll (R2R) deposition method and applied in large areas.

Accommodation of various advanced technologies into automobiles are highly desired in the
industry with the target at future smart and autonomous cars. It has revoked the whole automotive
market and opened up more possibilities for optics as well, considering the large demands of sensor
and display technologies in cars. Applying structural colors as vehicle paints discussed above is
one example that has been thoroughly investigated. All current vehicle dashboards are black in
order to prevent any veiling glare that interferes safe driving. We reported on a novel design of
surface that can impart color to the dashboard and does not cause veiling glare to the driver [43].
This is made possible by covering a substrate with alternating absorber/colored stripes with
specially designed lenticular lens arrays, where reflected light rays are controlled out of the veiling
glare range while at the same time create visual colors to drivers. As an experimental
demonstration, a large-scale sample is fabricated by imprinting method. The presented approach
provides a new application of lenticular lenses and can be potentially applied to embellish vehicles’
interiors. Due to the small pitches (~50 pm) of lenses, the proposed method can even be extended
for dashboard displays with high resolutions if replacing those passive colored stripes beneath with
active devices, such as light emitting diodes (LEDs). In addition to colored dashboard surfaces,
invisible vehicle pillars, which possess image projection capabilities at the same time, have been
realized utilizing broadband optical cloaks that can conceal a large object in the full visible region
[44]. Our devices consist of commercially available optical components such as polarizers and
mirrors, and therefore, provides a significant further step towards practical application scenarios

such as transparent devices and see-through displays.



Transparent electrodes are another widely investigated topic in optics due to the huge demands in
almost all optoelectronic devices, including LEDs, PVs, touchscreens, smart windows, etc [45-51].
Currently, the dominantly used transparent conductors are conductive oxides such as indium tin
oxide (ITO). However, their intrinsic issues, such as poor mechanical flexibility, low abundance,
and incompatibility with polymeric substrates, significantly hinder their wide applications in
emerging devices which require not only high transparency and conductivity but also excellent
flexibility [52-54]. To overcome these challenges, new transparent electrodes have been developed
including carbon-based materials, patterned metal grids, metallic nanowire networks, etc [55-59].
However, all of these alternatives are still limited to some extent in real applications. We report on
a highly-transparent and stable transparent electrode of excellent flexibility based on a new copper
(Cu)-doped silver (Ag), which is achieved by introducing a very small amount of Cu during the
Ag sputtering deposition [60]. This metallic film is ultrathin (~6.5 nm thick), ultra-smooth
(roughness <1 nm), and of low loss, which can significantly enhance the electrode transparency.
In addition, it maintains the high conductivity of Ag itself and only requires the room-temperature
deposition method, thus providing new platforms for various applications that are impossible with
traditional methods. Its applications in transparent radio frequency (RF) shielding is demonstrated
as an example [61]. The present approach has resolved the problems faced by existing flexible
transparent electrodes and may have the potential to replace traditional 1TO counterparts, thus

facilitating high-performance flexible displays and optoelectronic devices.

Other practical applications including designs of retroreflective particles that can be embedded in
transparent glasses for light detection and ranging (LIDAR) [62] and omnidirectional planar solar
concentrators (PSCs) [63] based on curved micro-reflectors for more efficient harvesting of solar

energy, both of which are strong demands conforming to nowadays the fast developments of



technologies for artificial intelligence [64-66] and renewable energy [67-69], are also briefly

discussed as an extension of the well-developed ray-tracing technologies discussed above.

1.2 Thesis Outline

Chapter 2 describes new schemes for polarization-independent reflective structural colors that
exhibit high purity and luminance over a wide angular range up to 60 <from both directions. In
this chapter, we will first present structural colors generated with 1D photonic crystals (PCs). Due
to the high refractive index materials involved in the design, high reflection intensity and angular-
insensitivity can be easily achieved with only 7 layers. Then we further simplify the design and
successfully reduce the layer number to 5 while maintaining the high color purity assisted by

induced transmission, which is greatly advantageous for lowering manufacturing cost.

Chapter 3 discusses a facile and low-cost method for structural colors via all-solution processes.
A multilayered structure consisting of thick gold (Au) on the bottom, a cuprous oxide (Cu20) film
sandwiched in the middle, and an ultrathin Au layer on the top are subsequently deposited on a Si
substrate using electroplating, forming an asymmetric metal-dielectric-metal (MDM) optical
cavity. Different colors can be achieved by simply tuning the thickness of the middle dielectric
layer. Due to the high refractive index of Cu2O, the generated colors are invariant to incident angles.
Unlike structural colored realized by vacuum depositions, this method can be applied to surfaces
of any shapes and large scales with a much lower manufacturing cost, which can potentially extend

structural colors into more applications at an affordable cost.



Chapter 4 presents an angular robust colored solar cell of high efficiency by simply integrating a
crystal silicon (c-Si) solar panel with passive color filters atop. We will first investigate the reasons
behind the various optical properties, including distinctive colored reflection, broadband
transmission, and wide-angle performance, of the passive filters, which consist of only 5 layers.
Then, we adapt the passive devices, which include a semiconductor layer in the middle, into active
solar cells, thereby further enhancing the efficiency of the whole solar cell system. This facile
method with significantly reduced layers compared to 1D PCs simultaneously overcomes the
angle-sensitivity and low-efficiency issues of typical colored solar cells, therefore presenting great

potential for various applications.

Chapter 5 discusses a new scheme for visibly-opaque but near-infrared-transmitting filters
involving 7 layers based on 1D PCs, with capabilities in reaching nearly 100% transmission
efficiency in the near-infrared (NIR) region. Different decorative reflection colors can be created
by adding additional three layers while maintaining the NIR transmission performance. In addition,
our proposed structural colors show great angular insensitivity up to 260 for both transverse
electric (TE) and transverse magnetic (TM) polarizations, which are highly desired in various

fields.

Chapter 6 presents two different schemes for angle- and polarization-independent ultrathin
broadband absorbers based on multi-cavity resonances in highly absorbing media. We will discuss
the design principles fundamentally and detailed optical performance will also be evaluated. Both

proposed structures based on 1D layered configurations provide simple and cost-effective means



for realizing highly efficient device at large scale and can be potentially adjusted into high

efficiency PV cells.

Chapter 7 demonstrates a colored dashboard surface without veiling glare by laminating an
alternating absorber/colored stripe substrate underneath a lenticular lens array with specific
dimensions. We will discuss the design principles of lenticular lens arrays that can avoid the veiling
glare but create visual colors to drivers. Feasible methods for large-scale fabrications and device

performance evaluation will also be provided.

Chapter 8 reports a multi-functional cloaking device that can hind a large object in the full visible
region and have the image display capabilities at the same time employing wire grid polarizers and
mirrors. The cloaking is realized via one polarization and the image projection is made possible
using the other orthogonal polarization. The described method provides great simplicity and
feasibility for real applications as compared to other solutions including either complicated

metamaterials or active display devices.

Chapter 9 reports on a highly-transparent and stable electrode of excellent flexibility based on a
dielectric-metal-dielectric (DMD) configuration with a new Cu-doped Ag sandwiched in the
middle. This metallic film is ultrathin, ultra-smooth, and of low loss, which is critical in achieving
high transmission. It maintains the high conductivity of silver itself and only requires the room-
temperature deposition method. In addition, the ultrathin silver is well protected from degradation
under high temperature and humidity employing suitable dielectrics, which simultaneously

7



improve the broadband transmission of the tri-layer stack. Applications of DMD-based transparent
electrodes in shielding electromagnetic interference (EMI) are demonstrated illustrating its

potential to replace traditional ITO counterparts for high-performance flexible optoelectronics.

Chapter 10 discusses extended applications based on ray-tracing methods including retroreflective
particles that enable LIDAR sensors to detect transparent objects and omnidirectional flat solar
concentrators for efficient energy harvesting. The retroreflective particles based on a core-shell
configuration focus paraxial and non-paraxial rays simultaneously at a small spot on the back
reflective coating, which subsequently retro-reflects the incoming light back. The planar
concentrator is achieved by collapsing the concave cylindrical surface of a conventional bulk
focusing mirror into micron segments. The detailed designs and evaluated performance will be

discussed.

Chapter 11 summarizes the main findings discussed in this thesis and lists out future directions.



Chapter 2

Angular- and Polarization-Independent, High-Purity
Reflective Structural Colors Based on 1D Layered

Structures for Vehicle Paint Applications

2.1 Introduction

Color filters have played a vital role in various areas, including colored displays, LEDs, image
sensors, optical detections, and high-chroma pigments [70-79]. Existing color filters employ either
chemical colorant pigments or organic dyes to create colors by selectively absorbing a portion of
visible light. However, their absorptive nature causes luminous intensity of the resulting colors to
be significantly reduced. Besides, the traditional color filters suffer from a short life time due to
their susceptibility to environmental factors such as moisture, high temperature, and constant
ultraviolet (UV) exposure [80]. To address these difficulties, structural colors, where certain
wavelength components in the visible spectrum physically interact with nanostructured materials
to produce vivid reflective or transmissive colors, have been proposed as alternatives. Various
colors can be generated without changing materials but just simply adjusting the structural
dimensions, such as a period, a height, and a duty cycle, of the subwavelength patterns, which

9



selectively transmit or reflect visible light via coupling incident light into Fabry-Pé&ot (F-P)
resonance, guided-mode resonance (GMR), or surface plasmon polariton (SPP) [72, 81-101]. In
addition to easy tunability, the structural colors feature high durability, easy scalability, high
efficiency, high resolution, slim dimension, and non-photobleaching. However, both the
plasmonic and the photonic resonances vary with an angle and a polarization state of incident light
due to the momentum matching condition, thereby affecting their color appearance, which are
undesired in many applications. To resolve such undesired angle-sensitive characteristics, various
approaches that either exploit a localized resonance or a phase compensation mechanism have
been demonstrated [77-79, 102-107]. However, these proposed designs are difficult to be scaled
to large areas. Besides, the 1D grating structures utilized in previously works typically response to
only one polarization [82, 98, 102]. Furthermore, an extension of many reflective color filter
designs in the previous reports to a bifacial color generation from both illumination directions has
remained highly challenging, which is required for producing pigment flakes in color paint [70,
108-111]. Unless all the aforementioned issues are addressed, it is extremely difficult to replace

the conventional dyes with structural colors.

In this chapter, we present new schemes that exhibit angular- and polarization-independent, high-
purity reflective colors based on simple 1D layered configurations. A design utilizing 1D PCs is
firstly discussed in Section 2.2 [15] and a simpler structure with fewer layers employing higher-
order resonances is presented in Section 2.3 [16]. The off-resonance reflection of these designs is
perfectly suppressed, leading to great color purity with high luminous intensity. In addition, both
scenarios adopt a symmetric design resulting into the same reflection color from both the top and

bottom illumination sides, which enable these films to be used as pigment flakes in paint [112].
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The strategies described in this study involve one deposition run, which provides a significant step

towards large-area applications in various areas.

2.2 Reflective Colors Employing 1D Photonic Crystals

A schematic diagram of the proposed wide-angle and polarization-independent structural color
that is composed of an alternating sequence of silicon nitride (SisN4) and amorphous silicon (a-Si)
is shown in Figure 2.2.1 (a). Both SizsN4 and a-Si are deposited by a plasma-enhanced chemical
vapor deposition (PECVD). Even though our strategy can be used to produce various colors, our
focus primarily lies on creating the red colors with high purity and angle-insensitivity, which
remains largely challenging because of the following two facts: (1) a longer cavity thickness to
form a resonance at a longer wavelength range is required, yielding a sensitivity to the angle of
incidence and (2) higher-order resonances in a short wavelength regime appear, causing the color
purity to be influenced [113]. The center wavelength (i) of a photonic stopband is located at 800
nm. To achieve strong constructive reflection interferences at A, the thickness of each layer is set

as a quarter wavelength (di2 = Ac /4n12), i.e., 100 nm for SizN4 (n1 = 2) and 50 nm for a-Si (n2 =
4). The bandwidth (A (%) = %sin'l (%)) of the photonic stopband of our designed structure is

350 nm that allows the reflected light below ~600 nm to be lower whereas generating strong
reflection at longer wavelengths beyond ~600 nm. The reflections from 400 nm to 600 nm,
however, are not much suppressed showing ~33% of average reflections due to a high index
contrast at the air/a-Si interface as shown by the blue solid line in Figure 2.2.1 (b). The numerical
simulation is carried out to further mitigate the reflections in particular at shorter wavelengths. In

Figure 2.2.1 (c), the calculated reflections as functions of the refractive index of a 50 nm anti-
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reflection (AR) layer at 400, 500, and 600 nm are exhibited. It clearly shows that the reflection
below 600 nm is significantly suppressed (<1.3%) when n (the real part of the refractive index)
and k (the imaginary part of the refractive index) are equal to 1.98 and 0.14, respectively.
Experimentally, SizN4 is selected as the AR layer as its refractive index is fairly close to the optimal
value, and it can be processed in the same deposition run without breaking the chamber and will
not add additional materials in the fabrication, where the latter is highly desired in reducing
manufacturing cost. Other colors (e.g., blue and green) can be simply achieved by adjusting the

thickness of each layer as summarized in Figure 2.2.2 and Table 2.2.1.

(a) (b)
% 2, =800nm
100 :
' —w!thAR
l\)z AR (50 nm) 80‘—W|thoutAR
XN S 60
a-Si (50 nm) S
é 40
4
SizN, (100 nm) 207 l l
0 N

400 500 600 700 800 900 1000
Wavelength (nm)

@ 600nm

Figure 2.2.1 (a) Schematic of the proposed PC-based structural color. (b) Calculated reflection with (red solid line) and without
(blue solid line) an AR coating. It is apparent that reflection below 600 nm gets greatly suppressed with the AR layer. (c) Calculated

reflection dependent on the refractive index of the 50nm thick AR layer at 400, 500, and 600 nm, respectively. The color scale
represents the reflection intensity.
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Figure 2.2.2 Calculated reflection spectra of red, green, and blue (RGB) colors based on different structure configurations.

Table 2.2.1 A summary of structure configurations for various colors.
SisN4 a-Si SisN4 a-Si SisN4 a-Si SisN4
Blue 120 nm 12 nm 75 nm 12 nm 75 nm 12 nm 120 nm

Green 150 nm 30 nm 25 nm 40 nm 130 nm 5nm$m 150 nm
Red 50 nm 50 nm 100 nm 50 nm 100 nm 50 nm 50 nm

We investigate the effects of the AR coating with an optical admittance diagram, which provides
an effective way to visually represent the optical surface admittance of the multi-layered structure
[114, 115]. The optical admittance (Y = M) is the inverse of the impedance with ¢ and u being
the permittivity and permeability, respectively, and is equal to material complex refractive index

due to the negligible magnetic effects at optical frequencies. At normal incidence, the reflection

coefficient of a surface can be related to optical admittance via

_ Y-Y
U Ay g

(2.2.1)
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where Yo and Y are the optical admittance of the incident medium and the structure surface,
respectively. With r = |r|e' = o + if where ¢ = z/lindcos(ﬁinc), d is the layer thickness, and Binc is

the incident angle and Y = x + iy, Equation 2.2.1 can be written as

. Yo-x-1i
|r|ei? = Y;%;{y (2.2.2)

Multiplying each side of Equation 2.2.2 with its complex conjugate leads to
X2 +y2 = 2Yq (11%,’”;) X+ Y2 =0. (2.2.3)

The admittance locus described by Equation 2.2.3 is a circle for transparent dielectrics and perfect
electric conductors, and a spiral for absorbing materials such as semiconductors and real metals
[116]. Figure 2.2.3 (a) and (b) present the optical admittance diagrams of the proposed structures
without and with the top AR coating, respectively, at three discrete wavelengths (400, 500, and
600 nm). The admittance of the structure starts with the substrate and rotates on the circular or
spiral trajectory as the thickness increases. The distance (indicated by the black solid line in the plot) between
the termination admittance point of the layered structure and the admittance of air (1, 0) determines the

reflection intensity by

R= (;00; I;’l]) (;00-;— };1)* (2.2.4)

where Yo and Y1 refer to the air admittance and the termination admittance point of the structure,
respectively. The termination admittance points at 400, 500, and 600 nm are calculated as (0.95,
0.38), (1.35, -0.34), and (1.03, 0.04), respectively, after adding the AR layer. All of them are much
closer to air compared to the structure without the AR coating, which are (4.85, -1.66), (3.24, -
0.05), and (2.03, -1.02) for 400, 500, and 600 nm, respectively. As a result, the reflection below
600 nm is well suppressed <5% at all wavelengths, generating the final high-purity red reflection.

The simulations are performed based on transfer matrix method with the refractive indices of
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materials measured by a spectroscopic ellipsometer (M-2000, J. A. Woollam Co.), which are given

in Figure 2.2.4.
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Figure 2.2.3 Optical admittance diagrams of the proposed structural color (a) without and (b) with the AR coating at three discrete
wavelengths below 600 nm. It is clear that the reflection, which is indicated by the distance between the final admittance point and
the air, is greatly suppressed with the AR layers.
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Figure 2.2.4 Measured refractive indices of SisN4 and a-Si.

To verify the design, the measured reflection and transmission (blue curves) of the fabricated
structure are provided in Figure 2.2.5 (a), which show great consistency with calculated spectra.
The calculated spectra are obtained via the transfer matrix method with the measured refractive
indices of SizsN4 and a-Si. The reflection spectra at normal incidence are obtained with a thin-film
measurement instrument (F20, Filmetrics) and the transmission is measured using a spectroscopic
ellipsometer (M-2000, J. A. Woollam). The slight discrepancy between the simulated and
measured results can be credited to the thickness and refractive index variation during the
deposition process. The strong reflection beyond 600 nm and the negligible noise at shorter
wavelength regions (i.e., 400-600 nm) clearly indicate the high-purity red reflective color. It should
be noted that the brightness of the generated structural color possessing a peak reflection intensity
of ~96% is much improved as compared to traditional dye-based colors, which typically provide
luminous intensity of ~50%. The purity of the red color is further evaluated on the CIE 1931

chromaticity diagram as displayed in Figure 2.2.5 (b). Both calculated (0.655, 0.294) and measured
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(0.656, 0.321) colors are very close the standard red (0.64, 0.33) used in the liquid crystal display

(LCD) devices, which is indicated by the crossing point of two black solid lines.
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Figure 2.2.5 (a) Calculated (red curves) and measured (blue curves) spectra of the designed structural colors at normal incidence.
(b) Evaluated color purity based on both the simulated and measured reflection spectra on the CIE 1931 chromaticity diagram. The
crossing point of the two black lines denote the stand red coordinate (0.64, 0.33) used in the LCD devices.

Lastly, the dependence of the colored appearance on the incident angle and polarization is
investigated in Figure 2.2.6 (a) — (d). The measured angle resolved reflection for both TE and TM
polarizations indicates the great angular- and polarization-insensitive performance with the flat
dispersion curves, which can be attributed to the high refractive indices of the materials involved
in the proposed design and is in good consistency with the simulated results. The simulation data
are calculated with the transfer matrix method and the angular behavior of the fabricated devices
from 45<to 80<is measured with a spectroscopic ellipsometer (M-2000, J. A. Woollam). As high
reflection at long wavelengths and suppressed reflection below 600 nm are maintained at oblique
incidence for both polarizations, a distinctive red color of the fabricated sample is expected to be
observed at all angles under ambient light illumination as presented in Figure 2.2.6 (e). It should
be noted that the optical photographs are taken with a black background which can absorb the
transmitted light and avoid the interference with reflective appearance of the device. In addition,

the distinctive red color can also be observed from the backside of the device due to the symmetric
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configuration of the design. Such bi-directional, angle- and polarization-invariant, and high-purity

properties are highly desired in various applications such as pigment flakes.
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Figure 2.2.6 (a) — (b) Calculated angle-resolved reflection of the designed structural red for TE and TM polarizations. (c) — (d)
Corresponding measured angular performance for both polarizations. (e) Optical photographs of the fabricated red device with a
black background at different observing angles under the ambient light illumination.

2.3 Reflective Colors Based on Higher-Order Resonances (A Simpler Design)

Considering the significant influence of the layer number on the manufacturing cost, simpler structural
designs with reduced layers are still demanded to further lower the manufacturing cost, which is a decisive
factor affecting in the feasibility for the mass-production [15, 105]. In this section, we demonstrate a penta-
layer structure that can produce wide-angle, polarization-insensitive, and high-purity reflective colors
viewed from both sides of the structure. The designed structure presents a high-purity performance that

arises from a steep reflection exploiting the higher-order cavity resonance and suppressed sideband
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reflections with a top AR layer and a symmetric transmission-inducing stacks beneath. Due to the high
index materials utilized in the device structure, angle-invariant appearance can be maintained up to 260
for TE and TM polarizations from both illumination directions, which enables color pigment applications.
The simple design approach can be easily realized using a single deposition step, which holds the potential

for various applications, including color displays and optical decorations at low cost over large areas.
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Figure 2.3.1 (a) A schematic diagram of a proposed symmetric structure for high-purity reflection colors. (b) Calculated (solid
lines) and measured (dashed lines) reflection (red) and transmission (blue) spectra of the proposed device at normal incidence. The
inset shows a photograph of a fabricated sample on a black paper, which presents a bright and pure red reflective color. (c) An

illustration of color coordinates calculated from the reflection spectra in Figure 2.3.1(b) on the CIE 1931 chromaticity diagram.
The crossing point of the two black lines represent the standard red coordinate (0.64, 0.33) utilized in LCDs.

Figure 2.3.1(a) depicts a schematic view of the proposed structural color filter consisting of five

thin-film layers in a symmetric configuration on a silica substrate, which can create angle-
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insensitive and polarization-independent reflective colors from both directions. A 30 nm thick
copper (Cu) is sandwiched by two stacks of alternating alumina (Al>Oz)/a-Si layers with the
thicknesses of Al>Os and a-Si being 65 and 95 nm, respectively. All materials are deposited on a
silica substrate using a sputtering system (Lab 18, Kurt J. Lesker Company). Cu is selected as a
metallic layer owing to its abundance (i.e., low cost) and its intrinsic absorption characteristics at
the short wavelengths, the latter of which is preferred for highly-saturated red color generation. A
higher-order cavity resonance is generated inside a thick a-Si layer, which provides a sufficient
absorption and enables a steeper reflection. Al>O3 functions as an effective AR layer to further
suppress the unwanted reflections. Both a-Si and Al2Os contribute critically to the final high-purity
reflection. Detailed analysis of the functions of AlOs and a-Si layers will be discussed in the
following paragraphs. It is worthwhile noting that green and blue colors can also be achieved with
the proposed structure by simply adjusting the thickness of each layer while the reflection intensity
may be lower due to the material absorption in the short wavelength range (as shown in Figure
2.3.2). Figure 2.3.1 (b) provides calculated reflection and transmission spectra (solid lines) of the
designed structure at normal incidence, presenting a good agreement with measured profiles
(dashed lines). The reflection below 600nm is greatly suppressed and a peak reflection over 80%
is achieved at the long wavelength, both of which are responsible for producing the high-purity
red color as presented in an inset image of Figure 2.3.1 (b). It should be noted that the fabricated
device in the inset of Figure 2.3.1 (b) is placed on a black paper to avoid the interference of the
transmitted light. Color coordinates are evaluated from the calculated and the measured reflection
under the standard Illuminant D65 and described on the CIE 1931 chromaticity diagram (i.e., the
2 °standard observer) in Figure 2.3.1 (c). As can be seen from the figure, the color coordinates of

both the simulated (0.62, 0.32) and the measured (0.61, 0.34) results are very close to the standard
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red (0.64, 0.33) utilized in LCDs. All the simulations are performed based on transfer matrix
method with refractive indices of materials measured using the spectroscopic ellipsometer, which

are presented in Figure 2.3.3.
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Figure 2.3.2 Simulated reflection and transmission spectra for green and blue colored devices. The configurations are designed as
‘Silica substrate/130 nm Al203/40 nm a-Si/15nm Cu/40 nm a-Si/130 nm Al2Oz3’ for the blue color and ‘Silica substrate/160 nm
Al203/55 nm a-Si/15nm Cu/55 nm a-Si/160 nm Al203’ for the green color.

