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ABSTRACT 

 

GRANT W. BIDNEY. Fabrication, Numerical Modeling, and Testing of  

Silicon Micropyramid Arrays and Retroreflectors. 

 (Under the direction of DR. VASILY N. ASTRATOV) 

 

This dissertation is devoted to the optical properties of mesoscale and nanoscale 

photonic arrays, specifically regarding two different areas: i) silicon (Si) micropyramidal 

photonics aimed at enhancing photodetectors and emitters, and ii) plasmonic Littrow 

retroreflectors in the optical regime. 

In the first area, it was shown that Si anisotropic wet etching is attractive for the 

fabrication of large-scale arrays of micropyramids, or microvoids, with an extraordinary 

level of uniformity over centimeter-scale wafers. This is related to the self-terminating 

nature of the etching process when two (111)-type planes meet under the conditions when 

a surfactant is used to slow down the undercutting rate of the SiO2 layer. Although this 

technology is generally well studied by the microelectromechanical (MEMS) community, 

it seems that this particular property did not receive sufficient attention in previous studies. 

However, it is this property which enables the fabrication of uniform micropyramid arrays 

suitable for integration with detector and emitter arrays in optoelectronics applications. The 

optical properties of such arrays are studied by 3-D finite-difference time-domain (FDTD) 

numerical modeling in two realms represented by different boundary conditions (BCs). 

Periodic BCs result in Talbot self-images experimentally observed in this work. Perfectly 

matched layer BCs describe mesoscale interference effects resulting in the subwavelength 

focusing properties of individual micropyramids. It is proposed that integration with 

micropyramid arrays can enhance the collection of photons, signal-to-noise ratio, and 
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operational temperatures of mid-wave infrared photodetector focal plane arrays (FPAs). It 

is also proposed that Si micropyramid arrays can be used to enhance light extraction and 

directionality of quantum sources and infrared scene projectors. Additionally, 

micropyramids were monolithically integrated with silicon-platinum silicide (PtSi/p-Si) 

Schottky barrier photodetectors to experimentally demonstrate an improved signal 

obtained by these micropyramid arrays. These results were compared with 3-D FDTD 

numerical modeling, as well as the modeling of a novel resonator cavity micropyramid 

structure as a way to further increase the enhancement capabilities of these micropyramids 

based on using a silicon-on-insulator (SOI) wafer. This structure demonstrated increased 

absorption of up to 11× compared to a planar reference device of the same size. 

In the second area devoted to Littrow grating retroreflectors, the problem of 

simultaneous and efficient TE and TM polarization retroreflection was undertaken and 

guidelines for designing such retroreflectors were developed. Optimized performance at 

wavelengths in the vicinity of λ = 633 nm is expected for top metal slot arrays with 

thickness in the 20 - 40 nm range. However, this can vary for different metals such as Au, 

Ag, Al, and Cu. The most interesting development is the proposal to use experimentally 

measured index values for thin films with different thicknesses to study and optimize the 

performance of real physical retroreflector devices. To the best of our knowledge this 

approach was proposed for the first time in our work. Using this approach, it was shown 

that there is potentially plasmonic enhancement mechanisms involved, caused by their 

confinement in the metal stripes of the arrays. It was demonstrated that, despite the 

presence of absorption, such Au Littrow retroreflectors reached simultaneous ~0.2 and ~0.6 

efficiency levels for the TE and TM polarizations, respectively, in the same structure. 
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FIGURE 1.1. Diagram depicting the imaging system for IR detectors and their 

important sub-systems [1, 10]. 
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FIGURE 1.2. Diagram depicting the diversity of IR detector technologies at their 

respective operating temperatures and wavelengths [1]. 
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FIGURE 1.3. (a) Optical excitation mechanisms in semiconductors: i) intrinsic 

absorption, ii) extrinsic absorption, iii) free carrier absorption. (b-

f) Diagrams showing a few types of photon detectors, as well as 

their operating principles: (b) p-n junction photodiode, (c) 

Schottky barrier photodiode, (d) metal-insulator-semiconductor 

photodiode, (e) blocked impurity band detector, and (f) 

photoconductor [1]. 
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FIGURE 1.4. Diagram depicting four different monolithic FPAs and different 

interconnect techniques for hybrid FPAs. Monolithic FPAs 

include (a) CCD array, (b) CMOS array, (c) heteroepitaxy-on-

silicon, or the growth of a crystalline film on Si, and (d) 

microbolometer. Interconnect techniques for hybrid FPAs include 

(e) layered-hybrid design, (f) loophole technique, and (g) indium 

bump technique [1]. 
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FIGURE 1.5. HgCdTe photodiode band diagrams for (a) n+-on-p and (b) p-on-

n. (c) Numerical modeling of mercury vacancy dark current for n-

on-p HgCdTe photodiodes [1, 31, 33]. 
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FIGURE 1.6. (a) Diagram of a HgCdTe MWIR photodiode integrated with a 

metalens. (b) Power flux distribution on the x-z cross section of 

the device with the active region outlined by dashed white lines. 

(c) Absorptance of the HgCdTe detector’s active region with and 

without the metalens for two different photosensitive square areas. 

(d) Relative detectivity as a function of incident wavelength for 

two different photosensitive areas [14]. 
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FIGURE 1.7. (a) Diagram of a microlens incident on a photodetector which 

concentrates light from area A0 to As. (b) Schematic of the 

microlens integrated with an IR FPA, describing its parts. (c) 

Microscope image of pixels integrated with a microlens and 

without a microlens. (d) Raw pixel output responses to a pulsed 

beam, showing a measured enhancement of 7.4 times [17]. 

 

17 

FIGURE 1.8. (a) Virtual imaging by a microsphere integrated with a 

photodetector. (b) Optical micrograph of a microsphere on top of 
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a photodetector mesa. (c) Photocurrent measured at different bias 

voltages for microspheres of different material and diameter. (d) 

Photocurrent enhancement factors obtained by dividing the 

photocurrent the microsphere integrated detector with the 

photocurrent spectra of the isolated detector, showing up to 100 

times enhancement [22]. 

 

FIGURE 1.9. (a-e) Normal micropyramidal Al-silicide and (f-i) inverted 

micropyramidal Cu-silicide Schottky barrier photodetectors in the 

SWIR depicting plasmonic enhancement effects. (a) I-V 

measurements of the micropyramid compared to the flat device, 

showing current enhancement of ~100 times. (b), (d) Numerically 

modeled electromagnetic field intensities superimposed on 3-D Si 

models. (c), (e) SEM images of the fabricated devices [23]. (f) 

Energy band diagram for a Cu-based Schottky barrier 

photodetector. (g) Diagram showing direction light is incident on 

the array. (h-i) Electromagnetic field map for Cu-based Schottky 

barrier photodetector at two different polarizations [24]. 
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FIGURE 1.10. (a) Electromagnetic field distribution inside a 4 µm small base, 14 

µm large base free-floating Si microcone calculated at normal 

incidence with a 1 μm thick Pt mirror at the bottom base. Weak 

absorption effects of the Schottky barrier were modeled by 

introducing a 1% absorption effect in the lowest 1 μm thick section 

of microcone closest to the small base. (b) Power enhancement 

factor spectra calculated for 0 - 30° incidence angles at both TE 

and TM polarizations [25]. 
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FIGURE 1.11. (a) Diagram depicting the characteristics of a photonic nanojet. (b-

e) Numerical modeling of photonic nanojets emerging from a 

cylinder with diameter D and refractive index np, where the 

background medium consists of refractive index nbg. The cylinder 

is illuminated with a plane wave of wavelength λ. (b) D=6 µm, 

np=2.3275, nbg=1.33, and λ=300 nm. (c) D=10 µm, np=2.3275, 

nbg=1.33, and λ=300 nm. (d) D=5 µm, np=2.5, nbg=1, and λ=500 

nm. (e) D=5 µm, np=1.7, nbg=1, and λ=500 nm [57, 59]. 
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FIGURE 1.12. (a) Diagram depicting the 3-D FDTD numerical modeling 

simulation region. The incident plane wave propagates upwards 

with λ = 532 nm, the substrate consists of index n1 = 1.4, the glass 

particles consists of index n2 = 1.6, and the surrounding air consists 

of index n = 1. (b-d) Optical field intensity B in proximity to glass 

microparticles buried in polymer of thickness s marked by the red 

horizontal line for (b) normal microcones, (c) inverted microcones, 

and (d) microspheres [67]. 
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FIGURE 1.13. Phase diffraction gratings with their optical intensity profile B 

calculated by 3-D FDTD numerical modeling, depicting the 

formation of photonic nanojets. The plane wave source of λ = 532 

nm propagates upwards. (a) Saw-tooth grating with h = λ, d = 2λ, 

and α = 45°. (b) Rectangular grating with h = λ, d = 2λ, and D = 

1.5λ. (c) Hemispherical grating with h = λ, d = 3λ, and D = 1.5λ 

[84]. 
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FIGURE 1.14. (a) Diagram depicting the illuminating wavelength λ, the 

dimensions of the resulting photonic nanojet, the height of the 

sawtooth h = 2.5 µm, the peak-to-peak separation distance d = 2.5 

µm, and the angle of the pyramid formed α = 45°. (b) FDTD power 

flow map for a sawtooth grating with λ = 405 nm compared to (c) 

experiment. (d) FDTD power flow map for a sawtooth grating with 

λ = 532 nm compared to (e) experiment [85]. 
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FIGURE 1.15. (a) Diagram depicting the composition of the bilayer 

micropyramid array inside the 3-D FDTD numerical modeling 

simulation region when illuminated by a plane wave with λ = 640 

nm. (b) Numerical model with Lb = 7.60 µm, Lt = 3.80 µm, h1 = 

2.00 µm, h2 = 1.30 µm, n1 = 2.02, and n2 = 1.458. (c) Experiment 

with Lb = 7.61 µm, Lt = 3.81 µm, h1 = 2.03 µm, h2 = 1.32 µm, n1 

= 2.04, and n2 = 1.462 [88]. 
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FIGURE 1.16. (a) Diagram depicting the Talbot effect and example imaging 

distances z1, and z2 based on the wavelength of the plane wave 

source λ and the period of the diffraction grating Λ. (b) 3-D 

diagram depicting the Talbot effect and the allowable imaging 

interval around the Talbot plane that can be considered a part of 

the Talbot image [117]. 
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FIGURE 1.17. (a) Diagram depicting Talbot imaging with a stepped phase layer. 

(b) Numerically modeled electric field with different phase layer 

thicknesses [117]. 
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FIGURE 1.18. (a) Diagram depicting the ability to expose different regions of 

photoresist through Talbot imaging with an array of cones where 

the incident light is an unpolarized plane wave with λ = 365 nm, H 

= D = 300 nm, Λx = 500 nm, and Λy = 866 nm. The time-averaged 

numerically modeled intensity patterns at different depths z are 

shown [144] (b) Diagram depicting the ability to expose different 

regions of photoresist through Talbot imaging with an array of 

nanospheres where the incident light is a UV laser, and d is the 

propagation distance. SEM images of a structure fabricated with 

this method are shown [145]. 
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FIGURE 1.19. (a) The face centered cubic (FCC) crystalline structure of Si. 

Diagrams depicting the (b) (100), (c) (110), and (d) (111) 

crystalline planes. 
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FIGURE 1.20. Diagram depicting a (100) Si wafer. The surface is a (100) plane, 

and the wafer flat is along the <110> direction. Additionally, the 

(110) plane and the (100) plane are shown. 
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FIGURE 1.21. Diagram depicting the categorization of wet and dry etching [150]. 

Both methods of etching have the ability to etch either 

isotropically or anisotropically, depending on the chemicals and 

methods utilized [150]. 
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FIGURE 1.22. (a) Etch rates along the (100) plane for TMAH and KOH as a 

function of concentration at three different temperatures. (b) Etch 

rate ratios for the (111) plane etch rate divided by the (100) plane 

etch rate for TMAH and KOH as a function of concentration at 

three different temperatures. SEM photos of a Si wafer etched at 

70° C where the wafer was (c) not patterned and etched with 5 

wt% TMAH for 20 min, (d) not patterned and etched with 5 wt% 

KOH for 11 min, (e) patterned and etched with 5 wt% TMAH for 

20 min, (f) patterned and etched with 5 wt% KOH for 25 min, (g) 

patterned and etched with 25 wt% TMAH for 15 min, and (h) 

patterned and etched with 25 wt% KOH for 7 min [164]. 
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FIGURE 1.23. (a) Pyramidal hillocks formed when etched in 5 wt%, 10 wt%, 15 

wt%, 22 wt%, and 40 wt% TMAH [165]. (b) The number and size 

of pyramidal hillocks etched at 90° C for 5, 15, and 30 minutes 

[166]. (c) The height of the pyramidal hillocks as a function of 

etching time at different temperatures when etched with 25 wt% 

TMAH [167]. 
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FIGURE 1.24. (a) Diagram depicting undercutting of a mask used to define the 

etched geometry. (b) The undercut rate as a function of etchant 

concentration at three different temperatures for KOH and TMAH 

[164]. 
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FIGURE 1.25. (a) SEM images of micropyramids etched with pure 25 wt% 

TMAH and TMAH with added Triton X-100, showing the reduced 

undercutting by the solution with added Triton X-100 plotted in 

(b) [174]. (c) The (100)-Si etch rate as a function of temperature 

for three different concentrations of Triton X-100 added to 25 wt% 

TMAH [150]. (d) The (110)-Si etch rate as a function of 

temperature for pure 25 wt% TMAH and 25 wt% TMAH with 

0.1% Triton X-100 added [174]. (e) SEM images showing the 

surface roughness of the (100) plane and the (110) plane when 
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etched with pure TMAH and five different concentrations of 

Triton X-100 [175]. 

 

FIGURE 1.26. Various corner compensation structures at each of the four corners 

[158]. 
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FIGURE 1.27. Various retroreflective devices. (a) Cat’s eye retroreflector [187]. 

(b) Corner cube retroreflector. Specifically, one with cantilevers 

to adjust the bottom mirror [188]. (c) Luneburg lens with a metallic 

mirror on the bottom surface [189]. (d) Van Atta array, a phased 

antenna array, that redirects light back towards the direction it 

came [190]. (e) Example of a metasurface retroreflector [190]. (f) 

Diffraction grating retroreflector, following the Littrow 

configuration [191]. 
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FIGURE 1.28. (a) Flat retroreflector (FRR) based on a metasurface doublet, 

which consists of vertically stacked metasurfaces MS1 and MS2. 

(b) Detected retroreflected optical power at θin = 0°, 10°, 15°, and 

25° [220]. 
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FIGURE 1.29. (a) Adaptive reconfigurable spin-locked metasurface 

retroreflector, based on utilization of meta-atoms with rotational 

mechanical control to process either right or left circularly 

polarized light. Experimental and simulation results of left 

circularly polarized light incident on 2-D scattering patterns at 4 

GHz for (b) 𝜃in = 11° and 𝜑in = 0°, (c) 𝜃in = 24° and 𝜑in = -27°, (d) 

𝜃in = 31° and 𝜑in = 135°, and  (e) 𝜃in = 42° and 𝜑in = -146° [190]. 
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FIGURE 1.30. (a) Hyperbolic plasmonic metasurface (HPM) retroreflector 

design, where the diameter is d, period is p, and the separation 

between the HPMs and the metal cylinder array is h. (b) Photo of 

the experimental setup, where the retroreflector is covered by an 

absorber except where the metal cylinder array is located. (c) 

Diagram showing the top-down view of the experimental setup. 

(d) Experimentally measured retroreflection efficiency as a 

function of frequency shown for incident angles θ [221]. 
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FIGURE 1.31. Huygens’ metasurface retroreflectors at 24 GHz are shown. (a) TE 

retroreflector shown in 2-D and 3-D. The dimensions of the 

components are Px1 = 2.16 mm, Px2 = 2.35 mm, Py = 1.5 mm, Ux 

= Uy = 3.149 mm, and Sz = 1.575 mm. (b) Monostatic radar cross 

section (RCS) simulation for the TE retroreflector, shown in blue, 

and for the theoretical RCS of an ideal mirror placed normal to the 

incident radiation, shown in red. (c) TM retroreflector shown in 2-

D and 3-D. The dimensions of the components are Px1 = 0.8 mm, 

Px2 = 3.149 mm, Py = 1.5 mm, Ux = Uy = 3.149 mm, and Sz = 3.175 
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mm. (d) Monostatic RCS simulation for the TM retroreflector, 

shown in blue, and for the theoretical RCS of an ideal mirror 

placed normal to the incident radiation, shown in red [191]. 

 

FIGURE 1.32. (a) Diagram depicting a diffraction grating’s cross-section. (b) 

Numerically modeled TE polarization diffraction efficiency of a 

diffraction grating in the Littrow configuration, with the horizontal 

line corresponding to the f = 0.045 plot shown in (c), which plots 

the diffraction efficiency as d varies for εd = 2.08541 and εa = 1. 

(d) Numerically modeled TM polarization diffraction efficiency of 

a diffraction grating in the Littrow configuration, with the 

horizontal line corresponding to the f = 0.45 plot shown in (e), 

which plots the diffraction efficiency as d varies for εd = 2.08541 

and εa = 1 [225]. 
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FIGURE 1.33. Diagram depicting the basics of surface plasmonic resonance. (a) 

At the interface of a dielectric and a metal, surface plasmons have 

a combined electromagnetic wave and surface charge. The 

generation of surface charge requires an electric field normal to 

the metal’s surface. (b) The surface plasmon dispersion curve, 

displaying the momentum mismatch between the light, ħk0, and 

the surface plasmon modes, ħkSP. (c) The field component 

perpendicular to the surface can be enhanced near the surface, but 

decays exponentially with distance, where the decal length in the 

medium above the metal is δd, and the skin depth into the metal is 

δm [226]. (d-h) Diagrams depicting how the plasmon resonance of 

a metal nanostructure is affected by the field distribution. (d) 

Metallic nanospheres incased in different dielectric materials, (e) 

metallic nanoshells with a symmetric plasmon mode, (f) metallic 

nanoshells with an antisymmetric plasmon mode, (g) metallic 

nanorods with field polarization parallel to the nanorods, and (h) 

metallic nanorods with field polarization perpendicular to the 

nanorods [248]. 
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FIGURE 1.34. (a-f) Numerically modeled spherical nanoparticle dimers with 

varying gap sizes, exhibiting plasmonic coupling. (a) Light 

polarized perpendicular to the dimer axis, displaying destructive 

interference. (b) Light polarized parallel to the dimer axis, 

displaying constructive interference. Electric field maps showing 

(c) destructive interference and (d) constructive interference for 20 

nm diameter Ag spherical nanoparticles separated by 5 nm. 

Extinction spectra for the same nanoparticles with light polarized 

(e) perpendicular to the dimer axis, and (f) parallel to the dimer 

axis. The gap sizes are 1, 2, 3, 4, 5, 10, 20, 30, 40, and 50 nm from 

lightest color to darkest color [263]. Experimentally measured 

extinction spectra for nanodisk arrays with labeled particle sizes 
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for (g) Au, and (h) Al. The separation between nanodisks were 

random, with the smallest center-to-center distance of 6 nanodisk 

diameters [272]. 

 

FIGURE 1.35. Numerically modeled monolayer of hexagonal close packed arrays 

consisting of 20 nm diameter nanoparticles in a dielectric medium 

with n = 1.33. The arrays were illuminated at normal incidence, 

and the separation between the particles d was varied. (a) 

Transmittance, (b) reflectance, and (c) absorptance data for Au 

nanoparticles. (d) Transmittance, (e) reflectance, and (f) 

absorptance data for Ag nanoparticles [285]. 
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FIGURE 1.36. Numerically modeled Au nanobar absorption spectrum for width 

w = 60 nm, length l = 100 nm, and varying thickness t. Absorption 

plots as a function of wavelength where incident light is either (a) 

longitudinally or (b) transversely polarized. (c) Plot depicting the 

peak resonance wavelength as a function of thickness for both 

polarizations, as well as the impact rounded corners have on the 

peak resonance wavelength [291]. 
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FIGURE 2.1. Diagram depicting the universal Si mesophotonic array fabrication 

protocol, where each fabrication step corresponds to a column, and 

each row corresponds to a point-of-view. The example structures 

are truncated Si micropyramids with θ = 54.74˚ sidewall angles 

formed along the (111) crystalline planes through anisotropic wet 

etching a (100) Si wafer with 25% TMAH. Row (a) depicts a top-

down perspective. Row (b) depicts a sideview perspective. Row 

(c) depicts an arial view. Step 1, depicted in the first column, is to 

perform photolithography shown in red to define the structure’s 

geometry on a (100) Si wafer shown in grey with a thermal SiO2 

layer shown in blue. Step 2, depicted in column 2, is to transfer the 

photolithography pattern to the SiO2 layer through a buffered 

oxide etchant (BOE) etch. Step 3, depicted in column 3, is to 

remove the photoresist in order to prevent changing the etching 

characteristics of TMAH. Step 4, shown in column 4, is to 

anisotropically wet etch the mesophotonic arrays. Step 5, shown 

in column 5, is to remove the leftover SiO2 layer with a second 

BOE etch. The final result is a mesophotonic array which, in this 

case, is a truncated Si micropyramid array. 
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FIGURE 2.2. SEM images of truncated Si micropyramid arrays with θ = 54.74˚, 

15 μm pitch, and a square cross section fabricated by anisotropic 

wet etching in 25% TMAH with added Triton X-100, as depicted 

in Fig. 2.1. Row (a) consists of SEM images from a top-down 

perspective. Row (b) consists of the corresponding cross-sectional 

side view. Row (c) consists of SEM images from an arial view to 
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display their 3-D nature. Column 1 contains SEM images 

corresponding to truncated Si micropyramids with ~11.0 μm small 

base. Column 2 contains SEM images corresponding to truncated 

Si micropyramids with ~6.0 μm small base. Column 3 contains 

SEM images corresponding to truncated Si micropyramids with 

~2.5 μm small base. A stir bar was used to mix the TMAH and 

Triton X-100 solution, but no stir bar was utilized during the etch. 

 

FIGURE 2.3. SEM images of truncated Si microcone arrays with θ = 45˚, 30 μm 

pitch, and an octagonal cross section fabricated by anisotropic wet 

etching in 25% TMAH at 80° C without added Triton X-100, as 

depicted in Fig. 2.1. Row (a) consists of SEM images from a top-

down perspective. Row (b) consists of the corresponding cross-

sectional side view. Row (c) consists of SEM images from an arial 

view to display their 3-D nature. Column 1 contains SEM images 

corresponding to microcones with ~23.0 μm small base. Column 

2 contains SEM images corresponding to microcones with ~16.0 

μm small base. Column 3 contains SEM images corresponding to 

microcones with ~6.0 μm small base. A stir bar was used to mix 

the TMAH and Triton X-100 solution, but no stir bar was utilized 

during the etch. 
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FIGURE 2.4. SEM images of three types of inverted Si mesophotonic arrays 

fabricated by anisotropic wet etching in 25% TMAH, as depicted 

in Fig. 2.1. Each column is associated with a unique mesophotonic 

array, and each row corresponds to images of the same type. Row 

(a) consists of SEM images from a top-down perspective. Row (b) 

consists of the corresponding cross-sectional side view. Row (c) 

consists of SEM images from an arial view to display their 3-D 

nature. Column 1 contains SEM images corresponding to inverted 

micropyramids with θ = 54.74˚, 30 μm pitch, nanometer scale 

small base, and a square cross section. Column 2 contains SEM 

images corresponding to inverted micropyramids with θ = 45˚, 30 

μm pitch, 14.7 μm small base, and a square cross section. Column 

3 contains SEM images corresponding to inverted triangular 

micropyramids with different sidewall angles θ. One side of the 

equilateral triangular photomask was aligned to the <110> 

direction which resulted in θ = 54.74˚ and is ~21.8 μm long, while 

the other two sides of the photomask were aligned to a different 

direction which resulted in θ = ~48˚ and are ~14.3 μm long. A stir 

bar was used to mix the TMAH and Triton X-100 solution, but no 

stir bar was utilized during the etch. 
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FIGURE 2.5. Series of confocal microscope images illustrating the ability to 

precisely control the geometry of the fabricated structures. The 

shown example is for 30 μm pitch truncated Si micropyramids 
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with 54.74˚ sidewall angles. (a-k) Truncated Si micropyramid’s 

small base size equal to 20.0, 18.1, 15.8, 13.5, 12.1, 10.9, 9.1, 8.4, 

5.6, 3.3, and 1.0 μm respectively. (l) Si micropyramid with 

nanometer scale top. This fabrication control can be generalized to 

other mesophotonic structures. A stir bar was used to mix the 

TMAH and Triton X-100 solution, but no stir bar was utilized 

during the etch. 

 

FIGURE 2.6. Series of confocal microscope images depicting the undercutting 

of a 100 nm thick thermal SiO2 square mask layer, represented by 

the white squares located atop the truncated Si micropyramids. 

The truncated Si micropyramids were fabricated through 

anisotropic wet etching with 25% TMAH and 0.3% v/v Triton X-

100 for 50 minutes at 80°C. A stir bar was used to mix the TMAH 

and Triton X-100 solution, but no stir bar was utilized during the 

etch. The calculated undercutting ratio l/d of the <110> direction 

was ~0.29 l/d, where l is the undercutting along the <110> 

direction of the SiO2 mask, and d is the total depth of the etch 

[314]. (a-d) Undercutting of 30 µm pitch truncated Si 

micropyramids. (e, f) Undercutting of 15 µm pitch truncated Si 

micropyramids. 
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FIGURE 2.7. (a-f) Series of confocal microscope images depicting the surface 

deformations that develop if too much Triton X-100 is added to a 

25% TMAH etch at 80° C for 50 minutes. The surface topology is 

seen in the plots below the images in (d-f), located along the red 

dotted line. Here, 0.4% v/v Triton X-100 was added to the etchant 

bath, as seen in Fig. 1.21. A stir bar was used to mix the TMAH 

and Triton X-100 solution, but no stir bar was utilized during the 

etch. 
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FIGURE 3.1. 3-D FDTD numerical modeling simulations. Two methodologies 

for accessing different optical properties of periodic arrays under 

plane wave illumination at λ = 3, 4, and 5 μm based on two types 

of BCs: (a) perfectly matched layer BCs at the left and right most 

plane of the simulation region, and periodic BCs on the four z-

planes of the simulation region, describing grating-type diffraction 

and interference effects leading to the formation of the Talbot 

images at further distances from the truncated Si micropyramids, 

and (b) perfectly matched layer BCs on all six planes of the 

simulation region, describing the concentration of light and the 

formation of photonic jets close to the truncated Si micropyramids. 

Both (a) and (b) display electromagnetic (EM) field distributions 

calculated at normal incidence on truncated Si micropyramids with 

refractive index n = 3.43. The truncated Si micropyramids shown 

104 



xx 
 

have the same small base size, DS = 5 μm, and same large base size 

DL = 15 μm. 

 

FIGURE 3.2. 3-D FDTD numerical modeling simulations to demonstrate the 

impact truncated Si micropyramid height has on the Talbot effect. 

EM field distributions calculated at normal incidence for truncated 

Si micropyramids with index n = 3.43 at λ = 2.94 μm. Three 

different truncated Si micropyramids depicted in the three rows all 

have the same small base size, DS = 4 μm, and different large base 

size, DL = 5, 8, and 11 μm, respectively. PML BCs along the x-

direction and periodic BCs along z-directions describe grating-

type diffraction and interference effects leading to the formation 

of the Talbot images at further distances from the truncated Si 

micropyramids [363]. 
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FIGURE 3.3. Experimental study of Talbot effect and comparison with a 3-D 

FDTD numerical modeling simulation. (a) Experimental setup 

where imaging of intensity distributions at different distances z 

from the tops of the truncated Si micropyramids was provided by 

a Ge IR lens with f = 12.7 mm attached to a micrometer translation 

stage. The illumination was provided with an Er:YAG laser at 

wavelength λ = 2.94 μm and the Talbot images were captured by 

a MWIR Spiricon beam profiler. (b) Typical examples of 

experimental Talbot self-images belonging to the “Talbot Length” 

subset obtained at distances zT(m) and the “Half Talbot Length” 

subset obtained at distances zT(m + 0.5) where m = 0, 1, 2, …, etc., 

respectively. In the cross-sectional xy planes, the peaks in the 

“Talbot Length” subset are aligned with the truncated Si 

micropyramids whereas the peaks in the “Half Talbot Length” 

occupy positions between the truncated Si micropyramids. (c) EM 

field distribution numerically modeled along the propagation 

direction in a plane passing through centers of the truncated Si 

micropyramids which illustrate properties of the “Talbot Length” 

subset. (d) Experimentally determined positions of the self-

imaging Talbot planes and relative intensities of the peaks in these 

Talbot planes depicted by grey and red bars for the “Talbot 

Length” and “Half Talbot Length” subsets, respectively [363]. 
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FIGURE 3.4. 3-D FDTD numerical modeling simulation study on the optical 

properties of truncated Si micropyramids at λ = 3 µm by utilizing 

perfectly matched layer BCs. (a) EM field map defining the 

parameters studied; specifically, the peak intensity enhancement 

factor (IEF), FWHM, and light concentration distance d of the 

photonic jets, as well as the truncated Si micropyramid’s large 

base size DL and small base size DS. In this EM field map, DL = 30 

μm and DS = 10 μm. (b-d) Plots showing how the peak IEF, 
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FWHM, and d of the photonic jets change depending on DL, and 

DS [363]. 

 

FIGURE 3.5. 3-D FDTD numerical modeling simulation study on the optical 

properties of truncated Si micropyramids at λ = 4 µm by utilizing 

perfectly matched layer BCs. (a) EM field map defining the 

parameters studied; specifically, the peak intensity enhancement 

factor (IEF), FWHM, and light concentration distance d of the 

photonic jets, as well as the truncated Si micropyramid’s large 

base size DL and small base size DS. In this EM field map, DL = 30 

μm and DS = 10 μm. (b-d) Plots showing how the peak IEF, 

FWHM, and d of the photonic jets change depending on DL, and 

DS [363]. 
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FIGURE 3.6. 3-D FDTD numerical modeling simulation study on the optical 

properties of truncated Si micropyramids at λ = 5 µm by utilizing 

perfectly matched layer BCs. (a) EM field map defining the 

parameters studied; specifically, the peak intensity enhancement 

factor (IEF), FWHM, and light concentration distance d of the 

photonic jets, as well as the truncated Si micropyramid’s large 

base size DL and small base size DS. In this EM field map, DL = 30 

μm and DS = 10 μm. (b-d) Plots showing how the peak IEF, 

FWHM, and d of the photonic jets change depending on DL, and 

DS [363]. 
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FIGURE 3.7. 3-D FDTD numerical modeling simulation performed for a dipole 

source embedded at 1 m depth in a Si slab. Comparison of the 

light extraction and directionality of the dipole sources embedded 

in Si slabs for the following cases: (a-c) bare Si wafer and (d-f) 

dipole positioned close to the small base DS of the truncated Si 

micropyramid. The dipole source oscillates perpendicular to the xz 

plane at λ = 3 µm. The dimensions of the truncated Si 

micropyramid in (d-f) are DL = 15 μm and DS = 6.4 μm. Efficient 

coupling of the dipole’s emission into the truncated Si 

micropyramid is depicted by comparing EM field profiles 

portrayed in (b, e). An order of magnitude higher extraction 

efficiency was obtained in the case of using a truncated Si 

micropyramid, where a more structured far-field emission profile 

is apparent by comparing the far-field EM field distributions 

shown in (c, f). 
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FIGURE 4.1. Diagram depicting the fabrication protocol to create 10 × 10 arrays 

of monolithically integrated Si micropyramids with MWIR PtSi/p-

Si Schottky barrier photodetectors fabricated on the small based of 

these truncated micropyramids. The top row depicts microscope 

images of the top-down view, and the bottom row depicts 
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diagrams of the corresponding side-view. (a) The device 

fabrication begins with the micropyramids previously fabricated, 

as described in Chapter 2. (b) The mesa fabrication steps first 

requires the mesa size to be defined with photolithography. (c) The 

mesa fabrication step ends with the deposition of Pt and the excess 

Pt is lifted off by removing the photoresist. (d) The passivation 

step begins by depositing a uniform 300 nm thick layer of SiO2 

and performing photolithography to prepare for the next step. (e) 

The passivation step ends when the SiO2 undergoes a BOE etch to 

create through-holes in the SiO2 layer, where the remaining 

photoresist is removed. (f) The metal step is where the 5 nm thick 

Cr and 300 nm thick Au layers are deposited, in order to 

electrically connect all 100 detectors together for characterization. 

