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ABSTRACT  

   

Patterning technologies for micro/nano-structures have been essentially used in a 

variety of discipline research areas, including electronics, optics, material science, and 

biotechnology. Therefore their importance has dramatically increased over the past 

decades.  

This dissertation presents various advanced patterning processes utilizing cross-

discipline technologies, e.g., photochemical deposition, transfer printing (TP), and 

nanoimprint lithography (NIL), to demonstrate inexpensive, high throughput, and scalable 

manufacturing for advanced optical applications. 

The polymer-assisted photochemical deposition (PPD) method is employed in the form 

of additive manufacturing (AM) to print ultra-thin (< 5 nm) and continuous film in micro-

scaled (> 6.5 μm) resolution. The PPD film acts as a lossy material in the Fabry-Pérot 

cavity structures and generates vivid colored images with a micro-scaled resolution by 

inducing large modulation of reflectance. This PPD-based structural color printing 

performs without photolithography and vacuum deposition in ambient and room-

temperature conditions, which enables an accessible and inexpensive process (Chapter 1).  

In the TP process, germanium (Ge) is used as the nucleation layer of noble metallic 

thin films to prevent structural distortion and improve surface morphology. The developed 

Ge-assisted transfer printing (GTP) demonstrates its feasibility transferring sub-100 nm 

features with up to 50 nm thickness in a centimeter scale. The GTP is also capable of 

transferring arbitrary metallic nano-apertures with minimal pattern distortion, providing 

relatively less expensive, simpler, and scalable manufacturing (Chapter 2). 
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NIL is employed to fabricate the double-layered chiral metasurface for polarimetric 

imaging applications. The developed NIL process provides multi-functionalities with a 

single NIL, i.e., spacing layer, planarized surface, and formation of dielectric gratings, 

respectively, which significantly reduces fabrication processing time and potential cost by 

eliminating several steps in the conventional fabrication process. During the integration of 

two metasurfaces, the Moiré fringe based alignment method is employed to accomplish the 

alignment accuracy of less than 200 nm in both x- and y-directions, which is superior to 

conventional photolithography. The dramatically improved optical performance, e.g., 

highly improved circular polarization extinction ratio (CPER), is also achieved with the 

developed NIL process (Chapter 3).   
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CHAPTER 1 

INTRODUCTION 

 

In this dissertation, the development process of various advanced patterning 

technologies will be presented with practical optical applications for each of them. 

 

Chapter 2 studies a new way of structural color printing (SCP) application using the 

polymer-assisted photochemical deposition (PPD) process. The printed PPD films are 

examined with a variety of methodology techniques, i.e., scanning electron microscopy 

(SEM), atomic force microscopy (AFM), and ultra-violet (UV) visible (Vis) spectrometer, 

to investigate their optical and morphological characteristics. The finite-difference time-

domain (FDTD) simulations are conducted using the extracted optical properties of PPD 

film to design Fabry-Pérot cavity structures for SCP. Based on the design parameters, SCP 

is performed on the prepared substrates, and the resolution and quality of colored structures 

are examined using various methodologies. The SCP is also carried out with complex 

structures on the rigid and flexible substrates to demonstrate its versatility and capability 

of generating colors.  

 

Chapter 3 presents the advanced transfer printing technology utilizing germanium (Ge) 

as a nucleation layer of the metallic thin film. The effect of Ge on the silver (Ag) surface 

morphology is examined using SEM. The transfer printing is performed using various 

materials, i.e., silver (Ag) and gold (Au), and pre-fabricated SiO2 nano-gratings over a 

centimeter-scale to investigate its versatility, scalability, and capability of transferrable 
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feature resolution, respectively. To demonstrate the capability of transferring arbitrary 

shapes, the dielectric bowtie structures are fabricated on the donor substrate, then 

transferred to the acceptor substrate, followed by Ag and Ge metal deposition. The 

resolution and surface morphology of transferred structures are precisely examined by 

various methodologies, e.g., SEM and AFM, respectively, and the optical characteristics 

are measured by UV-Vis spectrometer. The FDTD simulation is conducted according to 

the structural dimensions to verify their optical performance. 

 

Chapter 4 introduces a new fabrication method for scalable manufacturing of the 

double-layered chiral metasurface for polarimetric imaging applications using the 

nanoimprint lithography (NIL) process. The development processes of NIL for each 

metasurface, i.e. a-Si metasurface and vertically coupled aluminum (Al) double-layered 

gratings (VCADGs) are summarized and demonstrated via the actual device fabrication. 

The scalability and uniformity are examined using the SEM images taken from various 

points of the mm-scaled fabricated samples. The integration of two metasurfaces is 

demonstrated using the developed multi-functional-direct NIL and the advanced alignment 

method, and the integrated device is investigated by optical microscopy and SEM to 

characterize the alignment accuracy and surface morphology. The spectra measurements 

are performed to examine its optical performance.   

 

Chapter 5 summarizes the developed patterning technologies and highlights the main 

achievements of this dissertation. It concludes the dissertation with potential opportunities 

for future studies. 
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CHAPTER 2 

STRUCTURAL COLOR PRINTING VIA POLYMER-ASSISTED PHOTOCHEMICAL 

DEPOSITION 

 

2.1 Abstract 

 

Structural color printings have attracted tremendous attentions due to their advantages 

of long-term sustainability, eco-friendly manufacturing, and ultra-high resolution. 

However, most of them require costly and time-consuming fabrication processes from 

nanolithography to vacuum deposition and etching. Here, we demonstrate a new color 

printing technology based on polymer-assisted photochemical metal deposition (PPD), a 

room-temperature, ambient, and additive manufacturing process without requiring any 

heating, vacuum deposition or etching steps. The PPD-printed silver films comprise 

densely aggregated silver nanoparticles filled with a small amount (estimated <20 % 

volume) of polymers, producing a smooth surface (roughness 2.5 nm) even better than 

vacuum-deposited silver films (roughness 2.8 nm) at ~ 4 nm thickness. Further, the printed 

composite films have a much larger effective refractive index n (~1.90) and a smaller 

extinction coefficient k (~0.92) than PVD ones in the visible wavelength range (400 nm to 

800 nm), therefore modulating the surface reflection and the phase accumulation. The 

capability of PPD in printing both ultra-thin (~5 nm) composite films and highly reflective 

thicker metallic film greatly benefit design and construction of multi-layered Fabry-Perot 

(FP) cavity structures to exhibit vivid and saturated colors. Indeed, we demonstrated 

programmed printing of complex pictures of different color schemes and at a high spatial 
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resolution of ~6.5 μm by three-dimensionally modulating the top composite film 

geometries and dielectric spacer thicknesses (75 nm to 200 nm). Finally, PPD-based color 

picture printing is demonstrated on a wide range of substrates, including glass, PDMS, and 

plastic, proving its broad potential in future applications from security labelling to color 

displays.  

 

2.2 Introduction 

 

Colorful pigments from pictures serve to selectively absorb light within a spectral 

range, thus modulating the light reflection and color display. Conventional pigments, 

however, are usually toxic and relatively large. They also tend to degrade over time and 

lose their brightness and resolution. As an alternative, structural color makes use of micro- 

or nano-structured materials, such as plasmonic nanoantennas (i.e. disks, holes and rods) 

[1-3], metasurfaces [4-6], photonic crystals [7,8], and thin-film interferometer [9-11], to 

modulate the light absorption, scattering, and interference and accordingly display color. 

For example, plasmonic nanoantennas make use of localized surface plasmon resonance 

(LSPR) to engineer light absorption and scattering at sub-wavelength scale, capable of 

achieving ultra-high printing resolution. Dielectric (e.g. silicon [12,13], titanium oxide 

[14], etc.) nanoantennas exploit geometry-dependent electric dipole and magnetic dipole 

resonances that generates strong Mie resonance in the visible wavelength range, while 

exhibiting much lower optical losses compared to plasmonic nanostructures. Fabry-Perot 

(FP) cavity [15], typically employing a sandwich thin-film structure compromising a 

dielectric spacer between two reflectors, produces interferences between the top and 
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bottom reflectors, leading to a strong resonance in reflection magnified as a color change 

[16-21]. These metallic and dielectric structures are more durable than organic pigments 

[22,23], and can be scalably produced using eco-friendly manufacturing technologies 

[24,25]. As a result, structural color has emerged as a promising alternative for various 

color-display applications including filters [26-28], holograms [29,30], colorimetric 

sensors [31,32], anti-counterfeiting [33,34], and decoration [35,36]. 

 

To engineer optical resonance at particular wavelengths, structural color technologies 

based on plasmonic and dielectric nanoantennas require precise definition of structural 

dimensions at nanometer scale. The nanofabrication processes, such as electron beam 

lithography (EBL), focused ion beam (FIB), physical vapor deposition (PVD) and reactive 

ion etching (RIE), however, can seriously increase the cost and limit the applications. In 

comparison, conventional FP cavity structures use much simpler fabrication processes, 

mainly involving vacuum deposition of metal-dielectric-metal film stacks. Additionally, 

the optical resonance and color display can be conveniently tuned by modifying the 

thickness and/or refractive indexes of dielectric and metallic layers. However, there are 

still several remaining challenges for low-cost, high-resolution, and at-demand color 

printing of the FP cavity structures. First, conventional metal-based high-quality FP cavity 

presents a very sharp absorption with a broadband non-resonant reflection as background, 

which leads to low brightness and poor color purity in reflection [37-39]. The color 

saturation performance could be greatly improved by intentionally lowering the qualify (Q) 

factor of the cavity resonance, e.g. by using an absorbing material such as germanium and 

nickel (Ni) as the top reflector [40,41]. Further, the fabrication of such thin-film stack 
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comprising different materials requires multiple vacuum-based deposition processes in 

specialized facilities. This typically results in long processing time and increased cost. 

Additionally, metal deposition process generally is associated with high temperature but 

not always compatible with organic and soft materials, thus constraining the color printing 

applications on flexible substrates. Lastly, high-resolution printing requires micro-

lithography in a well-controlled cleanroom environment, which is not readily accessible 

and potentially costly.  

 

In this work, we will demonstrate the use of accessible, inexpensive, additive 

manufacturing (AM) technology to create colored pictures without photolithography, 

vacuum deposition, or etching processes. Here, we utilize our recently developed polymer-

assisted photochemical deposition (PPD) process [42] to print the metallic reflectors in a 

FP cavity. The PPD technology is a room-temperature, non-toxic, solution-based additive 

manufacturing process, and used to print ultrathin (~5 nm) and smooth silver (Ag) films as 

the top absorptive reflector and also thick and reflective films as the back reflector. As a 

result, the printed metal-dielectric-metal FP structures exhibited vivid and saturated colors 

from blue to green and red on a variety of substrates, including glass, PDMS, and plastics. 

Importantly, PPD is capable of directly structure writing with a spatial resolution down to 

6.5 µm, which is comparable with current colorant based color printing. This new printing 

technology is expected to have broad use in anti-counterfeit labels, colorimetric sensors, 

flexible structural color membranes, and decorations. The resolution can be further 

improved by improving the numerical aperture of the projection system to reduce the beam 

spot size on sample surface in future development. 
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2.3 Results 

 

 

Figure 2.1: Structural color printing technology. (a) Schematic illustration of the polymer-

assisted photochemical deposition (PPD) printing setup and an example of printed ASU 

logo (scale bar: 500 μm). (b) Three-dimensional scheme showing printing of multi-layered 

film stack into microstructures. (c) Optical images showing an example of printed colored 

ASU logo corresponding to (b). Scale bar: 100 μm. 

 

The metal thin-film deposition was performed at room-temperature using our PPD 

system (Figure 2.1(a)). UV dynamic light projector (DLP) is used as the light source to 

photochemically induce metal reduction from a precursor solution. Our PPD system has 

been demonstrated capable of printing different metals, including gold, silver, and platinum 

[42]. Silver was chosen in this work owing to its high reflectance (>95 %) in the visible 

wavelength range [43]. Here, the precursor contains a metal salt (silver nitrate), reductant 

(sodium citrate dihydrate) and polymer reactant (pAAm).  UV illumination (385 nm) 

triggers reduction of silver (Ag) ions to silver nanoparticles (AgNPs), which are then 

connected into continuous films assisted by the pAAm polymer. Uniquely, this AM system 

is therefore capable of adjusting both the lateral dimensions of printed metallic structure at 

micrometer scale, by selectively turning on and off the digital micro-mirror (DMD) pixels, 
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and also the film thickness at nanometer level, through controlling the film growth rate and 

time. For example, the spatial light intensity distribution is controlled by a DMD device 

within the DLP, and flexibly programmed by computer-generated layout. The light pattern 

guides the Ag film growth at targeted areas and in designed shapes, exemplified by an 

Arizona State University (ASU) logo (Figure 2.1(a) insert). The capability of metal printing 

with precise control in both lateral and vertical dimensions is particularly useful for the 

creation of an asymmetric FP cavity to simultaneously display multiple structural colors 

(Figure 2.1(b)). The FP cavity structure consists of an Ag reflector at the bottom, a 

dielectric spacer in the middle and printed Ag thin film on the top. In one example, three 

different colors can be printed simultaneously, that is a background layer without the top 

Ag films, a middle ground layer with a very thin (e.g. <10 nm) Ag film, and a foreground 

layer with slightly thicker (e.g. >10 nm) Ag film. This multi-thickness film stack can be 

produced in a single print without moving the substrate or refilling the precursor, but rather 

simply by overlaying two computer-generated image patterns in consecutive illumination 

steps. For instance, maroon-colored letters of ASU as the foreground can be revealed on 

and distinguished from the gold-colored middle ground layer (Figure 2.1(c)), creating a 

high contrast with micrometer scale structural resolution.  
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Figure 2.2: Structural and optical characterization of PPD-printed ultra-thin films. (a-c): 

Surface morphology and optical response of 4 nm-thick Ag films prepared on fused silica 

substrate by PPD and PVD: (a) 2D (left, scale bar: 500 nm) and 3D (right) profile of AFM 

images, (b) SEM images (scale bar: 200 nm), and (c) measured relative reflectance. (d) 

Measured optical properties (n, in black; k, in red) of 15 nm Ag films prepared on fused 

silica substrate by PPD (solid lines) and PVD (dot lines), respectively. (e) Measured (black 

solid line) and calculated (red dotted line) permittivities of PPD film. Top: real part. 

Bottom: Imaginary part. (f-h) Optical images of PPD-printed lines on SiO2 (200 nm)/PVD-

Ag (85 nm) substrate: (f) single-pixel lines printed from 150 sec (left) to 360 sec (right), 

(g) single-pixel (left) to 6-pixel (right most) lines printed at 150 sec, and (h) four-pixel lines 

printed from 50 sec to 110 sec. Scale bar: 50 μm. (i) Printed PPD film thickness as a 

function of printing time extracted from (h). (j) Surface morphology of PPD film on SiO2 

(200 nm)/PVD-Ag (85 nm) substrate. Left: 2D profile of AFM image of 70 s printed four 

pixel line from (h) (scale bar: 5 μm). Right: 3D profile of AFM images of the printed PPD 

Ag and sputtered SiO2.      
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To design the FP cavities for desired color printing, we first experimentally investigated 

the film morphology and optical response of PPD-printed ultra-thin Ag films, and 

compared these to thermally evaporated PVD films (Figure 2.2). First, atomic force 

microscopy (AFM) (Figure 2.2(a)) and scanning electron microscopy (SEM) (Figure. 