Wavelength (nm)

Figure 2.3.3 Refractive indices of Al203, a-Si, and Cu measured using a spectroscopic ellipsometer (M-2000, J. A. Woollam).
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When adding the 95 nm thick a-Si on top of the Cu layer, the reflection below 600 nm, especially
between 500 and 600 nm, gets significantly reduced (blue dotted curve) by exciting an absorption
resonance inside the lossy a-Si as shown with the red dashed curve in Figure 2.3.4 (a). However,
due to the large index contrast between a-Si and the incident medium (i.e., air), a considerable
amount of reflection still exists within the short wavelength range. The additional 65 nm thick
Al>Oz is added on top of a-Si and functions as an effective AR layer to further suppress the
remaining sideband reflection. This is achieved by ensuring near-perfect impedance match with
air spanning from 400 to 600 nm (i.e., the whole blue and green color range) as shown with the
black solid curve in the plot. The absorption behavior inside the a-Si layer and the AR effects of
Al>03, which co-function to suppress the undesired reflection for the highly-pure color appearance,
can be clearly explained by performing the phase analysis for these two layers. Both the absorption
and AR resonances occur when the net phase shift, which includes two reflection phases at both
the top and bottom interfaces and the propagation phase accumulated within the layer, equals to a
multiple of 2z. As presented in Figure 2.3.4 (b), a 1% order absorption resonance is excited at 550
nm inside the top a-Si (the intersection point of the black dashed line and the blue dashed curve,
i.e., the resonance #1) and multiple AR resonances are created at 450, 505, and 590 nm within the
Al>Oz layer (the intersection points of the black dashed line and the red solid curve, i.e., the
resonances #2, #3, and #4) to reduce the broadband reflection outside the red color range. The
same phase analysis can be applied to the symmetric a-Si and Al,Oz stacks underneath the Cu
layer. It is found out that the additional resonances inside the bottom two layers further improve
the color purity to some extent by suppressing the short wavelength reflection with induced
transmission as shown in Figure 2.3.5. Following the basic design principle of a F-P cavity, a thick

(95 nm) a-Si layer is utilized here to achieve a sharper reflection spectrum by exciting a higher
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order resonance, which is desired for a pure color generation [117]. As presented in Figure 2.3.4
(c), the reflection spectrum of the structure employing the 1% order absorption resonance (the black
solid curve) shows a much steeper slope than that of the design exciting only the fundamental
absorption resonance (i.e., the zero-order resonance). It should be noted that the thickness of the
a-Si in the structure corresponding to the zero-order resonance at ~550 nm is 8.1 nm and the order
of the absorption resonance is confirmed by calculating the net phase shift inside the a-Si layer,
which is equal to 0 as presented in Figure 2.3.4 (d). On the other hand, the thick a-Si layer absorbs
more short-wavelength light below 600 nm compared to the thin a-Si structure, thereby generating

the final pure reflection color, which is illustrated by the absorption spectra in Figure 2.3.4 (c).
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Figure 2.3.4 (a) Calculated reflection spectra of the structures without top a-Si and Al2Os layers (blue), with top a-Si only (red),
and with both a-Si and Al2Os atop (black), showing the effect of a-Si and Al2Oz layers on how to suppress the reflection in the
short wavelength regime to create a high-color-purity red color. (b) Phase analysis of top a-Si and Al20z layers. Both the absorption
resonance inside a-Si and the AR resonances within Al203 occur when the net phase shift is equal to a multiple of 2z. (c) Calculated
reflection and absorption spectra of the structures based on the higher-order (1% order) and fundamental (zero order) absorption
resonances. (d) Phase analysis of the thin a-Si layer in the structure generating the zero-order absorption resonance at ~550 nm
inside the a-Si. The thickness of the a-Si is 8.1 nm. The absorption resonance is denoted as the zero order as the net phase shift is
equal to 0.
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Figure 2.3.5 Reflection and transmission spectra of the structures employing 30 nm thin Cu with symmetric a-Si/Al2O3 stacks
beneath and 100 nm thick Cu, where the thick metal in the latter case blocks any transmission. The a-Si/Al2Os layers further
enhance the red purity to some extent by pushing the reflection spectrum towards longer wavelengths with the induced transmission
within the short wavelength range.

The AR function of the Al.Oz layers can be validated by studying an optical admittance (Y = M)
of the structure (as provided in Figure 2.3.6).). It is clear that the reflection within the short
wavelength range (@400, 500, and 600 nm) is effectively suppressed after adding the Al.Os AR
layers, which is represented with black solid lines in the plots with AR layers compared to those

without AR coatings, thereby enhancing the reflection color purity.
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Figure 2.3.6 Admittance diagrams of the structures without (left) and with (right) the AR layers at 400 (the 1%t row), 500 (the 2"
row), and 600 nm (the 3™ row). A black solid line between a termination point and air (1, 0) represents how high reflection is at
normal incidence.
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Figure 2.3.7 (a) and (b) provide calculated angle-resolved reflection spectra for TE and TM
polarizations, which are in excellent agreement with measured results using the spectroscopic
ellipsometer as exhibited in Figure 2.3.7 (c) and (d), showing flat dispersion curves. Such angle-
and polarization-insensitive characteristics are attributed to the constituent material with high
refractive index, which is highly desired in diverse applications [15, 105]. The color change with
the incident angle up to 60 <is displayed on the CIE 1931 chromaticity diagram in Figure 2.3.7 (e).
The closely-located color coordinates at different incident angles further prove the excellent angle-
robust performance. Figure 2.3.7 (f) presents photographs of the fabricated sample taken at
different observing angles on a black background to prevent the reflection, showing a negligible

color variation even at large angles.
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2.4 Conclusion

In summary, novel approaches have been demonstrated for the distinctive reflection color
generation based on 1D layered structures. By adopting a symmetric configuration and high
refractive index materials, the whole stacks display excellent angle-invariant performance with bi-
directional functionality, both of which are highly pursued in color pigments. Only deposition
method is involved for the device fabrication, thus opening up new possibilities for mass
production employing R2R deposition tools at lower cost over large areas. Toyota Research
Institute of North America (TRINA), with whom we collaborated on the red color filters, has

applied their design of structural blue colors for the next generation vehicle paints [118].
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Chapter 3

Facile Solution Processing of Angular-Insensitive

Structural Colors

3.1 Introduction

Although the layered configurations for the structural colors described above are feasible for mass
production compared to other previously-reported designs involving complicated nano-patterns,
the high manufacturing cost is still an obstacle that will hinder their wide applications in decorative
paints. A large portion of the cost comes from the expensive vacuum systems as well as the fees

required for the equipment maintenance and electricity consumption.

In this chapter, we present a vacuum-free approach for structural colors via electroplating. The
design is based on a tri-layer asymmetric MDM configuration, where both the top thin and the
bottom thick metals are fixed, and the thickness of the sandwiched dielectric can be adjusted for
different color generation. Similar to those designs proposed in the previous chapter, the generated
reflective colors here are also insensitive to incident angles due to the high refractive index of the

middle layer (Cu20). To the best of our knowledge, this is the first demonstration of multilayered
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structure colors achieved via an all-solution process, which may lead to more applications of

structural colors with easier fabrications and lower manufacturing costs.

3.2 Design Principle and Results

Figure 3.2.1 (a) shows a schematic of the solution-processed structure color with Au/Cu>O/Au
three layers subsequently deposited on a Si (111) substrate with a 0.5°miscut angle. Both of the
crystalline orientation and the small miscut of the Si wafer is preferably select to guarantee the
high smoothness of the whole stack, which will be discussed in detail in the following descriptions.
The thickness of the middle Cu20 is adjusted for cyan (70 nm), magenta (45 nm), and yellow (20
nm) colors by exciting absorption resonances at different positions, and the bottom and top Au
layers are fixed as 40 and 15 nm, respectively. Essentially, this method proposed in this work is
applicable to different conductive surfaces regardless of their smoothness and shapes. Measured
reflection spectra (dashed curves) of CMY devices are provided in Figure 3.2.1 (b), which are in
great consistency with simulated results (solid curves). The insets are the photographs of fabricated
devices, showing distinct CMY colors as designed. The simulation is performed based on the
transfer matrix method with the refractive indices (provided in Figure 3.2.2) and thicknesses of Au

and Cu20 layers characterized using a spectroscopic ellipsometer (M-2000, J. A. Woollam).
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Figure 3.2.1 (a) A schematic diagram of the structural color deposited by electroplating on a Si substrate. (b) Measured and
calculated reflection spectra of CMY colored devices, showing great consistency with each other. Insets are photographs of

fabricated CMY samples. The size of each sample is 1.5 cm < 1.0 cm.
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Figure 3.2.2 Refractive indices of electrodeposited Au and Cu20, and thermally evaporated Au measured with the ellipsometer.
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Using the magenta colored device as an example, the cross-section scanning electron microscopy
(SEM) in Figure 3.2.3 (a) verifies the thickness of each layer, which is very close to the design
presented in Figure 3.2.1 (b). Both the thickness variation during deposition and the surface
roughness of electrodeposited films lead to the slight discrepancy between the measurement and
simulation as depicted in Figure 3.2.1 (b). Figure 3.2.3 (b) gives out the net phase shifts within the
Cu20 layer of all three devices, clearly indicating the absorption resonances (@458 nm for yellow,
@531 nm for magenta, and @618 nm for cyan where the net phase shift is equal to 2xz) that

selectively absorb light in the visible range for the reflective color generation.
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Figure 3.2.3 (a) Cross-section SEM image of the magenta colored devices, verifying the thickness of each layer. (b) Net phase
shift analysis of CMY colored devices. Absorption resonances that result in the reflection valleys for the color generation occur
when the net phase shift is equal to 2z.

The electrodeposition of the metal and dielectric layers of the MDM stack were performed using
a standard three-electrode electrochemical cell as shown in Figure 3.2.4 (a). For Au deposition, a
stock solution of 0.1 mM chloroauric acid (HAuCls), 1 mM potassium chloride (KCI), and 100

mM potassium sulfate (K2SO4) was prepared in DI water. For the electrodeposition solution, a

portion of this stock solution was separated and 1 mM H2SO4 was added to it to adjust the pH to
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~3. Computer controlled potentiostat (CHI760C, CH Instruments) was used for the
electrodeposition. A platinum mesh and a silver chloride (AgCl)-coated Ag wire immersed in
saturated KCI and sealed behind a glass frit were employed as the counter and reference electrodes,
respectively. Ohmic contact to the Si wafer was made by applying eutectic gallium indium (Galn)
to the tip of the wafer and clipping the working electrode of the potentiostat to this region. The Si
substrate was prepolarized by applying a potential of E = -1.9 V versus Ag/AgCl and was then
immersed into the solution in the beaker. This prepolarization step is necessary to avoid electroless
plating of Au and the formation of a native oxide layer on Si that could prevent epitaxial Au growth.
From cyclic voltammograms performed using Si substrates in the aqueous solution, it is seen that
Au electrodeposition occurs in the potential range of -2 < E < -1 V versus Ag/AgCI and the
deposition rate is fairly constant in this voltage range. An electrodeposition potential of E = -1.9
V versus Ag/AgCI gives the best results for this solution since the hydrogen evolution reaction
(HER) is enhanced at these potentials, which plays a very important role in enhancing the Au/Au
mobility and maintaining layer-by-layer 2D growth of the Au film [119, 120]. The growths
performed for 50 minutes at 35 <C and a stir rate of 200 rpm yielded uniform 50 nm thick Au films.
The electrodeposition rate can be increased by increasing the concentration of the precursor in
solution while adjusting for the pH. Figure 3.2.4 (b) shows atomic force microscopy (AFM)
measurements of electrodeposited Au on a Si (111) substrate. The electrodeposited Au is ultra-
smooth with a root-mean-square (RMS) roughness of only ~1.4 nm and the characterized refractive
index is very similar to that of thermally evaporated Au as compared in Figure 3.2.2, both of which

indicate the high quality of the electrodeposited thin Au films.

Although electrodeposition of materials generally results in conformal coatings, the

electrodeposited films are generally rougher than those deposited using vacuum systems, unless
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appropriate care is taken. Since all three layers are electrodeposited, the roughness is expected to
gradually increase from the bottom to the top film. Epitaxial growth of ultra-smooth Au is achieved
on the bottom to reduce the roughness of the subsequent dielectric and metal layers and thus, the
overall device roughness by using degenerately doped n-type Si (111) substrates, which guarantee
both vertically directional growth and small coincidence site lattice mismatch between Au and Si
atoms [121, 122]. In addition to the Si (111) orientation, the staircase structures of substrates with
a small (0.59 miscut also contribute to the electrodeposition of smooth Au thin films by
functioning as numerous nucleation sites [119]. The wafer substrates were degreased by
sequentially sonicating for 5 minutes each in acetone, methanol, isopropyl alcohol, and water, and
then dried under a nitrogen (N2) gas stream. The following protocol was followed to create a
hydrogen (H)-terminated Si surface: the native oxide was etched by immersing the substrates in
5% hydrofluoric acid (HF) for 30 seconds and the substrates were soaked in DI water at 95 <C for
20 minutes to create a fresh silicon oxide (SiOx) passivating layer. The Si substrates were then
etched in 5% HF for 30 seconds and buffered HF for 30 seconds to create the H-terminated Si
surface. The samples were immediately cleaned in deionized (DI) water and dried under a N

stream for the electrodeposition.

Cu20 was electrodeposited from alkaline Cu(ll)-citrate solutions [123]. An aqueous solution of
0.4 M copper(ll) sulfate pentahydrate (CuSO45H20) and 1.6 M citric acid was prepared and
sodium hydroxide (NaOH) was slowly added to this solution to raise the pH to ~10.9. A platinum
mesh counter electrode and a mercury sulphate reference electrode (MSE) were employed in the
three-electrode cell. The Au-coated Si (111) substrates obtained above were used as the working
electrode and immersed into the solution beaker without the prepolarization step. By controlling

the cathodic current density, Cu20 can be deposited through the following reactions [124]:
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[CuzHCitz]* + 2e” + H20 = Cu,0 + 2Cit®.
Electrodepositions performed with a cathodic current density of 0.05 to 0.1 mA/cm? at 50 <C and
a stir rate of 200 rpm result in uniform Cu20 electrodeposition (~0.05 — 0.1 nm/s). A potential of
-0.6 to -0.85 V versus MSE was measured during the Cu.O electrodeposition. Ellipsometry
measurements were performed on these films to extract the refractive index (Figure 3.2.2). Cu.O
films of different thicknesses for the cyan, magenta, and yellow samples were deposited by altering
the electrodeposition time and maintaining all other parameters constant. AFM measurements of
Cu20 on the previously electrodeposited Au is shown in Figure 3.2.4 (c). As expected, the RMS
roughness (~45 nm Cu20 for the magenta color is used as an example) increases to 4.2 nm, but

nonetheless these films are still smooth and possess a mirror-like appearance.
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Figure 3.2.4 (a) A schematic diagram of the three-electrode electrochemical cell used for the electrodeposition of MDM structures.
AFM measurements of (b) the bottom Au, (c) Cu20/Au, and (d) final Au/Cu20/Au on Si (111) substrates. The scale bars denote
100 nm.

Electrodeposition of the top metal layer of our tri-layer stack is the trickiest since we require it to
be ultrathin (<20 nm) and ultra-smooth, while also ensuring that the electrodeposition conditions
does not etch the underlying Cu20O layer. The pH ~3 electrodeposition solution used for the bottom
Au film is not a viable option since the Cu20 film gets etched in the acidic solution. For this reason,
a Au-precursor containing basic solution was used for electrodepositing the top Au layer. A portion
of the stock solution prepared for the bottom Au electrodeposition was separated and its pH was

adjusted to ~10 by addition of NaOH [120]. Similar to the pH ~3 solution used above, the cyclic
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voltammetry of this solution indicates Au electrodeposition proceeds within a wide potential range
of approximately -2.5 < E < -1.1 V versus MSE. Even though HER is suppressed using basic
solutions as compared to acidic solutions for the potential range mentioned above,
electrodeposition at E = -2.2 V versus MSE produces smoother films compared to
electrodeposition at E =-1.1 V versus MSE due to increased HER at the higher cathodic potential.
However, for our purposes, electrodepositions performed at E = -2 V versus MSE on Si substrates
containing the Au/Cu20 films resulted in peeling off the bi-layer films due to H> gas bubble
formation. Thus, the top Au layer (~15 nm thick) was electrodeposited using the pH ~10 solution
at E=-1.1V versus MSE, 35 <C, and a stir rate of 200 rpm. The AFM of the MDM structure after
the top metal electrodeposition is provided in Figure 3.2.4 (d). The top metal electrodeposition
does not significantly increase the roughness of the tri-layer stack (RMS roughness ~5.3 nm) as
compared to that of the bi-layer Cu,O/Au stack on Si, although there are domains of increased 3D
Au growth that appear as ~100 nm sized particles with a thickness of 30 nm in the AFM of the top
Au layer. This is a direct consequence of the reduced electrodeposition potential, which

consequently suppresses the HER.

Figure 3.2.5 (a) — (c) present the measured angle-resolved reflection spectra under unpolarized
light, which are in great match with the calculated results displayed in Figure 3.2.5 (d) — (f). It is
evident that the reflection valleys (i.e., the absorption resonances) are almost invariant with respect
to the incident angle up to 60< This angular-insensitive performance is due to the high refractive
index of the cavity material Cu20, which leads to a very small refracted angle into the structure.
In Figure 3.2.5 (g), the photographs of the fabricated CMY samples taken at various angles under

ambient light clearly validate the highly-desired angle-robust appearance.
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Figure 3.2.5 (a) — (c) Simulated angle-resolved reflection spectra of CMY colored structures under unpolarized light illumination.
(d) — (f) Corresponding measured angle-resolved reflection of fabricated devices. (g) Photographs of fabricated CMY samples
taken at various observation angles, showing the great angle-invariant performance. The sample size is 1.5 cm < 1.0 cm.

3.3 Conclusion

In summary, a novel and facile method for structural colors employing all-solution electroplating
has been demonstrated. The structure is designed based on an asymmetric MDM F-P resonator.
The thickness of the sandwiched dielectric layer can be tuned for generating various colors. Due
to the high refractive index of the cavity material, stable colored appearance can be observed up
to #60< which is highly-pursued in many decoration applications. Without using any vacuum
deposition, the fabrication cost of large-scale device is expected to be greatly reduced, which

enables more uses of structural colors at an affordable cost.
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Chapter 4

Highly-Efficient and Angular-Robust Colored Solar

Panels

4.1 Introduction

Special attention has been paid to only the reflection of the structures in above discussions for
decoration applications. Transmission is ignored (wasted) by either being absorbed with lossy
semiconductors or blocked with thick metals. Structural colors that present distinctive colored
appearance and simultaneously transmit light within a certain wavelength range are also highly
desired in a wide variety of applications. For instance, trans-reflective color filtering devices
featuring narrowband reflective colors and broadband transmission spanning the whole solar
spectrum can be used for decorating traditional solar panels while maintaining their high power

conversion efficiency (PCE).

Decorative solar cells have received considerable interest over the past decades due to their
potential applications in building integrated photovoltaics (BIPVs) and automobiles to exploit the
otherwise wasted energy [125-129]. Traditional solar panels, which typically include a very thick

semiconductor layer to efficiently absorb incident light, is unsuitable for decorating vehicle and
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building exteriors due to their black and dull appearance [130, 131]. Therefore, there is a strong

need to develop multifunctional PVs that can offer aesthetic features.

Various approaches, including dyed sensitized solar cells (DSSCs) and organic PVs (OPVs), have
been utilized to create colored solar cells [132-142]. However, their color purity and tunability are
heavily limited by available dyes and organic materials. Moreover, those organic devices have
lifetime issues due to the material degradation especially after long-time exposure to moisture,
oxygen and ultraviolet radiation. Recently, a scheme of integrating color filters with PV panels has
been developed to simultaneously create colored appearance and electric power via spectrum-
selective absorption [95, 97, 136, 137, 141, 143-145]. However, the color filters involved in those
solar cells either based on F-P cavities or plasmonic resonances produce colors that will vary with
viewing angles and incidence light polarizations, which are undesirable for the decorative
applications. In addition, those nano-structured plasmonic colors are difficult to be scaled to
practical large areas. To solve all the aforementioned issues, layered a-Si hybrid solar cells
featuring angular and polarization insensitive colors have been proposed [109, 146, 147]. The non-
iridescent colored appearance can be credited to the nontrivial reflection phase change at the a-
Si/metal interface, which consequently compensates the propagation phase of light propagating
through the ultrathin semiconductor layer (<30 nm) [108, 148, 149]. However, the PCE for the
colored PV panel is significantly limited because only a small amount of light is absorbed. Most
of the incident light gets reflected for generating subtractive colors generation (i.e., cyan, magenta,
and yellow (CMY) colors), which adversely affects both the electric performance and color purity.
Creating narrowband RGB reflective colors while absorbing the remaining light spanning a
broadband range is of vital importance in achieving pure and efficient colored solar cells [144, 150,

151].
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In this chapter, we present a highly-efficient colored solar cell with high PCE employing a tandem
configuration comprising a c-Si PV panel and a trans-reflective color filter atop [19]. Specifically,
the blue device presents the highest PCE of ~13.9%, which corresponds to only ~3.9% decrease
compared to initial c-Si panel, and the efficiencies of both green and red colored devices are also
>10%. The color filtering device simply consisting of five layers exhibits a distinctive narrowband
reflection (~60% reflection peak), where the high reflection is mainly attributed to the high-index
a-Si semiconductor sandwiched between two stacks of transparent dielectrics. By avoiding using
any reflective metals, the designed structures can transmit a large portion of solar spectrum onto
the c-Si module beneath with a symmetric gradient index profile with respect to the middle a-Si
layer, thereby achieving the overall high efficiency and final narrowband reflection by suppressing
the undesired sideband reflection. In addition, the entire colored solar module presents a distinctive
color with great angular insensitivity up to #60<due to the high refractive indices of materials
involved in the filter structure, which is highly pursued in decoration applications. This method
providing great simplicity over traditional 1D PCs, which typically consist of tens of layers, can
be readily applied for mass-production in the foreseeable future. Moreover, it is expected that the
PCE can be further enhanced if adapting the passive filter into an active photovoltaic device by
replacing the dielectrics with transparent electrodes and hole/electron transport layers, thus
forming four-terminal PV devices [20]. Considering the overall high PCE and the simple
implementation, the proposed approach could pave the way for various applications including

innovative solar-harvesting coatings, solar buildings, and next-generation solar-powered cars.

4.2 Trans-reflective Filters with Broadband Transmission for Decorative

Solar Cells
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Figure 4.2.1 (a) shows a schematic diagram of the proposed highly-efficient colored solar cells,

which integrate c-Si solar panels with decorative trans-reflective filters atop. The detailed
configuration of the angle-invariant trans-reflective filter that can generate a distinctive reflection
color as well as broadband high transmission is provided in the inset. As depicted in the plot, it
consists of five layers on a silica substrate with a thin a-Si layer sandwiched between two stacks
of transparent dielectrics (zinc selenide (ZnSe) / SisN4) forming a symmetric graded index profile,
which consequently results in remarkable transmission across the whole solar spectrum to be
harvested by the c-Si PV beneath. As presented in Figure 4.2.1 (b), the high index of a-Si directly
contributes to the final high reflection of designed colors with the peak reflections ~60% at
different wavelengths, which is further elucidated in Figure 4.2.2 by comparing the reflection
spectra of blue colored devices as an example employing materials of different refractive indices
as the middle layer. Different reflection colors can be created by simply adjusting the thickness of
each layer and the detailed configurations of the three colored devices are summarized in Table
4.2.1. 1t can be clearly observed that thicker films are required to generate reflection colors at
longer wavelengths. As the a-Si refractive index decreases at longer wavelengths (as shown in
Figure 4.2.3), the a-Si thickness employed in green and red colored devices are intentionally
increased compared to the blue colored filter to maintain the high reflection intensity. The insets
in Figure 4.2.1 (b) show the fabricated RGB colored samples on top of a c-Si solar panel under
ambient illumination, exhibiting bright and distinctive colors at normal incidence. Figure 4.2.1(c)
presents the efficient and broadband transmission spectra of all three devices and their high
transparency can be clearly visualized with the inset photographs of fabricated samples. Both the
reflection and transmission plots show the excellent consistency between the calculated and

measured results, thus validating our design principles. All the calculations are performed based
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on the transfer matrix method with the refractive indices of the materials characterized using a

spectroscopic ellipsometer (M-2000, J. A. Woollam), which are provided in Figure 4.2.3 [152].
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Figure 4.2.1 (a) The schematic diagram of the proposed highly-efficient colored solar cells. The angular-robust trans-reflective
filter atop consists of 5 layers with the high index a-Si sandwiched between two stacks of dielectrics. (b) Simulated and measured
reflection spectra of trans-reflective colored filters. Insets show the photographs of the fabricated RGB colored samples on top of

a black c-Si solar panel. (c) Simulated and measured transmission spectra of trans-reflective colored filters. Inset photographs
present the high transparency of fabricated trans-reflective samples.
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Figure 4.2.2 Reflection spectra of blue colored structures with the middle a-Si layer replaced by materials of different refractive
indices. The thicknesses of all 5 layers remain the same in each case. We have ignored the dispersion of all those materials except
a-Si (n = 4.89 +i1.28, peak intensity ~55% @424 nm). As can be seen from the plot, the peak reflection intensity remains in the
blue color range and increases with the refractive index: ~37% @397 nm (n = 2.5), ~42% @400 nm (n = 3.0), 48% @404 nm (n =
3.5), 54% @409 nm (n = 4.0), 60% @414 nm (n = 4.5), thus validating that the high reflection is due to the high index of the
middle layer as clarified in the main text. It is worthwhile noting that the structure employing a-Si as the middle layer does not
present the highest reflection due to the material absorption at the short wavelengths although a-Si has the largest real part refractive
index.