 

FIGURE 4.2. Microscope images showing the fabrication step for MWIR PtSi 

detectors corresponding to Fig. 4.1(c). (a) An entire die is shown, 

where the top eight detectors are planar reference devices and the 

bottom eight detectors are fabricated on top of micropyramids. (b, 

e) 10 × 10 PtSi detector array with 21 μm squares fabricated on 

top of 60 μm pitch micropyramids. (c, f) 10 × 10 PtSi reference 

detector array of the same size as the detectors on the 

micropyramids. (d, g) 10 × 10 PtSi detector array with a large fill-

factor of 58 μm squares with 60 μm pitch. 
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FIGURE 4.3. Microscope images showing the fabrication step for MWIR PtSi 

detectors corresponding to Fig. 4.1(e). (a) An entire die is shown, 

where the top eight detectors are planar reference devices and the 

bottom eight detectors are fabricated on top of micropyramids. (b, 

e) 10 × 10 PtSi detector array with 21 μm squares fabricated on 

top of 60 μm pitch micropyramids. (c, f) 10 × 10 PtSi reference 

detector array of the same size as the detectors on the 

micropyramids. (d, g) 10 × 10 PtSi detector array with a large fill-

factor of 58 μm squares with 60 μm pitch. 
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FIGURE 4.4. Microscope images showing the fabrication step for MWIR PtSi 

detectors corresponding to Fig. 4.1(f) before the 5 nm of Cr and 

300 nm of Au were deposited. (a) An entire die is shown, where 

the top eight detectors are planar reference devices and the bottom 

eight detectors are fabricated on top of micropyramids. (b, e) 10 × 

10 PtSi detector array with 21 μm squares fabricated on top of 60 

μm pitch micropyramids. (c, f) 10 × 10 PtSi reference detector 

array of the same size as the detectors on the micropyramids. (d, 

g) 10 × 10 PtSi detector array with a large fill-factor of 58 μm 

squares with 60 μm pitch. 
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FIGURE 4.5. Microscope images showing the fabrication step for MWIR PtSi 

detectors corresponding to Fig. 4.1(f) after the 5 nm of Cr and 300 

nm of Au were deposited. (a) An entire die is shown, where the 

top eight detectors are planar reference devices and the bottom 

eight detectors are fabricated on top of micropyramids. (b, e) 10 × 

10 PtSi detector array with 21 μm squares fabricated on top of 60 

μm pitch micropyramids. (c, f) 10 × 10 PtSi reference detector 

array of the same size as the detectors on the micropyramids. (d, 

g) 10 × 10 PtSi detector array with a large fill-factor of 58 μm 

squares with 60 μm pitch. 
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FIGURE 4.6. (a) Top-down microscope image and (c) corresponding cross-

sectional view depicting monolithic integration of Si 

micropyramid arrays with MWIR PtSi/p-Si Schottky barrier 

photodetectors. These detectors have 21 µm square mesas 

fabricated on the small bases of the micropyramids. (b, d) 

Complimentary images depicting planar reference devices with 

identical photodetector mesa size. The device diagrams in (c, d) 

illustrate that, in both cases, the 5 nm thick Cr layer with 300 nm 

thick Au layer is electrically connected to the ~2 nm thick PtSi 

layer (n-contact) via a tiny ~3 μm opening in the 300 nm thick 

SiO2 layer. (e) Measurement setup for the photoresponse spectra 

using a Vertex 80v Fourier transform infrared spectrometer (FTIR) 

by Bruker. (f) Measurement setup for determining the quantum 

efficiency (QE) of PtSi Schottky barrier detectors with a calibrated 

blackbody system heated to 1000° C. (g) Plot showing the 

transmission characteristics of the three optical filters used in the 

QE setup shown in (f). 
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FIGURE 4.7. Spectral response plots for the four 10 × 10 detector arrays in the 

center of the dies shown in Figs 4.2(a)-4.5(a) measured at 80 K in 

reverse bias with a Ge window installed on the dewar, where the 

inset shows the corresponding Fowler plots used to optically 

determine the PtSi barrier height. 
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FIGURE 4.8. (a) Barrier height as a function of voltage and (b) dark current 

density as a function of voltage for the four 10 × 10 detector arrays 

in the center of the dies shown in Figs 4.2(a)-4.5(a) measured at 

80 K in reverse bias with a Ge window installed on the dewar. 

These devices all were fabricated on the same Si wafer and were 

all exposed to the same annealing conditions, yet the large planar 

reference device shows different barrier height values. 
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FIGURE 4.9. (a) Comparison of the QE spectra from two 10  10 

micropyramidal photodetector arrays, shown by the red and black 

curves, to the corresponding 10  10 planar reference 
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photodetector array fabricated on the same Si wafer, shown by the 

blue curve. The detector mesas were 21 μm squares with ~2 nm 

thick PtSi. The insert shows that the dark current density-voltage 

(I-V) relationships in these three cases were identical. (b) PEF 

spectra showing ~1.25× signal enhancement due to the 

micropyramids. This PEF spectra were smaller, potentially due to 

edge leakage current effects. This is apparent in Fig. 4.2(e) where 

the corners of the mesa on the micropyramid are over the edge of 

the micropyramid. 

 

FIGURE 4.10. (a) By using this same process for the previous die shown in Fig. 

4.9, PEF spectra showing ~1.5× signal enhancement due to these 

micropyramids were obtained. This is in relatively close 

agreement with what numerical modeling predicts at PEF ≈ 1.7× 

signal enhancement, shown by the blue curve. This device doesn’t 

have the issue of the mesa hanging over the edge, and therefore 

gave larger PEF ≈ 1.5×. The numerical modeling curve was 

calculated by dividing the absorption spectra of the detector 

integrated with a micropyramid shown in (b) by the absorption 

spectra of a planar detector shown in (c). 

 

144 

FIGURE 4.11. The optical absorption characteristics of two micropyramids 

monolithically integrated with weak absorbers are depicted via ray 

tracing and 3-D FDTD numerical modeling EM field maps. In 

both cases the Si micropyramids have identical dimensions where 

DL = 15 μm and DS = 9 μm. (a) The PEF spectra were obtained by 

calculating the absorption spectra with a micropyramid (as shown 

in (b) and (c)) and dividing them by the absorption spectra of the 

planar reference structure (as depicted in Fig 4.10(c)). The 

resulting PEF spectra are presented for two designs: the red curve 

corresponds to a design utilizing a silicon-on-insulator (SOI) 

wafer, while the blue curve represents a monolithic all-Si 

structure. (b, d) Ray tracing diagram and corresponding EM field 

map for a SOI micropyramid. (c, e) Ray tracing diagram and 

corresponding EM field map for an all-Si micropyramid. Both are 

coated with a 300 nm thick SiO2 layer and a 300 nm thick Au layer. 

To model the absorption behavior of PtSi Schottky barrier 

photodetectors, a simplified approach was used, with a weakly 

absorbing square structure (8 μm in size, 50 nm thick) positioned 

at the interface between the small base of the micropyramid and 

the SiO2 layer. The Au mirror was included to enhance MWIR 

radiation absorption [363]. 
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FIGURE 4.12. The optical absorption characteristics of two micropyramids 

monolithically integrated with weak absorbers are depicted via ray 

tracing and 3-D FDTD numerical modeling EM field maps. In 
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both cases the Si micropyramids have identical dimensions where 

DL = 30 μm and DS = 18 μm. (a) The PEF spectra were obtained 

by calculating the absorption spectra with a micropyramid (as 

shown in (b) and (c)) and dividing them by the absorption spectra 

of the planar reference structure (as depicted in Fig 4.10(c)). The 

resulting PEF spectra are presented for two designs: the red curve 

corresponds to a design utilizing a silicon-on-insulator (SOI) 

wafer, while the blue curve represents a monolithic all-Si 

structure. (b) EM field map for a SOI micropyramid. (c) EM field 

map for an all-Si micropyramid. Both are coated with a 300 nm 

thick SiO2 layer and a 300 nm thick Au layer. To model the 

absorption behavior of PtSi Schottky barrier photodetectors, a 

simplified approach was used, with a weakly absorbing square 

structure (17 μm in size, 50 nm thick) positioned at the interface 

between the small base of the micropyramid and the SiO2 layer. 

The Au mirror was included to enhance MWIR radiation 

absorption. 

 

FIGURE 4.13. The optical absorption characteristics of two micropyramids 

monolithically integrated with weak absorbers are depicted via ray 

tracing and 3-D FDTD numerical modeling EM field maps. In 

both cases the Si micropyramids have identical dimensions where 

DL = 60 μm and DS = 22 μm. (a) The PEF spectra were obtained 

by calculating the absorption spectra with a micropyramid (as 

shown in (b) and (c)) and dividing them by the absorption spectra 

of the planar reference structure (as depicted in Fig 4.10(c)). The 

resulting PEF spectra are presented for two designs: the red curve 

corresponds to a design utilizing a silicon-on-insulator (SOI) 

wafer, while the blue curve represents a monolithic all-Si 

structure. (b) EM field map for a SOI micropyramid. (c) EM field 

map for an all-Si micropyramid. Both are coated with a 300 nm 

thick SiO2 layer and a 300 nm thick Au layer. To model the 

absorption behavior of PtSi Schottky barrier photodetectors, a 

simplified approach was used, with a weakly absorbing square 

structure (21 μm in size, 50 nm thick) positioned at the interface 

between the small base of the micropyramid and the SiO2 layer. 

The Au mirror was included to enhance MWIR radiation 

absorption. 
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FIGURE 5.1. Sketch illustrating the 3-D geometry of the retroreflector structure, 

as well as the experimental geometry. It shows the main 

parameters such as the period () and width of the metallic stripes 

(a) in the surface square slot array. Plane waves are incident at an 

angle of ϴin. A specularly reflected zero-order beam and diffracted 

beam corresponding to m = -1 in the grating equation are 

illustrated. 
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FIGURE 5.2. Wavelength dependence of the diffraction angle calculated for 

several angles of incidence in the 60 - 80 range. The 

dependencies coincide for TE and TM polarizations of incident 

light. The design wavelength λ = 633 nm is shown by the vertical 

dashed line. 
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FIGURE 5.3. Retroreflection spectra normalized to the intensity of the incident 

beam. The spectra were calculated for (a) TE and (b) TM 

polarizations incident at ϴin = 70 for different stripe widths, a = 

60, 80, 100, 120, and 140 nm. The vertical dashed line shows the 

design wavelength of λ = 633 nm. 
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FIGURE 5.4. Intensity of the diffracted (m = -1) beam normalized to the 

intensity of the incident beam calculated at different angles of 

incidence, ϴin = 65, 70, and 80 for TE and TM polarizations. 
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FIGURE 5.5. (a) Diagram depicting the azimuthal performance of the Littrow 

retroreflector, showing light incident in a plane rotated by angle ϕ 

relative to the symmetry plane passing through x-axis. (b) Polar 

plot showing both the polar and azimuthal angles for the incident, 

specular, and diffracted beams. The diffracted beam is indicated 

as retro in this plot [369]. 
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FIGURE 5.6. Retroreflection spectra normalized to the intensity of the incident 

beam and calculated for (a) TE and (b) TM polarizations at a polar 

incidence angle of ϴin = 70 and for different azimuthal angles ϕ 

= 0, 5, 10, and 15, measured from the symmetry plane. The 

design wavelength of λ = 633 nm is shown by the vertical dashed 

line. 
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FIGURE 5.7. Retroreflection spectra normalized to the intensity of the incident 

beam for an Au slot array. Retroreflection calculated for (a) TE 

and (b) TM polarizations of incident light at ϴin = 70 for 

thicknesses in the 20 - 70 nm range. The vertical dashed line 

represents the design wavelength of λ = 633 nm. 
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FIGURE 5.8. Retroreflection spectra normalized to the intensity of the incident 

beam for an Ag slot array. Retroreflection calculated for (a) TE 

and (b) TM polarizations of incident light at ϴin = 70 for 

thicknesses in the 20 - 70 nm range. The vertical dashed line 

represents the design wavelength of λ = 633 nm. 
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FIGURE 5.9. Retroreflection spectra normalized on the intensity of the incident 

beam for a Cu slot array calculated at (a) TE and (b) TM 

polarizations of incident light for ϴin = 70 with the thicknesses in 
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the 20 - 70 nm range. The design wavelength of λ = 633 nm is 

shown by the vertical dashed line. 

 

FIGURE 5.10. Retroreflection spectra normalized on the intensity of the incident 

beam for an Al slot array calculated at (a) TE and (b) TM 

polarizations of incident light for ϴin = 70 with the thicknesses in 

the 20 - 70 nm range. The design wavelength of λ = 633 nm is 

shown by the vertical dashed line. 

 

175 

FIGURE 5.11. Retroreflection spectra normalized to the intensity of the incident 

beam for an Au slot array with thicknesses of 11.7, 21, 25, 44, 53, 

and 117 nm. Calculations for real Au thin films with 

experimentally determined index values are shown by solid curves 

whereas similar calculations for the bulk Au index values for the 

same thicknesses are shown by dashed lines. The results were 

obtained at (a) TE and (b) TM polarizations of incident light at ϴin 

= 70. The design wavelength of λ = 633 nm is shown by the 

vertical dashed line. 
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FIGURE 5.12. Absorption spectra normalized to the intensity of the incident 

beam for an Au slot array for thin films with thicknesses of 11.7, 

21, 25, 44, 53, and 117 nm indicated by the same colors as in Fig. 

5.11. Calculations for real Au thin films with experimentally 

determined index values are shown by solid curves whereas 

similar calculations for the bulk Au index values for the same 

thicknesses of the slot arrays are shown by dashed lines. The 

results were obtained at (a) TE and (b) TM polarizations of 

incident light at ϴin = 70. The design wavelength of λ = 633 nm 

is shown by the vertical dashed line. 
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LIST OF ABBREVIATIONS 

 

Abbreviation Word or Phrase 

1-D one-dimensional 

2-D two-dimensional 

3-D three-dimensional 

AFRL Air Force Research Laboratory 

AOV angle-of-view 

BIB blocked impurity band 

BOE buffered oxide etchant 

BSI back-side illumination 

CCD charge-coupled device 

CMOS complementary metal oxide semiconductor 

DSP double-side polished 

EM electromagnetic 

FCC face-centered cubic 

FDTD finite-difference time-domain 

FPA focal plane array 

FRR flat retroreflector 

FTIR Fourier transform infrared 

FWHM full-width at half-maximum 

GTRI Georgia Tech Research Institute 

HMDS hexamethyldisilazane 
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HPM hyperbolic plasmonic metasurface 

IC integrated circuit 

IEF intensity enhancement factor 

IPA isopropyl alcohol 

IR infrared 

KOH potassium hydroxide 

LED light-emitting diode 

LSPR localized surface plasmon resonances 

MEMS micro-electro-mechanical 

MIS metal-insulator-semiconductor 

MWIR mid-wave infrared 

NEP noise-equivalent power 

PEC perfect electric conductor 

PECVD plasma-enhanced chemical vapor deposition 

PEF power enhancement factor 

PML perfectly matched layer 

PS polystyrene 

PSP propagating surface plasmons 

QE quantum efficiency 

QWIP quantum well infrared photodetectors 

RCS radar cross-section 

RF radiofrequency 

RFID radiofrequency identification 
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RIE reactive ion etching 

ROIC readout integrated circuit 

RPM revolutions per minute 

SB Schottky barrier 

SEM scanning electron microscope 

SIL solid immersion lens 

SLG soda-lime glass 

SLR surface lattice resonance 

SNR signal-to-noise 

SOI silicon-on-insulator 

SP surface plasmon 

SPP surface plasmon polariton 

SWIR short-wave infrared 

TE transverse electric 

TM transverse magnetic 

TMAH tetramethylammonium hydroxide 

UV ultraviolet 
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CHAPTER 1: INTRODUCTION 

 

1.1. Outline and Overview of the Dissertation 

 

In this dissertation, methods for enhancing infrared (IR) photodetector focal plane 

arrays (FPAs) through integration with silicon (Si) micropyramidal arrays are investigated, 

as well as investigate novel metamaterial retroreflecting arrays designed to optimize the 

retroreflection of both transverse electric (TE) and transverse magnetic (TM) polarizations 

simultaneously in the visible wavelength regime. In the former, to enhance FPAs with Si 

micropyramidal arrays, first a general understanding of IR photodetector FPAs and their 

limitations are necessary in order to comprehend how to enhance them. Second, the means 

by which these light-concentrating mesoscale structures actually enhance the signal need 

to be understood, as well as their optical properties. Third, Si anisotropic wet etching 

typically used in micro-electro-mechanical systems (MEMS) must be understood in order 

to fabricate the Si micropyramidal arrays. These are all introduced in sections 1.2, 1.3, and 

1.4, respectively. In the latter, different retroreflector methodologies need to be understood 

in order to comprehend their limitations. Additionally, many of these retroreflectors utilize 

plasmonic contributions to enhance their retroreflectivity, and therefore an understanding 

of plasmonic effects needs to be understood as well. These are introduced in sections 1.5 

and 1.6, respectively. 
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A FPA is a crucial component of imaging systems and is formed by arranging 

individual photodetectors in a grid-like array. Modern FPAs for mid-wave IR (MWIR, λ = 

3–5 µm) imaging systems feature progressively smaller pixels to improve spatial sampling 

and enhance the spatial resolution of the captured images [1-5]. High-performance MWIR 

FPAs are typically cooled to cryogenic temperatures to reduce the dark current noise. This 

cooling is essential to prevent thermal generation of charge carriers, as thermal transitions 

compete with optical transitions, resulting in significant noise in non-cooled devices [1-

11]. This noise can be reduced by shrinking the photodetector area. Reducing the 

dimensions of the photodetectors decreases the dark current, thereby enhancing sensitivity 

[1-5]. However, this downsizing can also reduce quantum efficiency (QE) due to less 

effective light coupling, potentially hindering detection performance [1-5]. The light 

collection efficiency can be improved using light-concentrating structures such as 

metalenses, microlenses, microspheres, or micropyramids which are placed over individual 

pixels [12-25]. This allows light to be collected from a larger area and concentrated into a 

much smaller area that can be aligned with the photodetector's mesa to maintain or enhance 

the signal-to-noise ratio (SNR) in order to increase the operating temperature of FPAs. 

In Chapter 2, anisotropic wet etching of Si for photonic applications was explored 

by fabricating micropyramidal arrays with different geometries, sidewall angles, and 

number of sidewalls. The key advantage of Si in MEMS is its compatibility with IC 

fabrication processes, enabling the integration of mechanical, electrical, and computational 

functionalities onto a single chip [156, 157]. MEMS fabrication involves a series of 

processes such as lithography, deposition, and etching. Among these, wet etching is a 

crucial step that selectively removes material from Si wafers, allowing the formation of 
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intricate structures with high precision [150-160]. This chapter will discuss the role the 

wafer orientation has in the sidewall angle of the fabricated structure. It will discuss over 

etching and the role of surfactant, how the orientation of the photoresist patterns affects the 

final fabricated structure, and will depict several examples of fabricated mesophotonic 

arrays for optical applications. 

In Chapter 3, applications arising from the unique optical properties of 

anisotropically wet etched Si micropyramids in the mesoscale regime were investigated by 

employing Ansys/Lumerical’s three-dimensional (3-D) finite-difference time-domain 

(FDTD) numerical modeling software. Mesoscale denotes objects, like micropyramids, 

with geometric dimensions on the order of the incident wavelength of light. These objects 

exhibit different optical properties through light-matter interactions as their geometry 

varies [46-56]. When micropyramids are much larger than the wavelength of light, the 

properties of these micropyramids follow the laws of geometrical optics. The diverse 

properties of mesoscale objects offer a wide array of applications. The focus in this Chapter 

lies on exploring the optical characteristics and potential uses of micropyramidal structures 

featuring mesoscale dimensions. The ability of micropyramids to concentrate light stems 

from the reflections facilitated by their sidewalls. These characteristics are commonly 

termed as non-imaging light concentration properties, distinguishing them from the 

focusing effects of lenses. The light-concentration ability typically exhibits a non-resonant 

nature. However, the optical properties of a micropyramidal array can also lead to various 

interference effects. Such arrays can be treated as a transmission grating [115-147]. The 

optical properties of mesoscale structures depend on their geometry, and the properties of 
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truncated pyramids have been relatively unstudied. From an application development 

perspective, mesoscale structures of this nature hold considerable promise and appeal. 

In Chapter 4, the light-concentration ability of Si micropyramids were 

experimentally investigated by monolithically integrating MWIR PtSi photodetectors 

directly on top of truncated micropyramids. This was done to determine if reducing the 

dimensions of the photodetectors to decrease the dark current, while enhancing the light 

collection efficiency through using light-concentrating micropyramids will increase the 

SNR [25, 94-114]. This allows light to be collected from a larger area and concentrated 

into a much smaller area that can be aligned with the photodetector's mesa to maintain or 

enhance the SNR in order to increase the operating temperature of FPAs [1-11]. This 

required an extensive fabrication effort, which is discussed. Additionally, a detailed 

analysis of the micropyramid FPA was conducted through characterizing the fabricated 

devices’ spectral response and QE in order to determine the enhancement obtained through 

integration with micropyramids. 

In addition to extensive research conducted on enhancing FPAs through integration 

with truncated Si micropyramid arrays, metasurface retroreflectors were designed for 

visible wavelengths in this dissertation. Retroreflectors are optical devices designed to 

reflect an electromagnetic wave back towards its source, irrespective of the angle of 

incidence [179-223]. Metasurfaces are structures with periodicity smaller than the 

wavelength of incident light and are designed to have electromagnetic properties beyond 

what can be found in nature [196-217]. These structures can consist of either dielectric or 

metallic materials, or some combination thereof. Metasurfaces are able to have a low 

profile and can be an inexpensive solution to retroreflect light at specific designed angles 
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for wavelengths of light longer than the visible spectrum. However, they consist of sizes 

on the order of  λ or smaller. Therefore, fabrication of metasurface retroreflectors in the 

visible spectrum can significantly increase costs and reduce fabrication uniformity. 

Additionally, it remains rare to achieve a combination of a flat profile, high reflection 

efficiency, and a wide range of incidence angles in an ultrathin metasurface retroreflector 

capable of operating for both TE and TM modes [185, 190, 191, 198-203].  

In Chapter 5, extensive FDTD numerical modeling was completed for a Littrow 

configuration metamaterial retroreflector studied with FDTD numerical modeling designed 

for a HeNe wavelength of 632.8 nm in order to develop fabrication guidelines for 

retroreflectors operating in the visible regime. Additionally, numerical modeling was 

extended to real metals with real thicknesses in order to study the impact the type of metal 

has on retroreflection, as well as how the thickness of the metal layer impacts 

retroreflection efficiency [264, 305, 306]. The retroreflector has nanometer scale 

dimensions, and thus plasmonic effects are expected. Real metals at optical frequencies 

display substantial plasmonic effects, which can drastically affect retroreflector 

performance [226-237]. 

 

1.2. Infrared Photodetector Focal Plane Arrays 

 

 

A FPA is a crucial component of imaging systems and is formed by arranging 

individual photodetectors in a grid-like array. Generally, each pixel has its own 

independent contact while sharing a common contact with other pixels in the array. The 

layout of these shared contacts affects both electrical performance and readout speed. 

Modern FPAs for IR imaging systems feature progressively smaller pixels to improve 
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spatial sampling and enhance the spatial resolution of the captured images. In the MWIR, 

typical pixel sizes have reached approximately 10 µm [1-3]. High-performance MWIR 

FPAs are typically cooled to cryogenic temperatures to reduce the dark current noise. 

Increasing the operating temperature is possible by minimizing the detector's active volume, 

which decreases the dark current. IR photodetectors are extensively used across numerous 

scientific and technical fields, including remote sensing, meteorological monitoring, 

military target detection, and biomedical sensing. To meet the rapidly growing demands, 

there is a strong pursuit for high-performance IR detectors that offer high responsivity and 

low dark current [1, 4-9]. 

 

Figure 1.1: Diagram depicting the imaging system for IR detectors and their important sub-

systems [1, 10]. 
 

Detectors are just one component of functional sensor systems. Military sensor 

systems also include numerous other components such as optics, coolers, pointing and 

tracking systems, electronics, communication, processing and information-extraction 

subsystems, and displays, as seen in Fig. 1.1. Therefore, developing a complete sensor 

system is significantly more challenging than simply fabricating a detector array [1, 5]. 
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For IR photodetection, materials with large absorption coefficients and high 

quantum efficiencies, such as HgCdTe, incident photons are almost entirely converted into 

electronic signals, making further increases in responsivity challenging. Therefore, 

reducing the active volume to lower the dark current, while maintaining light collection 

efficiency through light concentration methods, presents a promising approach to enhance 

detectivity [1, 11]. 

The light collection efficiency can be enhanced by utilizing light concentrating 

structures such as metalenses [12-16], microlenses [17-19], microspheres [20-22], or 

micropyramids [23-25], to name a few, where the light concentrating structures are placed 

over individual pixels. However, commercial microlens arrays typically have long focal 

distances (f ~ 200 µm), resulting in a narrow angle-of-view of only a few degrees. In 

contrast, microspheres with an index of refraction n ~ 1.6–1.8 can focus light near their 

shadow-side surface, creating "photonic jets" with subwavelength transversal widths [21, 

22]. This enables the collection of light from a larger area where it is concentrated into a 

much smaller area that can be aligned with the photodetector's mesa. 

In general, detectors fall into two primary categories: cooled and uncooled. Cooled 

detectors necessitate cooling below ambient temperature. While uncooled sensors present 

notable benefits in terms of cost, longevity, size, weight, and power consumption, cooled 

sensors offer notably improved range, resolution, and sensitivity due to their operation at 

lower noise levels [1, 4-9, 11]. Fig. 1.2 illustrates the range of operating temperatures and 

wavelength regions covered by various IR detector technologies. Operating temperatures 

typically span from 4K to slightly below room temperature, depending on the specific 

detector technology employed. Most modern cooled detectors function within a 
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temperature range of below 10K to 150K, varying according to the type of detector and 

desired performance level. A temperature of 77K is quite common, as it can be relatively 

easily achieved using liquid nitrogen. Despite their name, uncooled detectors typically 

include some form of temperature control, maintaining temperatures of approximately 

250–300 K to minimize noise, optimize resolution, and ensure stable operation [1, 4-9, 11]. 

 

Figure 1.2: Diagram depicting the diversity of IR detector technologies at their respective 

operating temperatures and wavelengths [1]. 

 

1.2.1. Fundamentals of Photon Detectors 

 

In photon detectors, radiation is absorbed within the material through interactions 

with electrons, either bound to lattice atoms, impurity atoms, or free electrons. The 

resulting electrical output signal arises from the altered electronic energy distribution [1, 

11]. The fundamental optical excitation processes in semiconductors are seen in Fig. 1.3(a). 

Photon detectors demonstrate a wavelength-dependent response per unit incident radiation 

power. They offer excellent SNR performance and rapid response. However, achieving this 



9 
 

requires cryogenic cooling for IR detectors. This cooling is essential to prevent thermal 

generation of charge carriers, as thermal transitions compete with optical transitions, 

resulting in significant noise in non-cooled devices. Based on the nature of the interaction, 

the category of photon detectors is divided into various types. The most significant among 

these are intrinsic detectors, extrinsic detectors, and photoemissive detectors such as 

Schottky barrier photodetectors [1, 5, 11]. A few of these are shown in Fig. 1.3(b-f). 

 

Figure 1.3: (a) Optical excitation mechanisms in semiconductors: i) intrinsic absorption, ii) 

extrinsic absorption, iii) free carrier absorption. (b-f) Diagrams showing a few types of 

photon detectors, as well as their operating principles: (b) p-n junction photodiode, (c) 

Schottky barrier photodiode, (d) metal-insulator-semiconductor photodiode, (e) blocked 

impurity band detector, and (f) photoconductor [1]. 

 

The p–n junction photodiode shown in Fig. 1.3(b) is the most commonly employed 

photovoltaic detector, characterized by a robust internal electric field spanning the junction. 

When photons strike the junction, they generate free hole–electron pairs that become 

separated by this internal electric field. This separation leads to a voltage alteration across 

the open-circuit cell or induces a current flow in the short-circuited scenario. Because 

recombination noise is absent, the inherent noise level of the p–n junction can ideally be 

√2 times less compared to a photoconductor [1, 11]. 
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Schottky barrier (SB) photodiodes shown in Fig. 1.3(c) offer several advantages 

over p–n junction photodiodes. These include a simplified fabrication process, the absence 

of high-temperature diffusion steps, and a rapid response speed. As a majority carrier 

device, SB photodiodes do not encounter issues with minority carrier storage and removal, 

allowing for higher expected bandwidths. Moreover, the thermionic emission process is 

significantly more efficient than diffusion, resulting in a saturation current of several orders 

of magnitude higher than that in p–n junctions for a given built-in voltage [1, 11]. 

The metal-insulator-semiconductor (MIS) photodiode shown in Fig. 1.3(d) contains 

a semiconductor and a metal gate electrode separated by an insulator. Electrons are repelled 

from the insulator-semiconductor interface when a negative voltage is applied to the metal 

electrode, creating a depletion region. The minority carriers drift to the depletion region 

after incident photons generated hole-electron pairs, causing the depletion region to 

become smaller. The photogate’s total charge collection capability is influenced by the gate 

bias, insulator thickness, electrode area, and the semiconductor’s doping [1, 26, 27]. 

The blocked impurity band (BIB) detector structure shown in Fig. 1.3(e) has the 

active region positioned between an undoped blocking layer and a highly doped degenerate 

substrate electrode. The active layer is doped sufficiently to initiate an impurity band, 

ensuring high quantum efficiency for impurity ionization. The device exhibits a diode-like 

characteristic, except that electron photoexcitation occurs between the donor impurity and 

the conduction band [1, 11]. 

Photoconductors shown in Fig. 1.3(f) are basically resistors sensitive to radiation. 

They either rely on the excitation of electrons from the valence to the conduction band and 

are termed intrinsic detectors, or function by elevating electrons to the conduction band or 
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moving holes to the valence band from impurity states within the band and are termed 

extrinsic detectors. The electrical conductivity increases when a photon releases an 

impurity-bound charge carrier or an electron-hole pair, and this change is measured with 

ohmic contacts attached to either side of the photosensitive material [1, 4-9, 11]. 

A significant distinction between intrinsic and extrinsic detectors is that extrinsic 

detectors necessitate extensive cooling to achieve high sensitivity at a specific spectral 

response cutoff, compared to intrinsic detectors. Operating at low temperatures is crucial 

for longer-wavelength sensitivity to mitigate noise arising from thermally induced 

transitions between closely spaced energy levels [1, 11]. 