2.2(b)) imaging were used to study the morphology and surface roughness of PPD- and 

PVD-deposited thin films (both ~4 nm thick on fused silica substrate, and deposited at 

similar rate of 2.4 nm min-1). The PPD film was found comparable to but slightly smoother 

(root-mean-square (RMS) surface roughness 2.5 nm) than PVD film (RMS roughness 2.8 

nm). This is attributed to the fact that noble metals such as gold and silver tend to migrate 

on the surface and nucleate into MNPs, resulting in relatively rough and sometimes 

discontinuous films when deposited at sub 20 nm by PVD [44,45]. In comparison, reduced 

MNPs in PPD are stabilized by chemical capping agents and pAAm polymers [46], which 

produce continuous thin film even at sub 10 nm thickness. These phenomena were 

evidently observed by SEM imaging (Figure 2.2(b)). Further, the reflectance spectra of 

both thin films were examined by UV-visible spectrometer (Figure 2.2(c)). Despite similar 

reflectance in the longer wavelength range (600 – 800 nm), PVD film displayed a higher 

reflectance with a peak at 430 nm compared to PPD film, which was due to LSPR scattering 

of silver nanoparticles (AgNPs) [47]. These results again confirmed the formation of 

AgNPs islands rather than continuous structures via PVD deposition. Indeed, the capability 

of PPD to print ultrathin yet continuous films is much desired in this FP cavity based color 

printing demonstration.   
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To compare the optical refractive indexes (n, k) of PPD- and PVD-films, 15 nm 

thick Ag was prepared on fused silica substrates, and examined by UV-near infrared (NIR) 

spectroscopic ellipsometry (Figure 2.2(d)). Notably, PPD film had a higher refractive index 

(n ~1.90) and lower extinction coefficient (k ~0.92) than PVD one in the visible wavelength 

range (400 nm – 800 nm). Clearly, the optical permittivity of aggregated nanoparticles 

behaved significantly different from ideal metallic films or isolated nanoparticles [48]. This 

is thought to be due to the presence of polymer (e.g. pAAm has n ~1.38, k ~0) residue 

within the printed PPD thin films, effectively forming MNPs/polymer nanocomposite with 

its optical properties strongly affected by the MNP and polymer material compositions 

[49,50]. To further investigate the printed PPD film, we employed effective medium theory 

(EMT) to set up a numerical model that can precisely predict the optical properties of the 

nanocomposite (details in Appendix C) [51]. Importantly, the unique optical response of 

PPD-printed composite film can be successfully interpreted by EMT, evidenced by the fact 

that EMT-calculated effective permittivity agrees very well with the empirical values with 

a filling factor of AgNPs fit as 0.81, i.e. 81 % of the total volume of nanocomposites (Figure 

2.2(e)). This indicated very high concentration of AgNPs in the nanocomposite matrices.  

 

Then, we studied the impact of printing conditions, particularly printing time and pixel 

sizes, on the structural lateral resolution and film thickness (Figure 2.2(f)-(i)). The 

dielectric-coated metallic substrates, i.e. 200 nm SiO2 dielectric layer on 85 nm PVD Ag 

back reflector, were used in this study. First, the impact of printing time (150 s to 360 s) 

on linewidth was studied using single-pixel straight lines (Figure 2.2(f)). Noticeably, the 

printing rate on dielectric-coated metal substrate (6.5 nm min-1) was ~2.7 times higher than 
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bare fused silica substrate (2.4 nm min-1) (Figure. A.1 (c) and (d)). This is attributed to a 

~2.5 times higher electromagnetic field intensity at the printing surface resulting from the 

reflection of illuminating UV light at the PVD Ag reflector, estimated from FDTD 

simulation (Figure A.1(e)). Additionally, the printed lines were found to expand with 

increased printing time, e.g. 4.6 µm at 150 s (film thickness of 8.6 nm) compared to 8.2 

µm at 360 s (thickness 22.5 nm). The observed linewidth broadening is thought attributed 

to the metal structure nucleation and growth process. It is understood that the reduced 

MNPs in the solution can go through a diffusion process as printing proceeds, which 

resulted in wider linewidth. On the other hand, it is also possible the initially printed metal 

lines would serve as nucleation seeds to guide subsequent metal growth at all directions, 

including from the line edges, which further enhanced the linewidth increase. Besides the 

dependence on printing time, the linewidth was also found dependent on pixel sizes (Figure 

2.2(g)). Interestingly, single-pixel and two-pixel lines were significantly narrower (4.6 µm 

and 7.8 µm, respectively) than larger-pixel (3 to 6) ones (14 µm to 24.3 µm), despite the 

same printing time (150 s).  This trend is consistent with our observation of Ag printing on 

bare fused silica (Figure A.2). In both cases, the metal film thickness (Figure A.2) and film-

stack color contrast (Figure 2.2(g)) of printed lines gradually increased with pixel size, and 

reached a plateau with four or more pixels. The correlation between pixel size and film 

thickness is a unique characteristic of our PPD process. It is attributed to the fact that the 

metal film growth rate is strongly dependent on the effective electromagnetic field intensity 

at the nucleation side, which is not only controlled by illumination but also affected by the 

reflection from just printed metallic thin-film structures. The optical scattering from the 

rougher edges is expected significantly higher at narrow lines, thus rendering less strong 



  13 

effective electromagnetic field intensity and slower film growth compared to wider lines. 

Such scattering effect, however, could become less dominant when the linewidth is 

significantly larger than the illumination wavelength, i.e. 20.3 µm at 4 pixels compared to 

385 nm illumination. Such feature size dependent printing phenomena bring extra 

flexibility for PPD to produce multi-colored structures within a single printing process, for 

example by design structures of different widths and altering the printing time.  

 

Further, these studies allow calibration of film thickness at different pixel sizes and 

different printing time for accurate structural design in color printing. For example, four-

pixel lines were printed from 50 s to 110 s with 10 s step size on the prepared dielectric 

(sputtered SiO2) on silver substrate (Figure 2.2(h)). The PPD-printed nanocomposite film 

thicknesses were examined by AFM, and displayed almost linear dependence on the 

printing time (Figure 2.2(i)). Interestingly, the 3D profile of AFM images also indicated a 

much smoother surface (RMS = 1.7 nm) for the ultra-thin nanocomposite film (6 nm from 

70 s printing) than the SiO2/silver substrate itself (RMS = 3.2 nm) (Figure 2.2(j)). This can 

be understood from the unique PPD printing mechanism that photochemically reduced, 

pAAm-capped, small AgNPs (estimated 5-10 nm from AFM and SEM) could easily attach 

to the substrate surface via Van der Waals interactions [42], thus filling the voids with 

pAAm and AgNPs and favorably reducing substrate surface roughness [52].  
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Figure 2.3: FDTD simulated reflectance spectra for design of structural colors. (a) Three-

dimensional schematic of the FP cavity, with the top-layer PPD-printed thin film thickness 

t and dielectric spacer thickness d as variables. (b) Reflectance spectra with variable t and 

fixed d = 200 nm). (c) 1931 CIE color coordinates corresponding to (b). (d) Reflectance 

spectra for variable d and fixed t = 15 nm. (e) CIE color coordinates corresponding to figure 

d. (f) The color palettes based on the simulated reflectance spectra with varying d and t. 

 

To guide our color printing design, FDTD simulations were conducted with empirically 

measured optical indexes of nanocomposite and dielectric (SiO2) films to understand their 

thickness impact on the color display. We started with investigation into the impact of 

material effect of top metal film materials, i.e. PPD-printed or PVD-deposited, using the 

same cavity structure, consisting of 85 nm PVD Ag back reflector at the bottom, 200 nm 

SiO2 dielectric layer in the middle and a variable metal film thickness t (0 to 30 nm, 5 nm 

step size) on the top (Figure 2.3(a)), was used in this study. Here the change in the thickness 

of the PPD-printed nanocomposite film directly affects both the reflection (and according 
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the transmission into the FP cavity) and also the phase accumulation (Figure A.3). 

Therefore, the film thickness can strongly modulate the interference effects in the FP 

cavity, shifting both the amplitude and resonance of reflected light (Figure 2.3(b)). Using 

15 nm PPD film as a top layer, significantly broaden reflectance spectra (~300 nm at full 

width half maximum (FWHM)) and relatively high reflectance (98 % at 670 nm) were 

calculated in the visible wavelength range (Figure 2.3(b) ‒ solid pink line), which 

facilitated highly-contrast and bright color printing in selected wavelength ranges [17]. As 

aforementioned, PPD film effectively acted as an absorptive composite material composed 

of highly concentrated absorbing AgNPs [53] and non-absorbing pAAm polymer [54]. 

This behavior differs significantly from using PVD Ag films as the top layer of the FP 

cavity (Figure A.4), which was calculated to display a high reflectance with a much 

narrower resonance in the visible wavelength range and much less effective to produce 

saturated colors. In comparison, the predicted equivalent colors from our simulated 

reflectance spectra were illustrated on the 1931 International Commission on Illumination 

(CIE) chromaticity diagram by using colorimetric transformations (Figure 2.3(c) for PPD 

top film and Figure A.4(c) for PVD film), clearly showing a much broader range of color 

tuning by PPD printing compared to PVD film that barely displayed color differences by 

changing the film thickness.  

 

Similarly, we conducted FDTD simulation with various dielectric layer thicknesses (d) 

to obtain wider color gamut (Figure 2.3(d)-(e)). The cavity structure was composed of 85 

nm PVD Ag back reflector, 75 to 200 nm SiO2 dielectric spacer (d, 25 nm step size) in the 

middle, and 15 nm PPD film on the top. As the SiO2 thickness d increases, the resonance 



  16 

peak wavelength redshifted from 330 nm to 400 nm, 460 nm, 530 nm, 600 nm and 670 nm, 

respectively (Figure 2.3(d)). Compared to the color tuning effect of PPD-printed metal film 

thickness (Figure 2.3(b)), the dielectric layer spacer has a more pronounced impact in 

modulating the reflectance amplitude and resonance peak wavelengths. The predicted 

colors corresponding to the reflectance spectra on the CIE chromaticity diagram (Figure 

2.3(e)) further clearly indicated broader color gamut than that with varying PPD film 

thickness t (Figure 2.3(c)). This can be understood as the result of significant change in 

optical path and accumulated phase in the cavity [16-18]. To visualize the printed colors, 

a two-dimensional color palette was created with varying SiO2 dielectric layer and the top 

PPD film thicknesses (Figure 2.3(f)). For example, the palette showed highly saturated 

vivid colors of blue, light blue, cyan, light green, orange and blood orange, respectively, as 

d increases while keeping t = 20 nm. Noticeably, distinguishable colors were also obtained 

by simply modifying t with the same dielectric layer, which provides more degrees of 

freedom for tunable color printing. 
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Figure 2.4: Experimental demonstrations of color printing with micro-meter resolution. (a 

– c) Optical images of various pixel-sized checkerboard printed on the SiO2/PVD Ag 

substrate with the SiO2 thickness as 75 nm, 150 nm, 200 nm, respectively. Scale bar: 30 

μm. (d) AFM image and (e) SEM image (scale bar: 30 μm) of the printed 3 pixel-

checkerboard on 200 nm SiO2 layer.  The PPD film was ~20 nm thick. 

 

Based on the above simulation results, we employed various thicknesses of SiO2 

dielectric layer (d = 75 nm, 150 nm and 200 nm, respectively) on the 85 nm PVD Ag back 

reflector to experimentally demonstrate the color generation (Figure 2.4). The printing was 

carried out for 180 s (thickness ~20 nm) with checkerboard patterns to characterize the 

spatial resolution of our PPD system for color printing. The experimentally produced colors 

were consistent with the simulation-predicted color palette with a spatial resolution down 

to 6.5 µm (Figure 2.4(a)–(c)). The 3D profile of AFM image again confirmed a much 

smoother surface (RMS roughness 1.5 nm) of PPD film than sputtered SiO2 dielectric layer 
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(RMS roughness 3.2 nm) with sufficiently distinguishable micro scale features (Figure 

2.4(d)). Interestingly, distinct structures were well preserved even at the corners and 

boundaries of neighboring areas (Figure 2.4(a)–(c)), indicating the printing faithfully 

produced microstructured patterns as confirmed by SEM image (Figure 2.4(e)). This 

demonstration implies that our PPD based AM technology distinguishes itself from 

conventional structural color printing methods in its capability of creating micro-scaled 

colored features without any photolithography processes. 
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Figure 2.5: Demonstration of the feasibility of printing complex structures with various 

colors. (a) A cartoon character ‘Stitch’ (d = 75 nm), (b) a symbol of Arizona ‘Cactus’ (d = 

150 nm), and (c) a logo of ‘ASU’ (d = 200 nm). Scale bar: 100 μm. (d – f) AFM measured 

PPD film thicknesses t for each structures corresponding to (a – c), respectively. (g – i) 

FDTD simulated reflectance spectra (dashed lines) and experimentally measured 

reflectance spectra (solid lines) for each structures corresponding to (a – c), respectively. 

 

To investigate the feasibility of color printing of complex structures, three different 

images were used on dielectric-coated silver substrates (Figure 2.5). Given the layer-by-

layer nature of the PPD process, those images were divided into several layers for printing. 

A colored microscale cartoon image of ‘Stitch’ was printed on 75 nm SiO2 dielectric layer 

to represent blue-color over an area of 670 µm × 610 µm (Figure 2.5(a)). A multi-step 



  20 

printing, i.e. 100 s for belly and ears, 150 s for head, arms and legs, and 210 s for eyes, 

nose and claws, was found to achieve the best color contrast. Besides, a ‘Cactus’, the 

symbol of Arizona state, was printed over an 860 µm × 620 µm area on 150 nm SiO2 

dielectric layer as the representative for green-color (Figure 2.5(b)). To obtain the best 

printing quality, the printing time was set as 45 s for sun and 210 s for cactus, respectively. 

Additionally, a colored microscale logo of ‘ASU’ was printed over an area of 720 µm × 

450 µm on 200 nm SiO2 dielectric layer to demonstrate red and orange color printing 

(Figure 2.5(c)). The printing time was 60 s for ASU logo background and 180 s for ASU 

letters, respectively. Our AFM analysis (Figure 2.5(d)‒(f)) further confirmed the highly 

saturated and high-contrast colors were created from as thin as 4 nm PPD films. Lastly, 

FDTD simulations were conducted with the empirically measured film thicknesses and 

refractive indexes to calculate the reflectance spectra, and compared to the spectra 

measured by UV-Vis spectrometer (Figure 2.5(g)‒(i)). Noticeably, the measured 

reflectance spectra (solid lines) showed large modulation in the reflectance similar to 

simulated spectra (dashed lines), despite small discrepancies possibly attributed to 

differences in film geometries and material properties between simulations and 

experiments. We also investigated the effect of polymer encapsulation layer on color 

retention time using the same structures (details in Appendix B). Although the reflectance 

spectra was slightly red-shifted after 14 days of printing (Figure B.1(d)) possibly due to 

additional reaction between AgNPs and PMMA, the encapsulation layer significantly 

improved the color retention time of printed image (Figure B.1(b)). Nevertheless, these 

results convincingly demonstrate that the PPD based structural color printing is an 

alternative and cost-effective solution for high-quality and micro-scaled color printing 
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applications. In future studies, it is possible to print multiple colors by engineering the FP-

cavity dielectric layers at different thicknesses on one sample. AM technology also allows 

photo-initiated polymerization that can be used to print dielectric spacers at designed 

thicknesses [55]. 