Table 4.2.1 Device configuration of reflective RGB colored filters.

Materials SizN4 ZnSe a-Si ZnSe SizN4
Blue (nm) ‘ 95 15 13 15 95
Green (nm) ‘ 110 20 25 20 110

Red (nm) ‘ 150 30 40 30 150
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Figure 4.2.3 Measured refractive indices of a-Si, ZnSe, and SisN4 using a spectroscopic ellipsometer (M-2000, J. A. Woollam).

Figure 4.2.4 presents the measured current density-voltage (J-V) characteristics of the colored solar
panels, which are realized by integrating the passive filter with the c-Si panel beneath. Due to the
largest amount of light transmission through the top filter harvested by the c-Si cell (as shown in
Figure 4.2.1 (c)), the blue colored PV system shows a highest PCE of ~13.9% with a short circuit
current density Jsc of ~30.3 mA/cm?, an open circuit voltage Voc of ~594.1 mV, and a fill factor
(FF) of ~77.2%, which is only ~3.9% lower than the efficiency of the original c-Si solar cell
without any color filter covering (Jsc ~38.0 mA/cm?, Voc ~604.7 mV, and FF ~77.5%,
corresponding to a PCE of ~17.8%). Decent efficiencies have also been achieved for the green
(PCE ~12.0%) and red (PCE ~10.1%) colored cells and the performance is summarized in Table
4.2.2 for comparison. The designed colored solar cells with great efficiency performance have
effectively overcome the low efficiency limitations of typical colored PVs and open up a new path
to the extensive use for a wide variety of applications. The detailed measurement method is
provided in Figure 4.2.5. As discussed above, more transmitted light will be harvested by the
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underneath c-Si solar cell if lowering the reflective color intensity employing a thinner a-Si layer
in the middle, which is one effective approach to enhance the overall PCE of the colored solar
module. In addition, the efficiency can be further improved if adding an index-match layer between
the passive filter and the underneath c-Si cell to reduce the ~4.0% reflection from the back of the

silica substrate or utilizing a more efficient solar panel beneath instead of the c-Si solar cell.
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Figure 4.2.4 Measured current density-voltage (J-V) characteristics of the integrated colored solar panels under AM1.5 illumination
(~100 mW/cm?) compared to that of the original c-Si cell. The RGB colored devices exhibit efficiencies of ~10.1%, ~12.0%, and
13.9%, respectively, and the PCE of the original c-Si solar panel without any filter covering is ~17.8%.

Table 4.2.2 A summary of the electrical performance of colored solar panels in comparison with the original c-Si solar cell.

Jse (mA/cm?)  Voc (mV) FF (%) PCE (%)
Original panel 38.0 604.7 77.5 17.8
Blue panel 30.3 594.1 77.2 13.9
Green panel 26.5 588.7 76.8 12.0
Red panel 22.7 582.9 76.0 10.1
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Figure 4.2.5 Setup for the current density-voltage (J-V) data acquisition of the integrated solar cells. Insets at the top left and bottom
right present the dimensions of the ¢-Si solar panel and aluminum (Al) tape opening at the top surface, respectively. A commercial
back contact c-Si solar panel (~125 mm =125 mm square, Maxeon®, Sunpower Corporation) is covered using the Al foil with a
16 mm %16 mm square opening at the center for the integration of the 25 mm =25 mm square passive filters atop. Then the current
density-voltage (J-V) performance of the integrated colored solar cell is recorded under the illumination of AM1.5 simulated
sunlight (=100 mW/cm?) by connecting MP-160 (EKO Instruments) to electrodes.

The calculated angle-resolved reflection spectra of designed RGB colored solar panels under
unpolarized light illumination are described in Figure 4.2.6 (a) - (c), showing great consistency
with the measurements in Figure 4.2.6 (d) - (f). The reflection peaks of all devices remain constant
with respect to the viewing angles up to 360 “from both the simulation and measurement results,
which clearly indicates the angular robust performance and is a direct result of the high indices of
the materials (i.e., a-Si, ZnSe, and SizN4) involved in our designs. Considering that only the
material deposition process is required, the proposed structure is an excellent candidate for the
decorative PV applications with low manufacturing cost. The photographs of the fabricated

samples against a black background under ambient light illumination in Figure 4.2.6 (g) show that
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stable colors can be viewed at various angles, which further validates the angular invariant
properties of our designs. Note that the black background is utilized to absorb the transmitted light,

thus avoiding its interference with the reflection color.
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Figure 4.2.6 (a) — (c) Calculated angle-resolved reflection for blue, green, and red colored solar panels. (d) — (f) Measured angular

behaviors corresponding to those samples in (a) — (c). (g) Photos of the fabricated RGB colored samples under ambient light
illumination taken with a black background at four different viewing angles, showing that stable appearance can be maintained
over a wide angular range for different colors.

The broadband transmission and colored appearance of the designed trans-reflective filters atop
can be explained by multiple resonances at various wavelengths in those dielectric stacks. For

simplicity, the blue colored device is used as an example for explanation in the following
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discussions. The same working and design principles also apply to the other colored structures. In
Figure 4.2.7 (a), the net phase shift is plotted for each dielectric layer. Transmission gets efficiently
enhanced at those wavelengths where the net phase shift is equal to a multiple of 2z, i.e., creating
the F-P resonances to reduce the reflection, which consequently induces the transmission.
Specifically, the reflection dip at ~300 nm results from the resonances inside all four dielectric
layers, i.e., resonances at 292 nm and 294 nm in the top and bottom SisNa4 layers, respectively, and
resonances at 318 nm and 317 nm in the top and bottom ZnSe layers, respectively. Reflection at
longer wavelengths are well suppressed with the broadband transmission owing to the multiple
resonances at discrete wavelengths (resonances at 653 nm in the top SizNs4, at 663 nm in the top
ZnSe, and at 754 nm in the bottom SisNa4). As a result, only light within the blue color range, where
no transmission resonances are excited, gets effectively reflected, thereby generating the
distinctive color appearance. The calculated electric filed distribution inside the structure as the
function of wavelength is depicted in Figure 4.2.7 (b). The strong reflection within the short
wavelength range spanning from 400 to 500 nm clearly indicates the blue color reflection of the

designed structure.
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Figure 4.2.7 Calculated normalized net phase shift within each dielectric layer of the blue color device, indicating the positions of
transmissive F-P resonances that results in the enhanced transmission. The resonances occur at the wavelength where the net phase
shift is equal to a multiple of 2z. (b) Electric field distribution within the whole structure dependent on wavelengths. The strong
reflection in the short wavelength range indicates the distinctive blue color reflection of the proposed device.

On the other hand, the high efficiency of the broadband transmission results from AR effects of
the dielectric layers featuring a gradient index profile. This can be clearly validated by plotting the
optical admittance diagram, which provides an effective way to visually represent the optical
surface admittance of the multilayered structure [116]. Figure 4.2.8 plots the admittance diagram
of the proposed blue colored structure at various wavelengths including 300 nm, 424 nm (the
reflection peak), 600 nm, 800 nm, and 1000 nm, where the final admittance positions are (1.29, -
0.08), (5.67, 2.37), (0.73, 0.30), (0.97, -0.49), and (1.31, -1.04), corresponding to reflections of
around 1.76%, 54.70%, 5.35%, 5.82%, and 18.35%, respectively. The only strong reflection
intensity within the blue wavelength range well explains the vivid-colored appearance and
broadband high transmission. The same method can also be used to explain the distinctive color

and high performance of green and red colored devices.
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Figure 4.2.8 Optical admittance diagrams of the proposed blue filter at 300 nm, 424 nm (reflection peak), 600 nm, 800 nm, and
1000 nm wavelengths, respectively. The length of the black line connecting the termination admittance point of the structure and
air provides a measure of the reflectance of the structure.

4.3 Trans-reflective PV Cells for Additional Efficiency Enhancement

As a-Si is a widely-used active material, above devices can be adapted in active solar cells after
replacing ZnSe and SizN4 with suitable hole/electron transport layers and transparent electrodes.
Here, we used n- and p-SiOx as electron and hole transport layers, respectively, considering their
perfect band alignment with a-Si. Aluminum doped zinc oxide (AZO) and ITO are employed as
anode and cathode, respectively, due to their transparency and compatibility with corresponding
interfacial layers. Suitable thickness of each layer is selected for optimal electrical performance as
shown in Figure 4.3.1 (a). A green colored solar cell is fabricated for demonstration as shown in
Figure 4.3.1 (b) (patterned areas for electrical measurement). It maintains the broadband high
transmission except at wavelengths that are used for color generation as presented in Figure 4.3.1
(c) and additional 2.80% PCE is acquired with only 11nm a-Si (Figure 4.3.1 (d)), which could
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further enhance the efficiency of the whole tandem solar panel. Other colors (blue and red) can
also be achieved by slightly tuning the thickness of each layer as shown by the simulated results
in Figure 4.3.2. The detailed designs for all RGB colored a-Si solar cells are summarized in Table
4.3.1. It should be noted that we are working on optimizing the structural configuration to improve
the optical performance of the designed active colored a-Si solar cells by getting rid of the

oscillations in the spectra and enhancing the overall transmission.
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Figure 4.3.1 (a) The schematic diagram of colored a-Si solar cell adapted from passive filters. The thickness of each layer is listed
out in the plot. (b) Green colored solar cell fabricated for demonstration. (c) Optical and (d) electrical performance of the fabricated
device.
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Figure 4.3.2 Simulated optical performance of designed a-Si solar cells of different RGB colors.

Table 4.3.1 Device configuration of reflective RGB colored filters.

Materials AZO p-SiOx a-Si N-SiOx ITO
Blue (nm) 1000 19 10 19 105
Green (nm) 1000 19 13 19 135
Red (nm) 1000 19 55 19 170

In conclusion, we have demonstrated a new approach for high-performance colored solar cells by
integrating a trans-reflective filter on the top of a c-Si solar panel. The filter design simply consists
of 5 layers, where a lossy semiconductor of high refractive index is sandwiched between two stacks

of dielectrics. A distinctive reflection color together with overall high transmission across the

4.4 Conclusion
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whole solar spectrum, where the latter is subsequently harvested by the c-Si panel beneath and
results in the final high PCE, has been generated utilizing the filter featuring a gradient index
profile. Due to the high index materials involved in the filter module, the whole system presents
high brightness and great angular invariant appearance up to 260 < As the middle a-Si is a potential
active layer, the efficiency of the proposed colored solar panel can be further enhanced if adapting
the passive filter into an active solar cell by replacing the dielectrics with transparent electrodes
and hole/electron transport layers. Considering that only deposition method is involved in the
fabrication of the designed structure, the scheme described here featuring high PCE has overcome
the limitations of typical colored solar cells and could open up new possibilities for various

applications in the future.
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Chapter 5

Decorative Near-Infrared Transmission Filters
Featuring High-Efficiency and Angular-Insensitivity

Employing 1D Photonic Crystals

5.1 Introduction

Visibly-opaque but near-infrared NIR-transmitting filters is another good example of application
when taking use of both the reflection and transmission properties structural color filters. This type
of filters has received considerable interest due to their irreplaceable roles in various applications
including NIR spectroscopy, security imaging, optical detections, to name an important few [153-
160]. In recent years, decorative NIR filters that exhibit aesthetic colors are also highly desired to
both enhance the signal-to-noise ratio and hide the unappealing appearance of sensors (e.g.,
proximity sensors, gesture sensors, and camera monitoring systems) integral to advanced
technologies that are closely related to our daily life, such as vehicles, cell phones, etc. Organic
dyes or pigments that can absorb ultraviolet UV and visible light but transmit NIR waves provide
one option [161-163]. However, these organic materials suffer from short life-time problems due
to their susceptibility to environmental factors such as moisture, high temperature and constant
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UV exposure. Structural NIR-transmitting filters that are patterned at the subwavelength scale to
excite either GMR or SPP have been demonstrated to address the aforementioned challenges [164-
170]. The coupling of incident light into those resonances needs to be achieved with the
subwavelength gratings, which require complicated fabrication procedures such as e-beam
lithography and focused ion beam milling, rendering them difficult for large-area applications.
Moreover, the resulting transmission spectra are highly sensitive to an angle of incidence due to
the momentum matching condition, thereby dramatically limiting their potential for many
applications. A more cost-effective and widely-adopted method to create NIR transmission while
blocking the visible light is using 1D PCs, which are made of periodic layered structures consisting
of alternating high and low index materials [116, 157, 171-175]. By locating the passband in the
NIR range while the stopband in the visible, adjustable NIR transmission performance can be
achieved by selecting different constituent materials and layer thicknesses. However, as the
structures based on single-periodic stacks have very limited stopband bandwidth, stacking of
different period units are typically required to produce overlapping multiple stopbands to broaden
the stopband, in order to block all the visible light transmission. As a result, these PC-based filters
typically involve tens or even hundreds of layers, which faces the manufacturing cost and yield

issues.

In this work, we report a new approach for colored NIR transmission filters that blocks the visible
light, with the option to create desired color reflection [18]. The design exploits 1D ternary PCs
involving 7 layers. Simultaneously, taking the advantage of the absorptive property of the
constituent semiconductor (e.g., a-Si) in the visible range, various reflection colors, not limited to
the one complementary to the transmissive spectrum, can be generated without affecting the

transmission performance, which can be used for decoration applications and ‘hide’ objects behind
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the filters. The proposed structural color exhibits ultrahigh transmission efficiency with the
maximum close to 100% and angle invariant property up to 260 regardless of the polarization
state of incident light from both illumination directions due to the low loss and high refractive
indices of the materials used, surpassing the performance of many previous works. An additional
advantage of the proposed structural colors lies in their simplicity where only thin film deposition
is required for the fabrication, thus enabling large-scale manufacturing for practical applications.
The approach described in this work could open up many potential applications such as imaging

sensors, optical measurement systems, and decorations.

5.2 Design Principle and Results

A schematic diagram of the proposed structure featuring angular- and polarization-independent
NIR transmission is depicted in Figure 5.2.1 (a). It is targeted at high transmissive efficiency
employing three stacks of ‘H/2LH/2’ unit as an effective AR coating based on Herpin's equivalent
index [116, 176]. Here, H and L denote the high and low refractive index materials with a quarter-
wavelength thickness, separately (i.e., H=Ac/4ny and L = Ac / 4ny). Selecting a central wavelength
of the stopband as Ac = 550 nm and a-Si (nn = 4.4 +10.27) and Si3sN4 (n. = 1.9) as H (~32 nm) and
L (=72 nm) layers, respectively, the stopband bandwidth can be calculated from A(Ac / A) = (4 /
m)sin[(nu —nu) / (nw + n)] with the left and right band edge located at 4. = 430 nm and Ar = 740
nm, respectively (Figure 5.2.1 (b)) [116]. It should be noted that both H and A4 are approximated
using the real part of refractive index of a-Si in the calculation considering its small but nonzero
extinction efficiency [116]. It is easy to understand from the above equation that such a broad
stopband is a direct consequence of the high index contrast between the high (a-Si) and low (SizNa)
index materials used in the design. Due to the wide range stopband together with the semiconductor
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loss, visible incidence (wavelength <650 nm) is effectively blocked with only 7 layers as shown
by the spectra in Figure 5.2.1 (b). As a result, the fabricated samples showing mirror-like bright
reflection (inset at the bottom-left corner). As a comparison, the simulated reflection and
transmission spectra of the 7-layered PC structure based on lower refractive index material
combinations (i.e., employing titanium dioxide (TiO2) and silicon dioxide (SiO) as the high and
low index materials, respectively), is given in Figure 5.2.2. It is obvious that its stopband
bandwidth is much narrower and visible light can pass through the stacks even within the stopband
range. The thickness of TiO2/SiO- is designed so that the center wavelength of the stopband is
located at the same position (Ac = 550 nm). Due to the negligible absorption loss of both a-Si and
SisN4 materials beyond 700 nm, high transmission close to unity (99.88% @735 nm) can be
achieved at normal incidence in NIR range as plotted in Figure 5.2.1 (b) showing excellent
agreement between the calculated and measured results. Here, the simulations based on the transfer
matrix method [152] with the refractive indices of materials calibrated using a spectroscopic
ellipsometer (M-2000, J. A. Woollam) are performed, and the reflection and transmission spectra
are measured by using the spectrophotometer (Cary 7000, Agilent). Both a-Si and SisNs are
deposited with PECVD at 260 <T alternatively without breaking the vacuum chamber. We note
that the measured transmission is slightly lower than the calculations and this can be attributed to
the reflection at the interface between the air and the bottom of the fused silica substrate, which
has not been considered in the simulations. Due to the symmetric configuration of the proposed
structure, the stacks exhibit the same performance at both top and bottom illuminations, which can

further extend our design into more applications, such as color pigments.

58



—
O
N

R =

H/2 80
/

/H

ayp =S
4 Si;N,

/ —
f :/1;740 nm 8o

/|
! 1 =550 nm\\[, !
1 ° ——Simulaton | g
N - - Measurement
\ —t+— Simulation

\— I~ Measurement | 41
(3
v
v 120
\l

y Glass 201 \
z 0 L L L 0
X 400 500 600 700 800 900

Wavelength (nm)

60 |

Reflection (%)
Transmission (%)

Figure 5.2.1 (a) A schematic diagram of the proposed transmissive structure color employing 1D ternary PCs. (b) Simulated and
measured spectra of our design. Transmission below 650 nm is greatly suppressed due to both the broad stopband resulting from

the high refractive index materials and slight loss of a-Si. The inset at the bottom-left corner is the fabricated samples, showing
mirror-like reflection as the visible light is well blocked. The scale bar is 1 cm.
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Figure 5.2.2 The simulated reflection and transmission spectra of the 7-layered PC structure employing TiO2 as H layer and SiO2

as L layer, respectively. It is clear that its stopband bandwidth is much narrower than that of the a-Si/SisNa stacks, and there is more
visible light transmission.

For ternary PCs consisting of the ‘H/2LH/2’ unit, the characteristic matrix of one period is

(it 1)

with
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for TM polarization [116, 177-179]. krx = konuHcosOu/ 2 and ki x = konrLcos6y / 2 are the wave
vectors along the x direction for the waves propagating in the high and low refractive index layers,
respectively, ko = w./eouo 1s the free-space wave vector with w as the frequency of incident light,
and Oy 1s the corresponding propagation angle in each layer determined by the Snell’s law. Based
on the characteristic matrix, the projected band structure for both polarizations can be calculated
from the Bloch wave number K(w,f8) = cos ' [(M11 + M2,) / 2] / A as depicted in Figure 5.2.3 (a)
[15]. Here, 4 = H + L is the period of the PCs, f = kosinfo is the wave vector in the z direction
remaining unchanged during propagation in different layers, and 6o is the incidence angle. The
shaded region in the plot, which is obtained by setting (M1 + M22) / 2 < 1, corresponds to the

propagating Bloch modes, while the blank area represents the stopband calculated with (M1 + M22)

/2> 1 instead. Since all the modes in the free space must obey w = c\/kx® + 7, the entire blank
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region above the line w = ¢f refers to the modes that cannot directly propagate into the PCs from
the surrounding air without additional coupling mechanism. Here, c is the speed of light in air and
kxo s the x direction wave vector in air. As highlighted in the figure, the wavelength range between
the dashed lines going through the open and solid circles (0.16 < w4 / 2zc < 0.24) corresponds to
the omnidirectional stopband that will reflect incident light at all angles irrespective of
polarizations and is calculated as from 430 nm to 650 nm in terms of wavelength unit. This broad
stopband efficiently suppresses the transmission below 650 nm. It can be observed that this
omnidirectional stopband is very close to the stopband at normal incidence (the range defined by
the dashed lines going through the open circle and square) due to the flat band structure, which
leads into the omnidirectional transmission performance with little dispersion at different incident
angles. By comparison, the band structure of the PCs consisting of lower refractive index materials
(i.e. utilizing TiO7 and SiO; as H and L layers, respectively) is also plotted featuring a much steeper
slope as presented in Figure 5.2.4, which indicates a significant blue shift of the pass band (or
stopband) at large angles of incidence and will be discussed in detail in the next section. Therefore,
it can be concluded that the flat band structure directly results from the high refractive indices of
the constituent materials (i.e., a-Si and Si3N4), allowing a small refracted angle into the structure
according to Snell’s law and exhibiting the great angular-insensitive property. In addition, the
refractive indices of the materials are also a key factor affecting the stop bandwidth. As plotted in
Figure 5.2.3 (b), the dependency of the omnidirectional stop bandwidth on the low refractive index
material (n.) and refractive index contrast (nz/ nr) reveals that both large n; and ny / ny are required

to achieve a broad omnidirectional stopband.
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Figure 5.2.3 (a) The projected band structures for both TE and TM polarizations calculated from the characteristic matrix of the
ternary PCs. (b) Dependency of the omnidirectional stopband of the ternary PCs on the constituent low refractive index material
nr and refractive index contrast nx / nr. The region where A1 < 0 indicates that omnidirectional stopband does not exists in these
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Figure 5.2.4 The projected band structure for the ternary PCs made up of TiOz as H layer and SiOz as L layer. The omnidirectional
stopband shrinks close to zero for this combination of low refractive index materials (the wavelength range between the dashed
lines going through the open and solid circles) and it is totally different from the stop bandwidth at normal incidence (the range
between the dashed lines going through the open circle and square). This indicates the highly angular sensitive performance of the
transmission spectra as shown in Figure 5.2.7.
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It is typically challenging to generate wide-angle NIR transmission because the longer cavity
thickness to create a resonance at a longer wavelength range is required, resulting in sensitivity to

the angle of incidence. To investigate the angular performance of this transmissive-type PC
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structure, the calculated and measured angle-resolved transmission spectra are illustrated in Figure
5.2.5 (a) — (d) for both TE and TM polarized light. Obviously, the transmission below 650 nm is
effectively blocked at all angles, which is in good agreement with the prediction of Figure 5.2.3
(a). Due to the high refractive indices of the materials in the design as analyzed in the last section,
angular insensitivity up to £60° are observed regardless of polarizations as indicated by the flat
dispersion curves in the plot. The simulation is carried out using transfer matrix method and the
measured transmission spectra at different angles are obtained by the spectrophotometer (Cary
7000, Agilent) with angle resolved measurement accessory (UMA). Optical images of the
fabricated samples at different observing angles under ambient light illumination are provided in
Figure 5.2.5 (e), displaying stable mirror reflection appearance over a wide angular range. It further
validates the angular insensitive performance of our designed structures and this outstanding
characteristic is highly desired in decoration applications. The corresponding reflection spectra
dependence on incidence angles are provided in Figure 5.2.6. For comparison, the simulated
angular-dependent transmission spectra of the structure utilizing the lower refractive index
materials based on TiO2 and SiO., presenting a blue-shifted transmission profile and hence the
degraded colors with increasing incident angles, which are well consistent with the prediction in
Figure 5.2.4 and Fig. 5.2.3 (b), are provided in Figure 5.2.7. Hence, compared with the common
Ti02/S10: film stack, the a-Si/Si3Ny stack can greatly improve the incident angular performance
and dramatically decrease the split for two polarizations. For a wide variety of applications such
as spectral analysis and imaging, the filter is desired to have a much sharper NIR transmission to
exclude the severe effects caused by the unwanted light at short wavelengths. Thus, the influence
of the number of ‘H/2LH/2’ unit on the passband (stopband) sharpness is explored. Simulated

reflection and transmission spectra for structures consisting of different numbers of stacks are
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illustrated in Figure 5.2.8. By increasing the stacks, a steeper passband (stopband) that is close to
the ideal case for the infinite stacks, which is presented by the band structure in Figure 5.2.3 (a),
can be achieved. When the stack number reaches 7, the steepness of the spectra almost remains

unchanged even if further increasing the number of stacks.
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Figure 5.2.5 Simulated angle-resolved transmission spectra for (a) TM and (b) TE polarizations, respectively. Measured angle-
resolved transmission spectra for (¢) TM and (d) TE polarizations, respectively, showing great agreement with the calculated results
in (a) and (b). (e) Optical photographs of fabricated samples at different observing angles under ambient light, showing robust
mirror-like images over a wide angle range. The scale bars are 1 cm.
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unchanged as Ac = 550 nm.
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Figure 5.2.8 Investigation of the reflection and transmission spectra performance with different numbers of ‘H/2LH/2’ stacks. The
steepness of the spectra remains unchanged when the stack number reaches 7.