Photodiodes can be assembled into two-dimensional (2-D) arrays containing a very 

large number of pixels. They have exceptionally low power dissipation, inherently high 

impedance, negligible 1/f noise, and easy signal readout through a readout integrated 

circuit (ROIC). Additionally, the photoresponse of photodiodes remains linear for 

significantly higher photon flux levels compared to photoconductors, primarily due to 

higher doping levels in the photodiode absorber layer and the rapid collection of 

photogenerated carriers by the junction [1, 4, 5, 11]. 

 

1.2.2. Focal Plane Array Integration Techniques 

 

Progress in integrated circuit (IC) design and fabrication techniques have led to 

ongoing, rapid advancements in the size and performance of detectors integrated with 

electronic readouts to create detector arrays. The term focal plane array describes a 

collection of individual detector elements situated at the focal plane of an imaging system. 

Typically, the optical component of an optoelectronic imaging device is responsible solely 
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for focusing the image onto the detector array. Various photodetector integration methods 

with a ROIC, such as monolithic or hybrid shown in Fig. 1.4, are employed in the creation 

of FPAs [1, 4, 5, 11]. The key design considerations revolve around balancing performance 

advantages with manufacturability. Depending on the specific technical requirements, 

projected costs, and timelines, different applications may lean towards one approach. 

 

Figure 1.4: Diagram depicting four different monolithic FPAs and different interconnect 

techniques for hybrid FPAs. Monolithic FPAs include (a) CCD array, (b) CMOS array, (c) 

heteroepitaxy-on-silicon, or the growth of a crystalline film on Si, and (d) microbolometer. 

Interconnect techniques for hybrid FPAs include (e) layered-hybrid design, (f) loophole 

technique, and (g) indium bump technique [1]. 

 

In the monolithic approach, both light detection and signal readout occur within the 

detector material itself, rather than relying on an external readout circuit. Integrating the 

detector and readout functions onto a single monolithic piece reduces the number of 

processing steps, enhances yields, and lowers costs. A few examples of monolithic 

integration are shown in Fig. 1.4(a-d). Despite efforts to cultivate monolithic structures 

utilizing diverse IR detector materials, only a handful have progressed to a stage of 
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practical application. These include PtSi, and more recently PbS, PbSe, and PbTe. The PtSi 

detector stands out as the most widely utilized Schottky barrier detector, offering detection 

capabilities within the 3 - 5 μm spectral range [1, 4-6, 11, 28, 29]. 

Other IR material systems such as InGaAs, InSb, HgCdTe, GaAs/AlGaAs QWIP, 

and extrinsic Si are employed in hybrid configurations. The hybrid approach, shown in Fig. 

1.4(e-g), enables the ability to optimize both the detector material and the signal readout 

independently [1, 7, 11]. These FPAs offer several advantages, including near-100% fill 

factors and an increased signal-processing area on the chip. 

Various hybridization methods are utilized today, with the most prevalent being 

flip-chip interconnect using bump bonding shown in Fig. 1.4(g). In this technique, indium 

bumps are created on both the detector array and the ROIC chip. The array and the ROIC 

are aligned, and pressure is applied to induce the indium bumps to cold-weld together. 

Alternatively, in another approach, indium bumps are exclusively formed on the ROIC; the 

detector array is aligned and brought into proximity with the ROIC, the temperature is 

elevated to melt the indium, and contact is established through reflow. This greatly 

simplifies the interface between the vacuum-enclosed cryogenic sensor and the system 

electronics [1, 5]. 

The detector array can receive illumination from either the frontside, with photons 

traversing the transparent Si signal readout, or the backside, with photons passing through 

the transparent substrate of the detector array. Typically, the backside illumination 

approach is more advantageous, as the signal readout often contains metallized areas and 

other opaque regions that can diminish the effective optical area of the structure [1, 5, 11, 
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30]. For backside detector illumination, transparent substrates are necessary. However, 

when using opaque materials, substrates can be thinned to improve performance. 

One specific example of a detector material that can operate in either frontside or 

backside illumination modes is the HgCdTe photodiode hybrid FPA with spectral range 

from 1 to 20 µm [31, 32]. The spectral cutoff can be customized by adjusting the 

composition of the HgCdTe alloy. In Fig 1.5(a,b), the schematic band profiles of the most 

commonly utilized unbiased homo- (n+-on-p) and heterojunction (p-on-n) photodiodes are 

depicted, while Fig 1.5(c) shows numerical modeling of the mercury vacancy dark current 

for n-on-p HgCdTe photodiodes [1]. 

 

Figure 1.5: HgCdTe photodiode band diagrams for (a) n+-on-p and (b) p-on-n. (c) 

Numerical modeling of mercury vacancy dark current for n-on-p HgCdTe photodiodes [1, 

31, 33]. 

 

1.2.3. FPA Enhancement with Light Concentration Techniques 

 

A fundamental limitation to IR photodetector technology is the large thermal noise 

of uncooled FPAs [1, 4, 5]. This noise can be reduced by shrinking the photodetector area, 

and therefore reducing its associated noise. Reducing the dimensions of the photodetectors 
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decreases both the dark current and junction capacitance, thereby enhancing sensitivity 

[14]. However, this downsizing can also reduce quantum efficiency due to less effective 

light coupling, potentially hindering detection performance. The light collection efficiency 

can be improved using light-concentrating structures such as metalenses, microlenses, 

microspheres, or micropyramids which are placed over individual pixels. This allows light 

to be collected from a larger area and concentrated into a much smaller area that can be 

aligned with the photodetector's mesa to maintain or enhance the SNR in order to increase 

the operating temperature of FPAs. 

 

Figure 1.6: (a) Diagram of a HgCdTe MWIR photodiode integrated with a metalens. (b) 

Power flux distribution on the x-z cross section of the device with the active region outlined 

by dashed white lines. (c) Absorptance of the HgCdTe detector’s active region with and 

without the metalens for two different photosensitive square areas. (d) Relative detectivity 

as a function of incident wavelength for two different photosensitive areas [14]. 
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Fig. 1.6 depicts a polarization-independent dielectric metalens design integrated 

with a HgCdTe IR photodetector aimed at concentrating power flux into a reduced 

photosensitive area to enhance performance. The metalens, comprised of an array of nano-

pillars with varying sizes, was created in the CdZnTe substrate of the detector, with an 

additional SiO2 layer added to enhance transmission. It focused incident light through the 

CdZnTe substrate onto the HgCdTe detector with a focal spot of λ, and a focusing 

efficiency of ~63%. While reducing the photosensitive area simultaneously reduces the 

dark current, it also decreases light absorption, therefore degrading the specific detectivity 

D*. With a HgCdTe detector pitch size of 40 μm × 40 μm, the metalens maintained light 

absorptance of 50% or 58% for photosensitive regions of 25 μm2 or 100 μm2, as shown in 

Fig. 1.6(c). Additionally, D* was enhanced by up to 5.5 times for a 25 μm2 photosensitive 

area, as seen in Fig. 1.6(d) [14]. 

The metalens demonstrated good dispersion tolerance over a wavelength range 

from 3.3 μm to 5.0 μm, with an average detectivity enhancement of ~3 times for a 25 μm2 

photosensitive area. The angular response was contingent on the focal length, with an angle 

of view (AOV) of 4.0° for a 25 μm2 detector at a focal length of 73 μm. A reduction of the 

focal length to 38 μm increased the AOV to 7.7° for the 25 μm2 detector, and to 15.4° for 

a 100 μm2 detector [14]. 

While flat optics has garnered considerable interest and yielded intriguing 

outcomes compared to traditional refractive lenses, metasurface lenses still encounter 

challenges related to relatively low focusing efficiency and inherent limitations to narrow 

wavelength band operation. However, a microlens assembly enables broad-band operation 

among other benefits. 
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Figure 1.7: (a) Diagram of a microlens incident on a photodetector which concentrates light 

from area A0 to As. (b) Schematic of the microlens integrated with an IR FPA, describing 

its parts. (c) Microscope image of pixels integrated with a microlens and without a 

microlens. (d) Raw pixel output responses to a pulsed beam, showing a measured 

enhancement of 7.4 times [17]. 

 

 

Fig. 1.7(a) depicts an immersion microlens that is adaptable to various types of IR 

FPAs, regardless of the substrate material, and concentrates light from area A0 to AS on the 

photodetector to enhance performance. To enhance the sensitivity of IR FPAs, it is essential 

to concurrently optimize the performance of both the photodetectors and the immersion 

microlens. Fig. 1.7(b) shows diagram of the immersion microlens integrated with an IR 

FPA. In this setup, the immersion microlens was created from SiO2 due to its broad-band 

transparency, wide etch selectivity, and capability to be deposited on any detector substrate. 

Moreover, a Si3N4 layer was interposed between the SiO2 immersion microlens and the 

substrate to serve as a broad-band antireflection coating [17]. 



18 
 

Notably, minimal performance degradation occurred across a wide range of 

wavelengths. Additionally, experimental characterization of a short-wave IR (SWIR) FPA 

integrated with the immersion microlens resulted in a 7.4 times enhancement in quantum 

efficiency, as shown in Fig. 1.7(c-d). Furthermore, accounting for size, weight, and power 

consumption considerations in imaging systems, the optimal FPA design was found to 

align with diffraction-limited pixel sizes [17]. In this context, integrating microlenses with 

IR photodetectors has gained significant attention. However, practical application is 

hindered by limited numerical aperture, complex packaging and alignment processes, and 

challenges in forming curved surfaces [34-36]. Several of these limitations are alleviated 

by utilizing a microsphere array instead. 

 

Figure 1.8: (a) Virtual imaging by a microsphere integrated with a photodetector. (b) 

Optical micrograph of a microsphere on top of a photodetector mesa. (c) Photocurrent 

measured at different bias voltages for microspheres of different material and diameter. (d) 

Photocurrent enhancement factors obtained by dividing the photocurrent the microsphere 

integrated detector with the photocurrent spectra of the isolated detector, showing up to 

100 times enhancement [22]. 
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Fig. 1.8 depicts an enhanced photodetector through the utilization of photonic jets 

facilitated by dielectric microspheres fabricated from sapphire with n = 1.71, polystyrene 

(PS) with n = 1.56, and soda-lime glass (SLG) with n = 1.47, where the diameters ranged 

from 90 to 300 μm. The enhancement factors were determined by dividing the Fourier 

transform infrared (FTIR) photocurrent spectra of the microsphere integrated detector with 

the photocurrent spectra of the isolated detector. Enhancement factors of up 100 times were 

experimentally measured for the 35 μm diameter mesa integrated with a 300 μm diameter 

sapphire sphere at λ = 2 μm, as illustrated in Fig. 1.8(d) [22]. Additionally, through FDTD 

numerical modeling, a notable combination of enhanced sensitivity and AOV of up to 20° 

for backside illuminated photodetectors was demonstrated, with the potential for even 

greater AOVs in frontside illuminated configurations [22]. 

This combination of properties holds great promise for imaging applications, but is 

limited in its manufacturability and ease of integration with FPAs. Extending this 

technology to FPAs necessitates the development of assembly techniques capable of 

arranging dielectric microspheres into large-scale arrays. Various technologies can 

facilitate this, but the uniformity of microspheres integrated with individual photodetectors 

is low, and therefore a technology with the ability to maintain high uniformity across a 

pixel array is necessary. Such a technology exists through utilizing Si anisotropic wet 

etching to fabricate Si micropyramids. 

Fig. 1.9 depicts two monolithically integrated SWIR photodetectors on top of 

normal (Fig. 1.9(a-e)) or inverted (Fig. 1.9(f-i)) Si micropyramids. Both of these 

configurations utilized pyramidally shaped plasmonic concentrators. In the case of normal 

micropyramids, an Al-silicide SB photodetector monolithically integrated with nanoscale 
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top micropyramids of 18 µm pitch displayed elevated responsivity and an enhanced SNR. 

These pyramids collected light from a wide area corresponding to their base, where light 

was then concentrated towards the nano-scale three-dimensional (3-D) pyramid apex, such 

that the light was absorbed in the metal to generate hot electrons. Through the internal 

photoemission process, these electrons surmounted the Schottky barrier and were captured 

as a photocurrent. By utilizing this approach, a photocurrent enhancement of ~100 times 

was obtained with ~50 nm pyramid tops in the SWIR [23]. 

 

Figure 1.9: (a-e) Normal micropyramidal Al-silicide and (f-i) inverted micropyramidal Cu-

silicide Schottky barrier photodetectors in the SWIR depicting plasmonic enhancement 

effects. (a) I-V measurements of the micropyramid compared to the flat device, showing 

current enhancement of ~100 times. (b), (d) Numerically modeled electromagnetic field 

intensities superimposed on 3-D Si models. (c), (e) SEM images of the fabricated devices 

[23]. (f) Energy band diagram for a Cu-based Schottky barrier photodetector. (g) Diagram 

showing direction light is incident on the array. (h-i) Electromagnetic field map for Cu-

based Schottky barrier photodetector at two different polarizations [24]. 
 

On the other hand, the inverted Si micropyramids with 4 µm pitch shown in Fig. 

1.9(f-i) utilized a Cu-silicide SB photodetector and reported an enhancement of ~40 times 

in the SWIR. Both of these approaches utilized the conversion of photons into plasmons, 

and adiabatic compressions of the plasmons towards the nanoscale tips [24]. 

Structures capable of employing plasmon resonance have found widespread 

application in enhancing the photoresponse across a variety of photoactive devices. 

However, in the case of FPAs, obtaining uniform pixel performance from individual pixels 
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enhanced by normal or inverted micropyramids with plasmonic absorption effects proves 

a difficult task. The aforementioned monolithically integrated micropyramidal SB 

photodetectors have performance which depends on Si’s crystalline planes, its dopant 

concentrations, as well as the surfaces’ smoothness and uniformity [29, 36-45]; all of which 

can be affected during the micropyramid fabrication process. Additionally, these light 

concentrators can only be monolithically integrated with IR detectors, limiting their 

usefulness. 

However, truncated Si micropyramids facilitates the preservation of the 

micropyramids’ planar small bases, therefore preserving the uniform doping 

concentrations and, consequentially, the performance of planar monolithically integrated 

photodetectors fabricated on the truncated micropyramids’ small base. Furthermore, 

truncated Si micropyramids supports heterogeneous integration to create a hybrid array, 

further increasing its utility. 

 

Figure 1.10: (a) Electromagnetic field distribution inside a 4 µm small base, 14 µm large 

base free-floating Si microcone calculated at normal incidence with a 1 μm thick Pt mirror 

at the bottom base. Weak absorption effects of the Schottky barrier were modeled by 

introducing a 1% absorption effect in the lowest 1 μm thick section of microcone closest 

to the small base. (b) Power enhancement factor spectra calculated for 0 - 30° incidence 

angles at both TE and TM polarizations [25]. 
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Fig. 1.10 depicts the enhancement capability of a free-floating Si microcone with 4 

µm small base and 14 µm large base. The Si microcone has a circular cross-section while 

a Si micropyramid has a square cross-section. The incident light is a 3-5 µm plane wave, 

and the microcone has a 1 µm thick Pt mirror with a weak absorbing layer at the small base 

to mimic a PtSi SB photodetector, as seen in Fig. 1.10(a). The power enhancement factors 

(PEFs) are defined as the ratio of the photon flux detected with the microcones to the 

photon flux detected by the same detector without the microcones. Fig. 1.10(b) 

demonstrates the PEF reached up to 25 times with omnidirectional resonance capabilities 

for both TE and TM polarizations with AOVs up to 30°. These Si microcones illustrate 

multispectral imaging with approximately 100 nm bands and expansive AOVs for both 

polarizations. Additionally, Si microcones function akin to single-pass optical components, 

such as dielectric microspheres, generating sharply focused photonic nanojets [25]. 

The integration of Si technology with high collection efficiency and nanoscale 

confinement renders the Si pyramids optimal for enhancing photodetectors. Moreover, 

small planar square photodetectors can be integrated with truncated Si micropyramids, and 

these detectors will exhibit significantly reduced dark current compared to large planar 

detectors, resulting in an improved SNR. Furthermore, these detectors can be configured 

into pixel arrays, thereby serving as FPAs. Therefore, a better understanding of the light 

concentrators’ optical properties is necessary. 

 

1.3. Light Manipulation with Mesoscale Structures 

 

In this dissertation, applications arising from the unique optical properties of 

anisotropically wet etched truncated Si micropyramids are investigated in the mesoscale 
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regime. Mesoscale denotes objects, like micropyramids, with geometric dimensions on the 

order of the incident wavelength of light. These objects exhibit different optical properties 

through light-matter interactions as their geometry varies. When the micropyramids are 

much larger than the wavelength of light, the properties of the micropyramids follow the 

laws of geometrical optics, which is well understood. Since the onset of the 2000s, the 

photonics community has redirected its focus towards mesoscale and nanoscale designs, 

owing to the emergence of innovative fabrication methods [46-56]. 

The diverse properties of mesoscale objects offer a wide array of applications. In 

this dissertation, the focus lies on exploring the optical characteristics and potential uses of 

micropyramidal structures featuring mesoscale dimensions. The functionality of single 

truncated Si micropyramidal structures share similarities with adiabatically tapered fibers. 

Their ability to concentrate light stems from the significant reflections facilitated by their 

sidewalls. These characteristics are commonly termed as non-imaging light concentration 

properties, distinguishing them from the focusing effects of lenses [56]. The light-

concentration ability typically exhibits a non-resonant nature. 

However, the optical properties of a truncated Si micropyramidal array can also 

lead to various interference effects due to its mesoscale and light-concentrating nature. 

Such arrays can be treated as a transmission grating. The optical properties of mesoscale 

structures depend on their geometry, and the properties of truncated Si micropyramids have 

been relatively unstudied. From an application development perspective, mesoscale 

structures of this nature hold considerable promise and appeal. Two important effects are 

necessary to be introduced in regard to the light-concentrating ability of truncated Si 

micropyramids: photonic nanojets and the Talbot effect. 



24 
 

1.3.1. Photonic Nanojets 

 

Photonic nanojets are a fascinating phenomenon in the field of optics and 

nanotechnology. These are highly focused light beams that emerge when a transparent or 

dielectric microscale or nanoscale particle is illuminated by a plane wave or a focused laser 

beam. The phenomenon was first observed and studied in the early 2000s, and since then, 

it has garnered significant interest due to its unique properties and potential applications 

[57, 58] The nanojets typically exhibit a narrow and intense focal spot that extends beyond 

the diffraction limit, enabling subwavelength focusing of light. This ability to confine light 

to extremely small volumes makes photonic nanojets promising for various applications, 

including optical microscopy, lithography, sensing, and particle manipulation [56, 59]. 

The term "photonic nanojets" was initially coined to describe the exceptional 

focusing ability of dielectric microspheres. This was evidenced by the discovery that, under 

specific conditions, they could generate light beams with dimensions smaller than the 

diffraction limit. Dielectric micro or nano scale particles can create photonic nanojets by 

concentrating incident light in a nearby proximity. The emergence of photonic nanojets is 

attributed to the interference between diffracted and refracted light waves that impinge 

upon a particle. These concentrated electromagnetic beams are extremely narrow and 

emerge from the opposite side of the particle. Typically, the diameter of the particle is 

greater than the incident wavelength. It's important to highlight that the photonic nanojet 

emerges within the spatial domain where the influence of near-field scattering, particularly 

evanescent fields, is substantial and the focused beam can exhibit unique phenomena [56, 

59-61]. However, the spectral analysis of the photonic jets conducted in [62] led to the 

conclusion that the contribution of the evanescent field to the structure of photonic jets is 
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minimal. Instead, the main factor influencing their structure is attributed to a specific phase 

distribution. 

 

Figure 1.11: (a) Diagram depicting the characteristics of a photonic nanojet. (b-e) 

Numerical modeling of photonic nanojets emerging from a cylinder with diameter D and 

refractive index np, where the background medium consists of refractive index nbg. The 

cylinder is illuminated with a plane wave of wavelength λ. (b) D=6 µm, np=2.3275, 

nbg=1.33, and λ=300 nm. (c) D=10 µm, np=2.3275, nbg=1.33, and λ=300 nm. (d) D=5 µm, 

np=2.5, nbg=1, and λ=500 nm. (e) D=5 µm, np=1.7, nbg=1, and λ=500 nm [57, 59]. 

 

The photonic nanojet can be characterized by the beam’s full-width at half-

maximum (FWHM), peak intensity, decay length, and location, as depicted in Fig. 1.11(a). 

These characteristic parameters can be modified by changing the refractive index of the 

particle and background medium, the particle’s geometry, as well as the wavelength of the 

incident source, as shown in Fig. 1.11(b-e). Additionally, the characteristics of the photonic 

nanojet also depends on the polarization of the incident light, as well as its phase 

distributions. Photonic nanojets display interesting properties such as exhibiting a FWHM 

smaller than the diffraction limit, with concentrated intensities up to 1000 times the 

intensity of the incident light source [57, 58, 63, 64]. Photonic nanojets are non-resonant 

phenomena [64, 65]. However, when the wavelength of the incident plane wave aligns with 
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the resonant wavelength of the particle, the photonic nanojets display an enhanced intensity 

and reduced FWHM [66]. 

 

Figure 1.12: (a) Diagram depicting the 3-D FDTD numerical modeling simulation region. 

The incident plane wave propagates upwards with λ = 532 nm, the substrate consists of 

index n1 = 1.4, the glass particles consists of index n2 = 1.6, and the surrounding air consists 

of index n = 1. (b-d) Optical field intensity B in proximity to glass microparticles buried in 

polymer of thickness s marked by the red horizontal line for (b) normal microcones, (c) 

inverted microcones, and (d) microspheres [67]. 

 

More recently, the term photonic nanojet has been applied to various nonspherical 

mesoscale objects like microcones as shown in Fig. 1.12, and other shapes including 

pyramids, axicons, cuboids, among others [68-83]. Like spherical dielectric particles, 

nonspherical dielectric particles also modify the spatial structure of light and can exhibit 

photonic nanojets. Additionally, in some cases, photonic nanojets can be produced through 

reflections instead of only through transmission. 

It was demonstrated that various spatial arrangements of the assembly of 

microcones enabled the generation of a collection of photonic nanojets possessing specific 

parameters that could not be achieved by individual isolated microcones [67]. Furthermore, 

it was found that a collection of normal microcones resulted in photonic nanojets with the 

most stable spatial parameters. However, their power parameters exhibit significant 

sensitivity to the degree of particle immersion and spatial distribution of particles within 

the substrate. As the interparticle spacing increases, the collective interference effects 
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weaken. This indicates the existence of highly subtle collective effects, which are linked to 

the focusing properties produced by these particles. When normal microcones are fully 

immersed in a material with differing refractive index, the resulting photonic nanojets 

exhibit reduced decay lengths but still maintain high intensity and small transverse 

dimensions. 

 

Figure 1.13: Phase diffraction gratings with their optical intensity profile B calculated by 

3-D FDTD numerical modeling, depicting the formation of photonic nanojets. The plane 

wave source of λ = 532 nm propagates upwards. (a) Saw-tooth grating with h = λ, d = 2λ, 

and α = 45°. (b) Rectangular grating with h = λ, d = 2λ, and D = 1.5λ. (c) Hemispherical 

grating with h = λ, d = 3λ, and D = 1.5λ [84]. 

 

Additionally, as seen in Fig. 1.13, the variations in the intensity can cause an 

initially continuous photonic nanojet to fragment into individual segments along the optical 

axis because of interference effects between the electromagnetic fields of neighboring 

photonic nanojets. Specific arrangements of dielectric particles within a cluster can yield 

photonic nanojets with parameters notably superior to those generated by isolated particles. 

Therefore, the emerging electromagnetic fields can be engineered to have elongated 

nanojets or reduced transverse size with an enhanced intensity through modulating the 

spatial separation of the particles and the resulting interference [84]. 
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Another particle shape a photonic nanojet can emerge from is a micropyramid. The 

first time photonic nanojets emitted from micropyramids were published was in 2014 [86]. 

Afterwards, preliminary numerical modeling via the FDTD method was utilized to study 

how the geometry impacts the optical field distribution, showing that the resulting photonic 

nanojets depends on the angle of incident on the micropyramid [86, 87]. The first 

experimental observation of photonic nanojets emerging from micropyramids was reported 

in 2018 by a saw-tooth diffraction grating, as seen in Fig. 1.14 [85]. These investigations 

predominantly involved micropyramids composed of one material. 

 

Figure 1.14: (a) Diagram depicting the illuminating wavelength λ, the dimensions of the 

resulting photonic nanojet, the height of the sawtooth h = 2.5 µm, the peak-to-peak 

separation distance d = 2.5 µm, and the angle of the pyramid formed α = 45°. (b) FDTD 

power flow map for a sawtooth grating with λ = 405 nm compared to (c) experiment. (d) 

FDTD power flow map for a sawtooth grating with λ = 532 nm compared to (e) experiment 

[85]. 

 

However, experiments have been performed with micropyramids composed of 

multiple materials in a bilayer fashion to engineer the resulting photonic nanojet to have 

superior light concentration, as shown in Fig. 1.15. The bilayer micropyramid array was 

numerically modeled with 3-D FDTD simulations when illuminated by a plane wave of λ 

= 640 nm, as shown in Fig. 1.15(a). The model was compared to a fabricated bilayer 

micropyramid with nearly identical geometry, where the results are compared in Fig. 

1.15(b,c). The bilayer micropyramidal array created photonic nanojets with intensity 
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reaching 33.8 times that of the incident light’s intensity with a FWHM of 0.6λ [88]. Clearly, 

micropyramids can be useful to create highly concentrated beams with large intensities, 

useful for applications in high-resolution imaging, nanolithography, optical trapping, and 

enhancing focal plane arrays. 

 

Figure 1.15: (a) Diagram depicting the composition of the bilayer micropyramid array 

inside the 3-D FDTD numerical modeling simulation region when illuminated by a plane 

wave with λ = 640 nm. (b) Numerical model with Lb = 7.60 µm, Lt = 3.80 µm, h1 = 2.00 

µm, h2 = 1.30 µm, n1 = 2.02, and n2 = 1.458. (c) Experiment with Lb = 7.61 µm, Lt = 3.81 

µm, h1 = 2.03 µm, h2 = 1.32 µm, n1 = 2.04, and n2 = 1.462 [88]. 

 

Due to their intense light concentrating ability and localized nature, photonic 

nanojets have found applications across numerous fields. These applications include 

microsphere-assisted microscopy, nano-photolithography, nanostructuring, Raman 
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spectroscopy, detection and manipulation of nanoparticles, fluorescent sensing, high-

density optical data-storage disks, innovative optical waveguides, photovoltaics, 

photodiodes, and more. 

Regarding microscopy, photonic nanojets can enhance imaging resolution beyond 

the diffraction limit, enabling researchers to observe subcellular structures and nanoscale 

features with unprecedented clarity. In lithography, nanojets can be utilized to achieve 

high-resolution patterning for the fabrication of nanoscale devices and structures. 

Additionally, in sensing applications, nanojets can enhance the detection sensitivity by 

concentrating light around target analytes, thereby improving the SNR. Moreover, 

photonic nanojets can exert strong optical forces on nearby particles, enabling precise 

manipulation and trapping of micro- and nanoparticles [64, 89-92]. This property has 

implications in fields such as optofluidics, biophotonics, and nanomanipulation. 

Regarding enhancing optical devices, photonic nanojets can be utilized to 

concentrate light onto a small device area. Optically active devices, such as solar cells or 

detectors, convert light into electrical energy. A key design obstacle lies in enhancing their 

efficiency while preserving their minimal thickness. One method to accomplish this is to 

utilize photonic nanojets to concentrate light onto a small device area. FDTD simulations 

with a 6.5 µm diameter microsphere with n = 1.59 demonstrated formation of the photonic 

nanojet into a photodiode volume of 0.0045 µm3 with resulting enhancement of the electric 

field by 26 times, irrespective of the initial polarization of light [93]. Additionally, it was 

demonstrated with a photonic nanojet emitting Si microcone that an enhanced signal of up 

to 21 times is capable at λ = 3.73 µm, with omnidirectional resonance and angle-of-view 

of up to 10° [25]. 
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The formation of photonic nanojets involves an intricate interplay between 

diffracted and scattered fields, influenced by the interference of light waves transmitted 

through and refracted by the photonic nanojet creating particle. Because of the multifaceted 

characteristics of the photonic nanojet phenomenon, customizing their properties are 

essential for maximizing their utility in each application. Given the mesoscale nature of 

photonic nanojets, optimization must be conducted for every application to determine the 

optimal combination of parameters including the index of refraction and geometry of the 

photonic nanojet emitting particle, and the illumination conditions necessary to yield the 

most effective results for that particular application. 

In this dissertation, optimization for Si micropyramids is performed in order to find 

the conditions necessary to maximize the photoresponse of MWIR FPAs used in imaging 

devices such as IR cameras [25, 94-114]. It is important to note that direct comparison 

between focusing and imaging is typically not feasible with such light-concentrating 

objects. The reciprocity principle in optics forms the foundation for such comparisons, 

which is only applicable to identical optical modes. When different optical modes govern 

the focusing and imaging properties, the reciprocity principle cannot be utilized. These 

mesoscale objects are rather complex and require numerical methods to understand these 

properties. 

Overall, photonic nanojets represent a promising avenue for advancing optical 

technologies and exploring novel applications in various scientific and engineering 

disciplines. Continued research into their properties and capabilities is expected to uncover 

new opportunities for harnessing their potential in diverse fields. 
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1.3.2. The Talbot Effect 

 

Diffraction and interference phenomena arise from the wave nature of light, and an 

example of this effect is seen in diffraction gratings. Each diffraction order propagates at a 

specific angle and can interfere with other orders while propagating along the optical axis. 

This coherent interference effect leads to the generation of self-images, and was originally 

discovered by Talbot in 1836, which was later deemed the Talbot effect [115]. These self-

images also follow a periodic pattern along the optical axis, where an analytical description 

was derived by Rayleigh in 1881 in order to define the Talbot length as the separation 

distance between these self-images [116]. 

The Talbot length is defined by equation (1): 

 

𝑧𝑇(𝑚) =

𝑚𝜆
𝑛

1 − √1 − (
𝜆
𝑛𝛬
)
2

 

 

(1) 

where zT is the Talbot length of order m (where the mth Talbot image is located), λ is the 

wavelength of light, n is the index of refraction of the propagating medium, and Λ is the 

period of the diffraction grating. If the wavelength of the coherent light source or the period 

of the diffraction grating varies, the Talbot length changes. Fig. 1.16(a) shows the Talbot 

effect, with sequential Talbot lengths labeled. The planes positioned at a distance equal to 

the Talbot length from the grating are commonly referred to as Talbot planes. 

Currently, the Talbot effect has numerous applications in various industrial sectors, 

encompassing encoders, photolithography, microscopy, spectrometry, optical trapping, 

and more [118-141]. For all these applications, the sequential Talbot images need to be 

highly resolved. Fig. 1.16(b) displays the Talbot effect’s imaging interval, such that there 
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is contrast between the image and the surrounding diffracted intensity to resolve the Talbot 

image. The contrast of the Talbot images peaks at the Talbot planes and diminishes 

gradually as it moves away from these planes. Therefore, a range of focus can be 

established and used to determine the self-imaging depth, useful for applications in optical 

encoders and photolithography [117, 139-147]. 

 

Figure 1.16: (a) Diagram depicting the Talbot effect and example imaging distances z1, and 

z2 based on the wavelength of the plane wave source λ and the period of the diffraction 

grating Λ. (b) 3-D diagram depicting the Talbot effect and the allowable imaging interval 

around the Talbot plane that can be considered a part of the Talbot image [117]. 