 

 

Figure 2.6: Photolithography and vacuum-free structural color printing. (a) Three-

dimensional schematic of the FP cavity. (b) An exhibited colored ASU logo on the 

dielectric-coated metallic layer with various PMMA thicknesses using fused silica as a 

substrate. Scale bar: 50 μm. (c) Camera image of fabricated FP cavity on PET substrate 

with slight bending capability. (d and e) Optical images of produced colored DEETHU 

logo on the dielectric-coated metallic layer using PET and PDMS as substrates, 

respectively. Scale bar: 100 μm. 
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The above color printing demonstrations were achieved without photolithography, yet 

they still required several vacuum deposition processes for substrate preparation. To 

eliminate any vacuum depositions altogether, we further utilized PPD films to print both 

the bottom metal reflector and top-layer thin film, and used spin-coated PMMA as a 

dielectric layer (Figure 2.6(a)). The reflectance from a back reflector strongly influences 

the FP cavity optical performance and directly affects the color saturation [56]. Here we 

examined the PPD-printed back reflector on the fused silica substrates after 8 min, 9 min 

and 10 min printing by UV-Vis spectrometer, using a protected silver mirror as a reference 

(Figure A.5(a)). Interestingly, 8 min printed PPD film showed the highest relative 

reflectance (79 % at 600 nm) compared to longer time (9 min and 10 min, with 77 % and 

74 %, respectively) printed films, possibly attributed to increased surface roughness 

(Figure A.5(b)) due to undesired particle growth and resultant undesired scattering loss 

[50]. Therefore, 8 min printed PPD back reflector was chosen for our printing on different 

substrate materials. The PPD back reflector was characterized by surface profiler, UV-Vis 

spectrometer, AFM and SEM. Remarkably, the film surface was smoother (RMS 

roughness 3.5 nm) than the PVD back reflector (RMS roughness 5.5 nm) at the same 

thickness (85 nm) (Figure A.6(a)‒(c)), despite lower reflectance (Figure A.6(d)). Then 

PMMA was spin-coated on the back reflector, with its thickness adjusted by changing spin 

coating speed. The PMMA refractive index was characterized by ellipsometry and found 

similar to that of SiO2 in the visible wavelength range (Figure A.7). The PMMA was 

solidified overnight and briefly treated by oxygen plasma prior to the top-layer metal 

printing. A microscale logo of ‘ASU’ with a size of 410 µm × 160 µm was printed on 165 

nm- and 200 nm-thick PMMA layers (Figure 2.6(b)), producing different colors with a 
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spatial resolution of ~7 µm. Both the color saturation and printing resolution were 

comparable to using PVD-deposited back reflectors. A lower contrast was observed, 

possibly because of the lower reflectance of back reflector, which could negatively affect 

the optical reflectance from the FP cavity. 

 

Printing on flexible substrate is desired in many color printing applications, yet it could 

be problematic when using conventional fabrication processes (e.g. PVD and 

photolithography) due to the instability of the substrates when exposed to vacuum, heat or 

organic solvent environments [57,58]. An unique advantage of PPD printing is its room-

temperature, ambient, and solvent-free printing process that allows it to be compatible to 

various substrates, as demonstrated in our previous work [40]. Here we further demonstrate 

micro-scaled structural color printing onto flexible PET and PDMS, the most well-known 

flexible substrates. We printed the logo of the department of electronic engineering of 

Tsinghua University (DEETHU) in order to celebrate their 70th anniversary, which is the 

theme of this special issue. Clearly, the FP cavity was well fabricated on PET and intact 

with slight bending test (Figure 2.6(c)).  The optical images of the colored DEETHU logo 

on PET and PDMS substrates (Figure 2.6(d) and (e)), respectively, strongly demonstrated 

the feasibility of color printing with a spatial resolution about 6.3 µm, completely 

comparable to our printing on rigid silica substrates.  
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2.4 Discussion 

 

In summary, we have developed a new approach to print micro-scaled structural colors 

using room-temperature, ambient, and low-cost PPD process. The ultra-thin PPD-printed 

film showed satisfactory surface morphology characteristics in surface roughness and 

continuity, and acted as an absorptive layer in a FP cavity structure. The FP cavity designs 

were optimized by coupling experimental studies and FDTD simulations to modulate the 

reflectance in the visible wavelength range and to produce highly saturated and bright 

colors. We have further demonstrated printing of complex structures in logos and pictures 

of different colors with a spatial resolution down to 6.5 µm, on both rigid fused silica and 

flexible substrates Our demonstrations show that the PPD color printing technology can 

eliminate complex photolithography and vacuum deposition processes, thus opening new 

windows to a wide variety of applications including colorimetric sensors, surface 

decoration, wearable optical devices, and flexible display with high resolution and low 

cost. 
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2.5 Materials and methods 

2.5.1 Materials 

 

Silver nitrate (ACS reagent, ≥99.0 %), sodium citrate dihydrate (≥99.0 %), allylamine 

(AAm, ≥99.0 %), 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 

2959, 98 %) and trichloro(1H,1H,2H,2H-perfluorooctyl)silane were purchased from 

Sigma-Aldrich. PMMA (950K A4) was purchased from MicroChem. Dow Corning 

Sylgard 184 silicone elastomer was purchased from VWR. Polyethylene terephthalate 

(PET) film (PF-40/1.5-X4) was acquired from Gel-Pak. DLP® LightCrafter™ E4500 

MKII™ UV (385 nm, 2 W) was purchased from EKB Technologies Ltd. Motorized stage 

(100 mm motorized linear translation stage, stepper motor, 1/4"-20 taps) and CMOS 

camera (1280×1024 pixels) were purchased from Thorlabs. All chemicals used as received 

without further purification. 

 

 

2.5.2 Preparation of Ag Printing Precursor 

 

The Ag printing precursor was prepared by mixing silver nitrate, sodium citrate 

dihydrate and poly(allylamine) (pAAm). Silver nitrate and sodium citrate dihydrate solid 

powders were dissolved in DI water respectively, to obtain 100 mM stock solution for each 

chemical. pAAm stock solution was prepared by photo-polymerization of AAm. 200 µL 

AAm stock solution which contained 1 M AAm and 0.57 mg mL-1 of Irgacure 2959 was 

illuminated under UV light (BlueWave®  200 UV curing spot lamp, 365 nm, 3.0 W cm-2) 
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for 15 min. The polymerized solution was used as it is. To produce Ag printing precursor, 

80 µL silver nitrate stock solution, 60 µL sodium citrate dihydrate stock solution and 16 

µL pAAm stock solution were added into 844 µL DI water. The prepared precursor should 

be consumed immediately.  

 

2.5.3 Preparation of Substrates 

  

Bare Si wafer was used as a substrate to prepare ultra-smooth polydimethysilane 

(PDMS) sheets. Self-assembled monolayers (SAMs) were formed on the substrate surface 

by using trichloro(1H,1H,2H,2H-perfluorooctyl)silane at 100 °C for 30 min as anti-

sticking layer followed by solvent and RCA-1 cleaning. After cooling the Si substrate, a 

mixture of Sylgard 184 silicone elastomer and its curing agent (10:1 wt/wt) was poured 

onto it, degassed and further cured at 70 °C for 3 h. The prepared PDMS was gently peeled 

off from the substrate, cut into rectangles and transferred onto solvent cleaned coverslip 

for easy handling during the printing process. The PET substrate was delaminated from 

commercially available Gel-film and used as it is. Fused silica substrate was solvent and 

RCA-1 cleaned to remove absorbed organic and inorganic contaminants. All the substrates 

were nitrogen blown and cleaned with oxygen plasma cleaning system (Tergeo plasma 

cleaner, 75 W, 5 sccm) for 30 s prior to further fabrication process. 
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2.5.4 Ag and SiO2 Film Deposition   

 

Sub-5 nm Ag film was deposited onto fused silica substrate by thermal evaporator 

(Denton Benchtop turbo) to compare the quality of ultra-thin printed PPD Ag film with 

conventionally evaporated PVD one. Ultra-pure silver pellet (99.999 % purity, Materion) 

was used with deposition rate of 0.4 Å  s-1 which is identical to the printed Ag deposition 

rate with the same thickness. This deposition was carried out without adhesion layer for a 

precise comparison to printed Ag film. Metal/dielectric substrate was prepared using 

conventional deposition process to demonstrate the feasibility of structural color printing 

using PPD. 3 nm chromium was evaporated as an adhesion layer, then 85 nm Ag film was 

deposited as back reflector onto fused silica substrate at 1.7 Å  s-1 with the same evaporator. 

The deposition rate was identical to printed Ag film with the same thickness. SiO2 dielectric 

layer was deposited at 0.5 Å  s-1 using the radio frequency (RF) sputtering system (Kurt J. 

Lesker) with various thicknesses to adjust resonance peak of the cavity.       

 

2.5.5 FP cavity based structural color printing using PPD 

 

The aforementioned metal/dielectric substrate was used for demonstration of structural 

color printing. Desired printing patterns were designed in software Paint due to its pixel-

based interface. A reservoir was made by PDMS in the same manner as described in 

preparation of substrates section was placed onto the substrate, then filled with the printing 

precursor. Designed patterns were illuminated by digital mirrors in DLP® LightCrafter™ 

E4500 MKII™ system (385 nm, output power of 2 W) from the top through the precursor 

using a 10x objective lens with numerical aperture (NA) of 0.3 to print Ag on the substrate 



  28 

surface (Figure 2.1(a)). The sample height was precisely controlled by motorized stage to 

achieve the best printing quality. The illuminated patterns were dynamically changed by 

PC software after the certain amount of time for the first layer printing. After the 

completion of printing, the reservoir was removed from the substrate, and the substrate was 

rinsed with DI water and dried with nitrogen blow. To prove photolithography and vacuum 

deposition-free structural color printing on rigid and flexible substrates, fused silica, PDMS 

and PET substrates were used. To begin with, 85 nm thick PPD Ag film was printed as 

back reflector, then PMMA was spin coated onto printed film as dielectric layer. The 

substrates were left at room temperature for overnight to evaporate solvent and solidify 

PMMA. Oxygen plasma treatment (Tergeo plasma cleaner, 25 W, 10 sccm) was employed 

for 30 s to make PMMA surface be hydrophilic, that the printing surface became more 

attractive to the printing precursor. Finally, designed patterns were printed on the top of 

PMMA surface in the same manner to complete structural color printing.  

 

2.5.6 Film Characterization 

 

Atomic force microscopy (AFM, Bruker Multimode 8) was used to examine the 

thickness and surface roughness of both PPD and PVD films. A tapping mode was 

employed at ambient condition with various scan size and at a scan rate of 1 Hz. The 

detailed surface morphology was inspected by scanning electron microscopy (SEM, 

Hitachi S-4700 FESEM) with an acceleration voltage of 5 keV and current of 10 µA. A 

thin layer of Au/Pd was sputtered (Cressington sputter coater 108) on the samples to 

enhance imaging resolution prior to SEM measurements. Optical properties (refractive 
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index n, extinction coefficient k) of PPD and PVD films and dielectric layers were 

measured by UV-NIR spectroscopic ellipsometry (J.A. Woollam, M-2000). Olympus 

BX53 fluorescent microscope coupled Horiba iHR320 imaging spectrometer was utilized 

to record all the optical images and reflectance spectra of fabricated samples. A protected 

silver mirror (Thorlabs, PF10-03-P01) was used as reference to calculate relative 

reflectance of the samples, which has optical reflectance over 97.5 % in the visible 

wavelength range. 

 

2.5.7 Simulation 

 

The finite-difference time-domain (FDTD) simulations were carried out to calculate 

reflectance spectra in the visible wavelength range. Various thickness of printed PPD film 

and SiO2 dielectric layer were employed to design the structural geometry of the FP cavity 

for structural color printing. Periodic boundary conditions (±x, ±y direction) and perfectly 

matched layers (±z direction, parallel to the propagation of electromagnetic waves) were 

used within a unit cell of 200 nm along the ±x and ±y direction. The unit cell consisted of 

85 nm thick PVD back reflector, d nm SiO2 dielectric layer and t nm PPD or PVD Ag films. 

The plane wave in the visible wavelength range (400 – 800 nm) was used as the light 

source, which was incident perpendicular to the unit cell. The mesh sizes were set as 2 nm 

along the ±x and ±y direction and 1 nm along ±z direction. The measured optical properties 

(n, k) of each material were used for simulation. The reflectance was monitored in the x–y 

plane, ∼1000 nm away from the top surface of structure. Using colorimetric 

transformations, the simulated reflectance spectra were mapped on the CIE 1931 
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chromaticity diagram to display the corresponding colors. They were compared with 

experimental observations. 

 

2.5.8 Effective Medium Theory 

 

Effective medium theory (EMT) was utilized to numerically calculate the effective 

permittivity (𝜀𝑒𝑓𝑓) of the printed PPD film to characterize its optical properties. 

Bruggeman`s EMT model was employed for calculation due to the aggregated structure of 

AgNPs and pAAm in the nanocomposites. The formula for 𝜀𝑒𝑓𝑓 read: 

 

𝜀𝑒𝑓𝑓 = 𝜀𝑝 [1 +
𝑓(𝜀𝑛𝑝 − 𝜀𝑝)

𝜀𝑝 + 𝑛(1 − 𝑓)(𝜀𝑛𝑝 − 𝜀𝑝)
], 

 

where 𝜀𝑛𝑝 and 𝜀𝑝 were the permittivities of AgNPs and pAAm, respectively, and 𝑓 was the 

filling factor of AgNPs in the nanocomposite. A shape factor 𝑛 was introduced as a fitting 

parameter to generalize the equation. To investigate the average AgNP size, we performed 

pAAm concentration dependent PPD printing. From the SEM images with various pAAm 

concentration (Figure C.3), we observed particles from sub-5 nm to 10 nm with 

distinguishable contrast, particularly in 30 mM of pAAm concentration, which probably 

attributed to higher pAAm capping efficiency for AgNPs (Figure C.3(e)). Therefore, the 

average size of AgNPs was set as 10 nm in diameter for the purpose of calculating 𝜀𝑛𝑝 

using our model. 
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CHAPTER 3 

GE-ASSISTED TRANSFER PRINTING (GTP) OF METALLIC APERTURES FOR 

OPTICAL APPLICATIONS 

 

3.1 Introduction 

 

Transfer printing has been widely studied as an economical approach for the direct 

fabrication of micro- and nano-scaled metallic structures without employing conventional 

patterning processes [59,60], including physical vapor deposition (PVD), photo- or 

electron-beam lithography (EBL), metal lift-off, and/or dry-etching, which are usually 

complicated, time-consuming, and potentially costly. Furthermore, the transfer printing 

process does not necessarily require elevated temperature and complex chemistry, e.g., 

photoresist, organic solvent, developer, etc. [60]. Therefore, this technology can be utilized 

for various ranging of applications such as micro/nano-electro-mechanical systems 

(MEMS/NEMS) [61-63], biological sensors [64,65], plastic display devices [66,67], and 

optoelectronic devices [68,69]. In a typical transfer printing process, a noble metal, i.e., 

gold (Au) and silver (Ag), is first deposited on the pre-structured stamp/donor substrates. 