The structure discussed above with great angular-insensitive mirror-like reflection provides one
option for decorative uses, e.g., hiding the black holes of NIR sensors that are integral to vehicle
cockpits and cell phones. In real applications, other colors in addition to the mirror-like appearance,
which are impossible with traditional PCs employing transparent materials, are highly desired. To
generate various decorative colors, additional three layers (thin SizNs/a-Si/thick Si3N4) are
incorporated on top of the proposed ternary PC structures as depicted in Figure 5.2.9 (a). Different
CMY colors can be realized by simply adjusting the thicknesses of the added thin Si3N4 and a-Si
layers while maintaining the high NIR transmission without changing the bottom PCs as plotted
in Figure 5.2.9 (b) — (d), respectively. Insets in the figures provide the optical images of three
colored devices at normal incidence. The slight discrepancy between the simulated and measured
results are due to the thickness variation in the deposition process. The detailed structure

configuration of each color is summarized in Table 5.2.1. The reflection spectra with sharp dips
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correspond to distinctive colored appearance of CMY devices with their color coordinates
described in the chromaticity diagram as shown in Figure 5.2.9 (e). As one potential application
of these decorative NIR-transmitting filters is to hide the unappealing appearance of sensors used
in vehicles and cell phones and these silicon-based NIR sensors typically work near 900 nm, the
optical performance of our proposed devices is evaluated up to 900 nm. On the other hand, our

structure can prove high transmission at even longer wavelengths (e.g., 1.2um, see Figure 5.2.10).
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Figure 5.2.9 (a) A schematic diagram of new designs for decorative visibly-opaque but NIR-transmitting filters. (b) — (d) Simulated
and measured optical performance of CMY colored NIR-transmitting filters. Insets show the optical images of fabricated devices
on silica substrates. The scale bars are 1 cm. (e) Colored appearance of decorative NIR-transmitting devices evaluated on the CIE
1931 chromaticity diagram. The color coordinates calculated from the measured reflection spectra of CMY colors are (0.30, 0.36),
(0.34, 0.28), and (0.46, 0.38), respectively, showing good match with the simulated results (cyan (0.28, 0.33), magenta (0.39, 0.26),
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and yellow (0.46, 0.42)).

Table 5.2.1 Structural configurations of CMY colored decorative NIR-transmitting filters. The bottom effective reflectors in all
designs employ the same 7-layer PC as presented in Figure 5.2.1(a).

Thin SizNa (nm) a-Si (nm) Thick SisNa (nm)
Cyan 45 25 140
Magenta 30 20 140
Yellow 25 10 140
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Figure 5.2.10 Transmission spectra of our proposed CMY colored devices within a broader wavelength range. High NIR
transmission can be maintained to 1200 nm for all the structures, which indicates the possibility of our devices in more applications.

To better understand the mechanism of decorative visibly-opaque but NIR-transmitting structures,
the yellow colored design is taken as an example to elucidate the function of each layer. Essentially,

the new structure can be effectively simplified into an asymmetric F-P cavity by treating the bottom
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PC stacks as a reflective mirror in the visible, which is illustrated in Figure 5.2.9 (a). The yellow
color is created by suppressing the reflection in the blue color range (light with wavelength <500
nm, as shown by the reflection dip @~500 nm in Figure 5.2.9 (d)) while maintaining the high
reflection intensity of light in the other portion in the visible. The suppression of blue light is due
to the perfect absorption of a-Si layers, which can be seen from the near 100% absorption peak of
the total absorption spectrum as depicted in Figure 5.2.11 (a). This guarantees the low detection
noise in NIR sensor applications by blocking the visible transmission but allowing only NIR light
to pass the stacks, which is impossible with traditional PC structures based on transparent materials.
According to the absorption spectra of each a-Si layer, the absorption is mainly ascribed to the 1
(additionally added 10 nm a-Si) and 2™ a-Si (the top 16 nm a-Si of the bottom PC mirror stacks).
By calculating the net phase shifts of the 1%t and 2" a-Si layers, it is interesting to find out that the
added thin Si3N4 (25 nm) between the bottom PC mirror and the top 10 nm a-Si is an effective
phase tuning layer that excites the absorption resonances in the blue color range within the
absorptive a-Si layers, thereby generating the reflective yellow color [180, 181]. The absorption
resonance occurs when the net phase shift is equal to a multiple of 2z. After adding the thin Si3Ny
phase tuning layer, two closely positioned absorption resonances are excited within the 1% (#1
@493 nm) and 2™ (@504 nm) a-Si layers as shown in Figure 5.2.11 (b), which significantly
enhances the short wavelength absorption and are well-consistent with the absorption peaks of the
red and blue curves in Figure 5.2.11 (a). For comparison, the net phase shift of the top a-Si layer
after removing the SisN4 phase tuning layer (in this case the 1% and 2" a-Si layers will become
one single layer) is also plotted in the figure and no absorption resonance exists near 500 nm
wavelength. The phase tuning function of the added Si3N4 can be further confirmed by the strong

reflection dip of the designed yellow colored NIR-transmitting structure when compared to the
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reflection spectrum of the stacks without the 25 nm Si3N4 layer as depicted in Figure 5.2.11 (c).
On the other hand, the very top thick Si3N4 serves as an AR layer that maintains the high NIR
transmission, which can be clearly observed when comparing the transmission spectra of the stacks
with and without the top 140 nm Si3N4 in the Figure 5.2.11 (c). The AR resonance occurs @728
nm as illustrated by the black solid cure in Figure 5.2.11 (b), where the net phase shift of the top
Si3sN4 is equal to a multiple of 2z. Figure 5.2.11 (d) provides the calculated electric field
distribution inside the yellow device as a function of wavelength. Confined electric field within
the short wavelength range inside the 1%t and 2™ a-Si layers (#1 and #2 solid circles) corresponds
to strong absorption @~500 nm as the optical absorption is directly proportional to the electric
field intensity (Absorption = (1/2)ceoon|E(x)|?, where c is the speed of light, & is the permittivity
of free space, n is the real part of the refractive index, and is « = 47k / 4 is the absorption coefficient
with x being the imaginary part of the refractive index). Absorption resonances also exist inside
the other a-Si layers but with much weaker intensities (white dashed circle #A), which are well
consistent with the absorption spectra provided in Figure 5.2.11 (a). In addition, the strong AR
resonance beyond 700 nm inside the top Si3N4 effectively induce the NIR transmission as seen
from the propagating modes in the underneath layers (black dashed elliptical circle #B). All the
information extracted from the electric field distribution plot agrees well with the predictions of
Figure 5.2.11 (a) — (c), thus validating the phase tuning and AR functions of additionally added

thin and thick Si3N4 layers, respectively.
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Figure 5.2.11 (a) Total absorption spectra and separate absorption in each a-Si layer. The absorption mainly occurs in the 1% and
2" a-Si layers. (b) Calculated net phase shift analyzing the functions of the additionally added thin and thick SisNa. (c) Spectra
comparison of the stacks with and without thin (thick) SisNas, clearly indicating the phase tuning (anti-reflection) function of the
added SisN4 layer. (d) Wavelength-dependent electric field distribution inside the whole structure. The strong field in the short
wavelength range confined inside the 1%t and 2" a-Si layers directly results in the efficient absorption, thereby generating the
decorative color. The additional added 140 nm SisN4 atop effectively induces the strong NIR transmission by exciting AR
resonances beyond 700 nm wavelength.

Similarly, due to the high refractive indices of both a-Si and Si3N4 employed in the designs, all the
fabricated CMY colored devices present angular-insensitive performance that is highly-preferred
in decorative applications. Figure 5.2.12 (a) — (c) provide the calculated angle-resolved reflection
spectra of all three colors under unpolarized light illumination, which agree with the measured
results presented in Figure 5.2.12 (d) — (f). The flat dispersion curves in both simulated and

measured plots clearly indicate the excellent omnidirectional properties up to +60°. Figure 5.2.12
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(g) presents photographs of fabricated colored samples are taken at several observing directions,

further validating the angle-robust decorative appearance.
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Figure 5.2.12 (a) — (c) Simulated angle-resolved reflection spectra for CMY colors under unpolarized light illumination. (d) — (f)
The corresponding measured angle-resolved reflection spectra for three colored devices under unpolarized light illumination. The
flat dispersion curves in both simulated and measured results indicated the great angular-insensitivity of our proposed structures.
(e) Optical images of fabricated CMY colored samples at different observing angles under ambient light, validating the angular-
robust colors desired for decorative applications. The scale bars are 1 cm.

5.3 Conclusion

In summary, we have experimentally demonstrated colored visibly-opaque but highly NIR-
transmitting filters based on 1D ternary PCs. A wide variety of decorative reflection colors can be
created without affecting the high NIR transmission performance, which is impossible with
traditional PC structures based on transparent materials. Resulting from the high refractive index

contrast between the materials employed in the design as well as the absorption loss of
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semiconductors, the proposed NIR filter effectively blocks visible transmission with only 7 layers,
which is far fewer than conventional schemes. It also exhibits great angle-robust performance up
to 260 <irrespective of the polarization state of incident light at both top and back incidence due to
the high refractive index of all the involved materials. With the fabrication simplicity where only
the deposition step needs to be involved, the presented strategy offers an attractive route towards
large-scale structural filters in a variety of applications such as imaging, displays, holography, and

especially NIR-sensor decorations.
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Chapter 6

Broadband and Wide-Angle Ultrathin Absorbers

Based on Multi-Cavity Resonances

6.1 Introduction

In contrast to the aforementioned structural color filters where a sharp resonance with capabilities
of filtering a narrow spectral range of visible light is highly desired for producing the colors with
high purity, nanostructured ‘perfect black’, which can be regarded as a special color featuring
highly-efficient and broadband absorption at the visible frequency, has also attracted substantial

interest in different research fields.

In solar-thermal harvesting applications, broadband absorption covering most of the solar
spectrum is in critical demand as one of the most important clean energies. For a compact imaging
spectrometer based on multichannel filters, the perfect optical absorber is highly desired to prevent
the crosstalk between the adjacent channels in the aerospace and semiconductor industries. In
recent years, efficient optical absorption in the visible and NIR region, which can be potentially
applied in fields of detecting, imaging, PVs, and so forth, have attracted enormous interests [182-

201]. Among all the designs for the absorbers, broadband absorbers based on metamaterials and
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transformation optics have been investigated widely and developed in many areas [190-199],
whose absorptions are enhanced by the excitation of the surface plasmon resonance. Especially,
the tapered structure consisting of alternating metallic and dielectric thin films is mostly discussed,
which can be treated as a hyperbolic metamaterial (HMM) waveguide with varying width [197-
199]. Zhou et al. theoretically verified that the broadband absorption of this structure constituted
by these closely spaced resonances is formed between the top of the tapered stacks and the cutoff
level in the waveguide [198]. As the shadow effect during the evaporation is subtly exploited to
construct the tapered structure instead of the complicated process of focused ion beam milling, the
time and cost of fabrication are significantly reduced. Liang et al. designed the broadest bandwidth
of this structure, which covers a 1-14 um region [199]. Apart from this tapered structure, Chen et
al. proposed a broadband absorber of robust high absorption efficiency for the 900-1600 nm
wavelength range by creating patterns of nanoparticles dispersed on a Au film spaced by a thin
dielectric layer [202]. Bouchon et al. experimentally demonstrated that a patchwork of four
metal—insulator—metal patches leads to an unpolarized wideband omnidirectional absorption

constituted by corresponding absorption peaks [203].

However, all the broadband absorbers described above require either accurate controls or
complicated procedures with multiple steps of nanolithography, reactive ion etching, e-beam
lithography, or focused ion beam milling, severely limiting their practical applications especially
in relatively large areas. Therefore, thin film devices have been pursued as an alternative approach
[200, 204, 205]. The most common film stack in the previous studies is the MDM stack on a
reflecting metal [200, 205]. The metal layer in the MDM stack is always selected from metals with
strong optical absorption, such as chromium (Cr), titanium (Ti), and nickel (Ni), and the thickness

of this layer is very thin, allowing multiple reflections within the structure and leading to strong
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absorption. However, both the bandwidth and the absorption efficiency are still highly limited for
NIR applications. Furthermore, the capability of absorbing a broad spectral range of light with
high efficiency from any incident direction regardless of the polarization state of incident light,

needed for numerous applications, remains significantly challenging.

In this chapter, we propose and experimentally demonstrate ultrathin (<500 nm) absorbers based
on multi-cavity resonances in highly absorbing media using two different schemes. The first
proposed visible absorber is capable of absorbing the light from 400 nm to 650 nm and comprises
two stacks of a highly absorbing material and a metal showing 95.5% absorption at a resonance
[41]. The second structure has a novel device configuration featuring a graded refractive index
profile that allows the absorption of the device to be significantly enhanced (average absorption
~98% from 400 nm to 2000 nm) by exploiting AR effects, while the ultrabroadband absorption
characteristics are achieved by the designed tandem structure of three absorptive materials with
resonances being strongly overlapped [42]. The absorption bandwidth can be further extended up
to 3500 nm while maintaining the high absorption efficiency by inserting more
semiconductor—metal stacks. Both devices exhibit high performance of the absorption that is
insensitive to the angle of incidence as well as the polarization state of incident light. Besides of
these features, only deposition method is involved to fabricate our designed absorber, thus
providing a powerful scheme for achieving highly efficient device with relatively simple and cost-
effective means for large scale that are distinctly different from those observed in the previous
reports, involving expensive fabrication techniques such as e-beam lithography. Finally, we
discuss the applicability of our proposed schemes to PV technologies for high efficiency PV cells.
The strategies described here could have the potential for many applications, such as metamaterials,

thermal emitters, and PV.
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6.2 Broadband Visible Absorption by Stacking Multiple Cavities

A schematic view of the proposed visible absorber utilizing the multi-cavity resonance behaviors
in ultrathin semiconductor layers featuring angle-insensitive and polarization independent
broadband absorption property is depicted in Figure 6.2.1 (a). The device structure simply consists
of two stacks of a metal and a semiconductor with its optimized thickness to achieve a broadband
absorption characteristic with a high efficiency in the visible range. a-Si material is utilized as a
highly absorbing medium due to its strong absorption property at visible frequencies, and Ag
functions as a reflective mirror since it is highly reflective and has the lowest absorption loss
among noble metals. Although the overall absorption could be even enhanced by employing lossy
metals such as Al, Cu, and Cr, we aim at designing the structure with the improved absorption
property only in the semiconductor layer, thus potentially extending the range of possible
applications, including tandem PV systems. More detailed investigations on how the metal and the
semiconductor layers affect the absorption behavior of the structure are given in Figure 6.2.2. In
our absorber design, the thickness of a top metallic film is designed to be optically transparent (30
nm) so that it allows incident light to pass through a middle semiconductor layer to create an
additional resonance at a different wavelength, thereby making the bandwidth broad, whereas a
bottom metallic layer is 80 nm that is thick enough to prevent any transmitted light, thus validating
the equation A =1 — R, where A is the total absorption and R represents the reflection. In Figure
6.2.1 (b), a simulated absorption spectrum of the proposed four-layer device (red solid line) is
described along with that of the three-layer device (blue solid line) without a top semiconductor
film (i.e., metal-semiconductor-metal (MSM)) for the comparison. As can be seen from the figure,
our proposed device structure exhibits a much broad absorption performance with the higher

efficiency (>95%), which arises from two distinctive resonances appearing at 490 nm and 575 nm,
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while the MSM structure shows only one resonance peak with a lower absorption efficiency
(61.5%) at 550 nm. Although the broadband absorption can also be achieved by a single thick a-
Si layer, the charge recombination will be more dominant when the thick structure is applied for
solar cells as the diffusion length of a-Si is only tens of nanometers. As a result, the final PCE will
be greatly reduced. Based on this consideration, the thickness of a-Si solar cell is usually limited
as <200 nm [109, 146, 206]. We note that the absorptions only in the semiconductor layers plotted
by dotted lines are slightly lower than the overall absorptions of the device due to a small
absorption loss of the Ag material. The simulated absorption spectra are calculated by the transfer
matrix method with refractive indices of the Ag and a-Si measured by a spectroscopic ellipsometer

(M-2000, J.A. Woollam), which are presented in Figure 6.2.3.
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Figure 6.2.1 (a) A schematic diagram of the proposed broadband visible absorber with improved viewing angle employing multi-
cavity resonances in ultrathin highly absorbing materials. (b) Simulated absorption spectra obtained from metal-semiconductor-
metal (MSM) and semiconductor-metal-semiconductor-metal (SMSM) configurations. It is obvious that the absorption spectrum
is greatly broadened by introducing an additional resonance for SMSM stacks as compared to the MSM structure.
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Figure 6.2.2 Influence of (a) — (b) metals and (c) — (d) semiconductors on absorption spectra. A broad and high absorption property
can be attained employing lossy metals, such as Au, Cu, and Al as shown in Figure 6.2.2 (a), however, the absorber structure with
Ag metallic mirrors shows the highest absorption in a-Si layers among all the cases exhibited in Figure 6.2.2 (b), which is critical
to achieve high efficiency PV devices. This is because a higher absorption only in the photoactive semiconductor layer is required
for high performance PV cells. The bandwidth of the optical absorption can be broadened by using low band gap semiconductors,
such as silicon-germanium (SiGe) and germanium (Ge), as depicted in (c) and (d). We note that it is difficult to observe the multi-
cavity resonance phenomena in the Ge-based absorber structure due to its very large absorption coefficient at visible frequencies,
yielding a very broad resonance. We should also note that an Voc gets lower with the low band gap semiconductor materials although
the broad absorption bandwidth, which corresponds to the high Jsc, could be obtained. The specific structures are [12 nm a-Si/30
nm Ag/24 nm a-Si/80 nm Ag], [10 nm a-Si/40 nm Au/20 nm a-Si/80 nm Au], [10 nm a-Si/45 nm Cu/20 nm a-Si/80 nm Cu], and
[17 nm a-Si/15 nm Al/35 nm a-Si/80 nm Al] in (a) — (b), and [12 nm a-Si/30 nm Ag/24 nm a-Si/80 nm Ag], [12 nm SiGe/30 nm
Ag/25 nm SiGe/80 nm Ag], [20 nm Ge/80 nm Ag] for (c) — (d).
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Figure 6.2.3 Refractive indices of thick Ag and a-Si (50 nm) materials, both of which are measured by a spectroscopic ellipsometer
(M-2000, J. A. Woollam).

Figures 6.2.4 (a) and (b) show simulated and measured absorption spectra of the proposed absorber
structure at normal incidence. The experimental reflectance is measured by using a film thickness
measurement system (F20-EXR, Filmetrics) with a spectrometer and a white light source, and the
absorption profile is then obtained from 1 — R relation and illustrated in Figure 6.2.4 (b) exhibiting
great agreement with the simulated profile as shown in Figure 6.2.4 (a). As is seen from the figures,
95.5 (96.1) % and 94.3 (92.3) % of nearly perfect absorptions are achieved at 490 (493) nm and
575 (568) nm, respectively, from the simulation (experiment). The measured spectrum has a
relatively broader profile than the simulated result, which is attributed to a non-even surface of
actual films that induces the light scattering. In addition to the scattering, the refractive indices and
the thicknesses in the experiment could be slightly different from those used in the simulation,
causing a discrepancy between the measured and the simulated spectra. Noted that the resonance
in the middle cavity (a-Si = 24 nm) is somewhat sharper than that of the top cavity (a-Si = 12 nm),

which is attributed to strong reflections from both top and bottom metal-semiconductor interfaces
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as compared with the reflection at air-semiconductor interface. A large absorption coefficient of
the a-Si material at shorter wavelengths also contributes to the broad resonance at 490 nm. The Ag
and the a-Si materials are deposited by a thermal evaporation and a PECVD, respectively. This
suggests that the design principle discussed here could be easily scalable to large-area applications

since it only involves the deposition without any patterning process.
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Figure 6.2.4 Simulated and measured absorption spectra of the proposed ultrathin broadband visible absorber at normal incident
angle in (a) and (b), respectively, showing great agreement with each other. The broadband absorption profile arises from the multi-
cavity resonances within the two a-Si layers.

To investigate the effect of the multiple resonances on the absorption spectra, the net phase shift
is calculated as presented in Figure 6.2.5 (a). The propagation phase accumulation can be simply
obtained with the equation (27 / A) 2ndcosd, where /: the incident wavelength, n: real part of the
refractive index, d: the thickness of semiconductor layer, and &: the direction of wave propagation
and is zero for the normal incidence, while the phase shift occurring upon the reflection from each

surface can be calculated from the reflection coefficient for TE (TM) polarization, which is r =

ri2+ rase?*

- Where rap =

2

1ac0s(0s) - nycos(6a) ( _ 14€08(02) - ncos(6s)
nacos(0s) + npcos(0a) a nacos(0a) + npcos(6y)

)and k = (27”) natrcos(6»). It is noted that

1 + riorse

the net phase shift is divided by 2z, so it represents the number of cavity modes. The resonance
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modes in the top a-Si cavity (blue line) appear at 496 nm (#1) and 591 nm (#3), where the net
phase shift gets zero, indicating the fundamental resonance mode. Similarly, an additional
absorption resonance is observed at 568 nm (#2) inside the middle a-Si cavity (red line). These
resulting resonance wavelengths correspond well with the peak positions in the absorption
spectrum shown in Figure 6.2.4. It is important to note that the relative sharp resonance at 575 nm
could also be resulting from the overlapped resonance near that wavelength in each a-Si cavity
(i.e., top and middle cavities have the resonance at 591 and 568 nm, respectively). The calculated
electric field distribution depicted in Figure 6.2.5 (b) further unveils the reason for the strong
absorption at those resonances as the optical absorption is directly proportional to the electric field
intensity (Absorption = (1/2)ceoon|E(x)|?) [152]. It is obvious that the positions where the field
intensity is highly concentrated in both the top and middle cavities, which correspond to strong
absorptions, show great match with the resonance wavelengths in Figure 6.2.5 (a). Although it is
shown that the electric field intensity at 496 nm (#1) is relatively lower than that at 591 nm (#3),
the absorption performance at 496 nm could be still high due to the large absorption coefficient of
the a-Si material at shorter wavelengths (i.e., 4.71 + i0.65 at 496 nm and 4.33 +i0.18 at 591 nm).
It is noted that even broader and higher absorption efficiency can be achieved by inserting a more

number of stacks to create additional resonances at different wavelengths as shown in Figure 6.2.6.
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Figure 6.2.5 (a) The calculated net phase shift, which includes the two reflection phase shifts and the propagation phase shift, of
both the top and middle a-Si layers as a function of the wavelength. The resonances occur at the wavelength where the net phase
change is zero. (b) Electric field distribution within the whole structure at all wavelengths. The positions where the optical field is
strongly concentrated and therefore the higher absorption is in good agreement with the positions of the multiple resonances in
Figure 6.2.5 (a) as well as the absorption peaks shown in Figure 6.2.4.
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Figure 6.2.6 Calculated absorption spectra for a different number of a-Si/Ag stacks. The absorption efficiency can be improved
with increased stack numbers by creating more resonances in other cavity systems. The specific structures are [12 nm a-Si/30 nm
Ag/24 nm a-Si/80 nm Ag], [11 nm a-Si/32 nm Ag/25 nm a-Si/40 nm Ag/28 nm a-Si/80 nm Ag], and [11 nm a-Si/31 nm Ag/25 nm
a-Si/36 nm Ag/27 nm a-Si/47 nm Ag/28 nm a-Si/80 nm Ag] for 2, 3, 4 stacks of a-Si/Ag, respectively.

Next, we examine the dependence of the absorption efficiency on the thickness change in the top
Ag and the top a-Si layers. In Figure 6.2.7 (2), a calculated 2D contour plot of the optical absorption

as a function of the top Ag film thickness and the wavelength is shown, given fixed thickness of
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the top a-Si layer as 12 nm. The multiple resonances get shifted as the thickness of the top Ag layer
varies, which is a direct consequence of varied reflection phase shifts at the interface between the
top Ag film and the a-Si layer. When the top Ag becomes thinner, the resonances move farther
apart and finally merge into a single resonance in the case that the Ag is so thin that the separation
between the a-Si layers cannot be perceived by the propagating light. As the thickness of the top
Ag film increases, the intensity of the reflected light gets higher, thus leading to a high Q-factor
(i.e., narrow bandwidth with high efficiency). Similarly, the influence of the top a-Si thickness on
both the absorption efficiency and the bandwidth is also investigated with the top Ag fixed at 30
nm as shown in Figure 6.2.7 (b). The multiple resonances are separated when reducing the
thickness of the top a-Si film as the resonance is created at shorter wavelengths with decreased
cavity layer thickness. In contrast, with increased thickness of the top a-Si layer, the multiple
absorption peaks get closer since the resonance inside the top a-Si film moves toward the longer
wavelength range, where the resonance of the middle cavity exists as analyzed above. From this
investigation, it is found that the optimal thicknesses for the top Ag and the top a-Si are 30 nm and
12 nm, respectively, in order to achieve the highest absorption performance.
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Figure 6.2.7 The dependence of the thickness of (a) the top Ag and (b) the top a-Si on the optical absorption characteristics. Both
the absorption efficiency and the bandwidth vary with the top a-Si-Ag stack thickness and the highest absorption efficiency is
achieved when the top Ag and the top a-Si layers are designed to be 30 nm and 12 nm, respectively.