 

One type of image alteration arises from harmonic distortion due to superimposed 

spatial harmonics, which can occur from the 3-D nature of certain diffraction gratings. The 

Talbot length can be modulated by introducing an index of refraction variation at locations 

around  the  diffraction  grating,  shown  in  Fig. 1.17.  This  effect  can  be utilized to either 

reduce harmonic distortion or further increase it, through modifying the non-uniform phase 

layers’ index and geometry. Additionally, these spatial harmonics can be engineered by 

designing 3-D structures with the parameters necessary to achieve the desired effect. 

Therefore, the Talbot effect can be utilized in a wide variety of applications [117]. 
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Figure 1.17: (a) Diagram depicting Talbot imaging with a stepped phase layer. (b) 

Numerically modeled electric field with different phase layer thicknesses [117]. 

 

The Talbot effect can also be employed in 3-D photolithography to support recent 

developments in nanotechnology by creating unique 3-D nanostructures in photoresist. 

Fig.1.18(a) shows photolithography completed with a periodic conical phase mask, such 

that the photoresist is exposed at different depths according to the Talbot length 

corresponding to the phase mask and the wavelength of light used. Unlike traditional 

Talbot photolithography, which utilizes only one image in the photoactive layer, this 

method generates two periodic images of the phase mask where the second periodic image 

consists of the phase-shifted periodic image corresponding to the lateral locations of the 

holes in the phase mask. The depth of these repeated patterns depends on the energy of 

light. Conical symmetry is essential for creating only two periodic patterns of the phase 

mask by effectively suppressing higher orders of diffraction [144]. 

Another example of 3-D photolithography due to the Talbot effect is through 

utilizing a periodic array of nanospheres to expose photoresist at various depths, as shown 

in Fig. 1.18(b). The Talbot effect projects a pattern onto the photoresist underneath to 

capture the 3-D intensity distribution. This method was able to produce features with 80 
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nm sizes, approximately four times smaller than the wavelength used to expose the resist 

[145]. However, 3-D Talbot photolithography is limited by the flexibility of the resulting 

geometry, the ability to create the initial phase mask, and the cost to develop these unique 

phase masks useful for only specific applications. Nonetheless, there is potential in 

developing this field to fabricate diverse microstructures for photonics and optoelectronics 

applications. 

 

Figure 1.18: (a) Diagram depicting the ability to expose different regions of photoresist 

through Talbot imaging with an array of cones where the incident light is an unpolarized 

plane wave with λ = 365 nm, H = D = 300 nm, Λx = 500 nm, and Λy = 866 nm. The time-

averaged numerically modeled intensity patterns at different depths z are shown [144] (b) 

Diagram depicting the ability to expose different regions of photoresist through Talbot 

imaging with an array of nanospheres where the incident light is a ultraviolet (UV) laser, 

and d is the propagation distance. SEM images of a structure fabricated with this method 

are shown [145]. 

 

In this dissertation, the Talbot effect resulting from Si micropyramids that were 

illuminated by coherent MWIR light is discussed. Since Si micropyramids consist of a 

unique 3-D geometry, the resulting Talbot images contain harmonic distortions due to the 

superimposed spatial harmonics [146]. This effect depends on the period of the 

micropyramid arrays, as well as their relative heights to the wavelength of light. These 

mesoscale objects are rather complex and require numerical methods to understand these 

properties. 
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1.4. Si Anisotropic Wet Etching as a Major Tool for MEMS Fabrication 

 

Si anisotropic etching with TMAH was utilized to fabricate micropyramidal arrays 

with light-concentrating ability in order to experimentally demonstrate an enhanced FPA 

integrated with a micropyramidal array. An understanding of Si’s role in MEMS is 

necessary. 

MEMS have emerged as a revolutionary technology with diverse applications in 

various fields, from aerospace to healthcare, and telecommunications to consumer 

electronics. MEMS devices are characterized by their miniature size, low power 

consumption, and ability to interact with the physical world, making them indispensable in 

today's rapidly evolving technological landscape. At the heart of MEMS fabrication lies a 

myriad of intricate processes, and among them, anisotropic wet etching of Si has risen as 

an important tool playing a pivotal role in shaping the MEMS landscape [148]. 

MEMS are miniature devices typically composed of Si and other materials, and 

they can include sensors, actuators, and microstructures. The key advantage of Si in MEMS 

is its compatibility with IC fabrication processes, enabling the integration of mechanical, 

electrical, and computational functionalities onto a single chip. This integration has led to 

the development of a wide range of MEMS applications, including accelerometers, 

gyroscopes, pressure sensors, microfluidic devices, and more. 

To create these complex microsystems, MEMS fabrication involves a series of 

processes such as lithography, deposition, and etching. Among these, wet etching is a 

crucial step that selectively removes material from Si wafers, allowing the formation of 

intricate structures with high precision. 

Si is the dominant material in MEMS fabrication for several reasons: 
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• Compatibility with Semiconductor Processing: Si is compatible with the same 

fabrication processes used in the semiconductor industry, allowing for the 

integration of MEMS and microelectronics on a single chip. This compatibility is 

essential for achieving compact and multifunctional MEMS devices. 

• Material Properties: Si exhibits desirable material properties for MEMS, such as 

high mechanical strength, thermal stability, and excellent electrical conductivity. 

These properties enable the development of MEMS devices that can withstand 

harsh operating conditions. 

• Ease of Micromachining: Si can be easily micromachined using various 

techniques, including wet etching, dry etching, and deposition. Among these 

techniques, wet etching stands out for its ability to create precise and controlled 

features on Si substrates. 

Wet etching has been a fundamental process in MEMS fabrication since its 

inception. Over the years, it has evolved in response to the growing demand for more 

complex and miniaturized devices. Anisotropic wet etching can be tailored to selectively 

remove specific materials or layers, enabling the creation of complex MEMS structures 

with multiple integrated components. As MEMS devices continue to shrink in size, 

anisotropic wet etching has become essential for achieving these challenging geometries. 

Proven techniques in microfabrication, commonly employed for fabricating 

microstructures and circuits, can be adapted to fabricate 3-D structures for interfacing with 

the nanoscale domain. In microfabrication, bulk materials are sculpted into microstructures 

through processes such as lithography and etching. Various chemical solutions, including 

acids and bases, have historically been utilized to selectively remove substantial amounts 
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of Si via chemical reactions with the etchant, yielding diverse microstructures. Anisotropic 

wet etching relies on these chemical reactions to selectively remove material from Si 

wafers. Common etchants include KOH and TMAH. These chemicals etch Si along its 

crystallographic planes, resulting in well-defined sidewalls. Due to undercutting, the 

etched shapes typically differ from those of the mask, especially at the corners of structures. 

The undercutting of convex corners can be mitigated by employing appropriately designed 

masks. Through the utilization of compensation techniques, sharp corners can be achieved. 

Various research groups have proposed and validated different designs for corner 

compensation using solutions such as KOH and TMAH. While alternative methods have 

been documented, they often involve additional masks and processing steps, rendering 

them more costly and intricate. 

As MEMS technology continues to advance, anisotropic wet etching remains an 

indispensable tool. Ongoing research in this area aim to push the boundaries of what is 

achievable in terms of precision, miniaturization, and integration. In this introductory 

section, an overview of MEMS technology is provided to highlight its unutilized potential. 

 

1.4.1. The Crystalline Structure of Si 

 

In order to grasp the intricacies of Si anisotropic wet etching, it's essential to 

comprehend its crystalline arrangement. When discussing a (100) Si wafer, it's crucial to 

understand its crystalline structure and orientation. Si has a diamond cubic crystal structure, 

meaning it has a face-centered cubic (FCC) lattice arrangement with two atoms per unit 

cell, characterized by a lattice constant of a = 5.43 Å. Fig. 1.19 depicts the atom lattice of 

Si along three crucial crystalline planes. 
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Figure 1.19: (a) The face centered cubic (FCC) crystalline structure of Si. Diagrams 

depicting the (b) (100), (c) (110), and (d) (111) crystalline planes. 

 

The most common Si wafer used is the (100) Si wafer, as shown in Fig. 1.20. The 

(100) Si wafer's surface is oriented along the (100) crystal plane. This orientation results 

in the exposed surface of the wafer being flat and smooth, with atoms arranged in a regular 

pattern. The (100) plane intersects the wafer surface at right angles, forming a square grid-

like pattern. 

On a (100) Si wafer, the atomic arrangement exposes the (111) crystal planes along 

the edges of the square grid. These (111) planes make an angle of 54.74° with the wafer 

surface. This orientation is significant in various semiconductor processes, including 

anisotropic wet etching, as it influences the etching behavior and resulting structures [149]. 

Understanding the crystalline structure of a (100) Si wafer is essential for controlling and 

manipulating surface properties and for designing and fabricating semiconductor devices. 

 

Figure 1.20: Diagram depicting a (100) Si wafer. The surface is a (100) plane, and the 

wafer flat is along the <110> direction. Additionally, the (110) plane and the (100) plane 

are shown. 
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1.4.2. Types of Etchants: Wet & Dry 

 

 

The inception of microfabrication marked a significant milestone in technology, 

driven by the exploration of chemical solutions, including acids and bases, to shape Si 

wafers. In these formative stages, the precision crafting of microstructures relied heavily 

on the selective removal of Si through chemical reactions with etchants. This 

transformative process laid the groundwork for modern microfabrication techniques, 

establishing a foundation where intricate structures could be meticulously engineered at 

the microscale. Central to this evolution are the two principal categories of etching methods: 

wet and dry. 

These methods, each with their distinct characteristics and applications, have 

revolutionized the landscape of microfabrication, propelling advancements across a 

multitude of industries and disciplines. Dry etching presents several drawbacks, including 

the toxicity and corrosiveness of certain gases involved. Additionally, it necessitates the 

redeposition of non-volatile compounds and demands specialized, costly equipment. In 

contrast, wet etching, known for its cost-effectiveness, has been widely adopted for MEMS 

component fabrication, particularly on (100) Si wafers. Wet etching facilitates the creation 

of diverse micromechanical devices through either isotropic or anisotropic processes. The 

distinction lies in whether the solution selectively targets different crystalline planes or 

etches uniformly in all directions. Key agents utilized in anisotropic wet etching include 

potassium hydroxide (KOH) and tetramethylammonium hydroxide (TMAH). The 

differences in wet and dry etching, as well as the differences in isotropic and anisotropic 

wet etching, are shown in Fig. 1.21. 
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Figure 1.21: Diagram depicting the categorization of wet and dry etching [150]. Both 

methods of etching have the ability to etch either isotropically or anisotropically, depending 

on the chemicals and methods utilized [150]. 

 

Wet Etching 

• Isotropic Wet Etching: 

Isotropic wet etching removes material uniformly in all directions, resulting in 

rounded features and undercutting. This process does not depend on the crystal orientation 

of the substrate, making it simpler and more versatile for certain applications. However, 

isotropic etching lacks precision and control over feature shapes and dimensions compared 

to anisotropic wet etching. Isotropic wet etching is often used for creating simple structures, 

roughening surfaces, or removing large amounts of material quickly. It is commonly 

employed in MEMS fabrication for tasks such as shaping, thinning, or roughening Si 

wafers to achieve desired mechanical or optical properties. Despite its simplicity and 

versatility, isotropic wet etching has limitations, such as the inability to create precise 

geometries or vertical sidewalls. Therefore, it is often used in combination with anisotropic 

etching or other techniques to achieve the desired results in microfabrication processes. 
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• Anisotropic Wet Etching: 

Anisotropic wet etching removes material from a substrate along specific 

crystallographic planes. Unlike isotropic etching, which removes material uniformly in all 

directions, anisotropic etching preferentially attacks certain crystal planes, resulting in 

well-defined structures with distinct geometries and precise features. This selective 

dissolution of material along certain planes results in the formation of features with smooth 

sidewalls and high aspect ratios. The etch rate along different crystallographic planes can 

vary significantly, allowing for precise control over the shape, dimensions, and orientation 

of the etched structures. As the etching process continues, the slower etched crystalline 

planes, such as the (111) planes of Si, become increasingly exposed. This enables the 

creation of complex three-dimensional structures, such as trenches, grooves, and pyramids, 

with high accuracy and repeatability. Common etchants used in anisotropic wet etching of 

Si include potassium hydroxide (KOH) and tetramethylammonium hydroxide (TMAH). 

The choice of etchant, along with process parameters such as temperature and etching time, 

can be carefully controlled to achieve the desired etch profile and surface finish. 

Dry Etching 

Dry etching is a process that uses reactive gases in a vacuum environment. Unlike 

wet etching, which relies on liquid chemical solutions, dry etching operates in a gas phase, 

making it a highly controlled and precise technique. Additionally, dry etching can either 

etch isotropically in all directions, such as in plasma etching, or have a directional 

component based, such as in reactive ion etching. The substrate is placed in a vacuum 

chamber where it is exposed to reactive gases, such as fluorine-based or chlorine-based 

gases, along with inert gases like argon or helium. These gases undergo chemical reactions 
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with the substrate material, breaking molecular bonds and removing material from the 

surface. Dry etching can be further categorized into two main types: isotropic or anisotropic 

dry etching. 

• Isotropic Dry Etching: 

In plasma etching, the reactive gases are ionized into a plasma state using 

radiofrequency (RF) energy or other sources of energy. Plasma is typically created by 

introducing a gas, such as oxygen, fluorine-based gases, or chlorine-based gases into the 

chamber. The plasma contains charged particles, such as ions and electrons, which 

bombard the substrate surface, causing chemical reactions and material removal. Plasma 

etching offers high selectivity, control, and uniformity, making it suitable for 

microfabrication processes. 

• Anisotropic Dry Etching: 

Reactive ion etching (RIE) is a variation of plasma etching where an additional bias 

voltage is applied to the substrate. This voltage accelerates the charged particles in the 

plasma towards the substrate surface, increasing the etch rate with additional directional 

control. RIE is known for its anisotropic etching capabilities, allowing for precise pattern 

transfer, high aspect ratio features, and the ability to create vertical sidewalls. 

Both dry and wet etching have their respective advantages. Dry etching offers better 

control over feature shapes, dimensions, and compatibility with more delicate materials. 

However, it also presents challenges such as equipment complexity, higher costs, and the 

potential for substrate damage due to ion bombardment. On the other hand, wet etching is 

cheaper, significantly faster, and anisotropic wet etching enables geometries that can only 

be fabricated though its ability to etch along crystalline planes. Overall, wet and dry etching 
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are powerful techniques utilized in microfabrication, offering precise control over feature 

geometry and enabling the creation of complex, high-performance devices for a wide range 

of applications. 

 

1.4.3. TMAH Anisotropic Wet Etching of Si 

 

Despite the recent advancements in semiconductor technology, bulk 

micromachining of Si remains a vital process in microfabrication. This is not only due to 

its widespread use but also its well-established infrastructure. Compared to dry etching, 

wet chemical etching offers higher selectivity and is often faster [150]. TMAH, as an 

anisotropic etchant, offers numerous advantages, such as high selectivity to thermal oxide 

[151], exceptionally smooth etched surfaces [150, 152-155], and compatibility with ICs 

[156, 157]. Like other anisotropic etchants such as KOH, TMAH etching yields geometric 

shapes delineated by precisely defined crystallographic planes. Although these two 

etchants are similar, the etch rate, surface smoothness, and IC compatibility are three key 

distinguishing factors. 

The etch rate of TMAH varies substantially with the experimental conditions, but 

it is dominated by the etchant’s temperature and concentration, as can be seen in Fig. 1.22. 

It is worth noting that external agitation, and the relative separation of the neighboring 

structures also impacts the etch rate [150, 157, 158]. This is due to the reduced or increased 

availability of the etchant. The rate TMAH etches depends also on which crystalline plane 

is being etched, but typical etch rates for various concentrations of TMAH and KOH are 

shown in Fig. 1.22(a,b). The concentration of TMAH used for etching typically ranges 

between 3 and 40 wt% [151, 154, 159-163]. The etch rate of the (100) plane increases with 
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lower TMAH concentrations, while the etch rate increases with increasing temperature for 

both the (100) and (110) planes. Additionally, the ratio of the (111) plane etch rate divided 

by the (100) plane etch rate increases with higher concentrations. The higher the 

temperature of TMAH, the increased selectivity the etchant has towards the (100) plane, 

while the higher the concentration of TMAH, the etch rate of the (100) plane is reduced. 

However, the resulting etched structures from high TMAH concentrations improves 

sidewall smoothness, as well as reduces overall roughness. Furthermore, TMAH produces 

superior smoothness over all crystalline planes, as seen in Fig. 1.22(c-h). 

 

Figure 1.22: (a) Etch rates along the (100) plane for TMAH and KOH as a function of 

concentration at three different temperatures. (b) Etch rate ratios for the (111) plane etch 

rate divided by the (100) plane etch rate for TMAH and KOH as a function of concentration 

at three different temperatures. SEM photos of a Si wafer etched at 70° C where the wafer 

was (c) not patterned and etched with 5 wt% TMAH for 20 min, (d) not patterned and 

etched with 5 wt% KOH for 11 min, (e) patterned and etched with 5 wt% TMAH for 20 

min, (f) patterned and etched with 5 wt% KOH for 25 min, (g) patterned and etched with 

25 wt% TMAH for 15 min, and (h) patterned and etched with 25 wt% KOH for 7 min [164]. 
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Figure 1.23: (a) Pyramidal hillocks formed when etched in 5 wt%, 10 wt%, 15 wt%, 22 

wt%, and 40 wt% TMAH [165]. (b) The number and size of pyramidal hillocks etched at 

90° C for 5, 15, and 30 minutes [166]. (c) The height of the pyramidal hillocks as a function 

of etching time at different temperatures when etched with 25 wt% TMAH [167]. 

 

However, the uniformity of the etched structure varies significantly with the 

concentration but not with temperature. At 5 wt%, the (100) plane has a higher 

concentration of pyramidal hillocks as shown in Fig. 1.23(a). These pyramidal hillocks are 

the largest contribution to the surface roughness [150, 166, 168, 169]. As the concentration 

increases, the number of pyramidal hillocks as well as their size reduces (Fig.1.23(b)). If 

adjacent (111) planes were etched, the pyramidal hillocks form in the valleys between 

adjacent structures. At concentrations above 22%, the size of these hillocks were less than 

100 nm [165]. Therefore, at higher concentrations, optically smooth surfaces for IR 

spectrum can be obtained by anisotropically wet etching Si with TMAH, but other factors 

contribute to the smoothness of the etched surface. 
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TMAH etching of Si creates hydrogen bubbles as a byproduct of the chemical 

reaction, which can adhere to the surface and interfere with etching by preventing the 

TMAH from reaching the Si and therefore increase the surface roughness [150]. Methods 

to dislodge these hydrogen bubbles include the use of ultrasonic agitation or inclusion of a 

stir bar which also improve the smoothness of the etched structure, but both of these 

methods increase the TMAH etch rate in all planes and therefore increase the undercutting 

rate of the SiO2 of Si3N4 masks [150, 154, 157, 158, 170, 171]. Additionally, various 

additives to the TMAH solution can be utilized to improve the smoothness of the etched 

structure, and to reduce undercutting. Isopropyl alcohol (IPA) is typically added to reduce 

surface roughness of the (100) plane, and it also mitigates undercutting of convex corners 

[148, 150, 155, 172-175]. 

 

Figure 1.24: (a) Diagram depicting undercutting of a mask used to define the etched 

geometry. (b) The undercut rate as a function of etchant concentration at three different 

temperatures for KOH and TMAH [164]. 

 

Undercutting of the mask pattern is a severe problem in both TMAH and KOH 

etching, as seen in Fig. 1.24, but it can be mitigated by the use of additives or corner 

compensation techniques. One such additive is Triton X-100, which is a surfactant that 



48 
 

reduces the undercut rate and keeps the (111) crystalline planes intact [150, 154, 157, 173, 

174, 176]. This is the additive we used when creating the light-concentrating 

micropyramids. Fig. 1.25(a) shows a square mask pattern aligned to the <110> directions 

on a (100)-Si wafer. The resulting etched geometry has vastly reduced undercutting when 

utilizing 0.1% Triton X-100 in 25 wt% TMAH, as seen in Fig. 1.25(b). Additionally, the 

addition of Triton X-100 minimally impacts the etch rate of the (100) plane, while 

protecting the (111) and (110) planes, as seen in Fig. 1.25(c-d). Although utilization of this 

surfactant reduces undercutting substantially, low concentrations can even improve surface 

smoothness, seen in Fig. 1.25(e). 

 

Figure 1.25: (a) SEM images of micropyramids etched with pure 25 wt% TMAH and 

TMAH with added Triton X-100, showing the reduced undercutting by the solution with 

added Triton X-100 plotted in (b) [174]. (c) The (100)-Si etch rate as a function of 

temperature for three different concentrations of Triton X-100 added to 25 wt% TMAH 

[150]. (d) The (110)-Si etch rate as a function of temperature for pure 25 wt% TMAH and 

25 wt% TMAH with 0.1% Triton X-100 added [174]. (e) SEM images showing the surface 

roughness of the (100) plane and the (110) plane when etched with pure TMAH and five 

different concentrations of Triton X-100 [175]. 
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Additionally, the implementation of corner compensating structures can effectively 

reduce or entirely eliminate corner undercutting, which enables the fabrication of nearly 

perfect 3-D structures [148, 150, 151, 173, 174, 176], as seen in Fig. 1.26. Even so, this 

approach demands a considerable amount of space on the mask layout to accommodate the 

compensation structures and permits a structure to be fabricated only to one specific size, 

as the compensation structure is calculated specifically for this geometry. 

 

Figure 1.26: Various corner compensation structures at each of the four corners [158]. 

 

However, TMAH also etches other materials and special considerations must be 

taken into account [177]. Akin to KOH, the rate TMAH etches Si is invariable to low levels 

of dopants required for p-type or n-type Si [150, 158, 178]. However, dissimilarly to KOH, 

TMAH is CMOS compatible due to the absence of alkali metal ions in the solution, which 

KOH contains. Therefore, anisotropic wet etching with TMAH enables the fabrication of 

optical structures which are also compatible with the highly developed IC industry. 
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1.5. Retroreflectors 

 

Retroreflectors, remarkable optical devices renowned for their unique ability to 

redirect light or electromagnetic radiation precisely back to its source, have become 

quintessential components in a multitude of industries. Retroreflectors are optical devices 

designed to reflect an electromagnetic wave back towards its source, irrespective of the 

angle of incidence. These remarkable materials have found widespread applications in 

various fields, ranging from transportation and road safety to astronomy and aerospace 

engineering. The concept of retroreflection dates back centuries, with early observations 

of phenomena such as cat's eyes and the Moon's surface exhibiting retroreflective 

properties. However, it was not until the 20th century that scientists and engineers began 

to fully understand and harness the potential of retroreflectors for practical applications. 

Retroreflectors are typically composed of specialized materials or coatings that 

possess the unique ability to redirect incident light back towards its source. They have 

applications in two primary domains: civilian and military. In various applications, there 

is a frequent need for retroreflectors that possess the following characteristics: capable to 

efficiently reflect both TE and TM polarizations, functional at large angles of incidence, a 

minimal profile, cheap, and easy to fabricate. 

In civilian applications, it serves purposes such as facilitating RF identification 

(RFID), enhancing navigation safety, aiding collision avoidance in vehicles, and enabling 

satellite communications. In transportation, retroreflectors are a cornerstone of road safety, 

enhancing the visibility of road signs, lane markings, and vehicles during nighttime and 

adverse weather conditions. Additionally, the use of retroreflectors extends beyond Earth's 

atmosphere. Aerospace engineering has embraced their capabilities for tracking, 
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navigation, and communication, showcasing their enduring relevance. For example, the 

historic Apollo missions established retroreflectors on the Moon’s surface, and these 

devices continue to enable precise measurements between the Earth and the Moon. 

In military applications, retroreflectors are primarily used for deception and stealth. 

Retroreflectors utilized for deception are called decoys, which have a large radar cross-

section (RCS) and are easily identifiable by enemy radars. They are designed to send a 

large wavelength band of light back towards the enemy, but they must also be cheap 

because they will be destroyed, as in the case of a retroreflective decoy used to trick a 

guided missile. On the contrary, retroreflectors utilized for stealth must have a narrow band 

of retroreflected wavelengths in order to minimize the RCS, as well as enable detection by 

friendly radars designed to operate in that same narrow band. Numerous different types of 

retroreflectors exist, including the cat’s eye retroreflectors, corner cube retroreflectors, 

Luneberg lens retroreflectors, Van Atta arrays, metasurface retroreflectors, and diffraction 

grating retroreflectors, as shown in Fig. 1.27. This list is not exhaustive. 

The first known structure to retroreflect light was invented by Murray in 1927, and 

it was the cat’s eye retroreflector [179]. This pioneering structure consisted of a plano-

convex lens and a concave mirror positioned behind the flat rear surface of the lens, like 

the cat’s eye retroreflector shown in Fig. 1.27(a). Light is focused by the convex lens onto 

the concave mirror, which then reflects the beam back along its original path. A cat’s eye 

retroreflector with a multistage lens was designed by Biermann et al. [180], and obtained 

retroreflection with angle of incidence between ±15°. Additionally, a cat’s eye 

retroreflector array consisting of microlenses and micromirrors designed by Lundvall et al. 

[181] was able to obtain retroreflection with angle of incidence between ±30°. 
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Figure 1.27: Various retroreflective devices. (a) Cat’s eye retroreflector [187]. (b) Corner 

cube retroreflector. Specifically, one with cantilevers to adjust the bottom mirror [188]. (c) 

Luneburg lens with a metallic mirror on the bottom surface [189]. (d) Van Atta array, a 

phased antenna array, that redirects light back towards the direction it came [190]. (e) 

Example of a metasurface retroreflector [190]. (f) Diffraction grating retroreflector, 

following the Littrow configuration [191]. 

 

The next retroreflector is the corner cube retroreflector, originally designed by 

Duboc [182] in 1943. This structure consists of three reflective perpendicular surfaces 

fashioned together like the corner of a cube, hence its name. Incoming light bounces off 

either two or three surfaces, depending on the angle of incidence, and then is returned 

towards the direction of the incident light. Both theoretical analyses and experiments 

demonstrate that the corner cube reflector delivers retroreflection at half-power within the 

range of ±15° [184, 185]. The main disadvantages of the corner reflector is that the 

structure is large, it can only reflect light incident on the structure from up to 45°, and it 

can affect the polarization of the incident light [180, 184]. By employing a sheet composed 

of small trihedral corner cubes, it becomes possible to substantially decrease the depth of 

the retroreflector and maintain appreciable retroreflection within a ±30° angle of incidence 

[186]. However, larger angles are still unable to be retroreflected. 
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A corner cube retroreflector is shown in Fig. 1.27(b). However, this retroreflector 

was composed of two vertical mirrors fabricated from a Si wafer through anisotropic wet-

etching a silicon-on-insulator (SOI) wafer, and a third horizonal mirror that was able to be 

micro-positioned by piezoelectric micro-cantilevers in order to enhance retroreflection. 

The corner cube retroreflector demonstrated angular displacement of 1.87° at 5 volts with 

switching times of 276 μs [188]. However, corner cube retroreflectors are still bulky and 

have low acceptance angles such that light is retroreflected. 

After these more intuitive retroreflectors were discovered, numerous other variants 

were researched such as the Luneberg lens retroreflector and the Van Atta array. The 

Luneberg lens was originally designed by Rudolf Luneberg in 1944 [192]. It consists of a 

spherically symmetric gradient-index lens, such that the index of refraction decreases 

radially from the center to the outside of the sphere. A modified version of the Luneberg 

lens with a mirror on the back surface is shown in Fig. 1.27(c), such that light is reflected 

off the mirror and is reflected towards the incident light [193]. Efficient retroreflection is 

available in a wide range of incident angles of ±50° [185], but the retroreflector is large, 

difficult to fabricate, and is expensive. Another less intuitive retroreflector is the Van Atta 

array shown in Fig. 1.27(d), and was patented by L. C. van Atta in 1959 [194, 195]. It 

consists of paired antennas connected together by waveguide transmission lines, and is 

typically used in radio frequencies for wireless communication, and RFIDs. 

Lastly, two other retroreflectors worth mentioning are metasurface retroreflectors 

and diffraction grating retroreflectors shown in Fig. 1.27(e,f). These two types of 

retroreflectors are closely related to the research in this dissertation, and therefore require 

a more intensive discussion. 
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1.5.1. Metasurface Retroreflectors 

 

Not long ago, metasurfaces were developed with the ability to manipulate 

electromagnetic wavefronts by modifying the phase, amplitude, polarization, and 

propagation direction of incident light [196-207]. Metasurfaces are structures with 

periodicity smaller than the wavelength of incident light and are designed to have 

electromagnetic properties beyond what can be found in nature. These structures can 

consist of either dielectric or metallic materials, or some combination thereof. Metasurfaces 

are able to have a low profile and can be an inexpensive solution to retroreflect light at 

specific designed angles for wavelengths of light longer than the visible spectrum. 

However, they consist of sizes on the order of λ or smaller. Therefore, fabrication of 

metasurface retroreflectors in the visible spectrum can significantly increase costs and 

reduce fabrication uniformity. 

Metasurface-based devices using nanoresonators possess dispersion characteristics 

largely defined by their geometric parameters and structural arrangement, allowing for 

wavefront manipulation, in contrast to traditional geometrical optics-based components 

[208-217]. Recently, singlet flat metasurface retroreflectors have been introduced, 

providing benefits in terms of miniaturization and integration with other optical or 

electronic devices [218, 219]. However, their limited operational angles remain a challenge. 

To overcome this, metasurface doublet retroreflectors have been explored. 

Fig. 1.28(a) shows a metasurface doublet retroreflector, similar to the metasurface 

retroreflector shown in Fig. 1.27(e), designed for λ = 1550 nm. The top metasurface, with 

480 µm diameter, acts as a Fourier lens with a focal length of 428 µm and performs a 

spatial Fourier transform on the incident light to focus light with different incident angles 
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to different locations on to the bottom metasurface. Additionally, the top metasurface also 

performs the inverse transform for light reflected off the bottom metasurface. The bottom 

metasurface, with 600 µm diameter, functions as a concave mirror by forcing a spatially 

varying momentum to retroreflect light back along its incident direction. These surfaces 

consist of hydrogenated amorphous Si nanopillars and were fabricated with electron beam 

lithography. Experimental characterization of the metasurface doublet retroreflector show 

high retroreflection efficiency at any angle up to angle of incidence θin = 25° [220]. 

 

Figure 1.28: (a) Flat retroreflector (FRR) based on a metasurface doublet, which consists 

of vertically stacked metasurfaces MS1 and MS2. (b) Detected retroreflected optical power 

at θin = 0°, 10°, 15°, and 25° [220]. 

 

Despite having a planar structure, the retroreflector remains thick overall at ~ 276λ 

thickness. Additionally, it also has relatively low angle of incidence operation. Furthermore, 

the retroreflector utilizes nanopillars designed for SWIR operation, and therefore scaling 

the structure down to visible wavelengths is not a feasible task. 