The metal layer only on the protruded structures is delaminated using the intermediate 

template, e.g. polydimethysilane (PDMS), then the metal on the template is transferred to 

the target/acceptor substrates using external forces such as heat or pressure. Due to this 

unique mechanism, transfer printing usually avoids the deposition of an adhesion layer, 

e.g. chromium (Cr) and titanium (Ti), to allow the ease of delamination of metal from the 

donor substrate, which bounds its structural shapes in simple geometries such as gratings, 
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disks, and squares [70-73] due to the challenge in maintaining complex shapes without 

adhesion layer. Recently, the transfer printing process for arbitrary shapes has been 

reported, however, it required EBL for each transfer process, which is unsuitable for cost-

effective manufacturing [74]. 

 

Arbitrary metallic nano-aperture structures, e.g., bowtie nano-aperture, consisting of 

two triangular arms pointing to each other and separated by a nano-sized gap, have great 

attention due to their geometrical advantages, i.e., significantly enhanced electromagnetic 

field and light confinement at the nano-sized gap via strong coupling effect [75-77]. 

Therefore, these unique structures can be potentially used for various optical applications 

such as optical lithography [78,79], single photon emission [80,81], data storage [82], and 

others where high-efficiency near-field enhancement are essential. Despite those 

theoretical advantages, scalable manufacturing of metallic apertures still remained 

challenging due to the required complicated fabrication processes, e.g., EBL, Focus-ion-

beam (FIB) milling, and reactive-ion-etching (RIE) of metallic film, which possibly 

induced lengthy process and high-cost in manufacturing. 

 

In this chapter, the use of inexpensive and scalable transfer printing technology will be 

demonstrated for the fabrication of arbitrary metallic nano-aperture structures. An ultra-

thin germanium (Ge) is utilized as a nucleation layer prior to the deposition of noble metals 

to minimize the migration of metal atoms during the initial deposition process, which yields 

a smoother surface and prevents pattern distortion. A water-soluble polymer (polyvinyl 

alcohol, PVA) is used as a dominant metal transfer layer, which facilitates avoiding any 
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form of chemistry during the printing process. Importantly, the demonstrated transfer 

printing has the capability of direct patterning of metallic structures from simple gratings 

to arbitrary bowtie structures with a sub-100 nm resolution and up to 50 nm thickness. This 

new printing technology is expected to have broad use in high throughput optical 

lithography, bio-sensors, and quantum emitter system with high resolution and low cost. 

The transferable resolution and thickness limits will be further investigated in the future 

studies. 

 

3.2 Effect of Ge on Metallic Thin Film 

 

Germanium (Ge) has been widely utilized as a nucleation (or wetting) layer for noble 

metals, especially Ag, in various optical applications [83-85]. Due to its relatively higher 

surface energy than that of Ag and SiO2, it effectively suppresses the migration of Ag atoms 

at the surfaces during the initial stage of metal deposition [83]. Consequently, the deposited 

Ag thin film on the Ge nucleation layer tends to be significantly smoother and exhibits a 

lower percolation threshold than the Ag film on SiO2. In addition to this advantage, it was 

experimentally observed that Ge also allowed maintaining arbitrary shapes when Ag was 

deposited on the pre-fabricated dielectric nano-apertures as it provided sufficient 

nucleation sites at the edge of bowtie to avoid the accumulation of Ag atoms at the edges 

(Figure 3.1). Furthermore, the Ag film without a Ge nucleation layer indicated a much 

larger grain size than the one with Ge and generated many nano-cracks on the deposited 

film surface, which would potentially behave as scattering sites of the incident light, 

resulting in huge optical loss [86]. Therefore, it is essential to use the Ge nucleation layer 
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to successfully transfer intact arbitrary metallic nano-apertures with improved optical 

performance in this demonstration. 

 

  

Figure 3.1: The effect of Ge nucleation (or wetting) layer. Left: Ag (50 nm) deposited 

without Ge on the fabricated SiO2 apertures, right: Ag (50 nm) deposited with Ge (1 nm) 

on the same apertures. Scale bar: 500 nm. 

  

3.3 GTP Process for Metallic Nano-apertures 

The Ge-assisted transfer printing (GTP) was developed by employing a polymeric bi-

layer (PVA/poly(methyl-methacrylate) (PMMA)) on a PDMS substrate as the intermediate 

template. To prepare PDMS, self-assembled monolayers (SAMs) were formed on the bare 

Si substrate using trichloro(1H,1H,2H,2H-perfluorooctyl)silane at 100 °C for 30 min as an 

anti-sticking layer followed by solvent and RCA-1 cleaning. A mixture of Sylgard 184 

silicone elastomer and its curing agent (10:1 wt/wt) was poured onto it after cooling the Si 

substrate, degassed, and further cured at 70 °C for 6 h. The cured PDMS (1 ~ 1.5 mm 

thickness) was gently peeled off from the substrate, and cut into squares for easy handling 

during the printing process. A μm-thick PVA layer was used as a dominant contact layer 

to metallic structures, and it was later dissolved in water [87,88]. A 100 nm-thick PMMA 

https://en.wikipedia.org/wiki/Poly(methyl_methacrylate)
https://en.wikipedia.org/wiki/Poly(methyl_methacrylate)
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layer was utilized to promote the adhesion between PVA and PDMS substrate for easier 

delamination of the metallic layer with the template. The GTP process was carried out 

using the pre-fabricated dielectric nano-apertures as a donor substrate to demonstrate its 

feasibility of transferring arbitrary metallic nano-apertures (Figure 3.2). First, the SAMs 

were formed on the donor substrate surface as the same as the aforementioned, then the 

ultra-thin Ge nucleation layer and Ag film, respectively, were deposited onto the substrate 

with the thermal evaporator (Denton Benchtop turbo). 4 wt% PMMA was spin-coated on 

PDMS substrate as an adhesion promoter layer, subsequently, 20 wt% aqueous solution of 

PVA (Sigma-Aldrich, Mw 9,000 – 10,000, 80 % hydrolyzed) was applied by spin coating 

on the PMMA layer immediately, and air dried for 1 min to semi-solidify the film. Then, 

the PVA/PMMA/PDMS template was placed on the donor substrate and gently rubbed by 

a tweezer at a moderate temperature (60 °C) to induce slight melting of the PVA film, 

which resulted in strong contact of the template onto the top metal layer. The template was 

quickly delaminated from the donor substrate and transferred to a pre-cleaned acceptor 

substrate. Since the adhesion of Ge to semiconductor or dielectric substrates was relatively 

lower than other adhesion layers, e.g., Cr and Ti, it allowed the ease of delamination of the 

whole template with metal layer [84]. The elevated heating (90 °C) and pressure (750 KPa) 

were applied to the acceptor substrate and template assembly using the nanoimprinter 

(THU400, Zhenjiang Lehua Electronic Technology Co. Ltd.) for 5 min to increase the 

bonding strength of transferred metal to the substrate. After cooling down the assembly, a 

small amount of water was applied at the edge of the assembly to detach the template. 

Remarkably, water penetrated between hydrophobic metal and hydrophilic PVA surfaces, 

which facilitated the delamination of the template without damaging transferred metal film 
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[89]. Finally, the acceptor substrate was immersed in warm water (60 °C) for 2 hours to 

remove the PVA residual completely. Importantly, the donor substrate could be reused 

followed by metal stripping and substrate cleaning for another GTP process utilizing either 

the same material or different ones without additional patterning processes such as EBL 

and FIB, which would be also considered as the superior advantage of the developed GTP 

process. 

 

 

Figure 3.2: Schematic illustration of Ge-assisted transfer printing (GTP). (a-b) Fused silica 

wafers were carefully cleaned, and nano-structures were fabricated, followed by EBL and 

sequential RIE steps. (c) SAM layer was formed on the donor substrate, then Ag/Ge (50 

nm/1 nm) was deposited. (d) PVA/PMMA on PDMS template was placed on the donor 

substrate. (e-f) The template was carefully peeled off and transferred to the acceptor 

substrate. Elevated temperature and pressure were applied for the bonding process. (g) The 

template was removed by water penetration between metal and PVA surfaces. Residual 

PVA was removed in warm water (60 °C) for 2 hours. 
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3.4 Demonstration of GTP 

3.4.1 Nano-gratings for Silver (Ag) Transfer 

 

 

Figure 3.3: Experimental demonstration of GTP using pre-fabricated nano-gratings. 

Photographic images of Ag/Ge (50 nm/1 nm) on (a) SiO2/Si donor substrate (before 

transfer) and (b) fused silica acceptor substrate (after transfer). Scale bar: 1 cm. 

 

To demonstrate the GTP process for transferring nano-scaled features, the pre-

fabricated dielectric, i.e., SiO2, nano-grating structures (period of 200 nm & height of 130 

nm) was used as a donor substrate. 1 nm Ge and 50 nm Ag were deposited on the pre-

cleaned donor substrate, followed by the formation of SAMs, then the GTP process was 

carried out as the above elucidation. Remarkably, the Ag nano-gratings were successfully 

transferred from the donor to the acceptor substrate in centimeter scale (0.7 cm × 1.3 cm) 

(Figure 3.3), which strongly implied the capability of the GTP process for scalable 

manufacturing of nano-scaled metallic structures.  
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Figure 3.4: SEM images of (a) SiO2/Si donor substrate (before transfer) and (b) fused silica 

acceptor substrate (after transfer). Scale bar: 200 nm. 

 

Scanning electron microscopy (SEM, Hitachi S-4700 FESEM) was employed for 

further characterize of the GTP process. The linewidth of transferred Ag nano-gratings, 

i.e., 75 nm, on the acceptor substrate was observed to be consistent with the one on the 

donor substrate according to the SEM images (Figure 3.4), indicating good pattern transfer 

feasibility of the developed GTP process. Noticeably, the transferred Ag nano-gratings had 

relatively small defect density within 1 μm2 area (less than 1 %) due to the advantage of 

using water-soluble PVA as a template, prevented the possible degradation of optical 

performance, which possibly occurred by leftover residues during the transfer process. 

Interestingly, the line edge of transferred Ag nano-gratings was found to be slightly 

smoother and rounded compared to the ones on the donor substrate from the tilted SEM 
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images (Figure 3.4), because the applied external heat and pressure during the bonding 

process probably caused gentle deformation of nano-scaled structures [90].   

 

3.4.2 Nano-gratings for Gold (Au) Transfer 

 

Au was employed as a source material for this experiment to investigate the versatility 

of GTP for various materials. The same structural nano-gratings as the above were used 

with a larger area. Remarkably, 1 nm Ge and 50 nm Au nano-gratings were also 

successfully transferred via the GTP process with a centimeter scale (Figure 3.5(a) and 

(b)), although partially non-transferred areas were found on the transferred structures. A 

contact between the template and the top metal layer was formed by gentle rubbing of the 

tweezer, inducing possible trapped air and non-uniformly flow of melted PVA at the 

contact surface, which possibly yielded a non-transferrable area. To further improve this 

phenomenon, a non-sticky rubber roller would be employed to gently and uniformly press 

the template instead of using a tweezer [91].  
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FDTD simulations for transferred Au nano-gratings were conducted to investigate the 

quality of transferred Au nano-gratings. Periodic boundary conditions (±x, ±y direction) 

and perfectly matched layers (±z direction, parallel to the propagation of electromagnetic 

waves) were used within a unit cell of 400 nm along the ±x and ±y direction. The unit cell 

consisted of Au nano-gratings and fused silica substrate. The plane wave in the visible 

wavelength range (400 – 800 nm) was used as the light source, which was incident 

perpendicular to the unit cell. The mesh sizes were set as 5 nm along the ±x and ±y 

directions and 1 nm along ±z direction. The Johnson and Christy model was employed for 

Figure 3.5: Experimental demonstration of the versatility of GTP using pre-fabricated 

nano-gratings. Photographic images of Au/Ge (50 nm/1 nm) on (a) SiO2/Si donor substrate 

(before transfer) and (b) fused silica acceptor substrate (after transfer). Scale bar: 1 cm. (c) 

FDTD simulated reflectance spectra (red dotted lines) and experimentally measured 

reflectance spectra (black solid lines) for transferred nano-gratings. 
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calculation. The reflectance was monitored in the x–y plane, ∼1000 nm away from the top 

surface of the structure. The reflectance spectra were examined by an ultra-violet-visible 

(UV-Vis) spectrometer (Horiba iHR320 imaging spectrometer) (Figure 3.5(c)). 

Noticeably, the measured reflectance spectra (black solid line) were consistent with 

simulated spectra (red dotted line), despite small discrepancies possibly attributed to 

differences in structural geometries and material properties between simulations and 

experiments. Nevertheless, these results convincingly implied that GTP would possibly 

have a broad range of material libraries for scalable and cost-effective manufacturing of 

high-quality nano-scaled metallic structures. 

 

3.5 GTP for Arbitrary Bow-tie Nano-aperture 

3.5.1 Dielectric Nano-aperture Fabrication 

 

 

Figure 3.6: Bow-tie nano-aperture fabrication process flow. (a-b) Fused silica wafers were 

carefully cleaned, and Cr/SiO2 was deposited. (c-d) PMMA was spin-coated, then EBL 

was carried out. (e-i) Sequential RIE steps were used to etch the SiO2, Cr, and fused silica 

to create the nano-apertures. Then, Cr was removed. 
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To further study the feasibility of the GTP for transferring arbitrary structures, the 

dielectric bowtie nano-apertures were fabricated as the donor substrate (Figure 3.6). Fused 

silica substrate was solvent and RCA-1 cleaned to remove absorbed organic and inorganic 

contaminants. 10 nm Cr and 15 nm SiO2 layers were deposited by using an electron beam 

(e-beam) evaporator (Kurt J. Lesker), respectively, without breaking the vacuum. The 

polymethyl methacrylate (PMMA) was spin-coated (PS-80, Headway Research Inc.) on 

the substrate post-baked 5 min at 180 °C. The EBL was carried out (Jeol JBX-6000 FS/E) 

with an acceleration voltage of 50 kV and a beam current of 1 nA with a minimum step 

size of 10 nm. The various doses ranging from 600 μC cm-2 to 1100 μC cm-2 were used for 

exposure. After EBL, the patterns were developed in a 1:3 ratio (v/v) of methyl isobutyl 

ketone (MIBK)/isopropyl alcohol (IPA) solution for 2 minutes, rinsed in IPA, and dried 

with nitrogen blow. SiO2 interlayer was etched by reactive-ion-etcher (RIE) (PlasmaTherm 

790, CHF3 = 25 sccm, O2 = 1 sccm, 10 mTorr, 100 W) using PMMA as a hard mask. 