Simulated and measured angular dependences for both TE and TM polarizations are shown in
Figures 6.2.8 (a) — (d), respectively. The resulting angle resolved absorption spectra of the
fabricated device are measured by the spectroscopic ellipsometer (M-2000, J.A. Woollam) at the
angle of incidence ranging from 45<to 70 exhibiting good agreement with the simulation. A
highly efficient absorption characteristic encompassing the wavelengths from 400 nm to 650 nm
is accomplished over a wide range of incident angles up to 270< Note that the bandwidth of the
optical absorption of our proposed absorber is limited to some extent as it is difficult for the a-Si
material to capture wavelengths beyond 650 nm due to its band gap. We also note that the range
of the absorption could be broader by utilizing either low band gap semiconductors or lossy metals.
The angle insensitive performance could be explained by the fact that the phase shift accumulated
during the propagation through the ultrathin a-Si layer is almost insignificant because the a-Si film
thickness is much thinner than the wavelength of incident light [108, 109, 146, 148, 207-209].
Such an angle robust functionality is greatly crucial for a wide variety of applications, such as PV,

photodetectors, and thermal emitters.
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Figure 6.2.8 Simulated and measured angle resolved absorption spectra for (a), (b) TM and (c), (d) TE polarizations up to 70< The
angle insensitivity of the proposed broadband absorber is enabled by the negligible propagation phase accumulation within the
ultrathin a-Si layers, showing a flat dispersion curve.

Finally, we explore the possibility of applying our strategy to tandem PV cells. Figure 6.2.9 (a)
depicts the schematic diagram of the tandem-mimicking ultrathin a-Si PV that can be realized by
placing our proposed broadband absorber structure onto the 1TO-glass. It should be noted that
efficient hole and electron transporting layers, such as vanadium pentoxide (V20Os) and indene-
C60 bisadduct (ICBA), need to be inserted for this structure to operate as the PV device with a
better band alignment as discussed in the previous works [109, 146]. In Figure 6.2.9 (b), simulated

absorption spectra in top (black) and middle (red) a-Si photoactive layer are shown. When the
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device is illuminated from the ITO-glass side, the top cell (#1, a-Si = 13 nm) mainly harvests the
shorter wavelengths (i.e., blue ranges), while the middle cell (#2, a-Si = 31 nm) strongly absorbs
the green spectral regions, thereby spanning a broad range of visible wavelengths toward high PCE.
We note that the absorption beyond 650 nm is limited by the a-Si material. The calculated Jsc
values in each cell are found to be 5.62 mA/cm? (#1) and 5.64 mA/cm? (#2), respectively, using

the following equation:

800 nm e/
Jsc = f

400 nm fic OEA) Lim1 s(A)dA

where e, h, 1 and c are elementary charge, Plank constant, wavelength, and speed of light,
respectively. lam15(2) is AM 1.5G solar radiation spectrum. We assume that QE(Z) is equal to the
optical absorption spectrum in the photoactive layer (i.e., internal quantum efficiency is 100%).
Since the photoactive layer whose thickness is much thinner than a carrier diffusion length of the
a-Si material is used in our design, 100% of internal quantum efficiency would be good
approximation due to a nearly negligible charge carrier recombination [109, 146]. Figure 6.2.9 (c)
exhibits the calculated absorption spectra in the photoactive layer of our proposed tandem PV cell
together with the single layer based PV device with the same active layer thickness (total a-Si =
44 nm). It is clear that the spectrum broadening mechanism with the multiple resonances allows
the absorption property of the tandem PV device to be significantly enhanced, which can result in
a PCE of 4.50%, more than twice higher than the PCE of the PV cell with the single photoactive
layer (2.12%). These PCE values are estimated with the assumed 64% FF and Vo 0.60 V and 0.65

V, all of which were taken from our previous work [109].
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Figure 6.2.9 (a) A schematic representation of the proposed tandem-mimicking ultrathin a-Si PV device, which could be made on
ITO-glass. (b) Simulated absorption spectra in both top (black) and middle (red) a-Si photoactive layers along with the calculated
corresponding Jsc values. The top cell (#1), which has the thinner thickness than the middle cell (#2), primarily captures the shorter
wavelengths of solar radiation, while #2 harvests the green portion of solar energy, thus being able to achieve the broadband
absorptions for high efficiency. Note that it is difficult for the a-Si material to absorb the longer wavelengths beyond 650 nm due
to its band gap. (c) Simulated absorption spectra in the photoactive layer of the tandem-mimicking a-Si PV cell and the single a-Si
layer based PV, both of which have the same total photoactive layer thickness, clearly exhibiting that our proposed tandem approach
can significantly boost the absorption in the photoactive layer, thereby leading to higher PCE. Js is calculated assuming that the
internal quantum efficiency is 100 % and both FF and Voc are taken from our previous work to estimate the efficiency.

6.3 Ultrabroadband Absorbers Employing Gradient-Index Multilayers

Due to the absorption capability of a-Si in the above design, the structure absorbs only a limited
portion of solar energy. We proposed another novel design that can efficiently harvest the whole

wavelength range of sun radiation (up to 2000 nm) with the average absorption ~98%.
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Figure 6.3.1 (a) The schematic diagram of the proposed efficient ultrabroadband absorber. (b) The simulated and the measured
absorption of the proposed absorber targeted for 400-2000 nm range (Film stack 1). (c) A photograph of the fabricated absorber
device under normal incidence.

Figure 6.3.1 (a) depicts a schematic diagram of the proposed ultrabroadband and omnidirectional
absorber where four thin dielectrics and semiconductors are placed on top of an optically thick
metallic substrate. Multiple resonances in each dielectric and semiconductor film at different
wavelengths are established, and the overlap of these resonances enables broadband absorption up
to 2 um, which is much longer than the state-of-the-art solar thermal absorber [200, 201, 205],
especially than that (400 nm to 1.4 pm) reported in ref. [200]. It should be noted that the bandwidth
can be further widened by inserting more semiconductor—metal stacks, which will be discussed in
the later section of this paper. To achieve highly efficient absorption characteristics over a broad
range of wavelengths, an absorptive metal with a high refractive index and extinction coefficient
is selected as the bottom metal layer. Although Cr is chosen for the demonstration in our work,
other absorptive metals, such as Ti, iridium (Ir), tungsten (W), Ni, or their alloys can also be used
(see Figure 6.3.2) to attain a similar property. Reflective metals, such as Ag, can also be utilized
as the substrate if the absorption needs to be mostly confined within the semiconductor layers,
which is required by PV applications (see Figure 6.3.3). Considering the absorption A =1—R —

T with R being the reflectance and T being the transmission, the bottom metallic film is designed
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to be thick enough (>100 nm) to block any transmitted light so that a perfect absorption property
is equal to a zero-reflection property in our system. Four dielectric and semiconductor layers, Ge,
Si, TiO2, and magnesium fluoride (MgF.), are subsequently deposited on top of the metallic
substrate to create a graded index profiled stack that produce the AR effect, while highly absorbing
materials (i.e., Si and Ge) are responsible for the strong absorption at shorter wavelengths. It is
important to mention that other dielectric materials with a similar optical constant can be utilized
to replace TiO:z (e.g., by hafnium dioxide (HfO.) or tantalum pentoxide (Ta20Os)) and MgF: (e.g.,

by SiO; or yttrium lithium fluoride (YLiF4)), which is given in the Figure 6.3.4.
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Figure 6.3.2 The absorption spectra of the 5-layer structure with various alternative metals. Similar high efficiency absorption can
be achieved with different absorptive metals. The slight degradation of absorption spectra for Ni at long wavelengths is due to the
weak index mismatch of the graded layers.
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Figure 6.3.3 The absorption spectrum of the proposed structure with the bottom absorptive layer replaced by reflective metals, here
Ag, which is potentially applied for the PV applications to make the absorption mostly confined within the semiconductor layers.
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Figure 6.3.4 The absorption spectra of the 5-layer structure with different alternative materials of intermediate layers. Anti-
reflection result, which is equal to the high absorption here without any transmission, can be achived as long as the refractive
indices are graded from bottom to top, which provides more freedom for our designs.

For many solar-related applications, such as PV, thermoPV, solar-thermal energy conversion, and
solar control glazing windows, achieving high-efficiency broadband absorption characteristics

over the full solar spectrum, spanning from UV to NIR, is highly desired. Targeting at the best
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absorption behavior over the broad wavelength ranges from 400 to 2000 nm, the required
dimension parameters of the device structure are designed by the transfer matrix method. The
thickness of each layer is found to be 118, 56, 32, and 33 nm for MgF», TiOg, Si, and Ge layers on
the thick Cr metallic substrate. In the device fabrication, the stack was successively deposited by
e-beam evaporation with the substrate kept at 150 <C to obtain dense films. Figure 6.3.1 (b) shows
the calculated and measured absorption spectra of our proposed device at normal incidence,
showing great agreement with each other. The average absorption from the simulation and the
experiment for wavelengths from 400 to 2000 nm is 95.37% and 97.76%, respectively, both of
which show very high absorption efficiency. The slight discrepancy between the measured and
calculated results is primarily due to the refractive index values for both Cr and Ge materials,
which are sensitive to the preparation condition and quite different from the bulk data in the
literature [210]. We should also note that our device design can be modified to apply to areas such
as aerospace applications (e.g., to eliminate stray light) and consumer electronics applications of
visible-IR detections, all of which require the perfect absorption of wavelengths from 400 to 1200
nm. This can be easily enabled by slightly decreasing the thickness of each layer, which moves the
resonances toward the shorter wavelength region (see Figure 6.3.5). Figure 6.3.1 (c) presents a
photograph of the fabricated device taken at normal incidence, showing a totally black appearance

due to the broadband absorption behavior.
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Figure 6.3.5 The simulated and measured absorption of the proposed absorber based on the 5-layer structure targeted for 400-1200
nm range. The calculated average absorption across 400-1200 nm region is up to 99.14% while the measured average absorption
reaches 98.90%.

We also explored the angular dependence by both simulation and experiment. The calculated and
measured angle-resolved absorption spectra under unpolarized light illumination are displayed in
Figure 6.3.6 (a) and (b), obviously presenting a high angular tolerance feature up to 60 “with little
variation of the absorption efficiency. To clearly see the effect of the incidence angle beyond 60
on the absorption efficiency of our device, the average absorption efficiency for both the
simulation and the experiment is plotted as a function of the incidence angle ranging from 0<to
70< as shown in Figure 6.3.6 (c). It is clear that the average absorption of our design varies very
little up to 40< while the average absorption efficiency gradually decreases as the incidence angle
(greater than 409 increases further. It is shown that less than a 5% decrease of the average
absorption can be kept up to 60< The optical absorption efficiency is still higher than 80% even at
a very large angle (70). Figure 6.3.6 (d) exhibits optical images of the fabricated device taken
under indoor ambient light illumination (unpolarized light) at three different angles up to 60<

clearly showing a black color with negligible reflection. Clearly, the absorber shows a robust
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angular insensitivity property, which is attributed to the broad resonances. In addition, the designed
absorber structure consists of two semiconductors with a high refractive index (i.e., Ge and Si),
which can lead to a very small angle of refraction into the structure by Snell’s law (nising; =
n2sinéy) at IR ranges [15, 211]. The strong resonance effects in ultrathin highly absorbing media
(i.e., Ge and Si) appearing at visible frequencies [148], where the phase cancellation effect between
the propagation phase shifts through the ultrathin semiconductor films and the reflection phase

from the metal film, contribute to the angle-invariant characteristics [108, 109].
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Figure 6.3.6 (a) The simulated incident angle resolved spectrum response of the ultrabroadband absorber. (b) The measured incident
angle resolved spectrum response of the ultrabroadband absorber. (c) The simulated and measured average absorption of the
proposed ultrabroadband absorber for Film stack 1 at different incident angles. (d) The optical images of the fabricated absorber
taken with indoor ambient light at oblique incidence of 20°, 40°, 60°. The diameter of the fabricated device is 2 inches.

We also examine why our absorber structure exhibits highly efficient absorptions. As there is no
transmitted light due to the thick metallic substrate, the high absorptions correspond to the low
reflections, which can be studied by the optical admittance (inverse of the impedance) at different
wavelengths [116]. Figure 6.3.7 shows the optical admittance locus of our absorber as the
thicknesses of the different films increase. At long wavelengths, the Ge/Si/TiO2/MgF, combination

forms a typical graded index profile of broadband antireflection coatings for the Cr substrate,
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where the Cr film has the largest refractive index (n > 4, k > 5) at 839, 1175, and 1710 nm. So, the
overall admittance gradually turns small and is finally close to (1, 0), i.e., the index of the incident
medium, air. However, the refractive index of Ge is larger than Cr at short wavelengths of 434,
496, 580, and 686 nm. Thus, it is Ge/Cr, rather than the single Cr layer, that has the largest effective
admittance, and the admittance of the whole structure is reduced gradually to 1 by Si/TiO2/MgF2
layers as AR coatings (ARCs). The graded index profile results in a smaller effective admittance
so as to reduce the reflectance of the whole structure gradually. In Figure 6.3.7, the length of the
black lines (i.e., distance between the termination point and the air) provides a measure of the
reflectance of the structure for some wavelengths and is very small for all cases, which is attributed
to the graded refractive index profile producing the broadband AR effects. The reflectance of the
stack at the corresponding wavelength is calculated by the Fresnel reflection formula and then

inserted at the bottom-left corner of each plot in Figure 6.3.7.
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Figure 6.3.7 The optical admittance locus of the ultrabroadband absorber for Film stack 1 at each peak reflectance wavelengths and
valley reflectance wavelengths. The length of the black line provides a measure of the reflectance of the structure. The reflectance
marked in the figure is calculated by the Fresnel reflection formula with the acquired equivalent admittance.

The ultrabroadband absorption mechanisms are further investigated by studying the main

absorptive layers at different wavelengths. A transition of absorption layers from Si to Cr when
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moving to longer wavelengths is clearly identified. Since the upper TiO2 layer and MgF2 layers
are lossless in the visible and NIR range, they do not contribute to the absorption but act as the
graded index layers for the AR and assist in additional resonances. The absorption takes place in
the three lower layers, Si, Ge, and Cr layers, particularly at shorter wavelengths. The absorption
distribution profiles of the proposed structure at different wavelengths are shown in Figure 6.3.8.
Intuitively, as the wavelength increases from the visible to the NIR, the main absorption layers
change from Ge/Si layers, to a Ge layer, then to Cr/Ge layers, and eventually to a Cr layer only.
This can be easily understood by examining the refractive indices of the layers at various
wavelength ranges. From the refractive indices given in Figure 6.3.9, we can see that the extinction
coefficient of Ge and Si is relatively large from 400 to 500 nm, which makes the Ge and Si layers
the main absorption layers within a short wavelength range. As the wavelength increases, the
extinction coefficient of Si decreases while that of Ge still remains high, which results in only the
Ge layer contributing to the absorption. When the wavelength is longer than 750 nm, the extinction
coefficient of Ge decreases while Cr becomes more absorptive with a higher extinction coefficient;
thus, the main absorption layers turn to both the Cr layer and the Ge layer. When the wavelength
further goes beyond 1200 nm, Ge becomes transparent; therefore, the absorption occurs only
within the Cr layer. On the basis of results in Figure 6.3.8 together with those of Figure 6.3.7, each
of the absorptive materials is responsible for the prefect absorption at specific wavelengths forming
the overlapped absorption, whereas the various resonances within corresponding transparent layers
on top of those lossy media help to enhance the absorption by increasing the transmission into the

absorptive layers with graded indices.
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Figure 6.3.8 The layer absorption distribution profile of the ultrabroadband absorber for 5-layer structure at different wavelengths,

showing the shift of absorption layer from Si to Cr with increasing wavelength.

(a)

54

Wavelength (nm)

1 e N (CT)
/ n(Ge)
—(S1)
1 R(TIO2) e
m— (Mg F2)
500 1000 1500 2000 2500

(b)

8
7

\.

——K(Cr)
k(Ge)

—k(Si)
k(TiOz)

e k(MgF2)

T
500

T
1000

T
1500

T
2000

Wavelength (nm)

2500

Figure 6.3.9 The optical constants of the material used in the simulation. The data of Cr comes from Palik while other materials
were obtained by spectrometry method or ellipsometry method.

On the basis of the explanations including the antireflection effect in Figure 6.3.7 and the tandem

absorptive materials aimed for a specific wavelength region in Figure 6.3.8, the physical origin of

the ultrabroadband absorption of our design is further elaborated here. A simplified film stack

composed of the thick chromium layer and the ARCs is described in Figure 6.3.10 (a), where the

extinction coefficients of Ge and Si are assumed to be zero, while the optical constants of TiO>

and MgF. remain invariant, as shown in Figure 6.3.9. By adding the ARC, the reflectance of the
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device is significantly reduced compared with that of the single thick chromium layer, as shown
by the red dotted line. For the wavelengths beyond 1200 nm, the reflection remains the same
whether Si and Ge are assumed absorptive or not, which means that the reflection valley at 1710
nm is caused only by the antireflection effects on the absorptive Cr layer. Besides, the reflectance
for the 600-900 nm region and the 400-600 nm region can be greatly suppressed when the non-
absorptive hypothetic material is substituted by the actual Ge and Si with absorption, as seen by
the blue and green dotted lines, respectively, verifying the tandem absorption property in Figure
6.3.8. Moreover, we investigate net phase shifts to explore the absorption resonances induced by
Ge and Si layers, shown in Figure 6.3.10 (b). As can be seen from the figure, the resonances in
each cavity layer, where the net phase shift is equal to a multiple of 2z, correspond to the absorption
peaks in Figure 6.3.1 (b). Note that although the ultrathin highly absorbing media are much thinner
than the quarter wavelength of incident light (h << A/4n, where h denotes the thickness of the
spacer, 4 is the resonant wavelength and n represents the refractive index of the spacer), the
nontrivial phase shift associated with the reflections from the interface between semiconductor
(air) and non-ideal metals (i.e., finite conductivity) makes up the difference [148]. The positions
of the resonances are indicated as the intersection of the dashed and solid lines, all of which
correspond exactly to the valley in the reflection spectrum (red scatter line). It is obvious that
creating the resonances in different semiconductor materials at different wavelengths (i.e.,
overlapped resonance behavior) leads to a very strong absorption that corresponds to the reflection
dip. For example, the reflection valleys near 434 and 580 nm, which are represented by (1) and
(2), respectively, result from the strong resonance absorption of the Si layer. At the long-
wavelength region near 1710 nm (4), where all semi-conductive and dielectric layers turn

transparent, the resonances within the Ge and Si layers indicating the strong absorption of the
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single Cr substrate are achieved by the enhanced transmission resulting from those resonances
within transparent layers, i.e., antireflection effects. Similarly, the reflectance dip at 839 nm (3)
resulted from the antireflection effects induced by the Si/TiO2/MgF stack and the correspondingly
enhanced absorption within the Ge layer, which can be seen in Figure 6.3.10 (a). So the resonances
of the tandem structure comprising diverse absorptive materials and the antireflection property

arising from the graded index profile structure both contribute to the ultrabroadband absorption

with high efficiency of this structure.
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Figure 6.3.10 (a) The reflectance of the proposed structure with different materials: practical absorptive materials or non-absorptive
hypothetic materials. ARC: Ge/Si/TiO2/MgF2 where the extinction coefficients of Ge and Si is set artificially while the optical
constants of TiOz2 and MgF2 remain invariant as shown in Figure 6.3.9. (b) The net phase shift in each absorptive layer of Film
stack 1 and the corresponding reflectance curve. The resonances indicated by the phase shift curves (the net phase shifts are equal
to the multiple of 2x) are in great consistency with the reflection dips.

For the solar-harvesting energy applications, it is highly desired for the solar absorbers to fully
cover the solar spectrum up to 2500 nm, which can be accomplished by inserting additional
semiconductor-metal stacks. Figure 6.3.11 (a) presents a schematic representation of the device,
which has an additional cavity (Ge) whose resonance appears at 2200 nm, showing a much-
improved absorption bandwidth (2.1 um). The required dimensions of the film stack 2, [Cr(200
nm)/Ge(52 nm)/ Cr(21 nm)/Ge(33 nm)/Si(34 nm)/TiO2(57 nm)/MgF2(111 nm)], is optimized to

achieve the broadest bandwidth with highly efficient absorptions. By placing additional Ge-Cr
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layers in the five-layer stack, a new resonance is created at longer wavelengths, leading to an even
broader bandwidth. The calculated and measured absorption spectra are plotted in Figure 6.3.11
(b), showing the efficient absorption across the entire band of 400-2500 nm with the measured
average absorption of 96.82%, which agrees well with the simulated value of 96.71%, implying a
great improvement over the state-of-the-art solar thermal absorber, especially that in ref. [200],
showing ~85% absorption. The efficient absorption bandwidth is dramatically expanded with a
new reflection dip appearing, as shown in Figure 6.3.11 (c), which arises from the additional
semiconductor-metal stack. Figure 6.3.11 (d) shows the calculated absorption bandwidth and the
average absorption efficiency as a function of the number of Ge-Cr pairs. We should note that the
band edges correspond to the wavelength positions where the absorption efficiency is no lower
than 90% and the minimal band edge is kept at 400 nm, which means the results shown in the
figure are the maximal band edges. It is clear that increasing the number of Ge-Cr pairs enables
the absorption property to be further broadened, while still preserving the high absorption
efficiency (>93%). It is thus expected that a much broader absorption characteristic up to 3.5 um
or even more can be achieved by inserting more stacks of semiconductor—metal layers, thereby

opening the door to a multitude of new applications.
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Figure 6.3.11 (a) The schematic diagram of the improved ultrabroadband absorber with 7 layers by inserting Ge/Cr layers. (b) The
simulated and measured absorption of the improved 7-layer absorber. (c) The calculated reflectance spectra of the 7 layers film
stack. One additional reflection dip is created by the inserted Ge/Cr pair as compared to 5-layer structure as shown with the circled
valley reflectance. (d) The relationship between the absorption characteristic and the number of Cr/Ge pairs, and it indicates that
the absorption band can be broadened by 500 nm after inserting every additional Cr/Ge pair.

6.4 Conclusion

In summary, we have shown wide-angle, polarization-independent ultrathin broadband absorber
utilizing the multi-cavity resonance effects based on two different configurations. Both designed
structures are simply composed of very few layers and any complex fabrication process (e.g.,
lithography and etching) is not required to fabricate the device. All these advantages are highly
desired in various applications including, such as on-chip multichannel filters, solar-thermal

harvesting, light detecting, and imaging. In addition, considering both designs already involve
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semiconductor media, they can be potentially applied to PV cells by inserting efficient hole and

electron transporting layers, and using a transparent electrode, such as ITO, on the top.
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Chapter 7
Lenticular-Lens-Based Colored Antiglare Dashboard

Surfaces

7.1 Introduction

In recent years, vehicles with colored interior decorations, which are appealing to consumers, have
taken a considerable market share [212, 213]. Various materials, such as fabric, leather, and vinyl,
are commonly used for the colored interiors [212]. Although the vehicle interior decorations
improve steadily in the past, the dashboard under the windshield is always black to avoid the issue
of veiling glare. The veiling glare is a ghost image of the vehicle dashboard created by reflection
from the windshield and projected into the drivers’ eyes (Figure 7.1.1). This projected image
disturbs the driver’s visual field and thus creates potential safety issues due to the reduced visibility

of objects ahead [214-219].
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Figure 7.1.1 The definition of the veiling glare effects.

There have been past efforts to design dashboard surfaces that can produce desired colors, and at
the same time, avoid veiling glare. For example, a veiling reduction system which integrates
absorption-type polarizers and reflective color filters beneath has been proposed [220, 221].
However, the brightness of the dashboard is limited by the absorption nature of the polarizer. This
issue can be mitigated by replacing the absorption-type polarizers with reflection type wire grid
polarizers, which both increases the reflection brightness from dashboards and eases the

requirement for the lamination of reflective color filters and polarizers [222].

In this chapter, we report a design based on lenticular lens arrays that can enable colored dashboard,
which shows desirable colors and at the same time, avoids veiling glare [43]. This is achieved by
laminating an alternating absorber/colored stripes underneath a lenticular lens array with specific
dimensions, where the light in the veiling glare range is absorbed by the black strips leaving light
from colored stripes reaching driver’s eye. As an experimental demonstration, a 3.5 cm %3.5 cm

size sample with the lens pitch of 50 um is fabricated by using thermal imprinting, which represents
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a low-cost manufacturing method [223-225]. Due to the small period of the fabricated lenses, the
lens array can be potentially extended to a display system with high resolution if replacing the

stripes with active light emitting devices.