Current metasurface retroreflectors face challenges in achieving wide-angle and 

omnidirectional operations. Fig. 1.29 depicts an adaptive reconfigurable spin-locked phase 

gradient metasurface retroreflector designed for 4 GHz with a thickness of 0.07λ. It is 

capable of high efficiency, wide angle, and omnidirectional retroreflection through 
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utilizing reconfigurable meta-atoms based on employing micromotors. The top layer 

consists of copper double-C shaped circular structures designed for rotation on a dielectric 

substrate. The bottom layer consists of an aluminum plate to prevent any transmission of 

the incident light. A micromotor is mounted beneath the aluminum plate to control the 

rotation of each resonator, and to prevent any electromagnetic interference with the 

resonant structure. An air spacer is placed between the top and bottom layers to 

accommodate a metallic pedestal that connects the dielectric substrate with the bottom 

micromotors [190]. 

 

Figure 1.29: (a) Adaptive reconfigurable spin-locked metasurface retroreflector, based on 

utilization of meta-atoms with rotational mechanical control to process either right or left 

circularly polarized light. Experimental and simulation results of left circularly polarized 

light incident on 2-D scattering patterns at 4 GHz for (b) 𝜃in = 11° and 𝜑in = 0°, (c) 𝜃in = 

24° and 𝜑in = -27°, (d) 𝜃in = 31° and 𝜑in = 135°, and  (e) 𝜃in = 42° and 𝜑in = -146° [190]. 

 

The reflection phase of the meta-atoms can be dynamically controlled by adjusting 

their orientation through mechanically rotating each meta-atom, while maintaining the 

same reflection handedness as the incident light. This enabled high efficiency 

retroreflection at up to θin = 47°, where the performance at a few incident angles are shown 

in Fig. 1.29(b). To achieve dynamic adaptive retroreflection, the direction of incident light 

is detected by an antenna array. Next, the detected direction is sent to a computer to 
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calculate the necessary phase distribution for retroreflection. Lastly, the phase distribution 

is converted to an electrical signal to control the orientation of each meta-atom [190]. 

In contrast to retroreflectors reported with bulky structures and restricted 

retroreflection capabilities within predefined planes, the aforementioned retroreflector 

offers advantages such as a slim profile, high efficiency, and a wide omnidirectional 

retroreflection angle. However, this design is complex with numerous moving parts, 

making the fabrication expensive. Additionally, the retroreflector requires postprocessing, 

which is time consuming and limits its applicability in real time scenarios. Furthermore, 

the retroreflector is designed for microwave frequencies and scaling the structure down to 

visible wavelengths would be difficult to achieve. 

 

Figure 1.30: (a) Hyperbolic plasmonic metasurface (HPM) retroreflector design, where the 

diameter is d, period is p, and the separation between the HPMs and the metal cylinder 

array is h. (b) Photo of the experimental setup, where the retroreflector is covered by an 

absorber except where the metal cylinder array is located. (c) Diagram showing the top-

down view of the experimental setup. (d) Experimentally measured retroreflection 

efficiency as a function of frequency shown for incident angles θ [221]. 

 

Fig. 1.30 depicts a hyperbolic plasmonic metasurface (HPM) retroreflector design 

capable of real time retroreflection. The key principle behind this technique lies in the 

orthogonal relationship between the canalized spoof surface plasmons on the hyperbolic 

plasmonic metasurfaces and the waves propagating in free space, as seen in Fig. 1.30(a). 

This orthogonality ensures high efficiency and seamless conversion to surface plasmons. 
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Due to the strong confinement characteristics resulting from the enhanced light-matter 

interaction, it’s possible to effectively direct and retroreflect the canalized spoof surface 

plasmons using extremely thin structures. Experimental analysis of the retroreflector 

designed for ~0.92λ thickness at a frequency of 11.2 GHz is shown in Fig. 1.30(b-d), which 

reveals a half-power field of view reaching up to 53° and a peak efficiency of 83.2% [221]. 

The primary challenge that constrains both the angular bandwidth efficiency and the 

efficiency stems from the metal cylinder array's relatively low transmissivity when exposed 

to incident waves at significant angles, which can be seen in Fig. 1.30(d) where the 

transmissivity experiences a sharp decline beyond an incidence angle of 40°. 

Regardless, this HPM metasurface retroreflector shows great potential for a range 

of applications such as remote sensing, target detection, and diverse on-chip light control 

devices. However, its utility in the visible spectrum is not researched and scaling 

retroreflectors designed for the microwave regime to the visible regime is known to be an 

arduous task. Additionally, this design is complex, making the fabrication expensive. 

Fig. 1.31 depicts a simpler and less expensive retroreflector design; the binary 

Huygen’s metasurface retroreflector. It is designed to retroreflect light according to the 

Littrow configuration and the Huygens-Fresnel principle, which states that every point on 

a wavefront can be considered as a source of secondary wavelets, and these secondary 

wavelets at different locations mutually interfere. The sum of all these wavelets forms a 

new wavefront. Generally, the Huygens’ metasurface retroreflector consists of orthogonal 

magnetic and electric dipoles which become a series of Huygens’ sources when induced 

by an incident electromagnetic wave [222]. In a retroreflective metasurface, both reflected 

and incident waves are superimposed and share the same physical space. 
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Figure 1.31: Huygens’ metasurface retroreflectors at 24 GHz are shown. (a) TE 

retroreflector shown in 2-D and 3-D. The dimensions of the components are Px1 = 2.16 mm, 

Px2 = 2.35 mm, Py = 1.5 mm, Ux = Uy = 3.149 mm, and Sz = 1.575 mm. (b) Monostatic 

radar cross section (RCS) simulation for the TE retroreflector, shown in blue, and for the 

theoretical RCS of an ideal mirror placed normal to the incident radiation, shown in red. 

(c) TM retroreflector shown in 2-D and 3-D. The dimensions of the components are Px1 = 

0.8 mm, Px2 = 3.149 mm, Py = 1.5 mm, Ux = Uy = 3.149 mm, and Sz = 3.175 mm. (d) 

Monostatic RCS simulation for the TM retroreflector, shown in blue, and for the theoretical 

RCS of an ideal mirror placed normal to the incident radiation, shown in red [191]. 

 

This Huygens’ metasurface retroreflector was designed to incorporate only two 

cells per grating period. Resulting from this approach is the binary Huygens’ metasurface, 

which streamlines the design process towards highly efficient, cost-effective, and resilient 

metasurface retroreflectors. Through this discretization technique, two binary Huygens’ 

metasurfaces were experimentally characterized and found capable of retroreflecting an 

incident plane wave at 82.87° for TE as seen in Fig. 1.31(a-b), and TM polarized waves, 

as seen in Fig. 1.31(c-d) [191, 223]. 

Simulation results for a 2-D infinite retroreflector predicted retroreflection 

efficiencies of 94% for TE polarization and 99% for TM polarization. The experimental 

characterizations agreed with numerical modeling and indicated a power efficiency of 93% 
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for both TE and TM polarizations [191, 223]. This underscores the feasibility of achieving 

high retroreflection efficiency at a designated angle using a straightforward metasurface 

design. The proposed design methodology not only facilitates retroreflection but also 

enables reflection at arbitrary angles with exceptional efficiency, expanding its potential 

applications. 

Consequently, it remains rare to achieve a combination of a flat profile, high 

reflection efficiency, and a wide range of incidence angles in an ultrathin metasurface 

retroreflector capable of operating for both TE and TM modes. The binary Huygens’ 

metasurface retroreflector comes close to achieving these goals, but it operates in the 

microwave regime and therefore scaling the structure down to visible wavelengths can 

significantly increase fabrication costs. Additionally, it can only have high retroreflection 

efficiency for either TE or TM modes individually, which limits its usefulness. However, 

this retroreflector also utilizes the Littrow configuration, which enables downscaling to 

visible wavelengths. 

 

1.5.2. Littrow Retroreflectors 

 

Littrow retroreflectors take advantage of the diffraction grating equation for a 

specific scenario called the Littrow configuration shown in Fig. 1.27(f) when the angle of 

incidence equals the angle of diffraction [224]. The grating equation for a surrounding 

refractive index of n = 1 is sin ϴr – sin ϴin = mλ/, where ϴin is the angle of incidence, ϴr 

is the angle of diffraction, λ is the wavelength of light, Λ is the periodicity of the diffraction 

grating, and m is the diffraction order. For m = -1 and ϴr =-ϴinc = ϴ the grating equation 

simplifies to the Littrow configuration; 2 sin ϴ = λ/. For light to be retroreflected, one 
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needs to design the diffraction grating to satisfy these parameters. For this purpose, 

maximum optical power is concentrated in the desired direction while the residual power 

in the other orders is minimized. 

 

Figure 1.32: (a) Diagram depicting a diffraction grating’s cross-section. (b) Numerically 

modeled TE polarization diffraction efficiency of a diffraction grating in the Littrow 

configuration, with the horizontal line corresponding to the f = 0.045 plot shown in (c), 

which plots the diffraction efficiency as d varies for εd = 2.08541 and εa = 1. (d) 

Numerically modeled TM polarization diffraction efficiency of a diffraction grating in the 

Littrow configuration, with the horizontal line corresponding to the f = 0.45 plot shown in 

(e), which plots the diffraction efficiency as d varies for εd = 2.08541 and εa = 1 [225]. 

 

Fig. 1.32 depicts a simple yet novel flat metal-dielectric diffraction grating that 

theoretically achieves 100% retroreflection efficiency through utilizing the Littrow 

configuration. The diffraction grating consists of a planar dielectric slab with metal on both 
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sides, where periodic parallel openings exist on the top metal layer, as seen in Fig. 1.32(a). 

To simplify the analysis, the top metal layer was set to be perfect and infinitely thin with 

either infinite negative permittivity or infinite conductivity. A variety of grating 

configurations can achieve very high retroreflection efficiency through an interplay in the 

metal filling factor f = a/Λ, which is the ratio of the width of the metal stripes a to the 

grating period Λ. For light with TE polarization, high retroreflection can be obtained with 

f = 0.045, although f = 0.5 can also achieve high retroreflection, albeit with increased 

sensitivity to the dielectric layer’s thickness d. For the TM polarization, f = 0.45 yields 

reduced sensitivity to variations in the thickness of the dielectric slab [225]. These results 

indicate that 100% retroreflection efficiency can be achieved for both TE and TM 

polarizations, however with different grating parameters required for each. 

Despite the simplicity of the grating's geometry, the wave processes that lead to 

such high retroreflection efficiency require a more extensive discussion. Achieving 100% 

retroreflection efficiency requires that specular reflection experiences destructive 

interference for all waves propagating in the same direction after undergoing multiple 

diffractions and reflections at the metal layers. The presence of the dielectric layer in 

between the metal layers exists only to support destructive interference for the specular 

reflection direction and constructive interference for the retroreflection direction. The 

primary impact of the lower permittivity is to maintain the required optical path length 

between the metal layers [225]. 

Although these results indicate that 100% retroreflection efficiency can be achieved 

for both TE and TM polarizations, this was shown to only be possible with different grating 

parameters. Additionally, this analysis of the grating equation explicitly does not consider 
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the thickness of the metal layer, nor the impact real metals would have on their 

retroreflection capabilities. Real metals in the visible regime behave quite differently 

compared to an idealized perfect metal layer. Commonly used metals, such as Ag, Au, and 

Al, display large negative real dielectric constants and relatively small imaginary dielectric 

constants. 

In this dissertation, retroreflectors were designed in the aforementioned Littrow 

configuration shown in Fig. 1.32 but extended to real metals with real thicknesses in order 

to study the impact the type of metal has on retroreflection, as well as how the thickness of 

the metal layer impacts retroreflection efficiency. Additionally, real metals at optical 

frequencies display substantial plasmonic effects, which can drastically affect 

retroreflector performance. Metallic metasurface structures support near-surface electron 

oscillations known as surface plasmons. In nanostructured metals, localized surface 

plasmon resonances occur. This results in a wide range of electromagnetic resonant 

properties. 

 

1.6. Plasmonics 

 

In the realm of nanoscience and nanotechnology, the manipulation of light on the 

nanoscale has emerged as a profound avenue for scientific inquiry and technological 

advancement. Plasmonics, a field nestled at the intersection of optics and condensed matter 

physics, has garnered significant attention for its promise in revolutionizing various 

domains. At its core, plasmonics revolves around the study of surface plasmons (SPs), 

collective oscillations of free electrons at metallic-dielectric interfaces, to control and 

confine light at scales far below its diffraction limit. SPs are being investigated for their 
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potential in optics, data storage, solar cells, microscopy, for developing sensors, and more 

[226-228]. 

The inception of plasmonics can be traced back to the pioneering works of Ritchie, 

Otto, and others in the mid-20th century, laying the theoretical groundwork for 

understanding SPs and their implications [229]. However, it was not until the advent of 

nanofabrication techniques in the late 20th and early 21st centuries that plasmonics truly 

flourished into a vibrant field of research. The ability to engineer metallic nanostructures 

with unprecedented precision has unlocked a plethora of opportunities to manipulate light 

at the nanoscale, enabling functionalities previously deemed unattainable [230-237]. This 

progress has enabled precise control over SP properties, unveiling new scientific insights 

and allowing for their customization for specific applications. 

A compelling feature of SPs is their capacity to concentrate and direct light within 

subwavelength structures, offering the potential to create photonic circuits at a scale that 

exceeds current length constraints [238, 239]. These circuits would begin by converting 

light into SPs, which would then be subject to processing by logic elements before being 

transformed back into light. Building such circuits requires various components like 

switches, waveguides, and couplers. Notably, when incorporated into dielectric materials, 

the infrastructure facilitating SP propagation can also transmit electrical signals. Advances 

like these hint at the emergence of a new realm of photonics employing SPPs. 

This dissertation aims to provide a comprehensive exploration of the principles, 

and applications of plasmonics. Beginning with a fundamental overview of plasmonic 

phenomena, the dissertation will delve into the underlying physics governing surface 

plasmon resonance, localized surface plasmon resonance, and the role of geometry and 
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material properties in shaping plasmonic behavior. By explaining the fundamental 

principles of plasmonics, this work will establish a solid foundation upon which subsequent 

discussions will build. 

 

1.6.1. Plasmon Resonance Fundamentals 

 

SPs are waves that travel along the surface of a conductor. Essentially, these are 

coherent free electron oscillations that propagate along the metallic-dielectric interface 

accompanied by an electromagnetic wave, which are called surface plasmon polaritons 

(SPPs) [226, 240] and are shown in Fig. 1.33(a). During this interaction, the free electrons 

collectively oscillate in resonance with the light wave. This resonant interplay between the 

oscillation of surface charges and the light’s electromagnetic field enables unique 

properties to appear, which results from the frequency-dependent dispersion characteristics 

of the dielectric and metallic materials [226]. This movement of electrons leads to resonant 

scattering and absorption of the incident light, as well as significant electric field 

enhancements on nanoparticles and nanoholes [241-243]. The spectral position of these 

resonances depends on the material, size of the objects, their geometry [244, 245], and the 

surrounding environment [246, 247]. 

The interaction between surface charges and the electromagnetic field that forms 

the SPP has two key effects. Firstly, this interaction causes the momentum of the SPP mode, 

ℏkSP, to exceed that of a free-space photon of the same frequency, ℏk0, as shown in Fig. 

1.33(b). For SPPs to exist at an interface, the frequency-dependent permittivity of the metal, 

εm, and the dielectric material, εd, must have opposite signs [226]. This causes an increase 

in momentum caused by the binding of the SPP to the surface, which results in a 
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momentum mismatch between light and SPPs of the same frequency. The mismatch must 

be overcome for light to effectively generate SPPs that propagate parallel to the surface of 

the metal. These are called propagating surface plasmons (PSPs) that can exist at a metallic-

dielectric interface [249]. This coherent interaction causes the PSP to have greater 

momentum than a free photon of the same frequency. They consist of an electromagnetic 

wave coherently coupled with the collective motion of mobile charges on the metal's 

surface. 

 

Figure 1.33: Diagram depicting the basics of surface plasmonic resonance. (a) At the 

interface of a dielectric and a metal, surface plasmons have a combined electromagnetic 

wave and surface charge. The generation of surface charge requires an electric field normal 

to the metal’s surface. (b) The surface plasmon dispersion curve, displaying the momentum 

mismatch between the light, ħk0, and the surface plasmon modes, ħkSP. (c) The field 

component perpendicular to the surface can be enhanced near the surface, but decays 

exponentially with distance, where the decal length in the medium above the metal is δd, 

and the skin depth into the metal is δm [226]. (d-h) Diagrams depicting how the plasmon 

resonance of a metal nanostructure is affected by the field distribution. (d) Metallic 

nanospheres incased in different dielectric materials, (e) metallic nanoshells with a 

symmetric plasmon mode, (f) metallic nanoshells with an antisymmetric plasmon mode, 

(g) metallic nanorods with field polarization parallel to the nanorods, and (h) metallic 

nanorods with field polarization perpendicular to the nanorods [248]. 
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Additionally, there exist localized surface plasmons (LSPs) which entail the 

collective oscillation of free electrons within a metallic nanoparticle, alongside associated 

oscillations of the electromagnetic field  [249]. The resonance frequency is contingent upon 

the particle's composition, shape, size, and the surrounding optical environment [250, 251], 

typically falling within the visible to near-infrared region of the spectrum for metal 

nanostructures (Au, Ag, Cu) field  [249]. 

There are three primary methods to supply the missing momentum to generate SPs. 

Arguably the most well studied method involves scattering from a defect on the surface, 

such as nanoparticles or nanoholes [238, 252]. The second method utilizes prism coupling, 

such as in the Kretschmann configuration, to enhance the momentum of the incident light 

[253, 254]. The third method employs a periodic corrugation in the metal surface [255]. 

Wood, over a century ago [256], observed anomalous light diffraction behavior by utilizing 

metallic diffraction gratings, which some are now understood to result from coupling to 

SPs. The light scattered by a metallic diffraction grating enables momentum matching and 

therefore its coupling to SPs [257]. Additionally, the reverse process also facilitates the 

controlled coupling of non-radiative SP mode with light [258, 259]. 

After light has been converted into an SP mode, it will gradually decrease with 

distance due to absorption losses in the metal. This attenuation is dependent on the metal’s 

dielectric function at the SP's oscillation frequency. Secondly, the field perpendicular to 

the surface decays exponentially with distance and is known as an evanescent or near-field 

which stems from the non-radiative nature of SPs as shown in Fig. 1.33(c). The decay 

length of the field into the dielectric medium is δd, and the decay length into the metal is 

δm [226]. 
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The ability of SPs to concentrate light within subwavelength structures arises from 

the dielectric constants of the surrounding non-conductive media and the metals. It has 

been demonstrated that metal structures can significantly enhance the local electric field 

by focusing electromagnetic energies into subwavelength volumes. This can be utilized to 

manipulate light–matter interactions and amplify non-linear phenomena [226, 248, 249, 

260]. A few examples of how the field distribution affects the plasmon resonance in metal 

nanostructures are shown in Fig. 1.33(d-h). 

The optical properties of metal nanoparticles rely significantly on their proximity 

to other nanoparticles. Consequently, they can be intentionally engineered by regulating 

their environment, arrangement, and symmetry [243, 247, 260-265]. Unique plasmonic 

effects occur in different spatial regimes via near-field and far-field coupling. When 

particles are relatively densely packed, they interact through near-field coupling, resulting 

in substantial spectral shifts of the plasmonic resonances. This interaction also modifies 

and splits their line-shapes due to the hybridization of the plasmonic modes [266-270]. 

Significant enhancement in the quality of localized plasmon resonances is achievable 

through far-field coupling of localized surface plasmons (LSPs) [249, 271]. When particles 

are randomly distributed, the scattered radiation fields incident upon adjacent particles lack 

a specific phase relationship, resulting in minimal effects [272]. 

However, when metallic nanoparticles are arranged in an array with a period that 

matches the wavelength of the particle plasmon resonance, an additional resonance, termed 

a surface lattice resonance (SLR), may emerge [247]. By carefully engineering the array 

period, the quality of the resonance can be improved. When applied to a large array of 

nanoparticles, these diffractively coupled localized surface plasmon resonances (LSPRs) 
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can narrow the resonance width to just a few nanometers [273, 274]. The intensity of the 

LSPR is constrained by the imaginary part of its dielectric constant. This also leads to 

phenomena such as enhanced absorption, transmission, or reflection of an array. 

Additionally, if identical particles are arranged in an array, their polarizability changes. 

This alteration occurs because particles experience driving fields from both the incident 

light and the light scattered by other particles. These nanoparticle arrays enable engineering 

of their properties through adjusting interparticle spacing, particle and array shape, particle 

and array size, or background medium [263]. 

An example to illustrate the complexity of SPs is shown in Fig. 1.34 with 

nanoparticle dimers. When the light is polarized transversely to the nanoparticles, Fig. 

1.34(a), the dipoles destructively interfere. They produce a less intense electric field in the 

gap (Fig. 1.34(c)). In this case, the LSPR blue-shifts and decreases in intensity (Fig. 

1.34(e)). When the incident field is polarized along the dimer axis where the dipoles are 

additive (Fig. 1.34(b)), a strongly confined electromagnetic field forms in the gap (Fig. 

1.34(d)). This constructive interference between additive dipoles results in a red-shift of 

the LSPR, which increases as the gap narrows (Fig. 1.34(f)). When the particles are 

separated by more than λ/2π, static dipolar interactions incur additional retardation effects 

which can alter and even reverse these trends [263, 272]. 

Metals like Au, Ag, Cu, and Al are frequently used as plasmonic metals because of 

their relatively high-quality resonances [250, 272, 275-277]. Fig. 1.34(g,h) depicts how 

modifying Au and Al nanodisk sizes in arrays with random separation distances affects the 

extinction efficiency of the incident light. As the sizes increase, the resonance wavelength 

shifts to longer wavelengths with less energy [272]. 
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Figure 1.34: (a-f) Numerically modeled spherical nanoparticle dimers with varying gap 

sizes, exhibiting plasmonic coupling. (a) Light polarized perpendicular to the dimer axis, 

displaying destructive interference. (b) Light polarized parallel to the dimer axis, 

displaying constructive interference. Electric field maps showing (c) destructive 

interference and (d) constructive interference for 20 nm diameter Ag spherical 

nanoparticles separated by 5 nm. Extinction spectra for the same nanoparticles with light 

polarized (e) perpendicular to the dimer axis, and (f) parallel to the dimer axis. The gap 

sizes are 1, 2, 3, 4, 5, 10, 20, 30, 40, and 50 nm from lightest color to darkest color [263]. 

Experimentally measured extinction spectra for nanodisk arrays with labeled particle sizes 

for (g) Au, and (h) Al. The separation between nanodisks were random, with the smallest 

center-to-center distance of 6 nanodisk diameters [272]. 
 

Nanoholes in thin metal films can also sustain localized plasmon resonances (LPRs), 

aligning with Babinet’s principle [278-281]. This principle states that the diffraction 

pattern generated by an opaque body is akin to that produced by a hole of identical shape 

and size, differing only in the intensity of the forward beam [282]. Consequently, there are 

parallels between the modes supported by arrays of metallic nanoparticles, and nanohole 

arrays thin metallic films. Additionally, the existence of a thin metallic layer alters the 

interaction between adjacent resonators due to the PSP mode supported by the film. 

Furthermore, hole arrays can demonstrate an alternative form of collective plasmon 

resonance, in which individual hole resonances are coupled by PSP waves. These 

resonances typically have broader spectra than standard SLRs [243]. 
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1.6.2. Plasmonic Effects on Transmission, Reflection, and Absorption 

 

Plasmonic effects in nanoparticles and nanoholes also leads to phenomena such as 

a dramatic enhancement of absorption, transmission, or reflection. Fig. 1.35 displays one 

such example for numerically modeled 20 nm nanoparticles placed in a hexagonally close 

packed orientation in a dielectric medium with refractive index n = 1.33. The first row 

describes these effects for Au nanoparticles, while the second row describes these effects 

for Ag nanoparticles. The Au nanoparticles plasmonic response is attenuated by interband 

transitions, attributed to the low interband transition energy of Au at 2.3 eV, aligning with 

the wavelength range of visible light [283, 284]. However, the interband transition energy 

of Ag at 3.7 eV necessitates significantly higher energy, aligning with ultraviolet (UV) 

light. Therefore, the Ag nanoparticles plasmonic response when illuminated with visible 

light is unaffected by direct interband transition losses, leading to more efficient plasmonic 

excitation [285]. 

With an increase in the interparticle gap, the coupling between particles weakens, 

leading to a decrease in the strength of the lattice resonance. Simultaneously, individual 

plasmon modes become increasingly prominent. Therefore, the plasmon resonance red-

shifts as the nanoparticles move closer together. At small interparticle distances, 

transmittance is low, but it is primarily the reflectance that increases substantially as the 

resonance broadens. As the interparticle gap decreases, stronger plasmonic coupling 

becomes apparent in Ag nanoparticles, as indicated by the broad dips observed in 

transmittance and broad peaks in reflectance. Additionally, Ag nanoparticles require a 

greater distance compared to Au nanoparticles to become fully decoupled. This 

phenomenon is attributed to the far-field coupling of Ag nanoparticles [285]. 
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Figure 1.35: Numerically modeled monolayer of hexagonal close packed arrays consisting 

of 20 nm diameter nanoparticles in a dielectric medium with n = 1.33. The arrays were 

illuminated at normal incidence, and the separation between the particles d was varied. (a) 

Transmittance, (b) reflectance, and (c) absorptance data for Au nanoparticles. (d) 

Transmittance, (e) reflectance, and (f) absorptance data for Ag nanoparticles [285]. 
 

When the surrounding medium is a dielectric, the plasmonic nanoparticles and the 

medium both polarize in response to the incident field, enhancing interparticle coupling 

[286, 287]. However, in a vacuum with n = 1, the absence of a dielectric environment 

suppresses interparticle coupling. Therefore, nanoparticles become isolated from 

interparticle interactions after only a short interparticle distance. 

A comparison of Fig. 1.35(d,f) reveals two distinct features in the transmittance and 

absorptance spectra for interparticle gaps of 1 nm or 2 nm. In the case of a 1 nm interparticle 

gap, a small shoulder is observed at approximately 400 nm in both the transmittance and 

reflectance spectra. Additionally, the lowest transmittance dip occurs at 600 nm, while the 

absorptance exhibits the highest peak at around 400 nm, accompanied by a broad band at 

600 nm. Therefore, the absorption peak at 400 nm suggests a strong plasmon resonance 
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that relaxes non-radiatively. For an interparticle gap of 2 nm, this peak in the transmittance, 

absorptance, and reflectance spectra is considerably weaker [285]. 

Clearly, plasmonic properties are influenced by size, shape, material, and the 

background medium [250, 288], of which significantly impact transmission, reflection, and 

absorption. Another example of this is shown in Fig. 1.36 regarding the absorption 

properties of Au nanobars. The polarization of incident light also affects absorption, 

scattering, and local-field enhancements at resonant wavelengths [251, 289, 290]. Au 

nanobars demonstrate minimal radiation damping because of their relatively small volume 

[289], resulting in significant light scattering efficiency. These properties make nanorods 

particularly appealing for optical applications [289]. 

COMSOL simulations were used to numerically model the absorption of 3-D Au 

nanobars with 100 nm length, 60 nm width, and varying thickness from 8 - 60 nm, as shown 

in Fig. 1.36. The substrate was Si, but the nanobars were modeled by approximating an 

effective SiO2 medium surrounding the nanobars with neff = 1.25 [292-295]. Light was 

normally incident on the nanobar’s surface, with the electric field polarized either 

longitudinally or transversely, as displayed in the insets of Fig 1.36(a,b). 

As the thickness of the nanobars increases, the absorption peaks blue-shift for both 

polarizations. For transverse polarization, the maximum absorption drops rapidly until a 

thickness of 20 nm, with minimal change in amplitude afterwards. For longitudinal 

polarization, the maximum absorption rapidly decreases and stabilizes at higher 

thicknesses. The dominant peaks in the spectrum are associated with the dipolar resonant 

plasmonic mode, while the minor peaks at shorter wavelengths arise from higher order 

modes [291]. Additionally, the spectrum's FWHM shrinks with reducing thickness. 
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Furthermore, the wavelengths where there exists a resonance peak have significantly 

differing absorption amplitude locations between the two polarizations for the same Au 

thickness. In the case of transverse polarization, the absorption exhibits a diminished 

amplitude compared to longitudinal polarization. This occurs because the plasmonic 

response relies on the length aligned with the electric field [296]. 

 

Figure 1.36: Numerically modeled Au nanobar absorption spectrum for width w = 60 nm, 

length l = 100 nm, and varying thickness t. Absorption plots as a function of wavelength 

where incident light is either (a) longitudinally or (b) transversely polarized. (c) Plot 

depicting the peak resonance wavelength as a function of thickness for both polarizations, 

as well as the impact rounded corners have on the peak resonance wavelength [291]. 

 

Numerous studies on nanobars have found that increasing the nanobar length red-

shifts the resonance peaks [297, 298]. This shift occurs as a result of the k-vector’s direction. 

When the k-vector is perpendicular to the length, this red-shift occurs. However, when the 

k-vector is parallel to the length, the resonance peaks blue-shift with increasing thickness 

[291]. When electrons are polarized along the long axis, they have a bigger area to oscillate 

in and therefore take an increased time to complete an oscillation. This results in a lower 

frequency and a longer resonance wavelength compared to polarization along the short axis 

[299]. 



75 
 

It’s important to mention that real nanobars will have round corners because of 

fabrication limitations. Fig. 1.36(c) depicts the impact rounded corners have on the peak 

resonance wavelength for longitudinal and transverse polarizations as a function of 

thickness. Round corner nanobars exhibit a resonance wavelength that is blue-shifted by 

10 to 40 nm compared to sharp corner nanobars [291]. This blue-shift results from the 

reduced effective dimension along the rounded sides, as well as the modified charge 

distribution because the charges are more dispersed in round corner nanobars [300]. For 

small nanobar thicknesses, the plasmon dipole mode charges are trapped at the corners and 

edges, which creates localized hot spots. For large thicknesses, the surface charge dipole 

plasmonic mode are evenly spread across the nanobar’s surface. In this situation, the 

surface charges are weakly confined, which results in a weak enhancement. Round corner 

nanobars build up less electric charge in the corners than the sharp corner case, which 

reduces the plasmonic enhancement [291]. This phenomenon is crucial to consider when 

engineering plasmonic nanobars. 

In this dissertation, a basic understanding of plasmonic effects is essential because 

the retroreflector researched is designed for a HeNe wavelength of 632.8 nm, utilizes thin 

Au, and has nanometer scale dimensions. Therefore, it operates in the visible regime and 

plasmonic effects are expected. Additionally, thin metal films display significantly 

different properties from their bulk counterparts, and thus 3-D FDTD numerical modeling 

is required in order to understand the impact these thin metal layers have on the 

retroreflectivity [301-306]. 
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1.7. Statement of Goals 

 

In this dissertation, methods of enhancing IR photodetector FPAs through 

integration with Si micropyramidal arrays are investigated, as well as novel metamaterial 

retroreflecting arrays designed to optimize the retroreflection of both TE and TM 

polarizations simultaneously in the visible wavelength regime. Regarding enhancing FPAs, 

reducing the dimensions of the photodetectors decreases both the dark current and junction 

capacitance, thereby enhancing sensitivity. However, this downsizing can also reduce QE 

due to less effective light coupling, potentially hindering detection performance. The light 

collection efficiency can be improved using light-concentrating structures such 

micropyramids which are placed over individual pixels. This allows light to be collected 

from a larger area and concentrated into a much smaller area that can be aligned with the 

photodetector's mesa to maintain or enhance the SNR in order to increase the operating 

temperature of FPAs. In addition to extensive research conducted on enhancing FPAs 

through integration with truncated Si micropyramid arrays, metasurface retroreflectors 

designed for visible wavelengths were investigated. These structures can consist of either 

dielectric or metallic materials, or some combination thereof. Metasurfaces are able to have 

a low profile and can be an inexpensive solution to retroreflect light at specific designed 

angles. Additionally, it remains rare to achieve a combination of a flat profile, high 

reflection efficiency, and a wide range of incidence angles in an ultrathin metasurface 

retroreflector capable of operating for both TE and TM modes. 