PMMA was stripped by remover PG for 30 min at 70 °C, and oxygen plasma cleaning was 

employed (Tergeo plasma cleaner, 75 W, O2 = 5 sccm) for 3 min to remove any 

contaminants on the sample completely. Then, Cr was dry-etched by RIE (Oxford 80, Cl2 

= 9 sccm, O2 = 3 sccm, 10 mTorr, 150 W) using SiO2 interlayer as a hard mask. Fused 

silica and SiO2 interlayer were simultaneously etched together by RIE (PlasmaTherm 790, 

CHF3 = 40 sccm, O2 = 3 sccm, 40 mTorr, 250 W). Finally, a Cr hard mask was stripped by 

Cr etchant, and dielectric nano-apertures were fabricated as the donor substrate for the GTP 

process. 
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3.5.2 Characterization of Transferred Ag Nano-aperture 

 

 

1 nm Ge and 50 nm Ag were deposited on the fabricated donor substrate, followed by 

the formation of SAMs, and then the top metal layer was transferred to bare fused silica 

substrate to fabricate Ag nano-apertures via the developed GTP process as the above 

explanation. Atomic force microscopy (AFM, Bruker Dimension, tapping mode, scan rate 

of 1 Hz) was used to investigate the surface morphology and roughness of the as-deposited 

and transferred Ag films (Figure 3.7). The transferred Ag film was found to be comparable 

to but slightly rougher (Root-mean-square (RMS) roughness 2.5 nm) than the as-deposited 

Ag film (RMS roughness 1.9 nm), as depicted in Figure 3.7(c). This minor difference could 

be attributed to the minimal deformation of Ag film, which might occur by heat and 

pressure during the bonding process rather than the remaining PVA or PMMA residues 

Figure 3.7: Experimental demonstration of GTP for arbitrary shape. Photographic images 

of Ag/Ge (50 nm/1 nm) on (a) donor substrate and (b) acceptor substrate. Pink dotted 

circles indicated the area of bowtie arrays. Scale bar: 5 mm. (c) 3D profile of AFM images 

for as-deposited Ag film (top) and transferred Ag film (bottom). 
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[90]. Remarkably, various metallic structures were accomplished by utilizing the simple 

GTP process, evidently observed by SEM imaging (Figure 3.8). The ‘before transfer’ 

structure could be fabricated through simple metal deposition on the dielectric nano-

apertures. However, ‘buried’ and ‘after transfer’ (Ag nano-apertures) structures required 

significantly complicated fabrication processes, e.g. EBL, metal deposition, lift-off, and 

RIE etching, which potentially increases manufacturing time and cost. Therefore, the 

developed GTP process would provide simpler and more degrees of freedom fabrication 

for various metallic structures. 

 

 

Finally, FDTD simulations were conducted with the empirically measured structural 

dimensions to calculate the transmittance spectra and compared with the spectra measured 

by the UV-Vis spectrometer (Figure 3.9(d)). Remarkably, the measured transmittance 

spectra (solid lines) clearly indicated polarization-dependent resonances in terms of 

Figure 3.8: SEM images of various metallic structures accomplished by the GTP. Scale 

bar: 500 nm. 
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transmittance, e.g., the resonance found at 680 nm with the transmittance of 35 % with 0°, 

on the other hand, the one found at 850 nm with the transmittance of 27 % with 90° from 

‘Buried’ structure (Figure 3.9(b)), which was consistent with simulated spectra (dotted 

lines) for the all three different structures. Despite slightly different structural geometries 

and material properties possibly inducing small discrepancies between simulations and 

experiments, these results addressed that the high quality of transferred arbitrary metallic 

structures was successfully accomplished by the GTP process with the capability of a wide 

range of tunable optical resonances. 

 

 

Figure 3.9: Simulated and experimentally measured spectra. (a-c) Corresponding 

structures for each spectrum. (d) Measured (solid lines) and simulated (dotted lines) 

transmittance spectra according to polarization angle. Top: 0° and bottom: 90° along the 

x-direction. 
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3.6 Summary 

 

In summary, a new approach to fabricating nano-scaled metallic apertures has been 

demonstrated by employing a scalable and cost-effective GTP process. The ultra-thin Ge 

layer acted well as a nucleation layer during Ag thin film deposition, which facilitated 

smoother surface morphology and maintained arbitrary aperture shape. The developed 

GTP could effectively transfer sub-100 nm resolution structures with a centimeter scale 

and had the versatility to transfer various noble metals, e.g. Ag and Au. The GTP for 

arbitrary structures was also successfully demonstrated using the fabricated dielectric 

nano-aperture as the donor substrate. Various metallic structures with a wide range of 

tunable optical resonances were accomplished by simply the GTP process. These 

demonstrations strongly implied that the developed GTP process would be employed as an 

alternative method of manufacturing metallic nano-aperture structures as a fast, scalable, 

and cost-effective method in a wide range of optical applications, including optical 

lithography, fluorescence enhancement, and single photon detection system. 
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CHAPTER 4 

SCALABLE MANUFACTURING FOR ULTRA-COMPACT POLARIMETRIC 

IMAGING SYSTEM USING NANOIMPRINT LITHOGRAPHY 

 

4.1 Introduction 

 

Polarimetric imaging system, which characterizes polarization states of light scattered 

from the objectives, has been received great attention in various research fields such as 

remote sensing [92,93], target detection [94-96], underwater vision [97,98], and 

biomedical diagnostics [99-101], which are usually being a challenge to be monitored by 

conventional intensity-based imaging system. Traditional polarimetric imaging systems 

are usually bulky due to the required several optical components such as polarizers and 

waveplates to characterize circularly polarized light (CPL) for full stokes polarimetric 

operation, which limits the size of the imaging system [102]. With the development of 

state-of-the-art micro/nanofabrication technology, an ultra-compact polarimetric imaging 

system has been accomplished by utilizing double-layered metasurface structures [103-

105]. The chiral metasurface is integrated with linear polarization (LP) filters and works as 

a quarter waveplate on the same device, which enables detecting CPL directly without 

additional optical components and ultra-compactness of the device. Therefore, this 

structure can provide the full stokes polarimetric imaging operation and eligibility of on-

chip integration with complementary metal-oxide-semiconductor (CMOS) imaging sensor 

[106].   
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To engineer full stokes polarimetric imaging using double-layered metasurface 

structures, requires precisely defined structural dimensions at nanometer scale and 

accurately aligned two metasurfaces to characterize each polarization state [105,106]. 

Electron beam lithography (EBL) has been widely used to fabricate nm-scaled 

metasurfaces, and a dielectric layer, e.g., silicon dioxide (SiO2), is typically deposited using 

sputtering or chemical vapor deposition (CVD) as a spacing layer prior to integrating 

another metasurface on it. This process demonstrated the feasibility of integrating two 

metasurfaces, however, it can seriously increase the whole process time and cost in scalable 

manufacturing due to the single-line scan nature of EBL. Furthermore, the protruded the 

first metasurface can cause non-conformal spacing layer deposition, resulting in surface 

modulation and lowering of device performance such as linear polarization extinction 

ratios (LPERs) and circular polarization ERs (CPERs) [106]. To overcome the low 

throughput of EBL process, nanoimprint lithography (NIL) has been chosen as a promising 

alternative method to fabricate metasurfaces due to its layer-by-layer nature in the 

patterning process [107]. So far, many researchers have demonstrated their NIL process in 

a fast and scalable manufacturing of metasurfaces, however, they mostly focused on a 

single-layer fabrication [108-112]. In a typical NIL process, the mold and substrate are 

physically pressed together to make a resist be filled into the mold. Due to this unique 

characteristic, NIL usually requires a flat surface to effectively flow a resist on the surface 

during the process [113]. However, the formed metasurface generates nm-scaled surface 

modulation even after a spacing layer deposition, which disrupts the flow of a resist or 

traps air bubbles during the NIL process for the next layer. Moreover, unlike the EBL 

process, which enables the dynamic alignment of two metasurfaces by detecting alignment 
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markers on the substrate using an electron beam [114], the precise control of alignment in 

NIL is difficult due to the absence of a dynamic alignment method since the mold and 

substrate move toward each other and are being contacted to pattern the whole structures 

at once. Therefore, the integration of two metasurfaces using the NIL process for optical 

applications is still challenging. 

  

In this chapter, the scalable manufacturing process for the polarimetric imaging system 

composed of double-layered chiral metasurface (DLCM) structures will be demonstrated 

using the NIL process. The first amorphous silicon (a-Si) metasurface layer is fabricated 

by employing thermal-NIL with a tri-layer scheme. Then, a mask aligner with Moiré fringe 

will be utilized to obtain relatively higher alignment accuracy, i.e., less than 200 nm in both 

x- and y-direction, then conventional photolithography during the second layer ultra-violet 

(UV) (UV-NIL) process. Importantly, the UV cured resist from the second NIL acts as 

spacing and planarization layer as well as patterns dielectric, i.e., SiOx, grating layer 

simultaneously without any additional fabrication processes, e.g., lift-off, dry-etching, and 

sputtering deposition, which dramatically reduces potential cost and time in the fabrication 

process. As deposited aluminum (Al) on the dielectric gratings, the vertically coupled Al 

double-layered gratings (VCADGs) are fabricated on the first layer without surface 

modulation due to the planarized spacing layer from the second NIL. Remarkably, the 

improved device performance, i.e., LPER and CPER, was clearly observed compared to 

the previously EBL-based fabricated device, expecting to obtain the enhanced polarimetric 

imaging performance. This new NIL-based metasurface integration technology is expected 
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to have broad use in several applications such as polarimetric navigation, mirror soiling 

detection, and polarimetric microscopy system. 

 

4.2 Chip-Integrated Polarimetric CMOS Imaging Sensor 

 

The same design concept was employed from the previous work to demonstrate the 

scalable manufacturing process for polarimetric imaging sensors [106]. Briefly, the 

vertically coupled Al double-layered gratings (VCADGs) formed four LP filters and two 

pairs of the metal-dielectric hybrid chiral metasurface, i.e., top a-Si metasurface, dielectric 

spacing layer, and bottom VCADGs, made circular polarization (CP) filters in the super-

pixel, and then they were bonded on the CMOS sensor, accomplished a chip integrated full 

stokes polarimetric CMOS imaging sensor (Figure 4.1). In addition to the previous work, 

another two pairs of CP filters were added, which worked at different wavelengths to 

enable the sensor operation in the visible wavelength range. Furthermore, the number of 

super-pixels were enlarged to over 43000 to demonstrate its scalability. 

 

Figure 4.1: Chip-integrated polarimetric CMOS imaging sensor. (a) Conceptual 3D 

schematic illustration of the desired structures. (b) Photographic image of the fabricated 

sample bonded onto CMOS image sensor.  
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4.3 Multi-Functional-Direct Nanoimprint Lithography (MFD-NIL) 

 

 

Figure 4.2: Schematic illustration of two different fabrication processes for double-layer 

chiral metasurface (DLCM). (Orange arrow) Conventional fabrication process based on 

EBL. (Green arrow) Developed multi-functional-direct (MFD)-NIL process. 

 

In the previous work, the EBL-based conventional process was used for device 

fabrication (Figure 4.2, indicated process along orange arrows) [106]. In short, the first 

EBL was carried out, followed by a-Si deposition on a fused silica substrate. The chromium 

(Cr) hard mask was formed with the Cr deposition and lift-off process, and several dry-

etching steps were performed to fabricate the a-Si metasurface. A dielectric, i.e., SiO2 layer, 

was sputtered on the formed metasurface as a spacing layer, and the processes mentioned 

above, e.g., EBL, lift-off, and dry-etching, were repeated to make SiO2 gratings, then Al 

was evaporated to form VCADGs structures. These fabrication processes typically resulted 

in long processing time and increased cost, especially mm-scaled devices, because of 

extensive EBL writing time due to its line scanning behavior, repeated lift-off and dry-
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etching processes for each metasurface, and relatively slow spacing layer deposition 

process. Moreover, importantly, the deposited SiO2 spacing layer provided relatively rough 

and modulated surface for VCADGs over a-Si metasurface due to non-conformal 

deposition on the formed structures, which seriously degraded device performances, e.g. 

LPER and CPER, as they were observed previously [106].  

 

To overcome those disadvantages, the new scalable manufacturing technology for 

polarimetric imaging sensors was developed using the NIL process (Figure 4.2, indicated 

process along green arrows). The a-Si metasurface was first patterned through the thermal-

NIL (T-NIL) process followed by a-Si deposition on the substrate and fabricated as went-

through the similar processes as the above EBL-based one. Due to the unique characteristic 

of the NIL process, mm-scaled nano-structures were patterned with a single pressing of the 

mold, which significantly reduced the processing time. Remarkably, the multi-functional-

direct-NIL (MFD-NIL) process was developed and employed to fabricate VCADGs on the 

formed a-Si metasurface. Unlike the above complicated EBL-based process, the MFD-NIL 

process provided several functionalities with a single UV-NIL process. First, the UV resist 

was pressed by the ultra-flat transparent mold during the NIL process, which served the 

proper flow of resist on the patterned structures and yielded the planarized surface over the 

a-Si metasurface. Second, the cross-linked UV resist under the UV exposure became a SiOx 

dielectric material which was resistant to solvents and acted as a spacing layer. Third, the 

SiOx gratings were simultaneously formed during the NIL process without any additional 

processes such as lift-off and dry-etching, which tremendously reduced potential cost and 

time in the fabrication process.  
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Furthermore, the advanced alignment method employed in the MFD-NIL process 

resulted in relatively higher alignment accuracy between two metasurfaces. The VCADGs 

were simply fabricated, followed by Al deposition on the patterned SiOx gratings, which 

potentially improved device performance compared to the EBL-based one due to relatively 

flat surface morphology. Noticeably, the estimated total fabrication time for the same sized 

device, i.e., 5 mm x 4 mm, using the developed technology was 3.9 times faster than the 

EBL-based one in a single device fabrication (Table 3.1). Furthermore, the processing time 

of the developed technology would be maintained the same even with scale-up devices, 

e.g., 1 cm × 1 cm, because of the layer-by-layer patterning behavior of the NIL process 

while the EBL based one would be significantly increased due to extensive increment of 

pattern writing time. This developed new process technology would be expected to 

dramatically reduce the manufacturing time and potential cost in mass-production with 

enhanced optical performance in various optical applications. 

 

 
a-Si & SiO2 

deposition 

1st 

EBL 

Cr 

lift-off 

Dry-etch 

& Cr strip 

Spacer 

deposition 

2nd 

EBL 

Cr 

lift-off 

Dry-etch 

& Cr strip 

Al 

deposition 

Estimate 

time 

EBL 0.5 16 2 1.5 4 16 2 1 6 49 

 
a-Si & SiO2 

deposition 

1st 

NIL 

Tri-layer 

dry-etch 
Cr lift-off 

Dry-etch 

& Cr strip 
2nd NIL 

Al 

deposition 

Estimate 

time 

MFD 

NIL 
0.5 1.5 1 2 1.5 0.05 6 12.55 

 

Table 4.1 Total estimated fabrication processing time for DLCM structures. (Unit: hour) 
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4.4 Mold Fabrication for NIL 

4.4.1 Mold for a-Si Metasurface 

 

 

 

Figure 4.3: Mold fabrication for a-Si metasurface. (a) Schematic illustration of mold 

fabrication process flow using EBL. (b) Photographic image of fabricated mm-scaled a-Si 

metasurface mold. 

 

The a-Si metasurface mold for the NIL process was fabricated using EBL (Figure 4.3). 