7.2 Design Principle and Results

A simplified windshield-dashboard system is depicted in Figure 7.2.1 (a). The rake angle 4 of the
dashboard system, which is defined as the angle between the windshield and the dashboard, ranges
from 25<to 35 <for different vehicle models. The rake angle plays an important role affecting the
veiling glare as the reflectivity increases with the incident angles of light onto the windshield glass
according to the Fresnel equations as plotted in Figure 7.2.2. Light reflected from the windshield
into drivers’ eyes cause the veiling glare. In practice, the driver usually has a viewing angle ¢ of
+15°with respect to the horizontal direction (Figure 7.2.1 (a)). It is the reflected light falling into
drivers’ viewing angle that produces the veiling glare. Here, the positive value ¢ (designated as ¢1
in the plot) corresponds to the light coming from above the horizontal direction, while the negative
o (i.e., p2) from below. Veiling glare becomes a serious issue if the dashboard is not covered with
black absorbing material, as one experience when placing a piece of white paper on the dashboard,

which causes strong reflected light into the driver’s eyes.

105



normal

Dashboard

Figure 7.2.1 Veiling glare angular range calculation with rake angle 8 and the direction of light rays from windshield ¢. (a) A
schematic diagram draws a relation between reflection angle from dashboard y and 6, ¢ as y = 26 + ¢. (b) Veiling glare range for
vehicles with different rake angles varies between ymin = 20 — 15°and ymax = 26 + 15°with 6 ranging from 25<to 35< The whole
veiling glare range lies in the right half plane with respect to the normal of the incident plane.

The veiling glare angle y is the angle where the reflected light from dashboard will enter the view
field of drivers, leading to a veiling glare. It is related to the rake angle 8 and the viewing angle ¢
as y = 260 + ¢. Considering drivers’ viewing angle ¢ of #15< the veiling glare angular range is
calculated to be ymin = 26 — 15°t0 ymax = 26 + 15< Considering the value of 6 (from 25°to 359, y
lies in the right half plane as shown in Figure 7.2.1 (b). For an anti-glare dashboard, the reflection

needs to be suppressed in the angular range between ymin and ymax.
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Figure 7.2.2 Reflectance of the air and windshield glass interface dependence on incident angles. The ambient light of daily driving
environment can be regarded as unpolarized. The Brewster’s angle for the p-polarization corresponds to an angle where reflectivity
is zero. The refractive index of glass here is selected as 1.5 without dispersion.

Lenticular lenses are cylindrical periodic lens arrays that provide different magnified images at
different angles. They are commonly integrated in 3D printing and electronic displays to create
special visual effects (e.g., animation and depth of illusion) by controlling light propagation with
curved shapes [226-231]. By using lenticular lenses, different images are observed with different
viewing positions. As illustrated in Figure 7.2.3 (a), if lenticular lens array is placed on top of
alternating colored stripes, the bright colored (yellow) stripe can be viewed on the left side with

respect to the normal, while the dark color can be observed from the right half.
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Figure 7.2.3 Physical explanation of the light guidance property of the lenticular lenses. (a) Different images can be observed when
viewed from different angles and this contributes to the various visual effects created with the lenticular lens array. (b) Analysis of
the dimension of a single lenticular lens. The thickness of the lens d can be expressed with the refractive index n and the radius R
asd =nR/ (1 — n). (c) Schematic of refraction of light rays coming from the bottom side. The Light from the colored area will be
directed to the left half, and the light from the dark area is refracted to the right.

The property of the lenticular lenses can be simply explained using the ABCD transfer matrix

method. The transfer function M of a single lenticular lens is [117]:

d
1 0 1 0 1 2
M_<—1J n) (0 1) <0 l>_ n-1 1-n]"’ (7'2'1)
R o\ l-dog

where d is the thickness of the lens, n is the refractive index of the lens constituent material, R is

the radius of the curved dome. R is a negative value when light coming from the bottom side

(Figure 7.2.3 (b)). The three matrices in the calculation of 3, from right to left, correspond to the
light refraction at the interface between the air and the flat bottom plane of the lens, light
propagation within the lens, and the refraction between the top dome and the air, respectively. It
should be noted that Equation 7.2.1 is valid in cases where the curvature of top surface is relative
small compared to the thickness of the lens. More accurate analysis can be performed with ray-
tracing method, which will be discussed later. Based on Equation 7.2.1, the bottom and top focal
lengths f1 and f2 can be obtained as
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For a typical lenticular lens, the bottom focal plane overlaps with the flat bottom plane of the lens,
i.e., ft = 0. Based on this condition, the thickness d is related to the radius R and the refractive

index n as

d=—. (7.2.3)
Since the bottom plane is a focal plane, light coming from the same point on this plane will exit
the lens in parallel. Moreover, as depicted in Figure 7.2.3 (c), the light rays from a random point
in the colored area will be refracted into the left half space, and light from any position within the

dark area will go into the right plane. This illustrates the control function of the light propagation

with lenticular lenses shown in Figure 7.2.3 (a).

As analyzed above, when colored stripes are correctly placed underneath the lenticular lens array,
light rays from different areas are directed into different angular range (Figure 7.2.3 (c)). If the
black area in Figure 7.2.3 (c) is coated with light absorbing materials, while the yellow colored
area is coated with any colored reflective materials, the out-coming light from the bottom of a
single lens itself is always refracted in the left half plane, which is out of the veiling glare range

defined in Figure 7.2.1 (b). This satisfies the aforementioned anti-glare design criteria.

Additional considerations need to be taken into account when using an array of lenses to cover the
dashboard. As illustrated in Figure 7.2.4 (a), light from the colored stripes can also be refracted
into the right half plane by the adjacent lenses. By ray-tracing the left- and right-edge positions of
the colored stripes, the conditions to avoid veiling glare are o > ymax and B < ymin, Where « is the
minimal refracted angle by the single lens itself for light rays coming from the colored stripe

(corresponding to the light coming from the left-edge point of the colored area), £ is the maximal
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angle of refraction by the adjacent lens for colored light rays (corresponding to the light coming
from the right-edge position of the colored stripe), and ymin, ymax define the veiling glare range as
shown in Figure 7.2.1 (b). By adjusting the position and width of the area of the substrate

underneath the lenses, the anti-glare condition is

o = arctan (az _]:ZV 7 2) 2 Pmax (7.2.4)
b= arctan(a,lfﬁ) < Pmin (7.2.5)

where f; is the focal length, w the period of the lenticular lens array, a; and a. the distances from
the right and left-edge points of the colored stripe to the right edge of a single lenticular lens,

respectively.
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Figure 7.2.4 Design criteria for lenticular lens array. (a) Analysis of anti-glare conditions for lenticular lens array. Two extreme
positions on the dashboard are used to analyze the veiling glare range. « is the minimal refracted angle by the single lens itself for
light coming from the colored stripe (corresponding to the light coming from the left-most point of the colored area within one
period), § is the maximal angle of refraction by the adjacent lens for colored light rays (corresponding to the light coming from the
right-most position of the colored stripe within one period). (b) Maximal and minimal radius |R| of the curved dome dependence
on rake angle 6. The minimal value is determined by the lens geometry |R| >w /2, and the maximal value of |R] is fixed according
to Equation 7.2.6 with a, > a, . (c) Position and width of the colored stripes when |R| = w /2 =25 um. (d) The relation between the

refractive index of material n and the rake angle 4. The position and width of the colored area are fixed as a1 = 7 um and a2 = 27
pm.

An additional consideration is to make the width of the single lens beyond the resolution capability
of human eyes and the lens curves cannot be perceived by our eyes. According to the Rayleigh
criterion [117], the finest feature which naked eyes can resolve at viewing distance of L = 25 cm

is Lsingd = 1.22L1 / D =56 um, considering the wavelength of visible light (A ~550 nm) and the
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pupil diameter (D ~3 mm). Assuming a = ymax and S = ymin, the largest width of the colored stripe

can be obtained from Equation 7.2.4 and 7.2.5 as

_ [R| 1 1

Q- =W+ n—1 (tan(]}max) ) tan(]}min)) (726)
_ [R| 1 1
=50+ 0.54 (tan(ymin +30°) - tan(ymin)) '

where f> = |R| / (n —1), w = 50 pum, refractive index n is set as 1.54 considering that cyclic olefin
copolymer (COC) is used for lenticular lens fabrication, and ymax = ymin + 30°as y = 26 + ¢ with ¢
of £15< As depicted in Figure 7.2.4 (b), Equation 7.2.6 sets the upper limit of the radius from the
condition that a2 > a1, while the smallest radius is |R| = w / 2. When the radius is set as the minimal
value, i.e., |R| =w/2, the colored strip has the largest width a, — ai, which will provide
correspondingly highest brightness, according to Equation 7.2.6. Figure 7.2.4 (c) plots the
dependence of the largest width of the colored stripe on the rake angle 4 varying from 25<to 35°
with Equation 7.2.4 — 7.2.6. It should be noticed that other values within the range calculated in
Figure 7.2.4 (b) can be selected for |R|, and the satisfactory values of a; and a, can be obtained
based on Equation 7.2.4 and 7.2.5. Finally, the lens material is not restricted to COC, but can be
other polymeric films. Figure 7.2.4 (d) shows the dependence of the refractive index on the rake
angle if we assume a; = 7 um and a2 — a1 = 20 um, which is the calculated result at # = 35<in
Figure 7.2.4 (c) and will also be used for the simulations. All the variations of |R|, the colored

stripe width a» — a1, and n provide more freedom for further designs.

As a specific example, the following parameters are used for detailed discussions: the radius |R]
and the period w are set as |R| =w /2 =25 um so that the curved top surface is exactly a semi-
cylindrical one and the thickness of the lens is determined as d = 71 um with Equation 7.2.3. The

refractive index of the lens material COC is 1.54. Besides, the position of the colored area is fixed
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with a; = 7 um and a2 = 27 um, which means the colored area is 20 um wide and satisfies the
conditions of Equation 7.2.4 — 7.2.6, and the rake angle is assumed as 8 = 35°corresponding to

ymin = 55°and ymax = 85 respectively.
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Figure 7.2.5 Reflection investigation of the designed lens. (a) Designed lenticular lens for the simulation. The reflective area is
simulated with the ‘Mirror’ boundary conditions, which will reflect all light rays incident on it. (b) Dependence of a (the minimal
refraction angle by the single lens itself, black solid circles) and g (the maximal refracted angle by the adjacent lens, blue triangles)
on incident angles. Some portion of light will go into the veiling glare range, which is the range between black and blue dashed
lines in the plot with ymin = 55°and ymax = 85< due to the aberration of the lenses. (c) Dependence of a (the minimal refraction
angle by the single lens itself, black solid circles) and 8 (the maximal refracted angle by the adjacent lens, blue triangles) on incident
angles of the optimized lens. All light rays are controlled out of the veiling glare range and the veiling glare is further reduced.

We use the design summarized above for further simulations using ray-tracing software (Zemax,
Zemax LLC). All the parameters are shown in Figure 7.2.5 (2) and the ‘mirror’ boundary condition,

which reflects light with ~95% efficiency, is used to simulate the reflective colored area. The unit
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cell with a 50 um pitch consists of a semi-cylinder with the radius of 25 um atop and a cuboid
beneath. The length along the lens lines can be randomly selected as we assume it is infinite. The
lens is made of COC material with a refractive index around 1.54. Multiple incident light sources
are set above the lens array to cover the unit cell for collecting the reflection angle data at different
incident angles (from 0°to 70° with an increase step of 10. Figure 7.2.6 shows the light
propagation paths after incident on the designed periodic structure from different angles. The
minimal refraction angle by the single lens itself « and the maximal refracted angle by the adjacent
lens g are highlighted in selected angles, and they are summarized in Figure 7.2.5 (b). Since the
simulated structure is based on the theoretical predictions, which assumes the top curvature is very
thin, aberrations will occur for light ray incident on the very edge part of the lens. As a result, some
light reflected from the reflective area will fall into the veiling glare range (ymin = 55°and ymax =
859, which can be seen by the dots inside the dashed line range in Figure 7.2.5 (b). At some
incident angles, the data for « and g are missed because those light rays get absorbed by the

absorber beneath as shown in Figure 7.2.6 (4) — (8).
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Figure 7.2.6 Trace of light rays from different incident angles of the initial designed lenticular lens (thickness d = 71 pm). (1) — (8)
correspond to incident angles from 0=to 70< respectively. As analyzed above, the out-coming light is refracted by both the single
lens itself and the adjacent lens. Due to the aberrations from the cylindrical shape of the lens, the refracted light will fall into the

veiling glare range at some incident angles.
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Practically, the aberrations can be relieved efficiently by slightly reducing the lens thickness. When
the lens thickness d is decreased from 71 um to 61 um, all light coming back from the reflective
area beneath are well controlled out of the veiling glare range as illustrated in Figure 7.2.7 and
7.2.5 (c), which efficiently reduces the potential veiling glare after the lens sample being installed
in the vehicles. Similarly, those missed data (e.g., from 30°to 70<incident angles) are due to the
absorption of the absorber areas. Here, we only consider the case where the drivers are viewing
from the middle of vehicles. The definition of veiling glare angular range can also be extended for
situations where light rays come from the side with the effective rake angle 4 in the incident plane
as shown in Figure 7.2.8. Then following the design criterion for removing the veiling glare o >
ymax and S < ymin, Satisfactory lens parameters can be obtained with Equation 7.2.4 — 7.2.6 and
veiling glare can be removed by orientating the lens array on the dashboard with the lens length

perpendicular to the incident light direction.
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Figure 7.2.7 Trace of light rays from different incident angles of the optimized lenticular lens (thickness d = 61 pum). (1) — (8)
correspond to incident angles from 0<to 70< respectively. By reducing the thickness of the lens to d = 61 um, the aberrations are
greatly reduced, and all refracted light at various incident angles are controlled out of the veiling glare range.
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Figure 7.2.8 The schematic diagram for removing the veiling glare of light coming from the vehicle side. The drivers’ viewing
angle ¢ remains as #15<and the lenses are well orientated so that the lens length is perpendicular to the incident light direction.
Veiling glare due to light rays coming from the vehicle side can also be removed by orientating suitable lenticular lens array with
the lens length perpendicular to the incident light direction. Here, effective rake angle 6’ refers to the angle between the windshield
and dashboard in the incident plane and the satisfactory lens parameters can be obtained with Equation 7.2.4 — 7.2.6 based on the
corresponding veiling glare angular range (defined by ymin = 26" + @2 and ymax = 26" + ¢1).

Traditionally lenticular lenses can be manufactured via hot melt extrusion using extrusion drums,
and such drums are typically made by diamond ruling method [226, 227]. However, the typical
commercial lenticular lens has period of 250 um, which cannot satisfy the design criteria described
above. We used thermal imprinting method to fabricate the lens array, where the imprinting mold

was made by diamond ruling by using an ultra-precision five-axis machining.

A 5 cm x5 cm size Ni hard mold is fabricated for the thermal imprinting of the cylindrical lens
array. Two 5 mm wide and 29 um deep steps are created at both edges of the mold in order to

control the final thickness of printed polymer lenses (see the illustration in Figure 7.2.9).
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Figure 7.2.9 Preparation of the Ni mold with the precision five-axis planing machine. The diamond tool has an arc tip with the arc
of 170<and a radius of 25 um from Contour Fine Tooling Ltd. 200 pum thick Ni is electroplated onto the thick Al plate as the mold
material since Ni is much softer when compared to Al and Cu considering the sharp diamond tip. Using an ultra-precision five-axis
machining system (Nanotech 350FG, Moore Nanotechnology Systems LLC), two 29 um steps are firstly planed out onto the Ni
layer. Then the semi-cylindrical patterns inversed to the final lenses are created with the semi-circle shaped diamond tool.

COC resin is selected as the imprinting material due to its high tensile strength (~63 MPa) and
modulus (~2.6 GPa), which facilitates handling in the subsequent thin film peeling off and transfer
procedures. 9 Cyclic olefin copolymer (COC 8007, TOPAS Advanced Polymers Inc., Florence,
Kentucky, USA) pellets are positioned on the untreated Si substrate as a 3>3 array of a 2 cm space
and then pressed into a 70 um thick film at 140<C for 8 minutes with 1 ton pressure covered with
a Si superstrate. The superstrate is pre-treated with fluoro-containing monolayers to facilitate the
subsequent de-molding process [232]. After separating the substrate and superstrate, the COC film
stays on the untreated Si substrate due to its higher surface energy. To further reduce the defects,
the film after heat pressing is put into a vacuum chamber at 140<C for 20 minutes. After coating a
silicone releasing layer (OS-20, Dow Corning Corp.) onto the Ni mold, the thermal imprinting is
operated at 140<C for 10 minutes with gradually increasing the pressure to 1 ton using the manual
hydraulic press (Specac Ltd.), which leaves a residue layer around 7 um on the very bottom. So,
the overall thickness is around 61 um (curved semi-circle 25 um + spacer 29 um + residue layer 7
um), which satisfies the simulation design. The microscopic image in Figure 7.2.10 (e) shows that

the imprinted lens array has a period of 50 um.
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Figure 7.2.10 The fabrication process of the lenticular lens array and the alignment with the colored substrate. Due to the
hydrophobic property of the COC, the peeling off and the alignment are done in the water, which guarantees lens sheet to be smooth
and flat. (e) and (f) are the microscopic images of the imprinted lenses and the colored alternating stripe substrate, respectively.

For demonstration, a Si substrate is used to make the alternating absorptive/reflective stripe
patterns using standard micro-fabrication facility. A Si wafer is firstly coated with absorbing
materials consisting of multi-layer structures with chromium/germanium/silicon/titanium
dioxide/magnesium fluoride which provide an averaged absorption >95% across the visible
wavelength range [41, 42]. Subsequently, the colored stripes are fabricated by photolithography
followed by Au deposition. Other colored materials can also be used. Figure 7.2.10 (f) is the
microscopic image of the alternating stripe substrate with a pitch of 50 um and the colored stripe
width of 20 um. Considering the water-repellent property of COC, the peeling-off of the thin lens
is done in the water (Figure 7.2.10 (c)), which keeps the lens sheet flat and smooth. The alignment
of the lens sheet and the absorber/colored stripe substrate is achieved with the help of the morié
fringe. The 7 um offset between the lens and the stripes (i.e., a1 = 7 um) is aligned under the

microscope as shown in Figure 7.2.11 (c). It is worth noting that even 100nm pitch mismatch
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between the lens and absorber/yellow stripe substrate will create the morié fringe which is

described in Figure 7.2.11 (d).

(@)

(d)

Figure 7.2.11 Alignment of the lenses and colored substrate. (a) — (b) Photos of the imprinted lenses and the alternating colored
stripes, respectively. Both periods are 50 um. The yellow stripes (Au) has a width of 20 pm and the width of the absorber stripe is
30 um. (¢) 7 um offset between a lens unit and an absorber/Au stripe unit is achieved under the microscope. (d) The pitch mismatch
between the lens and the substrate will cause the moriéfringe. The left image shows the moriéfringe of a period ~1.25 mm
corresponding to a 2 um pitch mismatch between the lens and the colored stripes. The right image shows the interference fringe
with a period ~2 cm corresponding to a 120 nm pitch mismatch between the lens and the substrate.

As can be seen from Figure 7.2.12 (a), there is no reflection when the sample is viewed from within

the veiling glare range, i.e., the sample renders black, and therefore will not create veiling glare if
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installed onto the dashboard. A small defected area is circled out in the figure due to the local
misalignment which mainly comes from the defects of the lenses during the imprinting/separation
process. On the other hand, when the observing angle is out of the veiling glare range, the sample
turns bright yellow due to reflection from the Au stripes as shown in Figure 7.2.12 (b). Finally,
Figure 7.2.12 (d) shows how the sample functions when it is put on a setup that mimics the
windshield-dashboard in a vehicle (as shown in Figure 7.2.12 (c), the rake angle 6 = 359). Clearly,
the area covered by the sample appears bright yellow on the black dashboard, however there is no
visible veiling glare from the windshield glass (except the small defected area mentioned in Figure
7.2.12 (a)) and we can see through the windshield easily. By comparison, when rotating the sample
on the dashboard by 180< the yellow image from windshield is reflected into our eyes (Figure
7.2.12 (e)), which further validates the design of the sample orientation as illustrated in Figure
7.2.4 (a). Due to the small period (~50 um) of the lens array, the surface appears very smooth and
no lens feature is visible to our eyes (Figure 7.2.12 (a) and (b)). Compared to traditional lenticular
lenses, which typically have ~100 lenses per inch corresponding to ~250 um period [226-228], our
fabricated lenses can even be potentially applied for higher resolution displays when integrated

with active devices such as LEDs.

122



Figure 7.2.12 Demonstrations of samples on the windshield-dashboard setup. (a) and (b) show the final aligned sample when
viewed in and out of the veiling glare range, respectively. (c) presents the windshield-dashboard setup with the rake angle @ = 35°
for demonstration. The sample renders no reflection into the veiling glare range which is consistent with the prediction by the
simulations and doesn’t cause the veiling glare when installed on the dashboard as shown in (d). By comparison, projected image
of the sample on the windshield is clearly observed if rotating the sample by 180<as presented in (g).

7.3 Conclusion

In summary, we demonstrate a lenticular-lens based design of a colored dashboard which
simultaneously offers anti-veiling glare applications. The dashboard surface consists of a 50 um
period lenticular lens array made of COC material covering a surface of alternating stripes of
absorber and reflective colored materials. By accurate design of the lens dimensions, unwanted

light reflection from the bottom stripes are well controlled out of the veiling glare range and
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simultaneously create visual colors to the drivers’ eyes. It is worth noting that the mass production
can be easily achieved by R2R imprinting [233-235]. Moreover, the small pitch design can be

potentially extended to display systems inside vehicle due to its high resolution in the near future.
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Chapter 8

Invisibility Cloak with Image Projection Capability

8.1 Introduction

Since the pioneering work that led to the realization of electromagnetic metamaterials over a
decade ago, invisibility cloaking of an object to incoming waves has been one of the most
appealing possibilities in the metamaterial research community [236]. A scattering cancellation
method has been presented for cloaking a subwavelength object [237]. Transformation optics and
conformal mapping can theoretically hide large objects [236, 238-240]. Following these
fundamental concepts, early works have demonstrated cloaking technologies, mostly in
narrowband of microwave frequencies [241, 242]. By reducing to a two-dimensional coordinate
transformation, a quasi-conformal mapping approach called ‘carpet cloaking’ has been realized in
the microwave, the near infrared, and the visible regions [243-248]. For an ideal cloaking operation
these rigorous theories predict the requirement of extreme material parameters and spatial
anisotropy of cloaking media. More recently, an optical metasurface cloak to a laser illumination
has been realized by manipulating the reflection phase distribution [249]. It is, in general, difficult

to implement cloak structures, particularly in the full visible spectrum. Thus, hiding large 3D
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objects in the full visible wavelength range for practical applications remains a decade-old

challenge.

In recent years, it has been possible to fabricate broadband invisibility cloaks in the full visible
region when the omnidirectionality requirement is abandoned. In these cases, very promising
results have been obtained when the transformation optics was simplified by removing the design
restriction of phase preservation. A polygonal cloak structure made of calcite, which is a natural
anisotropic material, was shown to hide a cylindrical object with a diameter of a few millimeters,
following the study of calcite carpet cloaks [250-252]. In ref. [253], a large object was concealed
in normal incidence by using a cloak structure consisting of isotropic material lenses. A number
of authors have reported various cloak structures consisting of conventional optical components

in the visible region [254-258].

On the other hand, there is a tremendous amount of information such as texts, images, and movies
in our daily lives owing to the significant achievements in the image projection technology [259-
261]. Modern human vision systems such as 3D displays rely on several psychological cues where
overlapping of images, shading, textured gradients are used to create various depth perceptions in
the human brain. However, these image-based devices are often associated with ambiguities and
errors because of the inability to correctly carry the depth profile information. It is suggested in
ref. [259] that in order to achieve the perfect 3D display technology, some novel methods to
generate physiological cues such as binocular display, convergence, and accommodation are
necessary, which to be combined in the imaging system with existing psychological cues described
earlier. To create physiological cues, modern displays often utilize optical elements such as
lenticular lenses, parallax barriers, curved lens arrays, holography, and see-through display

technologies. However, the aspect of optical invisibility cloaking in such imaging systems has
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never been explored. For example, the combination of the cloaking with the imaging systems can
allow an additional degree of freedom for the physiological cues such as used for the realization
of see-through 3D displays and augmented reality technologies that could be beneficial to the

thrust for transparent electronics in the future [262, 263].

In this chapter, we experimentally demonstrate an invisibility cloak where a large object can be
concealed in the cloak structure and any images can be projected on it simultaneously [44]. This
unique functionality can be obtained through the use of one polarization of light for the cloaking
and the other orthogonal polarization for the image projection due to the insensitivity of human

eyes to the polarization. Such approach has never been captured by any other reports in the past.