In Chapter 2, anisotropic wet etching of Si for photonic applications was explored 

by fabricating micropyramidal arrays with different geometries, sidewall angles, and 

number of sidewalls. The key advantage of Si in MEMS is its compatibility with IC 
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fabrication processes, enabling the integration of mechanical, electrical, and computational 

functionalities onto a single chip. MEMS fabrication involves a series of processes such as 

lithography, deposition, and etching. Among these, wet etching is a crucial step that 

selectively removes material from Si wafers, allowing the formation of intricate structures 

with high precision. This chapter will discuss the role the wafer orientation has in the 

sidewall angle of the fabricated structure. It will discuss over etching and the role of 

surfactant, how the orientation of the photoresist patterns affects the final fabricated 

structure, and will depict several examples of fabricated mesophotonic arrays for optical 

applications. 

In Chapter 3, the applications stemming from the unique optical properties of 

anisotropically wet etched Si micropyramids are investigated in the mesoscale regime by 

employing Ansys/Lumerical’s 3-D FDTD numerical modeling software. Mesoscale 

denotes objects, like micropyramids, with geometric dimensions on the order of the 

incident wavelength of light. These objects exhibit different optical properties through 

light-matter interactions as their geometry varies. When micropyramids are much larger 

than the wavelength of light, the properties of the micropyramids follow the laws of 

geometrical optics, which is well understood. The diverse properties of mesoscale objects 

offer a wide array of applications. The focus in this Chapter lies on exploring the optical 

characteristics and potential uses of micropyramidal structures featuring mesoscale 

dimensions. The ability of micropyramids to concentrate light stems from the reflections 

facilitated by their sidewalls. These characteristics are commonly termed as non-imaging 

light concentration properties, distinguishing them from the focusing effects of lenses. The 

light-concentration ability typically exhibits a non-resonant nature. However, the optical 
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properties of a micropyramidal array can also lead to various interference effects. Such 

arrays can be treated as a transmission grating. The optical properties of mesoscale 

structures depend on their geometry, and the properties of truncated pyramids have been 

relatively unstudied. From an application development perspective, mesoscale structures 

of this nature hold considerable promise and appeal. 

In Chapter 4, the light-concentration ability of Si micropyramids are experimentally 

investigated by monolithically integrating MWIR PtSi photodetectors directly on top of the 

truncated micropyramids. This was done to experimentally determine if reducing the 

dimensions of the photodetectors reduces the dark current, while the light collection 

efficiency can be improved using light-concentrating micropyramids. This allows light to 

be collected from a larger area and concentrated into a much smaller area that can be 

aligned with the photodetector's mesa to maintain or enhance the SNR in order to increase 

the operating temperature of FPAs. This required an extensive fabrication effort that was 

discussed. Additionally, a detailed analysis of the micropyramid FPA was conducted 

through characterizing the fabricated devices’ spectral response and QE in order to 

determine the enhancement obtained through integration with micropyramids. Furthermore, 

a novel way to further enhance the SNR through utilizing a silicon-on-insulator wafer to 

create a resonator cavity was discussed. 

In Chapter 5, extensive FDTD numerical modeling was completed for a Littrow 

configuration metamaterial retroreflector studied with FDTD numerical modeling designed 

for a HeNe wavelength of 632.8 nm in order to develop fabrication guidelines for 

retroreflectors operating in the visible regime. Additionally, numerical modeling was 

extended to real metals with real thicknesses in order to study the impact the type of metal 
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has on retroreflection, as well as how the thickness of the metal layer impacts 

retroreflection efficiency. The retroreflector has nanometer scale dimensions, and thus 

plasmonic effects are expected. Real metals at optical frequencies display substantial 

plasmonic effects, which can drastically affect retroreflector performance. 
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CHAPTER 2: SI ANISOTROPIC WET ETCHING FOR PHOTONIC APPLICATIONS 

 

2.1. Introduction 

 

In this dissertation, methods to enhance IR photodetector FPAs by integrating them 

with truncated Si micropyramidal arrays are explored. Understanding the intricate 

fabrication steps for these arrays is crucial. By reducing the photodetector dimensions, the 

dark current is decreased, and light collection efficiency is improved through light-

concentrating structures like truncated Si micropyramids positioned over individual pixels. 

These structures gather light from a larger area and concentrate it into a much smaller area, 

aligning with the photodetector's mesa to maintain or enhance the SNR. As dark current 

noise rises with thermal energy, maintaining SNR through shrinking the photon detectors 

and integrating light-concentrating structures allows for an increase in the operating 

temperature of FPAs. 

The microelectromechanical systems (MEMS) community has long recognized Si 

anisotropic wet etching as a significant technique for fabricating micromachined free-

standing 3-D structures like beams, membranes, cavities, grooves, through holes, and 

mesas. MEMS fabrication involves a series of processes such as lithography, deposition, 

and etching. Among these, wet etching is a crucial step that selectively removes material 

from Si wafers, allowing the formation of intricate structures with high precision. The key 

advantage of Si in MEMS is its compatibility with IC fabrication processes, enabling the 
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integration of mechanical, electrical, and computational functionalities onto a single chip. 

Using an etchant like tetramethylammonium hydroxide (TMAH), a range of 3-D 

geometries can be fabricated in Si wafers with different crystallographic orientations, such 

as (100), (110), and (111) [148, 150, 153, 154, 161, 164, 165, 171, 173]. Interest in this 

technology has been fueled by its swift etching speed, fabrication reproducibility, and the 

wide variability of 3-D micromachined geometries that can be constructed in Si wafers. 

Efforts to leverage the cost-effective and straightforward Si anisotropic wet etching ability 

for photonics applications have an extensive background, starting with the suggestion to 

use pyramidally textured surfaces for light trapping to boost the efficiency of solar cells 

[309, 310]. Numerous other ideas have been proposed, including the development of 

micromirrors [176] as well as interconnecting components and optical switching [311-313]. 

This chapter highlights a unique and important fabrication capability of Si 

anisotropic wet etching technology for creating mesophotonic arrays through utilization of 

periodically designed photomasks. The primary advantage of this technology lies in its 

self-terminating nature. Etching through the openings in a transferred square photomask 

pattern aligned to the <110> crystalline directions enables increasingly deeper V-groove 

shaped channels in the (100) Si wafer, with sidewalls parallel to the low etch rate (111) 

crystalline planes, forming a fixed 54.74° sidewall angle with the (100) Si wafer. Notably, 

the etching process significantly slows when two adjacent low etch rate planes intersect, 

forming the V-groove. Although the etching can continue by gradually undercutting the 

transferred square photomask pattern, this process can be substantially slowed down 

through utilization of various additives, such as a surfactant like Triton X-100 in TMAH 

etching [148]. This self-terminating property ensures that, even with nonuniform etch rates 
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at earlier stages, the final geometry remains remarkably uniform, enabling the formation 

of Si micropyramids or inverted Si micropyramids over large wafer areas. This capability 

is highly attractive for optics and optoelectronics applications. 

Another appealing characteristic is the exceptionally smooth nature of the (111) 

sidewall surfaces of the fabricated structures; an intrinsic property of Si anisotropic wet 

etching. This smoothness minimizes incoherent light scattering caused by surface defects. 

Given the high optical quality of these structures, their optical properties can be accurately 

numerically modeled for objects with perfect geometries. Therefore, each Si micropyramid 

can function as a light-concentrating structure in photon detection applications [25, 94-100, 

102-104, 109, 110]. 

In Chapter 2, Si anisotropic wet etching with 25% TMAH for photonic applications 

is explored by fabricating Si micropyramidal arrays with different geometries, sidewall 

angles, and number of sidewalls. Section 2.2 discusses the Si mesophotonic array 

fabrication protocol, as well as the role of the surfactant Triton X-100. Section 2.3 depicts 

several examples of fabricated Si mesophotonic arrays for optical applications and 

discusses the role the photoresist patterns orientation plays in the final sidewall angles of 

the fabricated structures. Additionally, this section will cover the role Triton X-100 plays 

for each of these structures. Afterwards, section 2.4 discusses Triton X-100 utilization 

considerations, and the potential defects that arise from excessive usage. This work 

demonstrates that Si micropyramidal photonics serve as a versatile optoelectronic platform 

capable of enhancing the SNR and increasing the operational temperature of MWIR FPAs. 
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2.2. Si Mesophotonic Array Fabrication Protocol 

 

 

Figure 2.1. Diagram depicting the universal Si mesophotonic array fabrication protocol, 

where each fabrication step corresponds to a column, and each row corresponds to a point-

of-view. The example structures are truncated Si micropyramids with θ = 54.74˚ sidewall 

angles formed along the (111) crystalline planes through anisotropic wet etching a (100) 

Si wafer with 25% TMAH. Row (a) depicts a top-down perspective. Row (b) depicts a 

sideview perspective. Row (c) depicts an arial view. Step 1, depicted in the first column, is 

to perform photolithography shown in red to define the structure’s geometry on a (100) Si 

wafer shown in grey with a thermal SiO2 layer shown in blue. Step 2, depicted in column 

2, is to transfer the photolithography pattern to the SiO2 layer through a buffered oxide 

etchant (BOE) etch. Step 3, depicted in column 3, is to remove the photoresist in order to 

prevent changing the etching characteristics of TMAH. Step 4, shown in column 4, is to 

anisotropically wet etch the mesophotonic arrays. Step 5, shown in column 5, is to remove 

the leftover SiO2 layer with a second BOE etch. The final result is a mesophotonic array 

which, in this case, is a truncated Si micropyramid array. 

 

The utilization of 25% TMAH for Si anisotropic wet etching to create 

mesophotonic arrays offers numerous advantages and is relatively straightforward to 

implement in practical fabrication. Si anisotropic wet etching in 25% TMAH allows for 

the parallel fabrication of numerous identical mesophotonic structures with fixed sidewall 

angles, facilitated by aligning the photomask pattern with Si’s crystalline planes. The 

process features a rapid etch rate where the resulting (111) sidewalls are atomically smooth, 



84 
 

crucial for optical applications. This method can be employed to create various 3-D light-

concentrating Si mesophotonic arrays. While the fabrication protocols for these structures 

are generally similar, unique mesophotonic arrays are produced depending on whether the 

surfactant Triton X-100 was used during the Si anisotropic wet etch step, as well as how 

the mask pattern is aligned to Si’s crystalline planes. 

Understanding these steps is essential to grasp how the Si mesophotonic arrays 

depicted in this chapter were fabricated. The universal Si mesophotonic array fabrication 

protocol is shown in Fig. 2.1. The fabrication process starts with a double-side polished 

(DSP) (100) Si wafer with thermal SiO2. The entire wafer underwent thorough cleaning 

followed by a dehydration bake process. The backside of the wafer was covered with a 

thick photoresist layer and baked in an oven to safeguard it from the buffered oxide etchant 

(BOE) utilized subsequently in the second and fourth steps, as depicted in Fig. 2.1 columns 

2 and 4. This precaution ensures that the polished surface remains intact and is not etched. 

The initial step involves photolithography to define the geometry and orientation 

of the photoresist pattern, as depicted in Fig. 2.1 column 1, thereby determining the 

resulting sidewall angles θ after anisotropic wet etching the Si wafer. The sides of the 

square photoresist caps, in this case, are aligned parallel to the <110> directions of the 

(100) Si wafer. Following this, the wafer underwent a 4-minute O2 plasma ash in a plasma 

asher to ensure complete removal of any residual photoresist that might not have been 

cleared during the initial development process, promoting uniform etching conditions. 

Subsequently, the Si wafer was then ready for the isotropic wet etching process, as depicted 

in Fig. 2.1 column 2. In the second step, the Si wafer undertook a BOE etch to transfer the 

photoresist pattern onto the thermal SiO2 layer, as depicted in Fig. 2.1 column 2. This was 
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followed by stripping the photoresist pattern using a solvent as the third step, depicted in 

Fig. 2.1 column 3. In the fourth step, the sample was subjected to anisotropic wet etching 

using 25% TMAH heated to 80° C, as depicted in Fig. 2.1 column 4. This step was 

conducted on a temperature-controlled hotplate with a temperature probe inside the glass 

container equipped with a lid containing a small hole to control water evaporation from the 

TMAH bath. This measure was taken to prevent variations in TMAH concentration, which 

can affect its etching characteristics. The etch rate of 25% TMAH at 80° C was determined 

to be ~0.40 µm/minute into the substrate, consistent with values reported in the literature 

for a (100) Si wafer [150]. In the fifth step, the oxide layers on top of the truncated Si 

micropyramids were removed through a second BOE etch, depicted in Fig. 2.1 column 5. 

Triton X-100 was employed for specific etched geometries to reduce the TMAH 

undercutting rate of the thermal SiO2 layer. It was added to the etching bath through a small 

hole in the lid using a syringe after stabilizing the TMAH’s temperature at 80° C. The 

solution was agitated using a stir bar. However, during the anisotropic wet etch, the stir bar 

was not used to maintain the effectiveness of Triton X-100 in reducing the undercutting. 

Typically, concentrations of surfactant added range from 0.1% to 0.3% per volume of 

TMAH (v/v), with 0.1% v/v being the recommended concentration [150, 154, 173, 174]. 

The Triton X-100 quantity added was increased to 0.2% v/v, in order to compensate for 

longer etching times due to water evaporation and subsequent TMAH concentration 

increase. In practice, this issue can be mitigated using a reflux condenser. Furthermore, the 

Si wafers were etched upside-down to ensure uniform distribution and prevent excess 

Triton X-100 from settling on the SiO2 patterns. If excessive Triton X-100 is added to the 

25% TMAH etching bath, various defects can form. These are discussed in section 2.4. 
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The fabrication steps depicted in Fig. 2.1 outline a standard process for producing 

mesophotonic arrays of various geometries, including Si micropyramidal arrays with 

sidewall angles θ = 54.74°, as shown in Fig 2.2. 

 

2.3. Si Mesophotonic Arrays Fabricated with 25% TMAH 

 

By employing the fabrication protocol described in section 2.1, five distinct types 

of Si mesophotonic arrays were quickly anisotropically wet etched along various 

crystalline planes, showcasing the technology's usefulness as seen in Fig. 2.2, Fig. 2.3, and 

Fig. 2.4. Specifically, Fig. 2.2 presents SEM images of truncated Si micropyramids with a 

square cross-section and sidewall angles θ = 54.74°. Fig. 2.3 shows SEM images of 

truncated Si microcones with an octagonal cross-section and sidewall angles θ = 45°. In 

Fig. 2.4, the three columns correspond to different mesophotonic arrays: column 1 features 

SEM images of inverted Si micropyramids with a square cross-section and sidewall angles 

θ = 54.74°, column 2 includes SEM images of inverted Si micropyramids with a square 

cross-section and θ = 45°, and column 3 displays SEM images of inverted triangular 

micropyramids with varying sidewall angles. For all these structures, a stir bar was used to 

mix the TMAH and Triton X-100 solution, but no stir bar was utilized during the etch. 

The 3-D geometry of the mesophotonic arrays depicted in these figures were 

controlled by changing and positioning the photoresist patterns to different Si crystalline 

planes, and through including or not including the surfactant Triton X-100 during the 

anisotropic wet etching step with 25% TMAH at 80° C. Anisotropic wet etching with 25% 

TMAH is a versatile technique that facilitates the large-scale fabrication of various types 

of mesophotonic structures. Specifically, the Si mesophotonic arrays were fabricated 
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through the following steps, demonstrating how various geometries can be created with 

minimal adjustments and highlighting the important role of Triton X-100 in forming certain 

types of arrays. 

 

Figure 2.2. SEM images of truncated Si micropyramid arrays with θ = 54.74˚, 15 μm pitch, 

and a square cross section fabricated by anisotropic wet etching in 25% TMAH with added 

Triton X-100, as depicted in Fig. 2.1. Row (a) consists of SEM images from a top-down 

perspective. Row (b) consists of the corresponding cross-sectional side view. Row (c) 

consists of SEM images from an arial view to display their 3-D nature. Column 1 contains 

SEM images corresponding to truncated Si micropyramids with ~11.0 μm small base. 

Column 2 contains SEM images corresponding to truncated Si micropyramids with ~6.0 

μm small base. Column 3 contains SEM images corresponding to truncated Si 

micropyramids with ~2.5 μm small base. A stir bar was used to mix the TMAH and Triton 

X-100 solution, but no stir bar was utilized during the etch. 

 

Fig. 2.2 shows SEM images of 15 μm pitch truncated Si micropyramids with 

sidewall angles θ = 54.74˚, a square cross-section, and three different small base sizes of 

~11.0, 6.0, and 2.5 μm for columns 1, 2, and 3, respectively. These three completely 

different sized truncated Si micropyramids were created through utilizing the generic 
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fabrication protocol in Fig. 2.1, with Triton X-100 added to the TMAH bath and the square 

photoresist patterns aligned to the <110> crystalline directions. Without adding the 

surfactant Triton X-100, fabrication of such structures becomes difficult due to the severe 

undercutting of the SiO2 mask during the anisotropic wet etch step. 

 

Figure 2.3. SEM images of truncated Si microcone arrays with θ = 45˚, 30 μm pitch, and 

an octagonal cross section fabricated by anisotropic wet etching in 25% TMAH at 80° C 

without added Triton X-100, as depicted in Fig. 2.1. Row (a) consists of SEM images from 

a top-down perspective. Row (b) consists of the corresponding cross-sectional side view. 

Row (c) consists of SEM images from an arial view to display their 3-D nature. Column 1 

contains SEM images corresponding to microcones with ~23.0 μm small base. Column 2 

contains SEM images corresponding to microcones with ~16.0 μm small base. Column 3 

contains SEM images corresponding to microcones with ~6.0 μm small base. A stir bar 

was used to mix the TMAH and Triton X-100 solution, but no stir bar was utilized during 

the etch. 

 

Fig. 2.3 shows SEM images of 30 μm pitch truncated Si microcones with sidewall 

angles θ = 45˚, an octagonal cross-section, and three different small base sizes of ~23.0, 

16.0, and 6.0 μm for columns 1, 2, and 3, respectively. These three completely different 
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sized truncated Si microcones were created through utilizing the generic fabrication 

protocol in Fig. 2.1 but without the addition of Triton X-100 nor the need for alignment to 

the <110> directions, resulting in considerable undercutting of the original 25 μm square 

SiO2 pattern. This highlights the crucial role of Triton X-100 in reducing the undercut rate 

of 25% TMAH for structures sticking out from the Si wafer's surface. 

 

Figure 2.4. SEM images of three types of inverted Si mesophotonic arrays fabricated by 

anisotropic wet etching in 25% TMAH, as depicted in Fig. 2.1. Each column is associated 

with a unique mesophotonic array, and each row corresponds to images of the same type. 

Row (a) consists of SEM images from a top-down perspective. Row (b) consists of the 

corresponding cross-sectional side view. Row (c) consists of SEM images from an arial 

view to display their 3-D nature. Column 1 contains SEM images corresponding to inverted 

micropyramids with θ = 54.74˚, 30 μm pitch, nanometer scale small base, and a square 

cross section. Column 2 contains SEM images corresponding to inverted micropyramids 

with θ = 45˚, 30 μm pitch, 14.7 μm small base, and a square cross section. Column 3 

contains SEM images corresponding to inverted triangular micropyramids with different 

sidewall angles θ. One side of the equilateral triangular photomask was aligned to the 

<110> direction which resulted in θ = 54.74˚ and is ~21.8 μm long, while the other two 

sides of the photomask were aligned to a different direction which resulted in θ = ~48˚ and 

are ~14.3 μm long. A stir bar was used to mix the TMAH and Triton X-100 solution, but 

no stir bar was utilized during the etch. 
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Fig. 2.4 shows three sets of SEM images in each of the three columns, 

corresponding to three different types of inverted Si micropyramids capable of being 

fabricated through utilizing TMAH anisotropic wet etching. The first column shows 30 μm 

pitch inverted Si micropyramids where the 25 μm photoresist square was aligned with the 

<110> crystalline directions, resulting in sidewall angles θ = 54.74˚, a square cross-section, 

and nanometer scale tips. Whether Triton X-100 was utilized or not in this instance, the 

resulting structures would maintain a comparable geometry due to the differences between 

convex and concave undercutting with TMAH [173, 174]. The second column shows 30 

μm pitch inverted Si micropyramids where the 25 μm photoresist square was aligned with 

the <100> crystalline directions, resulting in sidewall angles θ = 45˚, a square cross-section, 

and 14.7 μm small base size. Triton X-100 was utilized during this wet etch. 

Lastly, the third column in Fig. 2.4 shows inverted triangular micropyramids with 

different sidewall angles and lengths. One side of the equilateral triangular photomask was 

aligned to the <110> crystalline direction which resulted in a sidewall angle θ = 54.74˚ and 

is ~21.8 μm long, while the other two sides of the photomask were aligned to a different 

direction which resulted in sidewall angles θ = ~48˚ and are ~14.3 μm long. The utilization 

of Triton X-100 enabled all three sides to be etched, resulting in the fabrication of the 

displayed inverted triangular Si micropyramid array. However, if Triton X-100 had not 

been utilized, the two sides of the triangle not aligned with the <110> direction would have 

experienced significant undercutting during the TMAH etching process, leading to the 

formation of horizontal trenches parallel to the <110> crystalline direction. 

These last three arrays illustrate the essential role of Triton X-100 in anisotropic 

wet etching mesophotonic structures that are not aligned with the <110> crystalline 



91 
 

directions. This technology not only facilitates the etching of various geometries, but also 

allows additional control over the geometry by adjusting the size of the photoresist pattern 

or changing the etching duration. In the case depicted in Fig. 2.2, precise control over the 

array geometry is enabled by the self-terminating nature of Si anisotropic wet etching. 

Here, the etching proceeds slowly along the (111) crystalline planes until they meet. At 

this stage, the etching speed significantly reduces because the undercutting of the SiO2 

mask is minimized by Triton X-100. Consequently, the sidewall angle is fixed at 54.74°, 

while the dimensions of the smaller base and the height of the truncated Si micropyramids 

are primarily determined by the size of the SiO2 mask. 

 

Figure 2.5. Series of confocal microscope images illustrating the ability to precisely control 

the geometry of the fabricated structures. The shown example is for 30 μm pitch truncated 

Si micropyramids with 54.74˚ sidewall angles. (a-k) Truncated Si micropyramid’s small 

base size equal to 20.0, 18.1, 15.8, 13.5, 12.1, 10.9, 9.1, 8.4, 5.6, 3.3, and 1.0 μm 

respectively. (l) Si micropyramid with nanometer scale top. This fabrication control can be 

generalized to other mesophotonic structures. A stir bar was used to mix the TMAH and 

Triton X-100 solution, but no stir bar was utilized during the etch. 
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The ability to control the geometry of Si mesoscale structure can be seen with the 

example in Fig. 2.5, where twelve square cross-section truncated Si micropyramids with 

sidewall angles θ = 54.74˚ are shown in the confocal images. By systematically reducing 

the size of the original square photoresist patterns with a consistent 30 μm pitch, variations 

in the geometry of the truncated Si micropyramids were achieved through a two fabrication 

cycles with two Si wafers. This is possible due to the self-terminating nature of the 

anisotropic wet etch process. Fig. 2.5(a-l) illustrates that as the size of the photoresist 

pattern decreases, the corresponding size of the truncated Si micropyramid's small base 

reduces while simultaneously the micropyramid’s height increases, showcasing the range 

of achievable geometrical variations. These structures are reproducible, and etching with 

TMAH allows for precise geometry control under well specified etching conditions. 

 

2.4. TMAH with Triton X-100: Utilization Considerations 

 

From an application perspective, three key etching parameters can be used to 

describe any etchant: the etching rate, the surface morphology, and the corner undercutting. 

All three of these parameters are affected by the addition of Triton X-100 to TMAH. Triton 

X-100 is chosen as the added surfactant due to its nonionic nature, which preserves the 

CMOS compatibility necessary for fabricating monolithically integrated photodetector 

FPAs [157]. Additionally, Triton X-100 stays a liquid at room temperature, which enables 

easy measuring of the small quantities added to the TMAH bath. 

The extent of undercutting differs between pure 25% TMAH and 25% TMAH with 

added 0.1% v/v Triton X-100, where the undercutting rate is drastically less when Triton 

X-100 is included. Geometries with sharp convex corners experience more undercutting 
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because of the appearance of high-index planes. The addition of a small amount of Triton 

X-100 to 25% TMAH significantly changes its etching characteristics, particularly 

regarding undercutting at convex corners and straight edges aligned to other crystalline 

directions besides the <110> direction on the (100) wafer’s top surface [173, 174]. The 

addition of Triton X-100 drastically reduces the etch rate of orientations near the (110) 

planes, like the (221), (331), or (441) planes, while having minimal impact the etch rate of 

orientations near the (100) planes, like the (211), (311), and (411) planes [173, 174, 314]. 

Furthermore, the etch rate of the (100) Si plane remains nearly identical in both pure 

TMAH and TMAH with Triton X-100, while the (110) plane etch rate decreases 

substantially and becomes smoother in TMAH with Triton X-100. Additionally, 0.1% v/v 

Triton X-100 doesn’t remarkably affect the morphology of the (100) Si plane. These 

etching properties enable a world of mesophotonic arrays capable of being fabricated in Si, 

all with CMOS compatibility. 

However, as mentioned in section 2.2, the Triton X-100 quantity added to the 

TMAH was increased from 0.1% v/v to 0.2 - 0.3% v/v, in order to compensate for longer 

etching times because water would evaporate and subsequently the TMAH concentration 

would increase. Fig. 2.6 depicts the undercutting that occurred with 0.3% v/v Triton X-100. 

A series of confocal microscope images show the undercutting of a 100 nm thick thermal 

SiO2 square mask layer, represented by the white squares on top of the truncated Si 

micropyramids. These micropyramids were fabricated using 25% TMAH with 0.3% v/v 

Triton X-100 at 80° C and etched for 50 minutes. The TMAH and Triton X-100 solution 

was mixed with a stir bar, but no stirring was performed during the etch. Convex 

undercutting is typically described using the undercutting ratio along the <110> crystalline 
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direction. The calculated undercutting ratio l/d along the <110> direction was ~0.29, where 

l represents the undercutting distance along the <110> direction of the SiO2 mask as seen 

in Fig. 2.6(c), and d is the total etch depth. For 0.1% v/v Triton X-100 added to 25% TMAH 

heated to 80° C, the undercutting ratio in literature is ~0.30. For 1.0% v/v Triton X-100 

added to 25% TMAH heated to 80° C, the undercutting ratio is ~0.27 [314]. Since the 

undercutting ratio calculated in this work is ~0.29, this indicates that increasing the Triton 

X-100 concentration from 0.1% v/v to 0.3% v/v does not significantly improve the 

undercutting ratio. The etching still resulted in large scale uniform arrays at 0.2-0.3% v/v, 

but at 0.3% v/v and above, surface defects were observed on the mesophotonic arrays after 

anisotropic wet etching. 

 

Figure 2.6. Series of confocal microscope images depicting the undercutting of a 100 nm 

thick thermal SiO2 square mask layer, represented by the white squares located atop the 

truncated Si micropyramids. The truncated Si micropyramids were fabricated through 

anisotropic wet etching with 25% TMAH and 0.3% v/v Triton X-100 for 50 minutes at 

80°C. A stir bar was used to mix the TMAH and Triton X-100 solution, but no stir bar was 

utilized during the etch. The calculated undercutting ratio l/d of the <110> direction was 

~0.29 l/d, where l is the undercutting along the <110> direction of the SiO2 mask, and d is 

the total depth of the etch [314]. (a-d) Undercutting of 30 µm pitch truncated Si 

micropyramids. (e, f) Undercutting of 15 µm pitch truncated Si micropyramids. 



95 
 

 

Figure 2.7. (a-f) Series of confocal microscope images depicting the surface deformations 

that develop if too much Triton X-100 is added to a 25% TMAH etch at 80° C for 50 

minutes. The surface topology is seen in the plots below the images in (d-f), located along 

the red dotted line. Here, 0.4% v/v Triton X-100 was added to the etchant bath, as seen in 

Fig. 1.21. A stir bar was used to mix the TMAH and Triton X-100 solution, but no stir bar 

was utilized during the etch. 

 

The uniformity of the surface morphology is impacted when using higher 

concentrations of Triton X-100, such as 0.3 % v/v or 0.4% v/v, when fabricating truncated 

Si micropyramid arrays. Both the number and size of these surface morphology defects 

were rather small when using 0.3% v/v Triton X-100, but both the quantity and the area of 

these defects increased substantially when utilizing 0.4% v/v Triton X-100. A few confocal 

images from a sample anisotropically wet etched with 25% TMAH and 0.4% v/v Triton 

X-100 at 80° C are shown in Fig. 2.7. It appears that regions of the (100) Si wafer had 

Triton X-100 bubbles attached to the Si surface at some point during the etch, after the 
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anisotropic wet etching already began, which prevented the TMAH from reaching the Si 

and therefore interrupted the Si etching. This can be seen over large areas in Fig. 2.7(a-c). 

The surface topology near Si micropyramids are shown in the plots below the confocal 

images in Fig. 2.7(d-f), along the red dotted line. In this case, the 0.4% v/v Triton X-100 

prevented upwards of 10.5 µm of Si from being etched in certain areas, as seen in Fig. 

2.7(d), significantly impacting the uniformity of the fabricated arrays. 

To reiterate, all the wafers etched in this dissertation were etched horizontally and 

upside-down in the TMAH solution. This was done to limit how much Triton X-100 settles 

on the Si wafer’s surface, but could potentially be one of the reasons why these defects 

occurred. It may be worth placing the wafers vertically in the TMAH bath, which then 

necessitates significantly more TMAH to be used for each etch. As we were trying to be 

conservative with our TMAH usage, the wafers were etched horizontally and upside-down. 

Regardless, utilization of more than 0.1 - 0.2% v/v Triton X-100 does not improve etching 

characteristics and in fact hinders the overall etch uniformity and surface morphology. 

The extent of undercutting varies significantly between pure 25% TMAH and 25% 

TMAH with the addition of Triton X-100, with the latter showing a drastically reduced 

undercutting rate. Triton X-100 was selected as the surfactant due to its nonionic nature, 

maintaining IC compatibility essential for fabricating monolithically integrated 

photodetector FPAs [157]. 

 

2.5. Conclusions 

 

Anisotropic wet etching with 25% TMAH has proven to be a versatile tool, 

facilitating the large-scale fabrication of various mesophotonic structures in Si. The 
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fabrication process highlighted several advantages of Si anisotropic wet etching for 

creating 3-D light-concentrating mesophotonic structures with applications in Si photonics: 

a) the ability to rapidly produce large-scale arrays of normal or inverted micropyramids 

simultaneously, b) control over the sidewall angle of light concentrators based on mask 

orientation for arrays on a (100) wafer, and c) smooth sidewall surfaces at 54.74˚ angles, 

reducing scattering losses for optical applications. Si anisotropic wet etching is an ideal 

technique for the rapid and cost-effective fabrication of light-concentrators. In this chapter, 

it was demonstrated that this technology enables precise control over the geometry of 

fabricated light-concentrating structures, achieving astonishing uniformity across entire Si 

wafers. This uniformity is attributed to the self-terminating nature of the etching process, 

which occurs when two (111) planes converge within a 3-D structure when Triton X-100 

is used to slow down the SiO2 pattern undercutting rate. This combination of properties is 

highly attractive for developing detector and emitter applications in Si photonics. 