The polymethyl methacrylate (PMMA) bi-layer was spin-coated (PS-80, Headway 

Research Inc.) on the solvent and RCA-1 cleaned SiO2 on silicon (Si) substrate and post-

baked 5 min at 180 °C. 10 nm Cr layer was deposited as discharging layer for the EBL by 

using thermal evaporator (Denton Bench Top Turbo, Denton Vacuum, LLC) with a 

deposition rate of 0.2 Å  s-1. The EBL was carried out (ELS-7000, Elionix) with an 

acceleration voltage of 100 kV, a beam current of 1 nA, and a field size of 300 μm with a 

minimum step size of 5 nm. An exposure dose of 1200 μC cm-2 was used for the entire 

pattern. After EBL, the patterns were developed in a 1:3 ratio (v/v) of methyl isobutyl 
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ketone (MIBK)/isopropyl alcohol (IPA) solution for 2 minutes, rinsed in IPA, and dried 

with nitrogen blow. Then, a 10 nm Cr layer was deposited by using thermal evaporator 

followed by an oxygen plasma descum (Tergeo plasma cleaner, 20 W, 10 sccm, 40 s) 

process. The sample was immersed in remover PG solution for 15 minutes at 80 °C for the 

lift-off process, and rinsed with IPA and DI water, respectively. The 80 nm SiO2 layer was 

etched by reactive-ion-etcher (RIE) (PlasmaTherm 790, CHF3 = 40 sccm, O2 = 3 sccm, 40 

mTorr, 250 W) using Cr as a hard mask. Finally, the a-Si mold fabrication was completed 

as Cr hard mask was stripped by the Cr etchant.  

 

4.4.2 Mold for Vertically Coupled Al Double-layered Gratings (VCADGs) 

 

To fabricate NIL mold for the VCADGs, thick fused silica (6 mm) was chosen rather 

than a conventional fused silica wafer (500 μm) as the substrate (Figure 4.4). The 

transparent and thick substrate not only made it feasible for the second layer alignment 

process but also would minimize mold bending during the NIL process, yielding better 

imprint uniformity and feature resolution. The sample underwent the same EBL process 

until the Cr lift-off step as the a-Si metasurface, except for exposure doses due to different 

feature dimensions. Followed by Cr lift-off, 150 nm fused silica was etched by RIE using 

the same recipe as aforementioned. Noticeably, the MESA structure (1.5 cm2, height = 2 

μm) was intentionally fabricated with an additional RIE process to accumulate pressure in 

the imprint region. To investigate this phenomenon, the test mold was fabricated, and NIL 

was performed with and without the MESA structure. Remarkably, the mold with MESA 

provided uniformly imprinted structures up to a centimeter scale (Figure 4.5(a)). From the 
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optical microscopic images, the imprinted a-Si metasurface at the center and edges (1 cm 

apart from each other) showed similar colors, which indicated the similar thickness of resist 

after the NIL process (Figure 4.5(b)). The color difference at the edge #1 was due to the 

initial defect, as indicated as red arrow, which prevented resist flow during the NIL.  

 

Both molds were solvent and RCA-1 cleaned, and they were treated using 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane in the vacuum oven for 30 min at 100 °C to 

form the self-assembled monolayers (SAMs) on the surface which acted as an anti-sticking 

layer during the NIL process [115]. 

 

Figure 4.4: Mold fabrication for VCADGs. (a) Schematic illustration of mold fabrication 

process flow using EBL. (b) Photographic image of fabricated mm-scaled VCADG mold. 
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Figure 4.5: NIL with a conventional mold and a MESA mold. (a) Simple schematic 

illustration of the mold with and without MESA (top) & photographic images of imprinted 

structures on Si substrate (bottom). (b) Microscopic images of imprinted arrays of nano-

structures using MESA mold at five different points. 

 

4.5 Fabrication of Metasurfaces Using NIL 

4.5.1 a-Si Metasurface by T-NIL 

 

The a-Si metasurface was fabricated using T-NIL with a tri-layer scheme (Figure 4.6). 

Prior to the T-NIL process, 130 nm a-Si was deposited on the pre-cleaned fused silica 

substrate using plasma-enhanced CVD (PECVD) (Oxford Plasmalab 100, SiH4 = 480 

sccm, 1200 mTorr, 15 W, 350 °C) and 60 nm SiO2 was continuously deposited as a hard 

mask using the same system (SiH4 = 170 sccm, N2O = 710 sccm, 1000 mTorr, 20 W, 

350 °C ) without breaking chamber vacuum. After the substrate preparation, the tri-layer 

structure was employed for the T-NIL process. The tri-layer structure has been widely used 

in the NIL process due to its various advantages, such as high etching selectivity to imprint 

resist, convenient resist strip, and large-scale pattern uniformity [116-118]. The developed 

tri-layer structure consisting of solvent-soluble polymer (PMMA), SiO2, and lab-made 
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thermal resist (T-resist) would improve pattern uniformity for scalable manufacturing. The 

PMMA 950 A2 was spin-coated on the substrate with an acceleration speed of 4000 rpm 

and post-baked 5 min at 200 °C on the hot plate, then 10 to 15 nm SiO2 mid-layer was 

deposited by using an electron beam (e-beam) evaporator (Kurt J. Lesker) with a deposition 

rate of 0.5 Å  s-1. 4 wt% T-resist was prepared by diluting thermoplastic polymer 

(poly(benzyl methacrylate) (PBMA)) in Propylene glycol monomethyl ether acetate 

(PMA) as a solvent, and the small amount of BYK-310 was added as a surface additive for 

lowering surface tension of the resist. The prepared resist was spin-coated and post-baked 

5 min at 180 °C forming the tri-layer structure. The T-NIL was carried out with the 

fabricated a-Si mold using the nanoimprinter (THU400, Zhenjiang Lehua Electronic 

Technology Co. Ltd.) with the temperature of 55 °C and pressure of 750 KPa for 15 min 

under vacuum. After T-NIL, the residual layer of T-resist was RIE etched by oxygen 

plasma (O2 = 10 sccm, 10 mTorr, 100 W), where SiO2 mid-layer acted as the etch-stop 

layer to enable extension of over etching time to remove the residual layer completely. The 

patterns in the T-resist were transferred to SiO2 mid-layer by another RIE etching (CHF3 = 

25 sccm, O2 = 1 sccm, 10 mTorr, 100 W) process. Here, a small amount of oxygen gas 

flow was used to minimize the etching of the top T-resist to achieve high-fidelity pattern 

transfer to the mid-layer. Then, the PMMA bottom layer was RIE etched by oxygen plasma 

(O2 = 10 sccm, 10 mTorr, 30 W). The high etching selectivity between SiO2 and PMMA 

is beneficial not only for reliable patterning in a relatively thick PMMA layer, but also for 

forming mushroom-like structure due to slight lateral etching of PMMA, which could be 

advantageous to minimize accumulation of metal on the sidewall of PMMA nano-

structures during metal deposition, facilitated high-yield lift-off process and minimized 
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feature distortion. The sample was immersed in remover PG solution for 15 minutes at 

80 °C for the lift-off process and rinsed with IPA and DI water, respectively, followed by 

10 nm Cr layer deposition using the thermal evaporator. The 60 nm SiO2 layer was etched 

by RIE (CHF3 = 40 sccm, O2 = 3 sccm, 40 mTorr, 250 W) using Cr as a hard mask, and Cr 

was stripped by wet etching. Finally, the 130 nm a-Si was etched using inductively coupled 

plasma (ICP) RIE (PlasmaTherm Apex ICP, Cl2 = 100 sccm, Ar = 5 sccm, 10 mTorr, 250 

W) using SiO2 as a hard mask to complete a-Si metasurface fabrication. 

 

Figure 4.6: Schematic illustration of a-Si metasurface fabrication using T-NIL with tri-

layer structure. 
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Additionally, the linewidth and corresponding duty cycle could be adjusted within a 

range of 20 to 30 nm by modulating the over-etching time of the T-resist residual layer 

using the SiO2 inter-layer as etch stop layer. The linewidth of the metasurface would be 

slightly expanded during the SiO2 hard mask and a-Si dry-etching steps, respectively, due 

to the undesired lateral etching, however the dominant factor to determine the dimensional 

parameter of the final structure was the linewidth dimension after the residual layer etching 

(Figure 4.7). Therefore, the developed tri-layer scheme would not only provide improved 

pattern transfer fidelity but also enhance the degree of freedom in metasurface fabrication 

by controlling dimensions as designed, which was essentially desired in metasurface 

fabrication.  

 

 

Figure 4.7: SEM images and measured linewidth for each step of the T-NIL process with 

the tri-layer structure for a-Si metasurface fabrication. 
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4.5.2 VCADGs by UV-NIL 

4.5.2.1 MFD-NIL 

 

 

The VCADGs were manufactured employing a significantly simpler fabrication 

process (Figure 4.8). The AMOPRIME was spin-coated on the pre-cleaned fused silica 

substrate with an acceleration speed of 3000 rpm as an adhesion promoter and post-baked 

10 min at 115 °C on the hot plate. The ultra-violet (UV) resist was prepared by diluting the 

monomer ((Acryloxypropyl)methylsiloxane homopolymer), cross-linker (Pentaerythritol 

tetraacrylate), surface additive (BYK-3570), and photoinitiators (Omnirad 1173 and 

Omnirad TPO) in Isobutyl methacrylate (IBMA), then it was spin-coated on the substrate 

with an acceleration speed of 4500 rpm. The MFD-NIL was preformed directly using the 

Figure 4.8: Schematic illustration of VCADG fabrication using MFD-NIL. 
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fabricated transparent mold and mask aligner (MJB4, Suss MicroTec) with 1.5 s UV 

exposure time to cross-link the resist as SiOx dielectric material under 100 KPa pressure. 

The prepared UV resist had much lower viscosity than T-resist, therefore, the resist was 

easily filled into the mold with relatively lower pressure [119]. Noticeably, the measured 

refractive index (UV-NIR spectroscopic ellipsometry, J.A. Woollam, M-2000) of cross-

linked resist showed a similar refractive index as sputtered SiO2 (Figure 4.9), therefore, the 

patterned resist structures during the NIL process enabled the direct replacement of SiO2 

gratings, which generally required several additional fabrication processes such as 

deposition, lift-off, and dry-etching, with negligible changes in optical performance.  

After MFD-NIL, the patterned resist surface was treated using a mild oxygen plasma 

process (O2 = 10 sccm, 10 mTorr, 30 W). The UV resist consisted of organic and inorganic 

materials, resulting in the absence of hydroxyl groups on the surface after the NIL process 

[120]. Oxygen plasma generated more hydroxyl groups as oxygen atoms bonded with 

Figure 4.9: Measured refractive index of SiO2 and UV resist using ellipsometry. 
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dangling hydrogen bonds on the surface, which helped to create intimate contact between 

the cross-linked SiOx gratings and the deposited metal to possibly minimize overhanging 

of metal on the top of dielectric gratings [121]. An ultra-thin layer of Cr was evaporated 

using an e-beam evaporator as an adhesion layer, and then Al thin film was deposited at 

2.5 Å  s-1 with the same evaporator to form the double layer gratings as followed by oxygen 

plasma treatment. Remarkably, the base vacuum pressure level was required to be achieved 

within the range of 1 to 3×10-7 Torr prior to Al deposition to obtain smoother surface 

morphology of VCADG by decreasing residual gases in the chamber because the residual 

gases possibly incorporated as contaminants and deteriorated the morphology of metallic 

thin film, which might yield degradation of optical performance [122]. The scanning 

electron microscopy (SEM) (Hitachi S-4700 FESEM, an acceleration voltage of 15 keV 

and current of 10 µA) images of VCADGs clearly indicated the effect of the base pressure 

on the surface morphology of deposited Al film as showing the superior surface 

morphology with lower base pressure (1×10-7 Torr) (Figure 4.10). Finally, the 200 nm SiO2 

layer was deposited as an encapsulation layer to avoid further oxidation of the Al surface 

by using a radio-frequency (RF) sputtering system (Kurt J. Lesker) with a deposition rate 

of 0.5 Å  s-1.  
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Figure 4.10: SEM images of the effect of chamber base pressure on the surface 

morphology of VCADGs. 80 nm Al was deposited with the base pressure of (a) 5×10-6 

Torr and (b) 1×10-7 Torr, respectively. Scale bar: 300 nm. 

 

4.5.2.2 Al Thickness Optimization 

 

To optimize Al thickness for VCADGs, various thicknesses of Al (tAl), i.e., 60 nm, 80 

nm, and 100 nm, respectively, were deposited on the imprinted structures as 

aforementioned. UV-visible spectrometer was employed to examine the transmission 

efficiency and the LPER in the visible wavelength range to characterize the capability of 

VCADGs as LP filter in the polarimetric imaging device. Previously, it was confirmed that 

the vertical gap between the top and bottom Al gratings played a crucial role in 

accomplishing the higher efficiency and increased LPER since the excited dipoles by an 

electromagnetic waves along the top and bottom gratings were vertically coupled and 

generated a strong electric field, moreover, the coupling strength increased when the G was 
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smaller [106]. However, the phenomena were slightly different in the MFD-NIL based 

fabricated VCADG structures. The measured efficiency and LPER of tAl = 80 nm (11.2 % 

and 36.78) were similar to tAl = 100 nm (10.6 % and 36.38) at 510 nm, however, tAl = 80 

nm (28 % and 98.74) indicated higher efficiency and LPER than tAl = 100 nm (24.5 % and 

56.58) at 650 nm, while tAl = 60 nm showed the lowest LPER (10.34 at 510 nm and 21.64 

at 650 nm, respectively) and similar efficiency (10.73 % at 510 nm and 30.4 % at 650 nm, 

respectively) as tAl = 80 nm along the wavelength range (Figure 4.11). Although tAl = 100 

nm would have a smaller gap size, i.e., estimated as 20 nm, some parts of the gap were 

blocked by over-hanged metal due to larger grain size, which was proportional to the 

thickness [123]. Therefore, tAl = 80 nm was chosen to be used for actual device fabrication. 

 

 

 
Figure 4.11: Experimentally measured transmission efficiency and calculated LPER with 

respect to the deposited Al thickness. 80 nm Al indicated the highest LPER (red solid line). 

(acknowledged Jiawei Zuo & Nabasindhu Das for measurements) 



  72 

 

4.6 Uniformity of Fabricated Metasurfaces 

 

The mm-scaled a-Si metasurface and VCADGs were further examined using SEM to 

characterize the developed NIL processes for metasurface fabrication. The SEM images of 

all the unit pixels of each metasurface (Figure 4.12(c) and (d)) were taken at five different 

points as shown in the photographic images (Figure 4.12(a) and (b)) (① Center, ② Right, ③ 

Left, ④ Top, and ⑤ Bottom, respectively) to investigate the uniformity of the developed NIL 

process by measuring the linewidth of ten series of gratings at each point. Remarkably, the 

standard deviations (SDs) of all the measured linewidth of each unit pixel were maintained 

at less than 5 nm, implying the good uniformity of the developed process for large-scale 

devices (Table 4.2). Noticeably, the fabricated VCADGs showed much improved 

uniformity in terms of the average linewidth difference and SD (< 2 nm) because its 

Figure 4.12: Uniformity study of the fabricated metasurface. Photographic images of 

fabricated (a) a-Si metasurface and (b) VCADG, indicating five different points. Scale bar: 

5mm. SEM images of unit pixel arrays from (c) a-Si metasurface and (d) VCADG. Scale 

bar: 300 nm. 
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simplified fabrication process based on the MFD-NIL prevented any additional pattern 

distortion, which occurred during the other fabrication steps, such as lift-off and dry-

etching. The linewidth difference between slanted gratings (116 nm for 45° and 135°, 

respectively) and vertical and horizontal gratings (109 nm for 90° and 0°, respectively) of 

VCADGs was possibly contributed by EBL based mold fabrication due to the different 

ways of writing patterns according to the orientation of gratings [124]. Nevertheless, these 

demonstrations clearly implied the feasibility of the developed NIL-based fabrication 

process for scalable manufacturing of polarimetric imaging sensors. 