8.2 Design Principle and Results

Our cloak structure consists of commercially available optical components; polarizers for oblique
incidence (Po,1-4) and for normal incidence (Pn,1), and mirrors (Mz1.4), as shown in Figure 8.2.1 (a).
We regard our structure as a twelve-port device and each port is labeled by 1 to 12. In the
description of the mechanism of our structure below, we consider that the scene behind the cloak
structure is built at the observation point in front of the cloak structure, assuming ideal performance
of each component. The regions of the scene are labeled by I to 1V, and here we assume that
regions | and 1V (11 and I1I) are observed via the horizontally (vertically) polarized light. Due to
the symmetry of the cloak structure, we consider here the half of the structure for the explanation
of the cloak mechanism. To illustrate the image projection capability, one lateral side (port 4) has

the polarizer Pn1 and the other lateral side (port 9) does not have a polarizer for comparison.
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Figure 8.2.1 (a) Configuration of a cloak structure having the image projection capability. The structure consists of polarizers for
oblique incidence (Po,1-Po.4), mirrors (M1-Mas), and a polarizer for normal incidence (Pn,1), where port 4 has the polarizer Pn1, and
port 9 does not have a polarizer for comparison. Labels of transmission coefficients of (b) a polarizer for oblique incidence, (c) a
polarizer for normal incidence, and (d) a mirror for the use in Table 8.2.1. (e) Experimental observation of the cloak structure. The
inset shows the experimental setup. A toy car is placed behind the cloak structure and a cylindrical object is partly inserted in the
cloak structure. The white number “1” or “2” printed on a black paper reversely in the left and right is attached on each lateral side,
port 4 or port 9.

Consider first the unpolarized light traveling in the —y direction from region Il of the scene behind
the cloak structure in Figure 8.2.1 (a). The light is reflected by mirror M into the +x direction.
Here we assume that at ideal obliquely incident polarizers Po1.4, the vertically polarized light is
bent by 90°(Tponyv = 1 and Tpostv = O in Figure 8.2.1 (b)) and the horizontally polarized light
passes straight through (TpopnH = 0 and Tposth = 1 in Figure 8.2.1 (b)). Thus, the vertically

128



polarized light is bent twice at Po 1 and Po2 and then comes out at port 6 via the reflection at mirror
M. Likewise, for the unpolarized light coming from region I, the horizontally polarized light goes
through the two polarizers Po1 and Po2 and comes out at port 5. Other orthogonal polarized lights
coming from areas | and Il go out at port 3 (light paths are not presented). In other words, the scene

behind the cloak structure is built at the observation point through the use of 50% incidence.

Table 8.2.1 Transmission coefficients of the cloak structure of Figure 8.2.1 (a). The cloak structure is regarded as a twelve-port
device and transmission coefficients for six ports are presented due to the mirror symmetry of the structure. Each coefficient in the
table is defined in Figure 8.2.1 (b) — (d). Parentheses (Tj=v,Tj=r) represent transmittances for vertical polarization and horizontal
polarization, assuming ideal performance of each component (Tmj = 1, Tpostj =1 0or 0, Tpopnj = 1 or 0, and Tpo,st,j Tpo,onj =0). 1/0
represents that the transmittance can be changed by polarized light.

Input port
1 2 3 4 5 6
1 _ 0 Tpo,st,ij,j 0 Tpo,bn,ijo,st,ij,j Tpo,bn,jom,j2
(0.1) (0,0) (1,0)
2 0 _ -Epo,bn),j 0 T(po,st,;2 Tpo,st,j(Tpo,t;n,ij,j
1,0 0,1 0,0
3 Tpo,st,ij,j Tpo,bn,j _
Output (0.1) (1.0) 0 0 0
pOft 4 O O O _ leoyl;nij;n'j Tpoy(stijF/)n'j)Tm'j
1/0,0 0,1/0
5 Tpo,bn,ijo,st,ij,j Tpo,st,j2 0 Tpo,bn,ijn,j _ 0
(0.0) (0.1) (1/0,0)
6 Tpo,bn,jZTm,jz Tpo,st,ijo,bn,ij,j 0 Tpo,st,ijn,ij,j 0 _
(1.0) (0,0) (0,1/0)

In our structure, the capacity for another 50% light is used for the image projection. The
information sources “1” and “2” are placed at ports 4 and 9, respectively, which are reversed in
the left and right due to the mirror reflection. Consider the light paths from port 9. The horizontal
light goes through polarizer Po 3 and is reflected by mirror Mz and then goes out at port 7 while the
vertical light comes out at port 8 by a 90<bent at the polarizer Po 3. As a result, we observe “2” in
both regions 111 and IV. On the other hand, from port 4, we observe “1” in only region I by inserting

polarizer Pn1 that allows the transmission of the vertically polarized light. Therefore, the
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information can be projected in any region(s) as desired. Table 8.2.1 shows the summary of light
paths with labels of ideal components defined in Figure 8.2.1 (b) — (d). We comprehend the

mechanisms of the cloaking and the image projection presented above.

The experimental setup is shown in the inset of Figure 8.2.1 (). Our cloak was implemented with
four wire-grid polarizer cubes (89-604, Edmund Optics) and four right angle mirrors (45-595,
Edmund Optics). White numbers “1”” and “2” are printed on black papers reversely in the left and
right, respectively, and these papers are placed at lateral sides. A wire-grid polarizer film (47-102,
Edmund optics) is attached on the black paper having “1”, where the vertically polarized light
passes through. A cylindrical object is placed within the cloak structure, where the cylindrical
object is partly in the concealed region while remaining upper part is exposed outside the cloak
structure. There is a toy car behind the cloak structure and we capture screen shots through a
camera in front of the cloak structure. Figure 8.2.1 (e) shows an experimental observation of the
cloak structure from the camera. The cylindrical object becomes invisible in the cloaking area and
the car behind the cloak structure is observed. We observe “1” in region I and “2” in regions III
and 1V, as we designed. Therefore, the mechanism of our invisibility cloak with the image

projection capability has been experimentally verified for human eyes.

We further investigate the image projection ability, particularly, the placement of the image
projection. We show that an image can be projected at the middle of neighboring regions as well
as each region. As expected from the experimental demonstration of Figure 8.2.1 (e), the text
“CLOAK?” appears at region I (Figure 8.2.2 (b)) by selecting the vertical polarization (Figure 8.2.2
(@), which is directly reflected by the side polarizer Po2, and appears at region Il (Figure 8.2.2 (e))
with the horizontally polarized light going through the polarizer Po2 and being reflected by the

mirror My instead (Figure 8.2.2 (d)). In this experimental demonstration, the wire-grid polarizer
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film (47-102, Edmund optics) was rotated by 90 for the polarization change. The text “CLOAK”
can be projected at the middle of regions I and Il (Figure 8.2.2 (h)) via the horizontally polarized
light for “CL” and the vertically polarized light for “OAK” (Figure 8.2.2 (g)). Therefore, proper
use of polarizers for an image enables the projection in any places on the cloak structure while the

invisibility cloak phenomenon is maintained (Figure 8.2.2 (c), (), and (i)).

N
\ _H-polarizer
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Figure 8.2.2 Image projection ability. The text “CLOAK” appears in region I for (a) — (c), in region Il for (d) — (), and in the

middle of regions | and 11 for (g) — (i). Light paths (a), (d), (9), the image projection (b), (e), (h), and the cloaking (c), (f), (i) are
presented.

The dependence of our structure on the view angle is experimentally and numerically investigated
and shown in Figure 8.2.3. To illustrate the main reason for the degradation of the rebuilt scene
with the increase of the view angle, the cloak structure now consists of polarizers and mirrors that

are attached on glass plates (Figure 8.2.3 (a)), instead of glass blocks. This allows us to envision
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what happens in the cloak structure by optical paths clearly without the effect of the refractive
index of glass. The half of the structure is used for this investigation due to the symmetry of our
cloak structure; the scene including a car has the same size as the summation of regions I and II.
Optical paths from the original scene are calculated and the scene rebuilt at the observation plane
is obtained (Figure 8.2.3 (b)) by using the commercial optical design software Zemax. The view
angle has been set at 0< 2< and 4< respectively. In the normal direction, the rebuilt scene is same
as the original scene except for the half of the brightness (Figure 8.2.3 (d)) due to the use of 50%
light (Figure 8.2.3 (e)). As the view angle increases, the rebuilt image is degraded manifesting as
the lack of the information (black lines in Figure 8.2.3 (g), (j)) and the wrong position of the
information (the middle part of the red car appears at the left edge in Figure 8.2.3 (g), (j)),
respectively. These can be analyzed and well understood from optical paths tracing as shown in
Figure 8.2.3 (e), (h), (k) for different incident angles. Taking the 4 <incidence for example, light
path A-B (yellow color ray) represents one source of image information lacking as the light ray is
reflected to the neighboring wire-grid polarizer Po. directly at the oblique incidence. On the other
hand, the wrong position of the output image information is credited to the rays near F-G-H path
(highlighted as the cyan color), where unpolarized light is directly incident onto the wire-grid
polarizer at large angles of incidence and then split into two different paths with one path going to
the correct position while the other to the left edge. It is worthwhile to mention that there is another
source represented by and near C-D-E (red color) for both the two image degradation results. This
portion of light is completely misled to the output edge leaving a black line at the center. Note that
the lack and the wrong position of the information mentioned above are consistent with the cloak

structure of Figure 8.2.1 (e).
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Figure 8.2.3 View angular dependence of the cloak structure. (a) Experimental setup. (b) Simulation setup. Experimental
observations of the scene including a red car ((c), (), (i)), the simulation results ((d), (g), (j)), and the corresponding light paths

((e), (h), (k)) are presented at view angles of 0<=((c) — (e)), (b) 2°((f) — (h)), and (c) 4°((i) — (k)), respectively.

8.3 Conclusion

In recent times, modern electronic devices such as cellphones, smart glasses, and computers are
desired to be transparent [264]. The need for transparent objects with the display function is not
limited to personal electronics. Tremendous applications have also been envisioned from the
automotive industry, household appliances to healthcare sector. Typically, two approaches are

adopted to realize transparent devices; firstly, a quest for materials with the unusual combination
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of high electrical conductivity and high optical transparency such as ITO, and the composites of
carbon nanotubes, graphene, and silver nanowires [265]. Despite the recent significant progress,
mass application of these materials has remained challenging. On the other hand, driven by the
desire to develop augmented reality experience, transparent or see-though displays are aimed to
project virtual images of 2D or 3D objects utilizing optical components such as wedge-shaped
prisms, spherical mirrors, array of lenses, etc [266]. Holography based optical elements have also
been used [267]. However, as we discussed before, optical cloaking approaches combined with
the imaging systems have not been explored in the past. In our experiment, we have used printed
papers as information sources for the experimental demonstrations in order to verify the
mechanism and architecture of the display aspect in combination with cloaking the central part of
the device. In practical applications, one can implement two thin-type displays having electrically
switchable polarizers at ports 4 and 9 and project text messages and movies at any locations of the
cloak structure. We believe that combining the invisibility cloaking with the image projection

capability promises an alternative route to realize next generation transparent devices.

In conclusion, we have explored a cloak structure that provides the image projection capability.
Due to the insensitivity of polarization for human eyes, the cloaking and the image projection are
simultaneously obtained via the use of orthogonal polarizations in our structure. The mechanism
of our structure was experimentally verified for human eyes. Our cloak structure consists of
commercially available optical components and provides a significant further step towards

practical applications in see-through displays and electronics.
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Chapter 9

Large-Scale and High-Performance Transparent

Electrodes Based on Ultrathin Copper-Doped Silver

9.1 Introduction

Transparent electrodes have attracted considerable interest in a wide variety of applications
including LEDs, PVs, EMI shielding, and smart windows [45-47, 55, 268, 269]. In addition to
high conductivity and optical transparency, the recent advances of display technologies require
both excellent flexibility and processability at room temperature of novel transparent conductors
[54-56]. ITO is traditionally utilized as a transparent electrode due to its high visible transmission
and good electrical conductivity. However, its applications in flexible devices are significantly
hindered by both the poor mechanical flexibility and the required high annealing temperature. In
recent years, DMD-based transparent electrodes have been noted as potential alternatives due to
various advantages, including high conductivity and transparency, excellent flexibility, low-cost
fabrication, great compatibility with different substrates, etc [269-272]. In order to meet the
requirement for the real-world applications, both the structural stability and the transparency of

the sandwiched metallic layer need to be improved.
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In this chapter, we report on a highly-transparent and stable transparent electrode of excellent
flexibility based on a new Cu-doped Ag [60]. This metallic film is ultrathin (<10 nm), ultra-smooth
(roughness <1 nm), and of low loss, which can significantly enhance the electrode transparency.
In addition, it maintains the high conductivity of Ag itself and only requires the room-temperature
deposition method, thus providing new platforms for various applications that are impossible with
traditional methods. Moreover, ultrathin doped silver is well protected from degradation under
accelerated test under high temperature and humidity (85 <C, 85% relative humidity) by selecting
suitable dielectrics, which can simultaneously improve the broadband transmission of tri-layer
stack by reducing the reflection. The novel transparent electrode exhibits ~89% absolute
transmission across the whole visible wavelength range on PET polymeric substrates, which
surpasses the transparency of the substrate itself. The EMI shielding capability of DMD structures
is subsequently explored and evaluated to fully exploit the potential of the proposed highly-
conductive ultrathin Ag alloy [61]. The present approach has resolved the problems faced by
existing flexible transparent electrodes and may have the potential to replace traditional indium tin
oxide counterparts for flexible optoelectronics, thus facilitating high-performance flexible displays

and optoelectronic devices.

9.2 Dielectric-Metal-Dielectric Based Highly-Transparent Electrodes

A schematic diagram of the proposed highly-transparent flexible electrode employing a DMD configuration
on a PET substrate is presented in Figure 9.2.1 (a). A ~6.5 nm Cu-doped Ag is sandwiched between two
lossless dielectrics (40 nm zinc oxide (ZnO) and 60 nm Al>Os), which are used to enhance the visible
transmission via exciting multiple transmission resonances due to their broadband perfect index match with

the middle ultrathin metallic layer. The whole stack presents low sheet resistance (Rs) of ~18.6 Q/sq due to
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the high conductivity of the Cu-doped Ag layer. As depicted in Figure 9.2.1 (b), an average transmission
(from 400 to 700 nm wavelength) of ~88.70% is attained with well-suppressed reflection, which agrees
well with the calculation (~88.86%) and even surpasses the transparency of the PET itself (~88.01%). The
flat transmission spectrum corresponds to a relatively small b* value of only ~1.2 under D65 illumination,
clearly indicating the neutral color appearance of the fabricated device as shown in Figure 9.2.1 (c), which

is highly desired in various applications including touch panels and smart windows.
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Figure 9.2.1 (a) A schematic diagram of the proposed flexible transparent electrode with great electric performance. (b) Calculated

and measured optical transmission and reflection spectra, showing great agreement. (c) The optical image of the fabricated sample,
showing great transparency.

Typically, Ag is selected as the middle metal due to its high conductivity and low optical loss and
the bottom and top dielectrics are used to induce the broadband transmission of the entire stack via
suppressing the reflection. It is well studied that the growth of Ag follows the VVolmer-Weber mode.
Isolated islands are formed at the initial deposition stage of Ag atoms and these islands keep
growing and eventually connect to form a semi-continuous (conductive) film as the deposition
continues. The percolation threshold, which denotes the critical thickness leading to a conductive
film, of pure Ag is between 10~20 nm. Thus, the overall transparency of previous reported DMD
electrodes is limited due to the relatively thick Ag. As shown in Figure 9.2.2 (a), the Cu-doped Ag

alloy film is formed via a simple co-sputtering process, in which a small amount of Cu is
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introduced into Ag. As a result, the percolation threshold of Cu-doped Ag is significantly reduced
from ~15 nm of pure Ag to ~6 nm, which is critical in further enhancing the transparency of the
DMD electrode. The SEM image provided in Figure 9.2.2 (b) clearly verifies the ultra-smooth
surface of the thin Cu-doped Ag featuring a RMS roughness of only ~0.42 nm (as shown by the
AFM image in Figure 9.2.2 (c)), which is in drastic contrast to the island morphology of 9 nm pure

Ag (Figure 9.2.2 (d)).
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Figure 9.2.2 (a) The co-sputtering system for Cu-Ag deposition. SEM (b) and AFM (c) images of the ~6.5 nm Cu-Ag film. (d)
SEM image of 9 nm pure Ag, showing discontinuous island morphology.
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It is worthwhile noting that the DMD stack exhibit excellent flexibility due to the high reducibility
of Cu-doped Ag. After 1,000 times bending cycles, the film shows no obvious conductivity change
bending at a bending radius of 4mm and <20% change at a bending radius of 3mm (Figure 9.2.3
(@) and (b)). ZnO and Al>O3 are employed as the bottom and top dielectrics, respectively, due to
the great performance in both improving the transmission and protecting the ultrathin metallic
layer from moisture and thermal degradation. As presented in Figure 9.2.3 (c), the stack with the
protection of two dielectrics has survived the accelerated test under high temperature and humidity
(85<C, 85% relative humidity), showing <15% change of Rs after 120 hours test, while the Rs of
the ultrathin Cu-doped Ag without any protects increases quickly to infinity under the same test

condition within only 8 hours.
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Figure 9.2.3 Dynamic inward (a) and outward (b) bending test results of DMD-based transparent electrodes as a function of bending
cycles. (c) Accelerated humidity test results of DMD-based transparent electrodes as a function of test duration. The test condition
is 85<C and 85% relative humidity.

9.3 Broadband Transparent Electromagnetic Interference Shielding by

Ultrathin Doped Silver

The explosive advance of information technology, especially the rapid rising of modern
electronics and highly integrated circuits, has created significant electromagnetic energy

pollution, which is also known as electromagnetic interference (EMI) [273-277]. EMI
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causes unacceptable malfunction of electronic systems used in a wide range of industrial,
commercial, and scientific research applications, such as aerospace, aircraft, automobile,
and satellite communication instruments [278-280]. In addition, it is reported that long-
term exposure to the intensive electromagnetic radiations may cause several health hazards,
including cancer and insomnia [281, 282]. Therefore, it is essential to eliminate the adverse
electromagnetic waves to protect sensitive circuits and preserve a healthy living
environment.

Great efforts have been made to develop transparent EMI shielding materials used for
observation windows, LCDs, shielding cabinet, and mobile communication devices, which
require both high optical transparency and strong electromagnetic wave attenuation.
Especially, good mechanical flexibility is highly desired so that EMI shielding devices can
be manufactured in a scalable and low-cost fashion [276, 280, 283, 284]. Recently, carbon-
based nanomaterials, such as carbon nanotubes (CNTSs) [285, 286], carbon nanofiber [287],
carbon-based composites [288, 289], and graphite nanosheets (GNs), have been extensively
investigated as effective EMI shielding materials because of their light weight [290, 291],
chemical stability, and excellent mechanical properties. However, most of the carbon-based
materials suffer from low transmittance in the visible range, which greatly limits their
applications in relevant optical areas. Low transparency could be mitigated by using
ultrathin graphene [292]. However, it is reported that the EMI shielding effectiveness (SE)
of a monolayer chemical vapor deposition (CVVD) grown graphene is only 2.27 dB [293],
which is far from being able to satisfy the requirement in most applications. Although
cascading graphene films provides a way to increase attenuation, the optical transparency

Is inevitably sacrificed [294]. Therefore, carbon-based materials are not a good choice for
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simultaneous high transparency and shielding performance. Transparent conductors
including ITO films and metallic patterns (e.g., metal meshes and metallic nanowires) have
attracted increasing attention as promising materials in transparent EMI area owing to their
excellent conductivity and optical transparency [295, 296]. These transparent metal-based
meshes could achieve great EMI shielding with high optical transmittance. Reported ring-
shaped metallic mesh (17 dB @95%) and crackle-template-based metallic mesh (26.0 dB
@91%) are among the best single-layer EMI shielding structures [297, 298]. However, the
fabrication processes using photolithography or other patterning methods and additional
steps of photoresist removal increase the cost and complexity. Hu et al. reported a
poly(ethersulfone)/Ag Nanowires(AgNWSs)/PET sandwiched structure (15 dB @85%),
which shows good chemical stability [299]. Jung et al. reported AgNWs percolation
network on poly(dimethylsiloxane) substrate (20 dB @93.8%) based on vacuum filtration
and transfer method, showing great stretchable shielding performance [300]. Nevertheless,
the large-scale production still remains a question considering sophisticated fabrication
processes.

Thin metal films have been investigated as an alternative for transparent EMI shielding
materials due to the required facile fabrications. Ag is the most widely used material for
this application due to its highest conductivity and lowest optical loss among all metals
[269, 301-303]. In order to improve the optical transparency, ultrathin Ag films are highly
desired. However, a thinner Ag film with larger Rs will directly reduce the EMI SE as
depicted in Figure 9.3.1 (a). The relationship between SE and Rs is predicted by the
transmission-line theory as SE = 20l0og10(1 + 7o / 2Rs), where no = 377 Q is the impedance

of the free space. On the other hand, it is very difficult to achieve a continuous and smooth
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Ag film at a thin thickness due to its special Volmer-Weber growth mode, which forms 3D
islands during the film growth. This results in high Rs and additional absorption loss that
further limits the EMI shielding performance.
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Figure 9.3.1 (a) Calculated EMI SE as a function of Rs for thin Ag films. (b) Schematic of the ITO and Cu-doped Ag
layers in the DMD configuration on PET substrate. (c) Calculated average visible transmittance of EMAGS film for
various thicknesses of the top and bottom ITO layers with 8 nm Cu-doped Ag.

In this section, we employ a DMD configuration base on the proposed ultrathin (8 nm) Cu-doped
Ag to solve the trade-off issue between transparency and microwave shielding of traditional EMI
shielding materials. Due to the high conductivity and low loss of the sandwiched ultrathin metallic
film, high transparency and shielding capability can be achieved. Transparent conductive
dielectrics functioning as effective AR layers are added at two sides of the metallic layer forming
the DMD structure to further improve the visible transmission and EMI SE simultaneously, where
the latter is due to the enhanced conductivity of the whole stack. Experimental results of this
DMD-based electromagnetic Ag shield film (EMAGS) show an average EMI SE of 26 dB
with average 96.5% visible transmittance (reference to PET substrate), which are among
the best shielding results reported so far. It also exhibits significantly improved EMI
shielding stability under mechanical deformation. We have further proved that a double-
layer EMAGS (D-EMAGS) film that simply stacks two EMAGS films together exhibits an

average EMI SE of over 30 dB, and SE can be improved to >50 dB in each band by
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separating two layers with a quarter-wavelength space. In addition, large-area EMAGS
films were demonstrated with R2R sputtering, which indicates that the proposed EMI
shielding devices are advantageous for mass-production over traditional patterned metallic
structures.

The conductive DMD configuration of the Cu-doped Ag layer sandwiched between two
ITO layers on the PET substrate is shown in Figure 9.3.1(b). In order to get maximal light
transmission, the thickness of the ITO as optical AR layers should be optimized to make
reflected light beams cancel out as much as possible in the visible regime via destructive
interference [304-306]. For this purpose, the average transmittance (400-700 nm) is
calculated by varying thickness of the top and bottom ITO layers from 0 to 100 nm with
the Cu-doped Ag layer fixed at 8 nm using transfer matrix method. It can be seen in the
Figure 9.3.1(c) that the average transmittance is dependent on the thickness of dielectric
layers. Maximum transmittance is achieved when both top and bottom ITO thicknesses are
40 nm, thus the proposed EMAGS film is optimized as ITO (40 nm)/Cu-doped Ag (8
nm)/ITO (40 nm). It should be noted that other transparent conductive dielectrics with
similar refractive index such as ZnO and fluorine doped tin oxide (FTO) can also be used
as the AR layers in the DMD structure. However, ITO is selected in this work due to its
relatively high conductivity, which can boost the shielding performance of the EMAGS
film.

The EMAGS film is subsequently sputtered on the PET substrate using a R2R sputtering
system at room temperature, which shows great advantages over traditional metal patterned
structures for mass-production. Figure 9.3.2 (a) and (b) present photographs of the

fabricated sample. Figure 9.3.2 (al) demonstrates the highly transparent 2 cm <2 cm
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EMAGS film, through which the logo could be observed clearly. Figure 9.3.2 (a2) is the
bending state of the same EMAGS film, showing great flexibility. A large-area (200 cm x
50 cm) EMAGS film fabricated by the roll-to-roll method is shown in Figure 9.3.2 (b). The
measured optical transmittance in the range of 300-1000 nm of the EMAGS film is
presented in Figure 9.3.2 (c). For comparison, the transmission of the ITO (=40 nm thick,
the same as the ITO layers used in EMAGS films), PET substrate, and 8 nm Cu-doped Ag
layer are plotted. It should be noted that the transmission of EMAGS, ITO, and Cu-doped
Ag films are relative values with reference to the PET substrate, which has an average
visible transmittance (400-700 nm) of 88.1%, as shown in Figure 9.3.2 (c). The average
transmittance of the EMAGS film exceeds 96% (peak transmittance of 98.5% at 600 nm)
in the visible range, which is much higher than both the pure Cu-doped Ag and ITO layers.
This is due to the optimized DMD configuration and the suppressed reflection via AR
dielectric layers as shown in Figure 9.3.2 (d). The optical reflection of the EMAGS film in
the 400-700 nm wavelength range is much lower than that of the Cu-doped Ag film, and

even lower than the PET substrate.
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Figure 9.3.2 Photographs of (al) EMAGS film with good transparency, (a2) EMAGS film under folding, showing
outstanding flexibility, (b) A large-area (200 cm <50 cm) transparent EMAGS film on PET fabricated by a roll-to-roll
process. (c) Transmittance and (d) reflection spectra of the EMAGS, Cu-doped Ag (8 nm), ITO (40 nm), and PET
substrate from 300-1000 nm.