Although anisotropic wet etching of Si is extensively studied by the MEMS 

community, the self-terminating nature of the etching process has not received sufficient 

attention in previous research. It is this property that enables the creation of truncated Si 

micropyramid arrays with smooth surfaces and highly uniform characteristics, making 

them ideal for integration with detector and emitter arrays in optoelectronics applications. 

Various methods to control the geometry of micropyramidal arrays were explored, 

particularly focusing on (100) wafers etched by TMAH with added Triton X-100 as a 

surfactant. The optimal control of the final structures' shape is achieved by aligning the 

photoresist patterns parallel to the <110> crystalline directions on (100) wafers and using 

Triton X-100. This approach results in the formation of exceptionally uniform arrays of Si 
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micropyramids or microvoids, which can be produced within minutes. These arrays exhibit 

perfect periodicity, geometry reproducibility, and nearly atomically smooth surfaces—

qualities that, to the best of our knowledge, are unattainable with any other technology. 
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CHAPTER 3: NUMERICAL MODELING THE OPTICAL PROPERTIES OF 

SI MICROPYRAMID ARRAYS 

 

3.1. Introduction 

 

In this dissertation, methods to enhance IR photodetector FPAs by integrating them 

with truncated Si micropyramidal arrays are explored. Reducing the dimensions of the 

photodetectors decreases the dark current, and the light collection efficiency can be 

improved using light-concentrating structures such as truncated Si micropyramids placed 

over individual pixels. These structures allow light to be collected from a larger area and 

concentrated into a much smaller area, which can be aligned with the photodetector's mesa 

to maintain or enhance the SNR. Since the dark current noise increases with thermal energy, 

the operating temperature can be increased if the SNR is maintained through shrinking the 

detectors in the FPA and integrating them with a light-concentrating structure, thereby 

enabling the operating temperature of FPAs to be increased. In fact, similar concepts for 

enhancing the SNR have been proposed with the integration of integrated microlenses [17-

19, 34-36], microspheres [20-22, 51, 52, 66, 89, 114], and metalenses [12-16]. 

The focus of this chapter is on utilizing 3-D FDTD simulations to study the optical 

properties of truncated Si micropyramids in photodetector and emitter applications. 

Extremely efficient front-illuminated photodetector FPAs can be heterogeneously 

integrated with truncated Si micropyramids by bringing the micropyramids into contact 

with the photodetector mesas. The advantage of heterogeneous integration with the 
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truncated Si micropyramids is that FPAs can be fabricated from detector materials with 

large absorption in the MWIR, like HgCdTe [4]. On the other hand, FPAs monolithically 

integrated with truncated Si micropyramids can be achieved by fabricating p-i-n or 

Schottky barrier photodiodes directly on top of specific individual micropyramids [94-99, 

102-104, 363]. The latter approach can be implemented in a back-illuminated configuration, 

facilitating straightforward integration with a ROIC. As demonstrated in this research, 

monolithic integration with truncated Si micropyramids can address the longstanding issue 

of limited quantum efficiency in Si-based photon detectors in the MWIR spectrum. 

The monolithic integration of Si micropyramid arrays with SWIR FPAs has been 

explored previously, utilizing nanoplasmonic effects for large signal enhancement, where 

arrays of Si micropyramids [23] or inverted Si micropyramids [24] were coated with metal 

to form a Schottky barrier photodiode. Enhanced photoresponses were observed in both 

cases. However, the operational mechanisms of these Si micropyramid arrays are quite 

complex, involving nonlinear processes occurring in the nanoscale regions near the tips of 

the micropyramids. Ensuring a uniform response across all pixels can be challenging in 

this scenario. In this work, the strategy for addressing this issue depends primarily on 

utilizing the dielectric properties of truncated Si micropyramids [25, 94-100, 102-104, 109, 

110, 363]. Truncated Si micropyramid arrays are expected to offer a more uniform 

photoresponse across all pixels. Importantly, these truncated Si micropyramid arrays can 

significantly enhance the efficiency of MWIR photon detection applications compared to 

Schottky barrier photodiodes with flat photodetector mesas [5, 44, 363]. This enhancement 

is achievable through collecting photons over a broader area, increasing the path length of 

light within the photodetector regions, and resonantly trapping photons [25]. 
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In this chapter, applications stemming from the unique optical properties of 

anisotropically wet etched truncated Si micropyramids are investigated in the mesoscale 

regime by using Ansys/Lumerical’s 3-D FDTD numerical modeling software. The term 

mesoscale refers to objects, such as micropyramids, with geometric dimensions 

comparable to the incident wavelength of light. These objects exhibit varying optical 

properties through light-matter interactions as their geometry changes. When the truncated 

Si micropyramids are much larger than the wavelength of light, their properties align with 

the well-understood principles of geometrical optics. However, the diverse properties of 

mesoscale objects offer a wide range of applications. In this work, the focus is on exploring 

the optical characteristics and potential uses of Si micropyramidal structures with 

mesoscale dimensions. 

It has been demonstrated that, contingent on the light’s propagation direction, these 

truncated Si micropyramidal arrays can serve either for integration with MWIR FPAs in 

photon detection applications or for enhancing the extraction efficiency and directionality 

of IR photon emitters implanted in high refractive index slabs. The optimization of the 

truncated Si micropyramid geometry for various optoelectronics applications was guided 

by 3-D FDTD numerical modeling simulations. 

For photon detection applications, the optimization focused on achieving maximum 

power or intensity enhancement factors offered by truncated Si micropyramids compared 

to flat mesas. The ability of truncated Si micropyramids to concentrate light results from 

reflections facilitated by their sidewalls, a property known as non-imaging light 

concentration, which differentiates them from the focusing effects of lenses. This light-

concentration ability is typically non-resonant, but the optical properties of a truncated Si 
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micropyramidal array can also lead to various interference effects, treating the array as a 

transmission grating. The optical properties of mesoscale structures depend on their 

geometry, and the properties of truncated Si micropyramids have been relatively unstudied. 

From an application development perspective, mesoscale structures of this nature hold 

considerable promise and appeal. 

For IR photon emitters applications, it is shown that the extraction efficiency and 

directionality of emissions from point sources embedded in truncated Si micropyramids 

can be significantly enhanced compared to flat mesas. This property enables the integration 

of such arrays with infrared scene projectors (IRSPs) [308, 315, 363]. Additionally, they 

can improve the extraction efficiency of single-photon sources created in Si slabs using 

focused ion beams [316, 363]. 

Chapter 3 focuses on the optical characteristics of these truncated Si micropyramid 

arrays. Section 3.2 explores the impact of various boundary conditions (BCs) on the 3-D 

FDTD numerical modeling of the optical properties of the aforementioned structures. 

Periodic BCs are utilized to numerically model Talbot images that appear from the 

diffraction and interference effects within truncated Si micropyramid arrays. On the other 

hand, perfectly matched layer (PML) BCs are employed to simulate the light-concentrating 

ability of individual truncated Si micropyramids. In section 3.3, the experimental findings 

on Talbot images generated by truncated Si micropyramidal arrays are discussed and 

juxtaposed with 3-D FDTD numerical modeling simulation results. Section 3.4 focuses on 

the numerical modeling investigation of photonic jets created by mesoscale truncated Si 

micropyramids, which are pivotal for integrating with MWIR and LWIR FPAs. In section 

3.5, the utility of truncated Si micropyramids in enhancing the extraction efficiency and 
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emission direction of embedded dipole sources are demonstrated. This capability opens up 

applications for improving the efficiency of extracting single photons from quantum 

sources within Si slabs and enhancing the directionality of IRSPs. The findings of this 

research are summarized in section 3.6. 

This research demonstrates that truncated Si micropyramidal photonics provides a 

versatile optoelectronic platform capable of enhancing the SNR and increasing the 

operational temperature of MWIR FPAs. First, the role of different types of BCs in 3-D 

FDTD numerical modeling simulations are examined to represent various experimental 

scenarios and applications of these truncated Si micropyramid arrays. 

 

3.2. Role of the Boundary Conditions in 3-D FDTD Numerical Modeling 

 

The BCs utilized when creating a simulation significantly impact what kind of 

results will be obtained. For example, the optical properties of an array of truncated Si 

micropyramids was studied utilizing periodic BCs, and interference effects are observable 

when illuminated by a coherent source. Additionally, the optical properties of a single 

truncated Si micropyramid was studied by utilizing perfectly matched layer (PML) BCs 

and exhibited light-concentrating behavior similar to photonic nanojets. These two BCs are 

shown in Fig. 3.1. 

Periodic BCs, as seen in Fig. 3.1(a), are represented by the plane wave illumination 

of periodic arrays. While this is not directly related to the imaging applications of such 

light-concentrating arrays integrated with FPAs, it can be used to observe the diffraction 

and interference properties of the fabricated structures. 
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Figure 3.1. 3-D FDTD numerical modeling simulations. Two methodologies for accessing 

different optical properties of periodic arrays under plane wave illumination at λ = 3, 4, and 

5 μm based on two types of BCs: (a) perfectly matched layer BCs at the left and right most 

plane of the simulation region, and periodic BCs on the four z-planes of the simulation 

region, describing grating-type diffraction and interference effects leading to the formation 

of the Talbot images at further distances from the truncated Si micropyramids, and (b) 

perfectly matched layer BCs on all six planes of the simulation region, describing the 

concentration of light and the formation of photonic jets close to the truncated Si 

micropyramids. Both (a) and (b) display electromagnetic (EM) field distributions 

calculated at normal incidence on truncated Si micropyramids with refractive index n = 

3.43. The truncated Si micropyramids shown have the same small base size, DS = 5 μm, 

and same large base size DL = 15 μm. 

 

To incorporate properties influenced by the array periodicity in the 3-D FDTD 

numerical modeling simulations, periodic BCs were used along the four z-planes of the 

simulation region, instead of PML BCs, as shown in Fig. 3.1(a). In the simulations carried 

out in this study, the period matches the size of the large base of the truncated Si 

micropyramid,  = DL. The electromagnetic (EM) field distributions were calculated at 

much longer distances compared to Fig. 3.1(b) to reveal patterns of periodic maxima along 

the z-axis, which are shown in Fig. 3.2 and Fig. 3.3. The results for different wavelengths 

λ = 3, 4, and 5 μm, are depicted by EM field maps along the three rows of Fig. 3.1(a). In 

all three cases, the size of the small base is DS = 5 μm and the size of the large base is DL 

= 15 μm. More detailed numerical modeling results in this case are presented in section 3.3. 



105 
 

PML BCs enable us to numerically model the primary intended application of these 

truncated Si micropyramid arrays, which involves the focusing or light-concentrating 

capabilities of individual truncated Si micropyramids optically coupled to MWIR 

photodetectors. In this application, the image is projected onto the entire array using an 

incoherent structured beam. Interference between adjacent pixels is typically regarded as 

an undesirable factor in this application. The optical characteristics of individual truncated 

Si micropyramids can be comprehended through the formation of tightly concentrated 

beams, analogous to photonic nanojets generated by dielectric microspheres [56, 57]. 

Fig. 3.1(b) illustrates the 3-D FDTD simulation configuration, where the plane 

wave source was embedded in the Si wafer with truncated Si micropyramids positioned on 

the right surface of the wafer. The width of the simulation region along the vertical x-axis 

was equal to the large base of the truncated Si micropyramid, DL. To assess the optical 

characteristics of individual truncated Si micropyramids rather than the collective 

properties influenced by diffraction and interference within periodic arrays, PML BCs 

along all boundaries of the simulation region were utilized. These conditions enable optical 

power to exit the computational domain without reflection. By using femtosecond pulses, 

a sufficiently long calculation time ensured nearly complete decay of the stored energy 

within the simulation region, leading to convergence of the results. The calculations of 

photonic jets produced by truncated Si micropyramids for different wavelengths λ = 3, 4, 

and 5 μm, are illustrated by EM field maps along the three different rows of Fig. 3.1(b). In 

all three cases, the size of the small base is DS = 5 μm and the size of the large base is DL 

= 15 μm. More detailed numerical modeling results for this case are presented in section 

3.4. 
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3.3. Periodic BCs: Talbot Effect 

 

Diffraction and interference phenomena arise from the wave nature of light, and an 

example of this effect is seen in diffraction gratings. Each diffraction order propagates at a 

specific angle and can interfere with other orders while propagating along the optical axis. 

This coherent interference effect leads to the generation of self-images, and was originally 

discovered by Talbot in 1836, which was later deemed the Talbot effect [115]. These self-

images also follow a periodic pattern along the optical axis, where an analytical description 

was derived by Rayleigh in 1881 in order to define the Talbot length as the separation 

distance between these self-images [116]. 

The Talbot length is defined by equation (1): 

 

𝑧𝑇(𝑚) =

𝑚𝜆
𝑛

1 − √1 − (
𝜆
𝑛𝛬
)
2

 

 

(1) 

where zT is the Talbot length of order m (where the mth Talbot image is located), λ is the 

wavelength of light, n is the index of refraction of the propagating medium, and Λ is the 

period of the diffraction grating. If the wavelength of the coherent light source or the period 

of the diffraction grating varies, the Talbot length changes. Fig. 1.16(a) shows the Talbot 

effect, with sequential Talbot lengths zT labeled. The planes positioned at a distance equal 

to the Talbot length from the grating are commonly referred to as Talbot planes. In the 

results shown in this work, the Talbot length equation can be simplified because the 

propagating medium is only air, and n = 1. Therefore, equation (1) becomes: 

 
𝑧𝑇(𝑚) =

𝑚𝜆

1 − √1 − (
𝜆
𝛬)

2
 

 

. (2) 
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The theory of the Talbot effect is based on applying the Fresnel-Kirchhoff equation 

to a plane periodic object under coherent monochromatic light illumination [317, 318]. 

Recent advancements include the fabrication of 3-D structures [145], application of 

fractional extreme ultraviolet Talbot lithography [140], generalized Talbot imaging [147], 

and the study of phase anomalies [142, 143]. The Talbot effect description can be 

simplified if the periodic object has a weak phase or amplitude variation, as it can then be 

understood in terms of the interference of the 0th and ±1st diffraction orders [142, 143]. 

In this dissertation, the Talbot effect resulting from truncated Si micropyramids that 

were illuminated by coherent MWIR light were discussed. Since truncated Si 

micropyramids consist of a unique 3-D geometry, the resulting Talbot images contain 

harmonic distortions due to the superimposed spatial harmonics [146]. This effect depends 

on the period of the truncated Si micropyramid arrays, as well as their relative heights to 

the wavelength of light. These mesoscale objects are rather complex and require numerical 

methods to understand these properties. However, it is important to note that high-index 

objects with a 3-D pyramid geometry, as shown in Fig. 3.2, differ substantially from planar 

periodic objects with weak index modulation. The theory of the Talbot effect generated by 

periodic structures with a pronounced 3-D geometry requires a rigorous electromagnetic 

approach based on solving Maxwell's equations. This has previously been accomplished 

either by using FDTD numerical modeling simulations for arrays of microspheres [145], 

or by employing coupled wave analysis for conical void array in a phase mask [144]. 
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Figure 3.2. 3-D FDTD numerical modeling simulations to demonstrate the impact 

truncated Si micropyramid height has on the Talbot effect. EM field distributions 

calculated at normal incidence for truncated Si micropyramids with index n = 3.43 at λ = 

2.94 μm. Three different truncated Si micropyramids depicted in the three rows all have 

the same small base size, DS = 4 μm, and different large base size, DL = 5, 8, and 11 μm, 

respectively. PML BCs along the x-direction and periodic BCs along z-directions describe 

grating-type diffraction and interference effects leading to the formation of the Talbot 

images at further distances from the truncated Si micropyramids [363]. 

 

The EM field distributions were calculated at much longer distances in Fig. 3.2 

compared to Fig. 3.1 to reveal patterns of periodic maxima along the z-axis. The results for 

different periods  = DL = 5, 8, 11 μm, are shown by different EM field maps illustrated in 

the three different rows of Fig. 3.2. In all three cases, the small base size was DS = 4 μm. 

From a geometrical perspective, the results depicted in Fig. 3.2 illustrate a progression from 

truncated Si micropyramids with a small height of 0.7 μm (top row) to increasingly taller 

truncated Si micropyramids with heights of 2.8 μm (middle row) and 5.0 μm (bottom row). 

Although there is extensive literature on the Talbot effect for thin gratings [147, 317, 318], 
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there are very limited results available for periodic arrays composed of complex 3-D 

geometries. 

It is observed that shallow truncated Si micropyramids with modest heights behave 

similarly to classical sinusoidal gratings, generating long sequences of Talbot images with 

a period of zT = 15.4 μm, described by Eq. (2) with  = 5 μm and λ = 2.94 μm. However, 

for taller truncated Si micropyramids with a more pronounced 3-D geometry, the situation 

becomes more complex. Each peak splits into several narrower peaks inside an envelope. 

The centers of the envelope functions are still separated by the Talbot length zT, which 

equals 42.0 μm and 80.8 μm in the middle and bottom rows, as expected by Eq. (2). 

Nevertheless, the number of split components within each envelope increases for truncated 

Si micropyramids with a more substantial 3-D geometry. This splitting of components can 

be attributed to the increased vertical extension of the truncated Si micropyramids, 

indicating that multiple Fourier components contribute to the formation of these patterns. 

Furthermore, the Talbot effect was experimentally investigated for truncated Si 

micropyramidal arrays with DS = 16.5 μm and DL = 30 μm, and the findings were compared 

to numerical modeling simulations. Experimental measurements were conducted using the 

setup illustrated in Fig. 3.3(a). The backside of the Si wafer was illuminated with an 

Er:YAG laser at λ = 2.94 μm that was focused to ~0.5 mm spot size on the truncated Si 

micropyramidal array with a CaF2 lens of focal length f = 12.7 mm. Because the incident 

light cone has a small angle (<4°), this type of illumination can be regarded as quasi-plane 

wave, similar to the plane wave illumination used in the numerical modeling simulation. 

The light subsequently propagated through the wafer, scattering in various directions as it 

interacted with the truncated Si micropyramids, resulting in a pattern of Talbot images 
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caused by constructive and destructive interference effects. Cross-sectional intensity 

distributions were captured using a MWIR Spiricon beam profilometer with a Ge IR lens 

of focal length f = 12.7 mm, as depicted schematically in Fig. 3.3(a). The IR lens was 

moved along the optical axis z with micrometer precision to capture magnified images of 

various cross-sections of the 3-D pattern of Talbot images. 

 

Figure 3.3. Experimental study of Talbot effect and comparison with a 3-D FDTD 

numerical modeling simulation. (a) Experimental setup where imaging of intensity 

distributions at different distances z from the tops of the truncated Si micropyramids was 

provided by a Ge IR lens with f = 12.7 mm attached to a micrometer translation stage. The 

illumination was provided with an Er:YAG laser at wavelength λ = 2.94 μm and the Talbot 

images were captured by a MWIR Spiricon beam profiler. (b) Typical examples of 

experimental Talbot self-images belonging to the “Talbot Length” subset obtained at 

distances zT(m) and the “Half Talbot Length” subset obtained at distances zT(m + 0.5) where 

m = 0, 1, 2, …, etc., respectively. In the cross-sectional xy planes, the peaks in the “Talbot 

Length” subset are aligned with the truncated Si micropyramids whereas the peaks in the 

“Half Talbot Length” occupy positions between the truncated Si micropyramids. (c) EM 

field distribution numerically modeled along the propagation direction in a plane passing 

through centers of the truncated Si micropyramids which illustrate properties of the “Talbot 

Length” subset. (d) Experimentally determined positions of the self-imaging Talbot planes 

and relative intensities of the peaks in these Talbot planes depicted by grey and red bars 

for the “Talbot Length” and “Half Talbot Length” subsets, respectively [363]. 
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The study uncovered two distinct subsets of imaging planes (xy) exhibiting well-

defined interference maxima, separated by the Talbot length of zT = 610.8 μm for a specific 

period of  = DL = 30 μm. Examples of typical Talbot images representing each subset are 

shown in Fig. 3.3(b), labeled as "Talbot Length" and "Half Talbot Length". The Spiricon 

camera images belonging to the "Talbot Length" subset are aligned with the truncated Si 

micropyramids’ small base DS in their respective cross-sectional xy planes. The locations 

of the focusing planes, depicting well-defined Talbot self-images and their corresponding 

intensities, are represented by grey bars in Fig. 3.3(d). These planes are observed not only 

in front of the structures (z > 0) but also deeper into the Si substrate (z < 0). The maximum 

intensity of the peaks (tallest grey bar) is observed near the tops of the truncated Si 

micropyramids (z ≈ 0), and the intensity of the corresponding Talbot self-images gradually 

diminishes for grey bars representing Talbot imaging planes located further away from this 

plane. Moreover, at half the Talbot length, another set of images occurs, labeled as "Half 

Talbot Length" in Fig. 3.3(b). These Talbot images are phase-shifted by half a period, 

meaning that in the corresponding cross-sectional xy plane, the maxima occupy positions 

between the truncated Si micropyramids. The positions of these planes, along with their 

respective intensities, are denoted by red bars in Fig. 3.3(d). 

 The 3-D FDTD numerical modeling simulation was completed for a comparable 

truncated Si micropyramid array with 54.74˚ sidewall angles, refractive index n = 3.43, DS 

= 16.5 μm, and DL = 30 μm, to facilitate comparison with experimental observations. 

Periodic BCs were applied to this simulation as shown in Fig. 3.1(a), where plane wave 

illumination of λ = 2.94 was incident onto the backside of a 500 μm thick Si wafer, where 
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the truncated Si micropyramidal structures are positioned on the opposing surface, as 

illustrated in Fig. 3.3(c). 

The 3-D FDTD numerical modeling simulation results accurately replicate the 

characteristics of Talbot images observed experimentally. The distances zT(m) of the Talbot 

self-imaging planes labeled “Talbot Length” in Fig. 3.3(b) and the distances zT(m + 0.5) of 

the self-imaging planes labeled “Half Talbot Length” in Fig. 3.3(b) where m = 0, 1, 2, …, 

etc., were found to be in very good agreement with the experimental results, represented 

by the grey and red bars in Fig. 3.3(d), respectively. In a more detailed way this is seen in 

Figs. 3.3(c) where the calculated EM field distributions are represented along the z-axis 

propagation direction. 

Fig. 3.3(c) depicts such EM field distribution in the xz-plane passing through the 

centers of the truncated Si micropyramids. It demonstrates that each peak contains multiple 

split components determined by the complicated Fourier spectrum of a truncated Si 

micropyramidal array with a pronounced 3-D geometry. However, the corresponding 

envelope functions of the split components correlate well with the experimental peak 

positions indicated by the grey bars in Fig. 3.3(d). This correlation is furthermore illustrated 

by golden arrows connecting different peaks in Figs. 3.3(c, d). Due to a limited axial 

resolution of the experimental setup, the fine axial structure of the Talbot self-imaging were 

not resolved. The calculated peaks are located in front (z > 0) of the structures, as well as 

inside it (z < 0), in agreement with the experiment. The xy plane FWHM of the calculated 

peaks are found to be smaller than that for the experimentally observed Talbot self-images 

which can be explained by a limited lateral resolution of the imaging setup, as well as by 

some contribution of the incoherent scattering processes. 
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3.4. Perfectly Matched Layer BCs: Photonic Jets for Photodetector Applications 

 

While the Talbot effect is useful for the optical characterization of fabricated 

structures and the development of 3-D nanolithography, the primary application of 

truncated Si micropyramidal arrays lies in their light-concentrating capability, where 

individual truncated Si micropyramids are optically coupled to photodetectors. As depicted 

in Fig. 3.1(b), these properties can be numerically modeled when utilizing PML BCs such 

that the simulation region is enclosed by fully absorbing layers on all sides. These BCs 

exclude the transmission grating properties arising from the periodicity of the truncated Si 

micropyramidal arrays, but they permit the examination of the optical properties of 

individual truncated Si micropyramids as contact microlenses which concentrate light onto 

the individual pixels of photodetector FPAs. It has long been known that tightly 

concentrated beams, known as photonic nanojets, can be produced not only by dielectric 

microspheres [57, 90],  but also by mesoscale particles with various shapes, such as disks 

[81], hemispheres [319],  toroids [320], cubes [321], and axicons [56, 70, 85, 88]. 

The formation of photonic nanojets involves an intricate interplay between 

diffracted and scattered fields, influenced by the interference of light waves transmitted 

through and refracted by the photonic nanojet creating particle. Because of the multifaceted 

characteristics of the photonic nanojet phenomenon, customizing their properties are 

essential for maximizing their utility in each application. Given the mesoscale nature of 

photonic nanojets, optimization must be conducted for every application to determine the 

optimal combination of parameters including the index of refraction and geometry of the 

photonic nanojet emitting particle, and the illumination conditions necessary to yield the 

most effective results for that particular application. 
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In this dissertation, optimization for truncated Si micropyramids were performed in 

order to find the conditions necessary to maximize the photoresponse of MWIR FPAs used 

in imaging devices such as IR cameras [25, 94-114, 363]. It is important to note that direct 

comparison between focusing and imaging is typically not feasible with such light-

concentrating objects. The reciprocity principle in optics forms the foundation for such 

comparisons, which is only applicable to identical optical modes. When different optical 

modes govern the light-concentrating and imaging properties, the reciprocity principle 

cannot be utilized. These mesoscale objects are rather complex and require numerical 

methods to understand these properties. 

It can be proposed that in mesoscale particles with characteristic dimensions on the 

order of several wavelengths, such light-concentrating properties should depend on the 

interference phenomena occurring within the microparticle. In this context, anisotropically 

wet etched truncated Si micropyramids serve as an opportune model system for researching 

these effects [94-104, 363], as the angle of the truncated Si micropyramids is fixed and 

their geometry is entirely determined by the dimensions of the small and large bases, DS 

and DL, respectively. 

As depicted in Figs. 3.4(a), 3.5(a), and 3.6(a) where λ = 3, 4, and 5 μm, respectively, 

a truncated Si micropyramid with refractive index n = 3.43 and sidewall angles of 54.74 

was illuminated with plane waves at normal incidence. The source of the plane waves, with 

wavelengths ranging from λ = 3-5 μm, was placed inside the bulk Si wafer to streamline 

and simplify the simulations. The primary characteristics of the concentrated light beam, 

specifically its FWHM at the narrowest waist, the distance (d) between the concentrated 

light’s most intense position and the smaller base DS of the truncated Si micropyramid, and 
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the concentrated light’s peak intensity enhancement factor (IEF). This latter parameter 

(peak IEF) is defined as the ratio of the intensity with a truncated Si micropyramid (Ipyramid) 

divided by the uniform intensity measured without a truncated Si micropyramid present 

(Iref), IEF = Ipyramid /Iref. Hence, the peak IEF represents a dimensionless value observed at 

the position of highest intensity of the concentrated light. For each data point, the field 

monitor was adjusted along z to capture the location of maximum intensity within the 

photonic jet. 

 

Figure 3.4. 3-D FDTD numerical modeling simulation study on the optical properties of 

truncated Si micropyramids at λ = 3 µm by utilizing perfectly matched layer BCs. (a) EM 

field map defining the parameters studied; specifically, the peak intensity enhancement 

factor (IEF), FWHM, and light concentration distance d of the photonic jets, as well as the 

truncated Si micropyramid’s large base size DL and small base size DS. In this EM field 

map, DL = 30 μm and DS = 10 μm. (b-d) Plots showing how the peak IEF, FWHM, and d 

of the photonic jets change depending on DL, and DS [363]. 
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Figure 3.5. 3-D FDTD numerical modeling simulation study on the optical properties of 

truncated Si micropyramids at λ = 4 µm by utilizing perfectly matched layer BCs. (a) EM 

field map defining the parameters studied; specifically, the peak intensity enhancement 

factor (IEF), FWHM, and light concentration distance d of the photonic jets, as well as the 

truncated Si micropyramid’s large base size DL and small base size DS. In this EM field 

map, DL = 30 μm and DS = 10 μm. (b-d) Plots showing how the peak IEF, FWHM, and d 

of the photonic jets change depending on DL, and DS [363]. 

 

The peak IEF, FWHM, and d were studied as a function of DS for λ = 3, 4, and 5 

μm, as depicted in Figs. 3.4(a), 3.5(a), and 3.6(a), respectively. The effect of the small base 

size DS of the truncated Si micropyramid on its light-concentrating ability was investigated 

for DS = 3 - 15 μm in the case of DL = 15 μm, shown in red, and for DS = 3 - 30 μm in the 

case of DL = 30 μm, shown in blue. Because the slope of the sidewall surface is fixed during 

the fabrication process, the height of these truncated Si micropyramids adjusts accordingly 

for different DS values. With fixed sidewall angles of 54.74, this indicates a transition 

from a slightly truncated Si micropyramidal geometry at DS = 3 μm to a geometry 

resembling a thin plane-parallel plate as DS approaches DL. 
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Figure 3.6. 3-D FDTD numerical modeling simulation study on the optical properties of 

truncated Si micropyramids at λ = 5 µm by utilizing perfectly matched layer BCs. (a) EM 

field map defining the parameters studied; specifically, the peak intensity enhancement 

factor (IEF), FWHM, and light concentration distance d of the photonic jets, as well as the 

truncated Si micropyramid’s large base size DL and small base size DS. In this EM field 

map, DL = 30 μm and DS = 10 μm. (b-d) Plots showing how the peak IEF, FWHM, and d 

of the photonic jets change depending on DL, and DS [363]. 

 

The concentration of light by mesoscale truncated Si micropyramids, as depicted 

in Figs. 3.4(a), 3.5(a), and 3.6(a), demonstrates the interference nature of this effect through 

its distinctive properties. The quasi-periodic dependency of the IEF, FWHM, and d on DS 

directly highlights the significant role interference effects plays on the light-concentrating 

ability of truncated Si micropyramids. This is further supported by how these periodic 

dependencies scale with the wavelength in the range of λ = 3-5 m. For shorter wavelengths 

of  = 3 m, all extrema depend solely on the DS values and coincide for DL = 30 and DL 

= 15 m. This indicates that only a portion of the truncated Si micropyramids immediately 

next to the small base DS is accountable for its light-concentrating properties of these 

truncated Si micropyramids. In contrast, for longer wavelengths of  = 5 m, the extrema 

of the blue curves representing the DL = 30 m case do not align with those of the red 
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curves representing the DL = 15 m case, indicating that both DS and DL values influence 

the light-concentrating properties of truncated Si micropyramids. 

Furthermore, sharper light-concentration with FWHM ~ 0.6λ can be achieved with 

taller truncated Si micropyramids that have a reduced small base size DS. This is a 

beneficial property for light-concentration onto smaller pixels of front-illuminated 

photodetectors FPAs. The quality of light-concentration diminishes with increased Si 

micropyramid truncation, where the FWHM reaches values in the range of ~ - 2. 

Conversely, the peak IEF increases with greater Si micropyramid truncation, achieving 

nearly an order of magnitude intensity enhancement. The maximum peak IEF of ~7.5 is 

observed at DS  13 μm for DL = 15 μm, and at DS  28 μm for DL = 30 μm. The minima 

of the FWHM coincide with the minima of d, indicating that sharper light-concentration 

occurs at closer separation distances to the truncated Si micropyramids. The correlation 

between the minima of the FWHM and peaks of the IEF is understood by energy 

conservation through the requirement that the total photon flux is conserved along the light 

propagation direction. 