 

 
a-Si metasurface VCADGs 

 
Wsi_297_45° Wsi_297_135° Wsi_180_45° Wsi_180_135° WAl_0° WAl_90° WAl_45° WAl_135° 

①Center 111.24±1.89 112.90±2.84 91.87±1.40 91.70±1.75 116.06±1.54 115.80±1.37 109.20±0.95 109.49±1.68 

②Right 113.35±2.40 113.72±1.89 91.89±1.68 89.57±1.40 116.21±0.98 115.94±0.87 109.06±1.31 109.27±1.70 

③Left 113.03±2.14 113.17±2.36 92.25±1.68 90.87±1.86 116.06±1.45 115.95±1.41 109.29±1.37 109.09±1.79 

④Top 116.27±1.74 109.16±2.16 91.63±1.54 88.78±1.60 116.55±1.49 116.09±1.53 109.21±1.76 108.60±1.64 

⑤Bottom 114.93±1.81 119.08±1.24 95.52±1.59 95.09±1.51 116.62±1.31 116.25±1.06 110.01±1.48 108.89±1.64 

Total 113.73±2.57 113.61±3.82 92.63±2.11 91.08±2.70 116.30±1.33 116.01±1.30 109.35±1.38 109.07±1.65 

 

Table 4.2 Measured linewidth dimensions from SEM images for each unit pixel at five 

different points for uniformity study of the developed NIL process. (Unit: nm) 
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4.7 Integration of Double-Layered Chiral Metasurface (DLCM) 

4.7.1 Introduction – Moiré Fringe 

 

The unit pixel size of designed structures for each metasurface was relatively small, 

i.e., 7.8 μm × 7.8 μm for a-Si metasurface and 4.65 μm × 4.65 μm for VCADG, 

respectively, therefore, the precise control of alignment was desired during the integration 

of two metasurfaces, especially for scalable manufacturing, since the minimal 

misalignment on one side would possibly yield large deviation on the whole device. In 

typical EBL or projection lithography-based fabrication processes, the alignment was 

performed by detecting alignment markers on the patterned substrate by scanning an 

electron beam on the markers or acquiring intensity difference from the markers, which 

enabled dynamic alignment with high accuracy [114, 125]. On the other hand, the 

alignment in contact lithography, such as the NIL process, was still challenging because 

the mold and substrate were required to be attached to each other to pattern the structures 

at once, therefore, the alignment needed to be completed prior to contacting the mold and 

substrate, which was static and induced potential alignment errors.  

 

To overcome this limitation, Moiré pattern based alignment methods have been widely 

used in the NIL process to improve its alignment accuracy [126-129]. Two sets of 

micro/nano-gratings with slightly different periods were patterned on the substrate (𝑃1) and 

the mold (𝑃2). When the substrate and mold moved toward each other and had a very small 

gap between them (less than 10 μm), dark and bright periodic images were formed under 
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the white light illumination due to interference of two sets of gratings, which called Moiré 

fringe. The period of Moiré fringe (𝑃𝑓𝑟𝑖𝑛𝑔𝑒) was simply calculated as 

 

𝑃𝑓𝑟𝑖𝑛𝑔𝑒 = 𝑃1 ∙ 𝑃2/(𝑃1 − 𝑃2)               (3.1) 

 

, which was significantly larger than 𝑃1 and 𝑃2, enabled amplified visualization of reference 

images during the alignment. Furthermore, the actual sample displacement (∆) was closely 

related to the Moiré fringe displacement (𝑑) as follows equation,  

 

𝑑 = ∆ ∙ (𝑃𝑓𝑟𝑖𝑛𝑔𝑒/𝑃2)               (3.2) 

 

where 𝑃𝑓𝑟𝑖𝑛𝑔𝑒/𝑃2 > 1, therefore, the alignment behavior could be monitored and adjusted 

in real-time by observing the movement of Moiré fringe, resulting in nanometer-scaled 

alignment accuracy. 
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4.7.2 Metasurface Alignment Using Moiré Fringe 

 

 

Figure 4.13: Moiré fringe based alignment technique for the integration of DLCM. 

Schematic illustration of design concept and microscopic images of fabricated two 

metasurfaces after alignment process. The magnified image indicated the aligned first 

(squares) and second (cross) layers (scale bar: 5μm). 

 

Take the advantage the Moiré fringe based alignment technique was employed for the 

integration of two metasurfaces to manufacture the integrated DLCM (Figure 4.13). The 

fabricated periodic gratings through the tri-layer T-NIL process used as a-Si metasurface 

alignment marker (𝑃1 = 4 𝜇𝑚), and the SiO2 gratings on the thick transparent mold 

employed as VCADGs alignment marker (𝑃2 = 4.2 𝜇𝑚). To minimize the alignment error, 

the total four sets of alignment markers (AM1, AM2, AM3, and AM4, respectively) were 

located next to the pixel area, which was 7.2 mm horizontally and 5.6 mm vertically apart 

from each other. The 𝑃𝑓𝑟𝑖𝑛𝑔𝑒 was calculated as 84 μm, which enabled to monitor of three 

different fringes simultaneously through the screen of the mask aligner as intended due to 
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the limited screen field of view. Noticeably, the fringes were also observed in the layout 

software (Layout Editor) when two layers were overlaid, thus, small squares for a-Si 

metasurface and crosses for VCADGs, respectively, were added next to the minima of 

Moiré fringes to ease the initial alignment process. In addition, it was not required to 

perform any additional metal deposition on the a-Si metasurface alignment markers for 

improving the contrast of fringes during the alignment process [126,127], because the 

deposited a-Si indicated significantly different refractive index (n = 3.51 at 632 nm) from 

SiO2 (n = 1.49 at 632 nm), which provided decent distinguishable contrast during the 

alignment process. The MFD-NIL was performed on the fabricated a-Si metasurface 

combined with the developed alignment process. The three Moiré fringe minima clearly 

appeared next to the small squares and crosses in both top (AM1) and right (AM2) 

alignment markers, respectively, as shown in the microscopic images in Figure 4.13, which 

indicated the appropriate alignment of two metasurfaces.  

 

 

Figure 4.14: Processed microscopic images for alignment error measurement. (a) The 

original microscopic image. Scale bar: 5μm. (b) The converted 8-bit black and white image 

with the color threshold.  
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To further investigate the alignment accuracy, the four gaps (G1, G2, G3, and G4) 

between squares (a-Si metasurface) and cross (VCADGs) were measured based on the 

microscopy images. It was inevitable to use an optical microscope instead of SEM to take 

images since the secondary electron from the a-Si metasurface was not detectable due to 

the thick spacer layer (~ 500 nm) between the two metasurfaces. To minimize the 

measurement error due to the blurred edges from the microscopic images, the images were 

first converted to 8-bit black and white images and processed as setting the color threshold, 

then the dimension of gaps were measured (Figure 4.14). Remarkably, the average 

alignment errors were obtained below 200 nm in both x- and y-direction within the mm-

scaled structure (Table 4.3), which strongly implied that the developed alignment method 

for NIL process would provide significantly improved alignment accuracy in the 

integration of multi-layered metasurfaces for scalable manufacturing, which has been a 

challenge to be accomplished by NIL process. 

 

 x-direction y-direction 

 G1 G2 Error G3 G4 Error 

AM1 1.69 1.79 0.05 1.59 1.89 0.15 

AM2 1.64 1.84 0.10 1.64 1.85 0.10 

AM3 1.82 1.64 0.09 1.82 1.65 0.09 

AM4 1.86 1.62 0.12 1.93 1.55 0.19 

 

Table 4.3 Measured gap dimensions for alignment error calculation. The error was 

calculated by subtracting the measured gap dimension from the median value between two 

gaps, e.g. (𝐺1 + 𝐺2)/2 − 𝐺1. (Unit: μm) 
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4.8 Characterizations of Integrated DLCM 

 

Followed by Al deposition on the formed SiOx gratings, the integration of DLCM was 

successfully completed. The additional 200 nm SiO2 was deposited using a radio-frequency 

(RF) sputtering system (Kurt J. Lesker) on the DLCM as an encapsulation layer to avoid 

oxidation of Al surface and protect the structures during the sample dicing process. The 

photographic images of diced sample intuitively showed the integrated DLCM as 

indicating different metasurfaces on the front and back side of the sample (Figure 4.15(a)). 

The total size of the integrated DLCM was 4 mm × 5.2 mm, consisting of over 43,000 

super-pixels, which demonstrated the scalability of the developed NIL process. The 

microscopic and SEM images of the integrated DLCM showed periodically formed super-

pixels and detailed orientations and dimensional parameters of each unit pixel in one super-

pixel, respectively (Figure 4.15(b)).  
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Figure 4.15: Integrated DLCM. (a) Cross-sectional SEM image (middle, scale bar: 1 μm) 

and photographic images (left: front & right: back, scale bar: 3 mm) of the integrated 

DLCM. (b) The microscopic images of the integrated DLCM with various magnifications 

(left: 10x and middle: 50x, scale bar: 10 μm) and SEM images of individual super-pixel 

(right).  

 

Prior to bond the integrated DLCM to the CMOS sensor, the optical measurements and 

the finite-difference time-domain (FDTD) simulations were performed to investigate the 

device performance. The FDTD simulations were carried out mainly to calculate 

transmission efficiency and LPER and CPER of the integrated DLCM as the previous study 

[106]. Briefly, periodic boundary conditions (±x, ±y direction) and perfectly matched 

layers (±z direction, parallel to the propagation of electromagnetic waves) were used within 

a unit cell along the in-plain direction. The plane wave was applied along the grating ±x 

and ±y direction to calculate LPER and efficiency, and the super-positioned two linearly 
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polarized waves were used to obtain RCP/LCP light input to calculate CPER. The over-

hanged structure of the top layer of VCADGs and the tilted angle of 6° of the a-Si gratings 

were considered in the simulations. The mesh sizes were set to 5 nm for higher accuracy. 

All the spectra were examined by UV-Visible (Vis) spectrometer (Horiba iHR320 imaging 

spectrometer).  

 

Noticeably, the measured LPER of the device indicated over 100 in the wavelength 

range from 500 nm to 700 nm, which implied its capability to be worked as a broadband 

linearly polarized light (LPL) detector (Figure 4.16(a)). Two peaks were observed in CPER 

measurements for the right-handed chiral metasurface, which were found 19 at 500 nm 

with the transmission efficiency of 4 % and 80 at 600 nm with the efficiency of 18 %, 

respectively, demonstrating the dual-wavelength operation of the fabricated polarimetric 

imaging system (Figure 4.16(b)). In addition, the CPER of the left-handed chiral 

metasurface showed similar results as the right-handed one (Figure 4.17), which proved 

the fabricated device would efficiently detect both right and left CPL with high accuracy. 

Remarkably, the measured both LPER and CPER values were significantly improved, e.g., 

10 times higher CPER around 500 nm, compared to the results from the previous device 

which were fabricated by the conventional EBL-based process [106].  
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Figure 4.17: Optical performance of the integrated DLCM. Simulated and experimentally 

measured transmission efficiency and CPER for LCP detector. (acknowledged Jiawei Zuo 

& Nabasindhu Das for measurements) 

 

Figure 4.16: Optical performance of the integrated DLCM. Simulated and experimentally 

measured (a) transmission efficiency and LPER and (b) transmission efficiency and CPER 

for RCP detector, respectively. (acknowledged Jiawei Zuo & Nabasindhu Das for 

simulations and measurements) 
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During the SiO2 spacing layer deposition, the modulated surface was formed between 

not only the chiral metasurface arrays but also the single a-Si gratings due to the non-

conformal sputtering of material. As the VCADGs were fabricated on the spacing layer 

through the EBL, lift-off, and dry etching processes, those structures formed a large amount 

of leaky paths of the incident light between the surface of the modulated spacing layer and 

underneath the VCADG structures, which adversely degraded their optical performance. 

On the other hand, the developed MFD-NIL provided planarized surface as well as the 

spacing layer for the VCADGs, which prevented forming of leakage paths, therefore, the 

highly improved optical performance was achieved. This phenomenon was strongly 

supported by SEM images of each integrated device, where the integrated DLCM by the 

developed NIL showed smoothly integrated metasurface (Figure 4.18(a)), while the 

integrated one by EBL-based process indicated significant possible leaky paths (Figure 

4.18(b) [106]).   

 

 

Figure 4.18: SEM images of the integrated DLCM (a) by the developed NIL process and 

(b) by the EBL-based conventional process [106]. Scale bar: 300 nm. 
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Despite small discrepancies possibly attributed to differences in structural geometries 

and material properties between experiments and simulations, the experimental results 

were well consistent with the simulation results (Figure 4.16). Noticeably, the integrated 

DLCM indicated relatively lower efficiency in both simulation and measurement. The 

major contribution of this phenomenon was due to less anisotropic etching during the NIL 

mold fabrication for VCADGs. During the RIE etching process, the substrate material, i.e., 

thick fused silica, was etched without an etch stop layer, thus it induced rounded edges 

rather than sharp edges due to a slight different etch rate at the center and edges of patterns 

[130]. As a consequence, the rounded edges were obtained in the imprinted SiOx gratings 

(Figure 4.19(a)), resulted in the over-hanged structures after Al deposition process (Figure 

4.19(b)), which degraded the efficiency as metal blocked partial gaps between top and 

bottom Al gratings due to varied grain size. The efficiency can be further improved by 

modifying the etching recipe during the mold fabrication in future study. Nonetheless, 

these demonstrations strongly addressed that the developed NIL process would not only 

significantly reduce fabrication processing time and cost in scalable manufacturing, but 

also greatly improve device performance in polarimetric imaging. 

 

 

Figure 4.19: SEM images of the VCADGs. (a) As-imprinted and (b) after Al deposition. 

Scale bar: 300 nm. 
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4.9 Summary 

 

In summary, the scalable manufacturing process for polarimetric CMOS imaging 

system has been successfully demonstrated using the NIL process. The developed tri-layer 

structure for T-NIL facilitated the lift-off process to increase yield potentially and enhance 

the degree of freedom in fabrication by providing the capability of adjustable linewidth 

dimension. Both fabricated a-Si metasurface and VCADG structures also indicated good 

pattern transferability and uniformity in terms of linewidth dimension over mm-scale. Due 

to the layer-by-layer nature of the NIL process, the developed NIL process proved to have 

higher throughput than EBL-based fabrication. The Moiré fringe based alignment 

technique enabled the alignment accuracy of two metasurfaces less than 200 nm in both x- 

and y-direction, which was found to be sufficient for the integration of DLCM. 