The EMI SE of a material is defined as the logarithmic ratio of incident power to that of
the transmitted power and is normally expressed in decibel unit. Higher EMI SE value
means the stronger power attenuation and negligible electromagnetic wave could pass
through the shielding materials. For commercial shielding applications, such as mobile
phones and laptop computers, EMI SE of 20 dB is required, which corresponds to only 1%
transmission of incoming electromagnetic wave [307]. To investigate the EMI shielding

performance, the EMAGS films deposited on PET are measured using a waveguide
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configuration. A schematic of measurement setup is shown in Figure 9.3.3. The measured
RF bands are as broad as 32 GHz, which covers the bands of X (8-12 GHz), Ku (12-18
GHz), K (18-26.5 GHz), and Ka (26.5-40 GHz). For different microwave bands, we tailored
the EMAGS samples to fit specific waveguides. Before measurements, the two port thru-
reflect-line calibration is used to correct the system, which introduces a 12-term error

correction at each frequency.
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Figure 9.3.3 (a) Schematic illustration and (b) photograph of the measurement setup for the EMI shielding. Inset in (b) shows the
rectangular waveguide of the Ka-band.

Figure 9.3.4 shows the EMI SE of the EMAGS films in different frequency bands across
the 8-40 GHz range. As a comparison, the ITO film and the PET substrate are also
measured. A pure PET film without EMAGS is completely transparent to electromagnetic
waves, with the EMI SE of nearly 0 dB in the entire measured bands. The small peaks in
the higher frequency band (Figure 9.3.4 (d)) are caused by the interferences between
reflections from top and bottom interfaces of the PET. In the entire frequency range of 8-
40 GHz, the EMAGS exhibits an excellent shielding performance, with average EMI SE of

nearly 26 dB (Figure 9.3.4 (a) — (d)), which blocks ~99.7% power. More importantly, there
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is no roll-off behaviour of the SE when the frequency increases, which results in the
effective and indiscriminate shielding performance across a wide range. This broad (32
GHz bandwidth) and efficient (>20 dB) EMI SE of our proposed EMAGS film outperforms
most previously-reported EMI shielding materials based on patterned metal structures. For
instance, the EMI SE of square metal-mesh structure decreases rapidly in a narrow band,
which shows a 5 dB decrease even within the Ku band. The same EMI shielding roll-off
behaviour at high frequencies is also found in the ring-based and cracked-based metal-
meshes due to the high transmission of electromagnetic waves at shorter wavelengths
through the patterned opening [297, 298]. As a comparison, Figure 9.3.4 also provides the
SE of the 8 nm Cu-doped Ag (~23 dB) and 40 nm ITO (~19 dB) films, both of which are
lower than that of the EMAGS structure.

We further investigated the shielding performance of the double-layer EMAGS (D-
EMAGS) by simply stacking two EMAGS films together. It presents the EMI SE above 30
dB from 8 to 40 GHz, with peak efficiency of 39 dB at 29 GHz. Fluctuations in the
measured curves of the D-EMAGS film are attributed to the multiple reflections between
the two EMAGS layers. The average transmittance of the D-EMAGS in the visible range
is ~93%. To exploit the shielding potentials of the D-EMAGS, the two EMAGS layers are
further separated by a space equal to a quarter of the centre wavelength in each band [308].

Ultrahigh SE is achieved by these configurations, with average SE of >50 dB.
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When the electromagnetic wave is incident on the shielding materials, the incident power

can be divided into reflected (R), absorbed (A), and transmitted power (T) with the

relationship that A + R + T = 1. Using the scattering parameters (S11 and S21) of the EMAGS

film measured by the waveguide method, the microwave reflection and absorption in the

range of 8-40 GHz can be correspondingly calculated.
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Figure 9.3.5 Measured microwave reflection (R) and absorption (A) of EMAGS film in the (a) X-band (8-12 GHz), (b)
Ku-band (12-18 GHz), (c) K-band (18-26.5 GHz), (d) Ka-band (26.5-40 GHz). (e) Calculated power loss density within
each layer of the ITO/Cu-doped Ag/ITO structure at 12 GHz using CST microwave studio. (f) Calculated shielding
contribution from R and A of the 1) Cu-doped Ag, 2) ITO/Cu-doped Ag, and 3) ITO/Cu-doped Ag/ITO structures.
Simulated power flow within the structure of the (g1) Air, (g2) ITO, (g3) ITO/Cu-doped Ag, (g4) ITO/Cu-doped Ag/ITO
structures at 12 GHz using CST microwave studio. The white arrow in (g1) —(g4) denotes the incident electromagnetic
wave direction.

Figure 9.3.5 (a) — (d) show the measured microwave reflection and absorption of EMAGS
films as a function of incident frequencies. Overall, the average reflection and absorption
are 88.5% and 11.2% of the incident power, respectively. We use 12 GHz frequency as an
example to look into the shielding contribution from reflection and absorption of different
structures: 1) Cu-doped Ag, 2) ITO/Cu-doped Ag, and 3) ITO/Cu-doped Ag/ITO and the
results are summarized in Figure 9.3.5 (e). From the bar chart, it is obvious that the
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shielding is mainly caused by the strong reflection for all the structures. Moreover, from 1)
to 3), there is an upward trend for the reflection, rising from 86.2 % to 90.2%, while
absorption experiences a decline, indicating that the shielding enhancement is originated
from the increased reflection. At microwave frequencies, the real (n) and imaginary (k)
parts of refractive index of the conductor (e.g., Cu-doped Ag and ITO) are on the order of
104, so the reflection at the first air-conductor interface is close to the unity. The follow-up
reflection from back conductor-air interface will reduce the total reflection to some extent
by producing the destructive interference. However, less microwave can reach the back
conductor-air interface when the thickness of the conductor increases (e.g., adding more
ITO layers in this case) and the influence of this secondary reflection on the total reflection
intensity gets much weakened, which is consistent with the observation in Figure 9.3.5 (e).
In addition to the dominant reflection, a certain portion of microwave also gets shielded
through absorption inside the conductors. The microwave absorption contributed by the
conductive dielectrics and metal layer, respectively, in the EMAGS structure are further
examined. In Figure 9.3.5 (f), the contour plot of the simulated power loss density shows
that the metal layer contributes more in the microwave absorption because of its larger
attenuation coefficients (higher n and k). Essentially, the ITO and Cu-doped Ag layers
behave like three parallel resistors under the same electrical potential when the
electromagnetic wave is incident upon the EMAGS structure. Therefore, a conductive
element featuring lower resistance (i.e., Cu-doped Ag layer) will result in a relative stronger
ohmic loss and higher microwave absorption. Figure 9.3.5 (g) illustrates the simulated
power flow distribution within different structures at 12 GHz using CST microwave studio.

By subsequently adding the 40 nm ITO and 8 nm Cu-doped Ag layers ((g2) — (g4)), the
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entire incident EM field is blocked step by step due to both the reflection and absorption of
these conductors and shows the minimal power transmission through the ITO/Cu-doped

Ag/ITO structure.
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Figure 9.3.6 Simulated transmission and reflection of EMAGS film using commercial CST microwave package. The results show
that the simulated EMI SE of the EMAGS film is around 26 dB up to 100 GHz, very close to the measured result. EMAGS film
shows reflection of -0.4 dB in the entire band, which means nearly 90% reflection of incident power.

The reflection-dominant mechanism and broadband EMI shielding performance can be
more intuitively explained by regarding the ITO/Cu-doped Ag/ITO stacks as an effective
single layer of high electrical conductivity. Due to high-density carriers, the highly
conductive layer has a much lower impedance across the wide microwave range compared
with that of the free space (377 Q). As a result, most of the incident electromagnetic waves
get reflected back to the free space due to the large impedance mismatch at the air/EMAGS
interface. In fact, the theoretical shielding bandwidth of the EMAGS film is much broader
than our measurement range without any decrease in SE, which is verified by CST

simulation in Figure 9.3.6.
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Figure 9.3.7 (a) Measured Rs of EMAGS and ITO (40 nm) on PET substrate as a function of bending cycles at the bending
radius of 6 mm. Inset is a schematic illustration of the bending system. (b) EMI SE at 12 GHz of EMAGS and ITO films
as a function of bending cycles at the same bending radius. Inset shows the SEM images of corresponding films after 250
times bending. EMI SE at 12 GHz of EMAGS and ITO films as a function of bending radius for (c) TM and (d) TE
waves. Insets show the orientations of the electric and magnetic fields of two polarizations with respect to crack lines.

To evaluate mechanical flexibility of the EMAGS film, the change of the EMI SE of
EMAGS films is measured as a function of the bending cycles and radius under repeated
bending. The schematic of the bending setup is shown by the inset in Figure 9.3.7 (a).
Different bending radius (r) could be controlled through adjusting the distance (AL)
between the two ends from the initial state (L) [309]. As presented in Figure 9.3.7 (a), Rs of
the EMAGS film remains almost unchanged after 250 bending cycles at a bending radius

of 6 mm and slightly increases from 11.0 to 12.1 Q/sq after 1000 bending cycles. In
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contrast, Rs of the 40 nm ITO film drastically increases from 29.5 Q/sq to 123.0 Q/sq after
only 250 times bending. Figure 9.3.7 (b) shows the change of the EMI SE at 12 GHz as a
function of bending cycles at the bending radius of 6 mm. In comparison, the same bending
tests are carried out with ITO films. It is interesting to note that after 250 bending cycles,
the EMI SE of EMAGS film remains its initial high performance, while there is a significant
drop on EMI shielding of ITO film after only 50 bending cycles due to the large cracks on
the surface (as shown by the inset SEM image in the plot). With the bending cycles
increasing from 50 to 250, the EMI SE of the ITO film continues to decline, showing almost
no shielding effect (<1 dB) after 250 times repeated bending. The inset in Figure 9.3.7 (b)
provides the SEM image of EMAGS film after bending test, which is free of any visible
cracks. This is consistent with stable Rs and shielding performance of the proposed EMAGS
film after extensive bending. Meanwhile, it is worth noting that measured Rs and EMI SE
of both ITO and EMAGS films matches well with the predicted relationship presented in
Figure 9.3.1 (a).

Then, we further investigated the change of the shielding performance for different
polarizations with the bending radius varying from 12 to 2 mm as shown in Figure 9.3.7 (c)
and (d). Remarkably, the EMI SE of EMAGS film shows no decrease after 1000 times
bending when bending radius is larger than 3 mm. When r further goes down to 2 mm, SE
for TM waves (i.e., the electric field perpendicular to the crack lines as shown by inset in
Figure 9.3.7 (¢)) tends to decline with the increase of bending cycles. As illustrated in the
plot at r = 2 mm, the EMI SE decreased to 23 dB and 6 dB after 100 and 1000 bending
cycles, respectively. On the other hand, high SE remains after 1000 times bending for TE

polarization (i.e., the electric field parallel to the crack lines as shown by inset in Figure
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9.3.7 (d)). The dependence of EMI SE on the polarizations is because that thin conductive
films with crack lines after bending are essentially wire grid polarizers for RF waves
considering the sub-wavelength distance between crack lines. Therefore, TM waves can
easily go through, while TE polarization is effectively reflected. The same phenomena can
be observed when bending ITO films. Regardless of the bending radius, EMI SE of ITO
for TM waves drops significantly after 250 bending cycles (SE <5 dB), which contrasts the
great flexibility of our EMAGS films. But for TE polarization shows only a small decrease

after 250 times bending even at a radius of 2 mm, which is consistent with the wire grid

polarizer model proposed for conductive thin films with bending crack lines.

Figure 9.3.8 SEM images showing cracks of (a) EMAGS film and (b) ITO (40 nm) film after 250 bending cycles at the
bending radius of 3mm. White arrows in the figures indicate the crack lines on the films.

SEM images in Figure 9.3.8 directly compare the surface morphologies of EMAGS and
ITO films after bending tests at r = 3 mm. At the same bending cycles of 250, the crack
lines on the ITO films are much more pronounced than those of EMAGS films. The shallow
and narrow crack lines on the surface of the EMAGS films exhibits no influence on
shielding as validated in Figure 9.3.7. The result indicates that the mechanical flexibility

of the DMD structure gets significantly improved, which is due to both the high ductility
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of the thin Cu-doped Ag sandwiched between and the enhanced cohesive strength of ITO
after adding the metallic interlayer [310-312]. The flexible EMAGS film shows excellent EMI
shielding stability under mechanical deformation, which enables their potential use as high-
performance EMI shielding materials in flexible electronics. As summarized in Figure
9.3.9, when considering both optical transmittance and microwave shielding performance,
the EMAGS film outperforms most previous transparent shielding structures and materials,
including metal-meshes [297, 298, 313], graphene-based materials [293, 294, 314],
graphene hybrid structure [315], silver nanowires [299, 300, 316], multilayer Ag/acrylate
stack, and commercial transparent foils. Although EMI SE of Graphene/Metallic mesh

structures could reach 29 dB at 12 GHz, however, it drops quickly to only 13 dB at 40 GHz

[317].
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Figure 9.3.9 Comparison of EMI SE and average optical transmittance of our EMAGS and D-EMAGS films with
previously-reported transparent shielding materials.

9.4 Conclusion
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In conclusion, we have demonstrated a high-performance transparent conductor employing a
DMD configuration featuring great transparency, conductivity, flexibility, and stability. It has the
potential to replace traditional ITO-based transparent conductor and open up new possibilities for

various applications including next-generation advanced display technologies and RF shielding

materials.
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Chapter 10

Extended Applications Using Ray-Tracing Methods

10.1 Introduction

LIDAR is a 3D laser scanning technology that is used to measure the distance to a target and
visualize the surroundings with pulsed laser light. It is widely used in terrestrial, airborne, and
mobile applications. It is also the key hardware component in autonomous cars, which functions
as eyes and enables the car of 360<of visibility. The existence of a target is detected if LIDAR
sensor receives the reflected laser light from the object. Due to the flat surface and low reflectance,
little incident light can get back to the LIDAR sensors from transparent materials such as glasses
and windows, especially when they are tilted. Different methods that mainly focus on optimizing
the mapping algorithm for the LIDAR system have been proposed to solve this issue [64-66].
However, it is still not applicable to all circumstances. In this chapter, we propose a novel design
of retroreflective micro particles that reflect light back to the original light source irrespective of
incident angles, which offers a physical solution to this long-existing problem [62]. After
embedding these retroflectors into transparent media, LIDAR sensors can easily detect windows

and glasses at all circumstances with the help of the reflected light from these particles. As the
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dimensions of the embedded micro-scale elements are beyond the resolution of human eyes, the

visual appearance of transparent objects will not be affected.

On the other hand, we also discuss a new approach for planar solar concentrators (PSCs)
employing curved micro-reflectors [63]. Solar concentrators are widely used in PV and
photothermal conversion systems [67-69]. The planar geometry of a concentrator suggests
numerous advantages of minimizing the use of reflecting materials, the device volume, and the
installation cost, which open up new possibilities in various applications where the compactness
of devices is highly pursued such as building-integrated solar systems and solar-energy-harvesting
modules on satellites. The flat concentrator presented in this chapter is realized by collapsing a
conventional concave cylindrical mirror into a planar configuration with a thickness of 15 pum,
which corresponds to only 1/457 of the thickness of the original bulk device. Since each curved
facet maintains the spherical shape, the proposed concentrator presents high focusing performance

at all incident angles.

10.2 Retroreflective Particles for Transparent LIDAR Glasses

When light is incident on a reflective silica particle, light gets reflected into all directions as shown
by the simulation results in Figure 10.2.1 (a). Here, half of the particle sphere is coated with

reflective materials (e.g., reflective metals) and the particle radius is selected as 3 um. Based on

the paraxial approximation, the transfer function 3 of a particle is [117]:

2 2R
/1 0 10 = =
M=<_1—n n)(é 21R)<1—n 1)= -1 a2
R nR ) \2) 3. <
nR n
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where n is the refractive index of the constituent material and R is the radius. After coating the half
sphere, paraxial rays get retro-reflected only when the first term (2 /n — 1) is equal to 0, i.e., n =
2, which is validated in Figure 10.2.1 (b). However, it is easy to understand that non-paraxial rays
do not get perfectly reflected back due to the significant spherical aberrations [117] as shown in
Figure 10.2.1 (c). The very limited amount of retro-reflected light obviously cannot guarantee the

object being ‘seen’ by the sensor.

Reflective coating

(a)

(b)

Figure 10.2.1 (a) Ray tracing of light incident on a reflective silica particle (n = 1.45). (b) Trace of paraxial rays incident on a
reflective particle with refractive index of 2. (c) Trace of non-paraxial rays incident on the same particle in (b).

To relieve the aberrations for non-paraxial rays, a core-shell particle with the core and shell regions

consisting of materials of two different refractive indices is proposed (Figure 10.2.2 (a)). The
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refractive indices of the core and shell materials are 1.81 and 1.77, respectively. It is clear that
paraxial and non-paraxial rays get refracted to different extents, thereby focusing within a small
spot simultaneously at the back reflective coating, which subsequently get retro-reflected. Due to
the symmetry of the spherical geometry of the particle, incident light will be reflected to the source
irrespective of the incident angles as shown in Figure 10.2.2 (b). Therefore, it can be expected that
transparent glasses will be detected by LIDAR system with the inclusion of these micro-scale

retro-reflective elements.

(@)

Figure 10.2.2 Ray tracing of light incident on the core-shell particle at (a) normal and (b) oblique incidence (309. The refractive
indices of the core and shell materials are 1.81 and 1.77, respectively.
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10.3 Planar Solar Concentrator Based on Curved Micro-Reflectors

Figure 10.3.1 (a) shows a schematic diagram of a conventional focusing mirror with a concave
cylindrical surface and bulk volume. In fact, only the curved surfaces contribute to the final
focusing effects as shown in 10.3.1 (b) and most of the underneath blocks can be removed (Figure
10.3.1 (c)). Here, the height of each surface facet is designed to be the same and denoted as h, and
the width of the concentrator is designated as w. The remaining surface materials can collapse into

a planar concentrator as illustrated in 10.3.1 (d).

Figure 10.3.1 A method of collapsing a bulk focusing mirror into a planar concentrator.

Following the above design principle, a ~6.86mm deep focusing mirror with the radius (r) of the
cylindrical surface of 120 mm and w of 80 mm is converted into a planar configuration with h =
15 um, which is subsequently fabricated on a 200 um thick PET substrate by UV imprinting as
shown in Figure 10.3.2 (a) — (c). The widths of the widest segment in the center and the narrowest
facet at the edge are around ~3.79 mm and 25 pm, respectively. The Ni mold is prepared by
diamond ruling using an ultra-precision five-axis machining. Figure 10.3.2 (d) provides a

microscopic image of a part of device after the imprinting and the photograph in Figure 10.3.2 (e)
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is the final sample (80 mm (w) x50 mm) after the deposition of the reflective material (e.g.,

reflective metals or multilayered broadband PCs).

A ¥
: . - « PET substrate
UV resist 4d dd g QY :
PET substrate PET substrate
Reflector material

(a) Thermal imprinting (b) Demolding (c) Reflector deposition

Figure 10.3.2 (a) — (c) Fabrication process of the planar concentrator on a PET substrate. (d) A microscopic image of a part of the
imprinted device after step (b). (e) A photograph of the final planar concentrator.

Figure 10.3.3 presents the optical setup for characterizing the focusing capability of the planar
concentrator. A solar simulator (Oriel Sol3A 94063A) is used as the light source and a reflective
mirror is placed beneath to direct the light onto the sample. The focusing intensity and images are
recorded by a CMOS camera (Mightex BCE-C050-U). Table 10.3.1 summarizes the performance
of fabricated concentrator. The concentration ratio is defined as the ratio between the focusing
linewidth and width of the sample, and the focusing efficiency is the amount of the focused light
compared to the incident light intensity. It should be noted that the focal length (~40 mm) is slightly

smaller than r/2 due to the refraction of the thick PET substrate. The summarized results in the
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table clearly validates the high focusing performance of the designed flat concentrator at all

incident angles.

Solar simulator

Ll

Planar concentrator

11/
/

/‘ [/ ’, '
/ /’/////// / ,/

Reflective mirror .

Detector

Figure 10.3.3 Optical setup for characterizing the focusing capability of the planar concentrator.

Table 10.3.1 A summary of the focusing performance of the planar solar concentrator.

Incident | Focal length Focusing Concentration Depth of Focusing
angle (9 (mm) linewidth (mm) ratio field (mm) | efficiency (%)
0 37 2.28 35:1 10.36 78.2
10 37 2.72 29:1 4.93 76.7
20 34 3.21 25:1 4.98 75.1
30 33 3.37 24:1 3.72 75.0
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10.4 Conclusion

In summary, more optics-related applications including retroreflective particles for LIDAR
systems and omnidirectional PSCs for efficient energy harvesting have been proposed employing
ray-tracing methods. By adopting a core-shell structure, paraxial and non-paraxial incident rays
can be simultaneously focused within a small spot on the back reflective coating of a particle and
then get retro-reflected back to the light source. Therefore, embedding the micro-scale
retroreflective elements into glasses and windows can potentially enable the detection of
transparent objects without affecting their transparent optical appearance. In addition, a flat solar
concentrator that can effectively collect solar radiation from all angles has been demonstrated via
collapsing the concave cylindrical surface of a conventional focusing mirror into multiple micron
facets. It significantly reduces the device thickness from ~6.86 mm to only 15 um while maintains
the high focusing performance, which holds the great promise for various applications where high

compactness is highly desired.
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Chapter 11

Summary and Future Directions

The thesis explores the possibility of bringing optical concepts and devices out of the lab and

extending them into real-world applications.

New approaches for angle- and polarization-independent reflective-type structural colors based on
simple multilayered configurations and their potential applications in vehicle paints are discussed
in Chapter 2. To reduce the manufacturing cost and apply the technology to object surfaces of
different shapes, all-solution-processed color filters achieved via electroplating methods are
demonstrated in Chapter 3. Two additional applications of structural colors are proposed in
Chapter 4 and 5. In Chapter 4, trans-reflective filters exhibiting a distinct colored reflection while
transmitting the remaining broadband light spanning the solar spectrum are designed for highly-
efficient colored solar cells by integrating them with c-Si solar panels. Considering that a high-
index semiconductor layer (a-Si) is involved in the filter, the passive device is adapted into an
active solar cell to further boost the efficiency performance of the whole colored solar panel. In
Chapter 5, we present a decorative NIR-transmitting camouflage coating employing 1D PCs,
which can hide the unappealing appearance of the NIR sensors that are widely used in nowadays

cell phones and automobiles. As a special color, nanostructured ‘perfect black’ featuring
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broadband absorption at the visible frequency is achieved by exciting multiple resonances in highly
absorbing media, which can potentially improve the efficiency of solar energy harvesting and

conversion as studied in Chapter 6.

In addition to the various applications related to structural colors, we also introduce different
optical elements into vehicle interiors. In Chapter 7, a novel anti-glare colored dashboard surface
is demonstrated by laminating a lenticular lens array with an alternating absorber/colored stripe
substrate. Chapter 8 reports a multi-functional invisible cloaking device with the image display
capabilities employing wire grid polarizers and mirrors for transparent vehicle pillars, which can

improve both the driving experience and safety.

In Chapter 9, transparent conductors possessing outstanding flexibility, transparency, and
conductivity are realized based on ultrathin and ultra-smooth Cu-doped Ag, which holds great
promise to replace traditional ITO for future high-performance flexible optoelectronics. Other
applications employing ray-tracing methods including retroreflective particles based on a core-
shell configuration and omnidirectional planar solar concentrators achieved with collapsed

multiple micro-reflectors are described in Chapter 10.

Some further works are critical to improve the market competitiveness of above devices or systems

in the future.

1. Structural colors: High-purity colors employing environmental-friendly materials and with

even simpler designs and lower manufacturing cost are highly desired.

2. Colored solar cells: Both the optical and electrical performance of the top colored solar cell
need to be further enhanced by either utilizing more suitable active materials or optimizing the

device configuration for even higher efficiency of the whole solar panel.
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3. Colored dashboards: Realizing the display functionality of the dashboard by replacing the

colored stripes on the substrate with micron LED elements is a valuable direction for study.

4. Optical cloaks: High compactness is highly desired for optical cloaking devices in real
pillar applications. Therefore, we should investigate feasible solutions, such as reoptimizing the

design configuration and involving other optical elements, to compact cloaking designs.

5. Transparent electrodes: The stability of the ultrathin silver alloy under different harsh

conditions need to be tested and guaranteed before being used in a real environment.
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