Importantly, the significantly improved device performance, i.e., LPER and CPER, was 

observed compared to the previous EBL fabricated device due to the planarized surface of 

VCADG structures with the advantage of MFD-NIL process, which prevented a large 

amount of leakage paths underneath the structures. This demonstration strongly implied 

that the newly developed NIL-based metasurface integration technology is opening new 

paths to have broad use in optical application fields such as metalens, augmented reality, 

and holographic with high throughput and low cost.    
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CHAPTER 5 

CONCLUSION 

 

This dissertation has elucidated the details of the development process of various 

patterning technologies for accessible, cost-effective, scalable manufacturing, especially in 

the potential advanced optical applications. 

 

The developed polymer-assisted photochemical deposition (PPD) based structural 

color printing (SCP) has opened a new approach to generating micro-scaled structural 

colors. Unlike other micro/nano-lithography technologies, PPD can pattern micro-scaled 

metallic structures directly on the substrate by ultra-violet (UV) illumination even in 

ambient and room-temperature conditions, which can eliminate complex requirements for 

conventional lithography processes and broaden a range of applicable substrates. PPD-

based SCP has been demonstrated by printing ultra-thin films on the simple Fabry-Pérot 

cavity and exhibited vivid color by providing large modulation of reflectance with the 

advantage of the lossy characteristic of PPD film (Chapter 1).  

 

The metallic nano-apertures have attracted tremendous attention in various potential 

optical applications due to their geometrical advantages, however, a complicated 

fabrication process has limited their usage. The developed germanium (Ge) assisted 

transfer printing (GTP) has demonstrated a new path of scalable and cost-effective 

fabrication of nano-scaled metallic aperture structures. With the advantage of an ultra-thin 

Ge nucleation layer, the nano-apertures have not only minimized their structural distortion 
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but also retained smoother surface morphology. The versatility of GTP regarding materials 

and structural geometries has been demonstrated by transferring noble metallic nano-

gratings and nano-apertures, i.e., silver (Ag) and gold (Au), with sub-100 nm resolution up 

to 50 nm thickness (Chapter 2). 

 

Nanoimprint lithography (NIL) has been successfully utilized to develop a scalable 

manufacturing processes for polarimetric CMOS imaging system. NIL is capable of 

patterning nanometer-scaled structures over mm-scale within a minute, enabling high 

throughput with high resolution, which is suitable for cost-effective and scalable 

manufacturing. The developed NIL process has demonstrated its capability of fabricating 

both a-Si metasurface and vertically coupled aluminum double-layered gratings 

(VCADGs) with superior pattern transferability and uniformity. The two structures have 

been successfully integrated to form the double-layered chiral metasurface for full-stokes 

polarimetric imaging operation employing the developed multi-functional-direct (MFD) 

NIL and Moiré fringe based alignment method. The developed NIL process has 

significantly improved device performance as supplementing drawbacks from the electron 

beam lithography (EBL) based process (Chapter 3). 

 

Although the developed patterning technologies have been limited in optical 

applications in this dissertation, they can be enlarged to other related applications. To 

mention examples, PPD can be used to fabricate highly transparent ultra-thin conductive 

metallic film for electronic applications, GTP can be accommodated to transfer various 

structures such as nano-ribbons for bio-molecular sensing applications, and NIL based two 
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layers integration can potentially be employed in the manufacturing of integrated circuits 

(ICs). These demonstrated economic and versatile advanced patterning technologies would 

be expected to fruitful the degree of freedom in product manufacturing of various 

applications.  
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APPENDIX A 

SUPPLEMENTARY FIGURES FOR CHAPTER 2 
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Figure A.1: Structure dependent printing behavior. Schematic cross-section view of 

printing substrate structures (a) with the SiO2/PVD Ag reflector and (b) without the 

reflector. (c and d) Printed PPD film thickness as a function of printing time corresponding 

to (a) and (b), respectively. (e and f) FDTD simulated the electromagnetic field intensity 

distribution in corresponding to (a) and (b), respectively. White dashed line indicates the 

printing surface. 
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Figure A.2: Characterization of the printed PPD film. (a) Pixel-dependent PPD printing 

on the fused silica substrate. Scale bar: 50 μm. (b) Printed PPD film thickness as a function 

of pixel size extracted from (a). PPD film thickness saturated after 4 pixel. 

 

 

 
 

Figure A.3: FDTD simulation of the printed PPD film. Thickness-dependent (t) (a) 

reflection coefficient of PPD film and (b) phase shift accumulated at the PPD and fused 

silica interface. 
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Figure A.4: FDTD simulated reflectance spectra for structural colors. (a) Basic 

configuration of an interference effect in the FP cavity. (b) Reflectance spectra according 

to the top PVD film thickness with fixed dielectric thickness (200 nm). (c) 1931 CIE color 

coordinates corresponding to (b). 

 

 
 

Figure A.5: Characterization of the PPD reflector. (a) Measured relative reflectance of the 

thick PPD Ag films prepared on fused silica substrate with various printing time. (b) 

Optical images of the time-dependent printed PPD films. 
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Figure A.6: Characterization of the PPD back reflector. (a) 3D profile of AFM images and 

(b) SEM images (scale bar: 500 nm) of the 85 nm Ag films prepared on fused silica 

substrate by PPD and PVD, respectively. (c) Optical image of the 85 nm printed ASU logo 

under surface profiler. (d) Measured relative reflectance of the 85 nm Ag films prepared 

on fused silica substrate by PPD and PVD, respectively. 

 

 
 

Figure A.7: Measured refractive index of SiO2 and PMMA by using UV-NIR 

spectroscopic ellipsometry. 
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APPENDIX B 

COLOR RETENTION TIME TESTS 
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The color retention time was also investigated by following experiments. Briefly, a 

‘Cactus’ was printed on two dielectric-coated silver substrates with exactly the same film 

thicknesses (150 nm sputter-deposited SiO2 on 85 nm evaporated Ag), then 50 nm PMMA 

was spin-coated on one of them as an encapsulation layer. The microscopic images and 

reflectance spectra were taken immediately after color printing and after 14 days, 

respectively. The samples were stored in ambient conditions during the whole experiment. 

The sample without an encapsulation layer showed a slightly faded color after 14 days 

(Figure B.1(a)). From the reflectance spectra, the smaller modulation depth in the visible 

wavelength was found after 14 days due to oxidation of printed silver, which corresponded 

to a less vivid color (Figure B.1(c)). On the other hand, the sample with an encapsulation 

layer still exhibited vivid color after 14 days in ambient conditions (Figure B.1(b)). 

Although the reflectance spectra indicated a slight red shift, probably due to the additional 

reaction between AgNPs and PMMA [131], the modulation depth was observed to be 

similar to the pristine color, which implied that the color was well preserved by an 

encapsulation layer. Interestingly, the spin-coated PMMA layer not only acted as an 

encapsulation layer but also increased color saturation behavior. Further investigation into 

the impact of various encapsulation layers on the color saturation and retention time will 

be studied. 
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Figure B.1: The effect of encapsulation layer on color retention time. The microscopic 

images of printed ‘Cactus’ (a) without PMMA encapsulation layer and (b) with PMMA 

encapsulation layer. The measured relative reflectance of (c) without PMMA encapsulation 

layer and (d) with PMMA encapsulation layer.  
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APPENDIX C 

EFFECTIVE MEDIUM THEORY 
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In the classical model of free electron metals, the damping (𝛾) is determined by the 

scattering of the electrons with phonons, lattice defects, or impurities [132]. However, 

when particle size is comparable or smaller than the mean free path of the conduction 

electrons in the bulk material, scattering of the conduction electrons from the particle 

surface results in reduced effective mean free path (𝐿𝑒𝑓𝑓) and increased 𝛾 through the 

relation: 

 

𝛾(𝐿𝑒𝑓𝑓) = 𝛾0 +
𝐴𝑣𝐹

𝐿𝑒𝑓𝑓
          (C. 1) 

 

where 𝛾0 is the electron relaxation rate in the bulk material, 𝑣𝐹 is the Fermi velocity and A 

is a dimensionless fitting parameter related to scattering [133]. Take account of this 

phenomenon, the equation to calculate the permittivity of finite-sized metal nanoparticles 

(𝜀𝑛𝑝) must be modified as  

 

𝜀𝑛𝑝(𝜔) = 𝜀𝑏𝑢𝑙𝑘(𝜔) +
𝜔𝑝

2

𝜔(𝜔 + 𝑖𝛾0)
−

𝜔𝑝
2

𝜔(𝜔 + 𝑖𝛾)
.           (C. 2) 

 

Here, 𝜔 is the frequency of incident light, 𝜀𝑏𝑢𝑙𝑘 is the permittivity for a bulk material, and 

𝜔𝑝 is the plasma frequency [134]. In our case, we assume that AgNPs have spherical shape, 

hence the modified effective mean free path (𝐿𝑒𝑓𝑓 = 0.82𝑅, where R is the radius of 

nanoparticle) is used for the calculation [135]. Figure C.1 shows 𝜀𝑛𝑝 of spherical AgNPs 

with various radius. In the visible wavelength range, the particle size effects are more 
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strongly manifested in the imaginary part, while the real part indicates a very minimal 

differences. Since our PPD film acts as the absorbing material in the FP cavity, it is 

important to have better understanding of the correlation between particle size and 

permittivity which is closely related to the absorbance of materials. 

 

 

Figure C.1: Size-dependent complex permittivities of spherical AgNPs as a function of 

wavelength. Left: Real part. Right: Imaginary part. 

 

Effective medium theory (EMT) has been widely used to characterize optical 

properties of inhomogeneous materials, e.g. metal/polymer nanocomposites [136]. 

Maxwell-Garnett introduced a separated-grain structure whose inclusion material is 

dispersed in a continuous host material, while Bruggeman suggested an aggregate structure 

which is filled with random mixture of the two constituents [137]. Since the reduction and 

polymer-assisted aggregation of AgNPs occur simultaneously in PPD process, we employ 

Bruggeman`s model to calculate the effective permittivity (𝜀𝑒𝑓𝑓) of PPD film. The formula 

for 𝜀𝑒𝑓𝑓 reads: 
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𝜀𝑒𝑓𝑓 = 𝜀𝑝 [1 +
𝑓(𝜀𝑛𝑝 − 𝜀𝑝)

𝜀𝑝 + 𝑛(1 − 𝑓)(𝜀𝑛𝑝 − 𝜀𝑝)
]          (C. 3) 

 

where 𝜀𝑝 = 1.91 [138] is the permittivity of polymer (pAAm) and 𝑓 is the filling factor of 

AgNPs in the nanocomposite [139]. The shape of AgNPs is very irregular in the real case 

(Figure 1.2(b)), thus a shape factor 𝑛 is introduced as a fitting parameter to generalize the 

equation. To investigate the average AgNP size, we performed pAAm concentration 

dependent PPD printing. From the SEM images with various pAAm concentration (Figure 

C.3), we observed particles from < 5 nm to 10 nm with distinguishable contrast, particularly 

in 30 mM of pAAm concentration, which probably attributed to higher pAAm capping 

efficiency for AgNPs (Figure C.3(e)). Therefore, the average size of AgNPs was set as 10 

nm in diameter for the purpose of calculating 𝜀𝑛𝑝 using our model. The measured complex 

permittivity (𝜀𝑚 = 𝜀𝑟𝑒 + 𝑖𝜀𝑖𝑚) of PPD film is obtained from the extracted spectroscopic 

ellipsometry data (Figure 2.2(d)) through the relations, 𝜀𝑟𝑒 = 𝑛2 − 𝑘2 and 𝜀𝑖𝑚 = 2𝑛𝑘 for 

real and imaginary part, respectively. Figure C.2 shows 𝜀𝑚 and 𝜀𝑒𝑓𝑓 of PPD film according 

to 𝑓, where 𝑛 is set as 4.1. Importantly, when 𝑓 is 0.81 (short-dotted pink line), calculated 

𝜀𝑒𝑓𝑓 is comparable to measured 𝜀𝑚, which implies highly concentrated AgNPs in the PPD 

film. Consequently, those densely packed AgNPs absorb significant amount of incident 

light, which yields strong modulation of reflectance spectra in the visible wavelength 

range. 
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Figure C.2: Measured complex permittivity (solid line) and calculated effective 

permittivity (dotted line) of AgNPs/pAAm nanocomposites as a function of wavelength. 

Calculation performed according to filling factor f. Left: Real part. Right: Imaginary part. 

 

 

 

 

Figure C.3: The effect of pAAm concentration on PPD film. (a) 0 mM, (b) 10 mM, (c) 16 

mM, (d) 20 mM, (e) 30 mM, and (f) 40 mM of pAAm was mixed in Ag precursor solution, 

respectively, for printing PPD film (scale bar: 100 nm). 
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APPENDIX D 

BONDING PROCESS DEVELOPMENT FOR CMOS INTEGRATION 
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The integrated DLCM was diced and bonded onto the customized CMOS sensor as 

followed by the developed bonding process to investigate its imaging performance (Figure 

D.1). The AZ-1505 photoresist (PR) was spin-coated on both sides of the fabricated sample 

with an acceleration speed of 2000 rpm as a protection layer during the dicing process and 

post-baked 1 min at 90 °C on the hot plate, then the sample was diced into 7.2 mm × 5.6 

mm rectangular shape using a dicing saw (DAD320, DISCO Corporation). After dicing, 

the sample was immersed in acetone to remove PR, rinsed in IPA, and dried with nitrogen 

blow. The thin PDMS film was delaminated from a commercially available Gel-box and 

attached to the 4-inch borosilicate substrate using spontaneous bonding as an intermediate 

layer, then the sample was placed on the film. Since the PDMS was sticky enough to hold 

the sample during the bonding process, it was not required to use any additional materials 

for sample mounting, which would potentially leave undesired residues on the sample 

surface. A customized CMOS sensor was brought together with a printed circuit board 

(PCB) [106]. Glass slides were cut, multi-stacked, and fixed using double-sided tape on 

the 4-inch Si wafer as the CMOS PCB supporting layer to maintain the surface evenness 

during the bonding process since the backside of PCB was not flat due to several protruded 

electrical components. For the CMOS bonding process, another UV resist (B-UV resist) 

was prepared by adding the monomer (SR-9003-B), oligomers (CN-292 and CN-975), 

cross-linker (Octadecyl acrylate), the surface additive (1H,1H,2H,2H-Perfluoro-1-decanol 

BYK-3570), and photoinitiators (Omnirad 1173 and Omnirad TPO) into IBMA solvent to 

improve cross-linking efficiency and bonding strength. The CMOS PCB was mounted on 

the glass slides using Kapton tape, then 90 wt% B-UV resist was spin-coated on the CMOS 

with an acceleration speed of 3000 rpm. Then, the mounted sample and spin-coated CMOS 
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PCB were loaded into the mask aligner (MJB4, Suss MicroTec) to perform the bonding 

process. After precise alignment of the sample and CMOS using x, y, and θ knobs, the 

CMOS PCB was moved up in the z-direction and made contact with the sample, which 

initiated the flow of resist between them. Once the resist fully flowed on the surface, the 

resist was cross-linked under the UV exposure (365 nm, 350 W) for 10 min to accomplish 

appropriate bonding between the sample and the CMOS sensor. 

 

 

Figure D.1: Developed CMOS bonding process. (a) Conceptual 3D schematic illustration 

of the CMOS bonding process using mask aligner. (b) Photographic image of the fabricated 

sample bonded onto CMOS image sensor. 
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APPENDIX E 

PERMISSION FOR PREVIOUSLY PUBLISHED WORK IN A CULMINATING 

EXPERIENCE DOCUMENT 
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