In summary, integrating truncated Si micropyramidal arrays with photodetectors 

can offer numerous advantages in the MWIR and LWIR regimes through enhancing the 

SNR and operational temperature of imaging devices. The monolithic integration of these 

truncated Si micropyramids with photon detectors can be achieved in the back-illuminated 

configuration by fabricating p-i-n or Schottky barrier photodiodes, as well as 

photoconductors like PbSe directly on top of the small base DS of each individual truncated 

Si micropyramid [94-99, 102-104, 363]. Alternatively, these truncated Si micropyramidal 

arrays can be integrated heterogeneously with photon detectors that exhibit high SNR at 
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sufficiently elevated temperatures, such as HgCdTe based detection materials [4]. These 

monolithic or hybrid configurations are shown in Fig. 1.4 [1]. Recent innovations in 

photodetectors with thin absorbing layers include resonant grating-enhanced black 

phosphorus MWIR photodetectors [322], and avalanche photon-trapping photodiodes 

[323]. Another potential application of truncated Si micropyramidal arrays is their use as a 

photolithography tool for patterning photoresists with subwavelength resolution. 

Photopatterning over a large area can be achieved using truncated Si micropyramid arrays 

or by surface scanning with individual truncated Si micropyramidal microprobes. 

Achieving minimal spot sizes in this application requires optimizing the geometry of the 

truncated Si micropyramids, a task facilitated by employing PML BCs. 

 

3.5. Emitter Applications 

 

Truncated Si micropyramid arrays also have potential emitter applications by 

addressing the challenges related to light extraction and directionality of light sources 

embedded in materials with high refractive indices. Enhancing the efficiency of light-

emitting diodes (LEDs) involves addressing the challenge of light extraction. One solution 

to this problem is through utilizing solid immersion lenses (SILs), which are optically 

transparent truncated microspheres, brought into contact with the samples under 

investigation [324, 325]. This issue is also crucial for quantum light sources such as 

quantum dots, color centers, implanted defects, and single ions, where achieving maximum 

photon flux is essential for measuring correlation effects. This relates to the fact that 

refraction at the semiconductor-air interface diminishes the solid angle through which light 

can be extracted from the slab, resulting in less than 1% efficiency for a material with a 
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refractive index of n ≈ 3.5. The confinement of light within such a slab is depicted by the 

field profile and the far-field EM field distribution, as depicted in the 3-D FDTD numerical 

modeling simulations shown in Fig. 3.7(b, c). These 3-D FDTD numerical modeling 

simulations are conducted with a dipole source positioned 1 µm beneath the surface of the 

Si slab, oscillating perpendicularly to the specified cross-section at a wavelength of  = 3 

µm. 

 

Figure 3.7. 3-D FDTD numerical modeling simulation performed for a dipole source 

embedded at 1 m depth in a Si slab. Comparison of the light extraction and directionality 

of the dipole sources embedded in Si slabs for the following cases: (a-c) bare Si wafer and 

(d-f) dipole positioned close to the small base DS of the truncated Si micropyramid. The 

dipole source oscillates perpendicular to the xz plane at λ = 3 µm. The dimensions of the 

truncated Si micropyramid in (d-f) are DL = 15 μm and DS = 6.4 μm. Efficient coupling of 

the dipole’s emission into the truncated Si micropyramid is depicted by comparing EM 

field profiles portrayed in (b, e). An order of magnitude higher extraction efficiency was 

obtained in the case of using a truncated Si micropyramid, where a more structured far-

field emission profile is apparent by comparing the far-field EM field distributions shown 

in (c, f). 
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Several microstructures have been suggested to improve the extraction efficiency, 

such as nanowires [326, 327], micro-pillars [328, 329], dielectric resonators [330, 331], 

and photonic crystals [332, 333]. All these designs necessitate precise positioning of the 

quantum sources within the fabricated microstructures alongside spectral alignment of their 

emission peaks with the resonance peaks of the photonic environment. In this context, 

using a SIL with an index of refraction n matched to that of the slab is one of the most 

straightforward methods to enhance extraction efficiency from millimeter-scale areas of 

the sample [334, 335]. 

Si photonics plays a crucial role in quantum optics by enabling the monolithic 

integration of single-photon sources with quantum photonic ICs, thereby facilitating large-

scale integration [336]. Several components of these cryogenic photonic ICs are already 

developed, such as delay lines [337], detectors [338], phase shifters [339], and modulators 

[340]. Progress in this discipline relies on the accessibility of efficient single-photon 

sources. Recently, a variety of such emitters have been identified in commercial silicon-

on-insulator (SOI) wafers, including G centers with a wavelength of λG = 1278 nm [341], 

T centers [342], W centers [343], and other similar centers. Single W and G centers have 

been successfully fabricated in Si wafers through utilizing a focused ion beam with large 

probability [316]. Efficient extraction of single photons in such scenarios is crucial for 

harnessing quantum correlation effects. 

The inherent solution to this challenge is provided by a SIL, typically in the form 

of a Si hemisphere affixed to the Si slab. However, these micro-dielectric lenses with 3-D 

geometry cannot be fabricated using conventional nanofabrication methods. While 

standalone fabrication of such lenses is feasible through micromachining, it does not 
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address the issue of integrating them on a substantially large scale with quantum photonic 

ICs. Furthermore, the emission pattern extracted through a SIL exhibits broad directionality, 

which is suboptimal for such integration purposes. 

A straightforward and effective solution to this issue is by utilizing truncated silicon 

micropyramids as functional equivalents of hemispherical SILs. Anisotropic wet etching 

of Si enables the fabrication of truncated Si micropyramidal arrays at these aforementioned 

desired positions. The depicted geometry is exemplified by the results of 3-D FDTD 

numerical modeling simulations in Fig. 3.7(d-f). These numerical modeling simulations 

assume the dipole source is at the same position, 1 µm below the surface of the Si slab, as 

depicted in Fig. 3.7(a-c), and oscillating perpendicular to the specified cross-section at a 

wavelength of  = 3 µm. Although the dipole source in Fig. 3.7(d-f) is located outside the 

truncated Si micropyramid, similar outcomes can be achieved if the dipole sources are 

positioned inside the truncated Si micropyramid, particularly near its small base DS. This 

suggests that in practical scenarios where single photon sources are embedded within 

truncated Si micropyramids using a focused ion beam, the emission patterns would closely 

resemble those depicted in Fig. 3.7(d-f). 

The enhanced coupling of the dipole’s emission into the truncated Si micropyramid 

is evident from the comparison of the EM field profiles depicted in Fig. 3.7(b, e). A 

significant order of magnitude increase in the extraction efficiency is apparent when 

comparing the far-field emission polar plots depicted in Fig. 3.7(c, f). The emission pattern 

depicted in Fig. 3.7(f) exhibits a distinct modal structure when compared to Fig. 3.7(c). 

Additionally, the truncated Si micropyramid enhances the directionality of the extracted 

light, where the majority of the light is emitted within a 20° half-cone angle. Both the 
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improvements in extraction efficiency and directionality are crucial in the study of single 

photon sources in quantum optics. 

Another potential application of truncated Si micropyramidal arrays involves their 

heterogeneous integration with LED arrays to improve their light extraction properties. 

This integration could prove beneficial in the MWIR spectral range where Si offers 

transparency, thereby enhancing the efficiency and directionality of IR scene projectors 

[308, 315]. 

 

3.6. Conclusions 

 

This research was motivated by contemporary suggestions for utilizing light-

concentrating microstructures to augment the capabilities of MWIR FPAs. The optical 

properties of truncated Si micropyramids were researched through the utilization of 3-D 

FDTD numerical modeling simulations based on two types of boundary conditions. By 

employing periodic BCs, the diffraction and interference characteristics of such truncated 

Si micropyramid arrays were analyzed, which resulted in the observation of the Talbot 

effect and the formation of Talbot images. These Talbot images were directly observed and 

experimentally investigated. Earlier, Talbot lithography was suggested as a potential use 

for 3-D photolithography, and in theory, truncated Si micropyramidal arrays could serve 

this purpose. Additionally, if neighboring micropyramids are illuminated, there might be 

some optical coupling between the modes trapped in individual micropyramids. Somewhat 

similar coupling effects have been observed between whispering gallery modes in 

bispheres [364]. Such coupling effects do not play a significant role in this work because 

of the much larger separations between the modes confined inside individual 
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micropyramids. Another possibility is based on coupling to the photonic band structures of 

periodic arrays similar to that studied in photonic crystal waveguides [365, 366]. In this 

work, however, waveguiding between the individual micropyramids is not possible and 

only diffraction effects take place. They were included in the 3-D FDTD numerical 

modeling calculations performed with periodic BCs. 

Conversely, through utilizing PML BCs, the light-concentration and focusing 

characteristics of such truncated Si micropyramidal arrays within the MWIR spectral range 

were explained. A significant increase in intensity was observed, up to an order of 

magnitude, due to the concentration of light with subwavelength photonic jet widths. 

Furthermore, mesoscale optical interference effects were observed in the subwavelength 

light-concentrating properties exhibited by these truncated Si micropyramids. The intricate 

connection between their light-concentrating and imaging applications suggests the 

potential for high-index truncated Si micropyramids to function as contact superlenses 

when in contact with objects, akin to the behavior of high-index microspheres. 

These findings do not signify the boundaries of this technology. Instead, however, 

these findings highlight the versatility of Si anisotropic wet etching as a versatile tool for 

creating novel structures designed for various applications in light concentration, 

diffraction gratings, and other innovative devices. In theory, significantly tighter light 

concentration can be obtained in analogous micropyramidal structures featuring deeply 

subwavelength dimensions, thanks to photonic nanojets [344] or photonic funnels [345]. 

These beams can be directed into photodetector mesas of MWIR photodetector FPAs, 

enhancing photon collection, SNR, and operational temperature of these devices. 
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It was demonstrated that the optical characteristics of such structures created 

through Si anisotropic wet etching, specifically focusing on truncated Si micropyramidal 

arrays with sidewall angles of 54.74˚, revealed their remarkable ability to concentrate light 

down to wavelength-scale dimensions. This intriguing property has significant potential 

for improving the collection of photons with a broad angle-of-view on pixels in MWIR 

FPAs. It offers the opportunity to decrease the pixel size and therefore reduce the thermal 

noise of photodetectors while maintaining the optical signal. It can be envisioned that the 

other fabricated arrays could be utilized for similar applications. The objective of this 

research was to demonstrate the substantial potential Si anisotropic wet etching has in 

fabricating low cost, high yield arrays with atomically smooth sidewalls to utilize for 

optical applications. 

Lastly, another promising application of these truncated Si micropyramid arrays 

was demonstrated, where the micropyramids serve as contact microlenses to enhance the 

extraction of light as well as directionality from local sources implanted in high-index 

semiconductor slabs. This introduces a new avenue for utilizing this technology to improve 

the efficiency of light extraction from single-photon sources fabricated in Si slabs, 

particularly for applications in quantum photonic ICs. The conventional approach to 

addressing this issue using hemispherical SILs is not aligned with substantially large-scale 

integration. It was demonstrated that micropyramidal Si photonics enhances the extraction 

of single photons by an order of magnitude with highly directional output, which is 

exceedingly beneficial for leveraging quantum correlation effects in such systems. It was 

also proposed that integrating truncated Si micropyramidal arrays with LED arrays 

heterogeneously can enhance the efficiency and directionality of IR scene projectors. 
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CHAPTER 4: PHOTODETECTOR FOCAL PLANE ARRAYS ENHANCED 

WITH SI MICROPYRAMID ARRAYS 

 

4.1. Introduction 

 

In this dissertation, methods to enhance IR photodetector FPAs by integrating them 

with truncated Si micropyramidal arrays are explored. The thermal noise of a photovoltaic 

detector is proportional to its linear dimensions [1], which can be nearly equivalent to the 

size of the smaller base of the micropyramid. Reducing the size of the photodetectors 

lowers their dark current, while the light collection efficiency can be enhanced through 

using light-concentrating structures, such as truncated Si micropyramids, positioned over 

individual pixels. These truncated micropyramids gather light from a larger area and 

concentrate it onto a smaller region aligned with the photodetector’s mesa, serving to 

maintain or improve the signal-to-noise ratio (SNR). Since the dark current noise increases 

with thermal energy, shrinking the detectors and incorporating light-concentrating 

structures allows for higher operating temperatures while preserving the SNR. Similar 

concepts have been proposed using integrated microlenses [17-19, 34-36], microspheres 

[20-22, 51, 52, 66, 89, 114],  and metalenses [12-16] to achieve SNR improvements. 

This chapter focuses on the fabrication of truncated Si micropyramidal arrays, as 

well as the numerical modeling and testing of their optical properties for detector 

applications. Truncated micropyramidal detector arrays can be integrated with a readout 

integrated circuit (ROIC) [1]. Heterogeneous integration with highly efficient front-
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illuminated photodetector FPAs can be achieved by aligning the truncated micropyramids 

with photodetector mesas, similar to arrays of tapered microconical waveguides [106, 112]. 

The advantage of this approach is that FPAs can be made from materials with high MWIR 

absorption, such as HgCdTe or Type II Strained Layer Superlattice (T2SL) materials. 

Alternatively, monolithic integration can be realized by fabricating p-i-n or Schottky 

barrier detectors directly on top of individual truncated micropyramids [94-99, 102-104], 

which is feasible in a back-illuminated geometry for straightforward ROIC integration. 

The main objectives of this research were to fabricate truncated Si micropyramidal 

arrays, integrate them with platinum/silicide (PtSi) Schottky barrier photodetectors, and 

conduct optical testing of these devices in comparison with reference planar photodetectors 

of the same size. This comparison is aimed at evaluating the signal enhancement achieved 

by the proposed micropyramid designs. In order to make this comparison, determining the 

quantum efficiency (QE) of these devices is necessary. QE is defined as the ratio of the 

electrical output divided by the optical input. The QE of conventional planar Si-based 

photodetectors is limited by Si's indirect band gap, leading to low absorption and inefficient 

photocarrier collection. However, the light-concentrating properties of the truncated Si 

micropyramids, once integrated with the photodetectors, offer significant potential for 

increased absorption, resulting in improved QE and enhanced photoresponse. Another 

advantage is that the size of the photodetector mesa positioned near the top of the truncated 

micropyramid can be reduced compared to standard planar devices, which may lead to 

lower thermal noise in the proposed devices and potentially allow for higher operating 

temperatures [94-99, 102-104, 363]. 
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A Schottky barrier forms at the interface between a metal like Al, Cu, or Pt and a 

Si substrate. After annealing, a metal/silicide layer is created, allowing the device to 

function as a mid-wave infrared (MWIR) or short-wave infrared (SWIR) photodetector by 

generating and separating electron-hole pairs when a reverse bias is applied. Recently, the 

ability to rapidly fabricate Si micropyramidal arrays using cost-effective anisotropic wet 

etching has made it easier to integrate these arrays with photodetectors through either 

monolithic or heterogeneous methods [94-99, 102-104, 363]. Earlier attempts to use Si 

micropyramid arrays integrated with photodetectors focused on plasmonic mechanisms to 

concentrate electromagnetic (EM) power at the pyramid tips [23]. In this case, the sidewalls 

were metallized with Al, converting incident photons into plasmonic excitations that were 

adiabatically compressed toward the 50 nm micropyramid tip. The process for generating 

electron-hole pairs at the tips of these metallized micropyramids was quite complex, but a 

photoresponse enhancement of up to 100 times at λ = 1.3 µm was reported [23]. Another 

approach, using inverted micropyramids with a 4 µm period integrated with Cu/silicide 

Schottky barrier photodetectors, showed a nearly 40-fold increase in photoresponse [24]. 

However, these designs required highly precise nanoscale fabrication and component 

alignment, making them challenging to implement. 

In the designs discussed in this Chapter, it is proposed to use appropriately large 

micropyramids with truncated tops that are optically coupled to photodetectors [94-99, 

102-104, 363]. These truncated micropyramids function similarly to "tapered" waveguides 

or reflective light concentrators used in solar cells. These structures are far easier to 

fabricate compared to nanoplasmonic counterparts [23, 24], as they only require micron-

scale precision, which can be achieved through standard photolithographic techniques. 
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Chapter 4 focuses on the experimental fabrication and testing of monolithically 

integrated PtSi detectors with truncated Si micropyramids, as well as a novel way to further 

improve these detectors. In section 4.2, it cover the fabrication of monolithically integrated 

MWIR silicon-platinum silicide (PtSi/p-Si) Schottky barrier photodetectors directly on top 

of the truncated Si micropyramids. This was done to experimentally determine if reducing 

the dimensions of the photodetectors reduces the dark current, while the light collection 

efficiency can be improved using light-concentrating truncated micropyramids. This 

allows light to be collected from a larger area and concentrated into a much smaller area 

that can be aligned with the photodetector's mesa to maintain or enhance the SNR in order 

to increase the operating temperature of FPAs. In section 4.3, a detailed analysis of the 

truncated micropyramid FPA was conducted through characterizing the fabricated devices’ 

spectral response and QE in order to determine the enhancement obtained through 

integration with truncated micropyramids. Furthermore, in section 4.4, a novel way to 

further enhance the SNR through utilizing a silicon-on-insulator (SOI) wafer to create a 

resonator cavity is discussed. This research demonstrates that truncated Si micropyramidal 

photonics offers a versatile optoelectronic platform capable of improving the SNR and 

raising the operating temperature of MWIR FPAs. 

 

4.2. Fabrication of Monolithically Integrated Photodetectors with Si Micropyramids 

 

In order to experimentally investigate the light-concentration capabilities of 

truncated Si micropyramidal arrays, they were monolithically integrated with MWIR 

photodetectors [94-99, 102-104, 363]. This integration involved fabricating silicon-

platinum silicide (PtSi/p-Si) Schottky barrier photodetectors directly atop each truncated 
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micropyramid, as depicted schematically in Fig. 4.1. In order to focus on studying the 

signal enhancement of these truncated micropyramids rather than constructing a fully 

functional camera, Pt was deposited on the tops of individual truncated micropyramids, 

and 100 PtSi Schottky barrier photodetectors were electrically connected in parallel to 

streamline the characterization process. 

 

Figure 4.1. Diagram depicting the fabrication protocol to create 10 × 10 arrays of 

monolithically integrated Si micropyramids with MWIR PtSi/p-Si Schottky barrier 

photodetectors fabricated on the small based of these truncated micropyramids. The top 

row depicts microscope images of the top-down view, and the bottom row depicts diagrams 

of the corresponding side-view. (a) The device fabrication begins with the micropyramids 

previously fabricated, as described in Chapter 2. (b) The mesa fabrication steps first 

requires the mesa size to be defined with photolithography. (c) The mesa fabrication step 

ends with the deposition of Pt and the excess Pt is lifted off by removing the photoresist. 

(d) The passivation step begins by depositing a uniform 300 nm thick layer of SiO2 and 

performing photolithography to prepare for the next step. (e) The passivation step ends 

when the SiO2 undergoes a BOE etch to create through-holes in the SiO2 layer, where the 

remaining photoresist is removed. (f) The metal step is where the 5 nm thick Cr and 300 

nm thick Au layers are deposited, in order to electrically connect all 100 detectors together 

for characterization. 

 

It is important to mention that a limitation of metal/silicide Schottky barrier 

photodetectors is their low QE, which is due to their inadequate absorption in the MWIR 

range. To enhance absorption, the surfaces of the truncated micropyramids were coated 

with Au, creating a mirror-like configuration that reflects light back toward the active 

detector region [96-99, 103, 363]. However, photonic jets cannot form in this configuration 

since the highly reflective mirror obstructs photon transmission through the truncated 
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micropyramids. Consequently, this monolithic integration with photodetectors represents 

a different scenario compared to that described in Chapter 3. The experimental objective 

was to compare the photoresponse of detectors integrated with truncated micropyramidal 

light concentrators to that of the same detectors in a traditional planar geometry. 

The integration of Si micropyramids with the photodetectors involved several steps 

[96-99, 103, 363], where these steps are described in Fig. 4.1. The device fabrication begins 

with the fabrication of the truncated Si micropyramids, as described in Chapter 2, but on a 

1-10 Ω-cm p-type double side polished (DSP) Si wafer. These truncated Si micropyramids 

were anisotropically wet etched with 25% TMAH and 0.2% v/v Triton X-100 at 80° C, and 

resulted in 10 × 10 truncated Si micropyramidal arrays featuring 54.74° sidewall angles, a 

60 μm pitch, a 26 μm top size, and a height of 24 μm. 

The fabrication of 21 μm square PtSi Schottky barrier photodetectors with ~ 2 nm 

thickness were created directly on the small bases of these micropyramids, as well as same 

size planar reference detectors and large 58 μm square planar reference detectors on the 

same sample, as shown in Fig. 4.2. The wafer was cleaned with 1165 solvent at 95˚ C for 

5 minutes, then rinsed with acetone, methanol, and IPA, and then dried with nitrogen gas. 

A dehydration bake was performed at 110˚ C for 75 seconds, and the wafer was let to cool 

for 30 seconds. Next, hexamethyldisilazane (HMDS) was spin coated at 2000 RPM with a 

ramp rate of 200 RPM/second for 30 seconds as an adhesion promoter. It was then baked 

at 110˚ C for 75 seconds, and left to cool for 30 seconds before the thick photoresist was 

spin coated on. A thick photoresist is necessary due to the large heights of the 

micropyramids. AZP4620 positive photoresist was spin coated at 4000 RPM with a ramp 

rate of 200 RPM/second for 120 seconds, then baked at 110˚ C for 120 seconds, and the 
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wafer was let to cool for 30 seconds. This low ramp rate was necessary to evenly coat the 

large topology difference caused by the micropyramids. Afterwards, the photoresist was 

exposed times with a Heidelberg DWL 66+ laser writer to create the patterns for the mesa 

and developed with 1:5 351:DI. Next, a 4-minute O2 ash was completed to remove any 

residual photoresist. Then a pre-metal BOE dip was performed before 1 nm of Pt was 

deposited with an electron beam evaporator. Afterwards, liftoff was performed with 1165 

solvent at 95˚ C for 5 minutes, then rinsed with acetone, methanol, and IPA, and then dried 

with nitrogen gas. The PtSi layer was created by annealing in an oven at 400° C in forming 

gas for 10 minutes. 

 

Figure 4.2. Microscope images showing the fabrication step for MWIR PtSi detectors 

corresponding to Fig. 4.1(c). (a) An entire die is shown, where the top eight detectors are 

planar reference devices and the bottom eight detectors are fabricated on top of 

micropyramids. (b, e) 10 × 10 PtSi detector array with 21 μm squares fabricated on top of 

60 μm pitch micropyramids. (c, f) 10 × 10 PtSi reference detector array of the same size as 

the detectors on the micropyramids. (d, g) 10 × 10 PtSi detector array with a large fill-

factor of 58 μm squares with 60 μm pitch. 

 

Passivation and isolation of the photodetectors were carried out by first depositing 

a 300 nm thick SiO2 layer using plasma-enhanced chemical vapor deposition (PECVD). 

After deposition, the sample was cleaned with 1165 solvent at 95˚ C for 5 minutes, then 

rinsed with acetone, methanol, and IPA, and then dried with nitrogen gas. A dehydration 
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bake was performed at 110˚ C for 75 seconds, and the wafer was let to cool for 30 seconds. 

Next, HMDS was spin coated at 2000 RPM with a ramp rate of 200 RPM/second for 30 

seconds as an adhesion promoter. It was then baked at 110˚ C for 75 seconds and left to 

cool for 30 seconds. AZP4620 positive photoresist was then spin coated at 4000 RPM with 

a ramp rate of 200 RPM/second for 120 seconds, then baked at 110˚ C for 120 seconds, 

and the wafer was let to cool for 30 seconds. Afterwards, the photoresist was exposed times 

with a Heidelberg DWL 66+ laser writer to create the patterns for the through holes and 

was developed with 1:5 351:DI. Next, a 4-minute O2 ash was completed to remove any 

residual photoresist. Lastly, a BOE etch was completed to etch small ~3 μm holes in the 

SiO2 layer to reveal the PtSi detectors underneath, in order to create the n-contact. The 

remaining photoresist was stripped with 1165 solvent at 95˚ C for 5 minutes, then rinsed 

with acetone, methanol, and IPA, and then dried with nitrogen gas. At this stage, the 

devices looked as they do in Fig. 4.3. 

 

Figure 4.3. Microscope images showing the fabrication step for MWIR PtSi detectors 

corresponding to Fig. 4.1(e). (a) An entire die is shown, where the top eight detectors are 

planar reference devices and the bottom eight detectors are fabricated on top of 

micropyramids. (b, e) 10 × 10 PtSi detector array with 21 μm squares fabricated on top of 

60 μm pitch micropyramids. (c, f) 10 × 10 PtSi reference detector array of the same size as 

the detectors on the micropyramids. (d, g) 10 × 10 PtSi detector array with a large fill-

factor of 58 μm squares with 60 μm pitch. 
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Figure 4.4. Microscope images showing the fabrication step for MWIR PtSi detectors 

corresponding to Fig. 4.1(f) before the 5 nm of Cr and 300 nm of Au were deposited. (a) 

An entire die is shown, where the top eight detectors are planar reference devices and the 

bottom eight detectors are fabricated on top of micropyramids. (b, e) 10 × 10 PtSi detector 

array with 21 μm squares fabricated on top of 60 μm pitch micropyramids. (c, f) 10 × 10 

PtSi reference detector array of the same size as the detectors on the micropyramids. (d, g) 

10 × 10 PtSi detector array with a large fill-factor of 58 μm squares with 60 μm pitch. 

 

The final step to create the monolithically integrated PtSi detector arrays was to 

create the electrical contacts which combine all 100 detectors together. The sample was 

cleaned with 1165 solvent at 95˚ C for 5 minutes, then rinsed with acetone, methanol, and 

IPA, and then dried with nitrogen gas. A dehydration bake was performed at 110˚ C for 75 

seconds, and the wafer was let to cool for 30 seconds. AZ15nXT negative photoresist was 

then spin coated at 4000 RPM with a ramp rate of 200 RPM/second for 120 seconds, then 

baked at 110˚ C for 75 seconds, and the wafer was let to cool for 30 seconds. Afterwards, 

the photoresist was exposed times with a Heidelberg DWL 66+ laser writer to create the 

square perimeter pattern around each detector array as shown in Fig. 4.4. A post exposure 

bake at 120˚ C for 60 seconds was necessary, after which the sample was let to cool for 30 

seconds. Then, the negative photoresist was developed with 300 MIF for ~3 minutes. A 2-

minute O2 ash then took place, and 5 nm of Cr then 300 nm of Au were deposited with an 

e-beam evaporator, which filled the small openings in the SiO2 layer and electrically 
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connected the 100 detectors. Liftoff of AZ15nXT required the use of NI555 solvent heated 

to 85˚ C for ~10 minutes. Lastly, the sample was cleaned again with 1165 solvent at 95˚ C 

for 5 minutes, then rinsed with acetone, methanol, and IPA, and then dried with nitrogen 

gas. At this stage, the sample appeared as it does in Fig. 4.5. 

 

Figure 4.5. Microscope images showing the fabrication step for MWIR PtSi detectors 

corresponding to Fig. 4.1(f) after the 5 nm of Cr and 300 nm of Au were deposited. (a) An 

entire die is shown, where the top eight detectors are planar reference devices and the 

bottom eight detectors are fabricated on top of micropyramids. (b, e) 10 × 10 PtSi detector 

array with 21 μm squares fabricated on top of 60 μm pitch micropyramids. (c, f) 10 × 10 

PtSi reference detector array of the same size as the detectors on the micropyramids. (d, g) 

10 × 10 PtSi detector array with a large fill-factor of 58 μm squares with 60 μm pitch. 

 

After fabrication, the samples were diced into individual dies and prepared for 

characterization by packaging. The packaging process involves mounting the dies in 

ceramic chip carriers using a two-part thermally conductive epoxy, suitable for 

temperature-dependent measurements. The dies are mounted on specialized chip carriers 

that feature a hole in the center, allowing light to pass through the package and reach the 

detectors for back-side illumination (BSI). An example die in a chip carrier is shown in 

Fig. 4.6(e). The epoxy is cured on a hotplate at 100° C for ~30-60 minutes. Once the die is 

mounted to the ceramic chip carrier, the individual detectors are wire bonded, establishing 
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electrical connections between the device and the testing equipment. After packaging, the 

micropyramidal detectors and the reference detectors were ready for characterization. 

The key innovation was the deposition of a 3-D metallic mirror on the sidewalls of 

the truncated micropyramids [103, 363], enabling efficient photon concentration onto the 

photodetectors. The design offers several advantages such as an improved photon 

collection from a wider area, trapping of the photons inside the truncated micropyramids 

resulting in resonant optical properties, and leveraging multiple light propagation 

directions in the detector region. This increases the optical path length and, consequently, 

enhances the absorption probability and boosts the QE of the photodetectors. The 3-D 

mirror configuration in Fig. 4.6(a, c) builds upon the previously suggested concept of 

utilizing back-reflectors, which was implemented in more conventional planar MWIR 

photodetector FPAs, as illustrated in Fig. 4.6(b, d) [5, 44]. 

 

4.3. MWIR Micropyramidal Photodetector Characterization 

 

The MWIR micropyramidal photodetectors and their planar reference devices were 

then characterized by utilizing the experimental setups shown in Fig. 4.6. This 

characterization includes analysis of the spectral response measurements (to optically 

determine the detector’s barrier height) and QE measurements (to calculate the detector’s 

QE spectrum and subsequently the enhancement obtained through integration with 

micropyramids). These characterization setups were not designed by me, but by 

collaborators at the Air Force Research Laboratory (AFRL) [5]. 

The PtSi Schottky barrier photodetectors were illuminated through the polished 

back surface of the substrate as seen in Fig. 4.6(a-d) with MWIR radiation concentrated 
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toward the small bases of the micropyramids, where partial photon absorption occurred in 

the PtSi regions. As shown in Fig. 4.6(e), the photoresponse spectra were measured using 

a Vertex 80v Fourier transform infrared spectrometer (FTIR) by Bruker paired with an 

Agilent 4156C semiconductor parameter analyzer and a Keithley 428 current amplifier. 

The photodetector array was illuminated inside an LN2 cooled dewar with a germanium 

(Ge) window to minimize ambient noise. The QE was measured using the same dewar but 

illuminated with a 1000°C Infrared Systems Development Corp. IR-563/301 cavity 

blackbody where a chopper, Keithley 428 current amplifier, and a Stanford Research 

Systems SR850 DSP lock-in amplifier were implemented as shown in Fig. 4.6(f). The 

chopper’s frequency is matched with the lock-in amplifier. These QE measurements were 

calibrated against the incident photon flux, allowing direct comparison between the 10 × 

10 photodetector array integrated with micropyramids and the reference array fabricated 

on the same Si wafer. In both these setups, the detectors were kept between 78K and 80K. 

The dewar contains an LN2 reservoir connected to a cold finger, which is used to 

cool the sample below ambient temperature. An indium shim is placed to ensure good 

thermal conductivity between the cold finger and the chip carrier. The chip carrier fits into 

a pressure-mounted socket with pins in-contact with the chip carrier in order to read out 

from different locations on the chip carrier, which were wire bonded to specific detector 

arrays for characterization. A cold shield is used to block unwanted light from reaching the 

detector. Once the chip carrier with the die is mounted, the dewar was vacuum sealed and 

cooled for low-temperature measurements. The temperature was measured with a 

LakeShore 335 temperature controller. 
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Figure 4.6. (a) Top-down microscope image and (c) corresponding cross-sectional view 

depicting monolithic integration of Si micropyramid arrays with MWIR PtSi/p-Si Schottky 

barrier photodetectors. These detectors have 21 µm square mesas fabricated on the small 

bases of the micropyramids. (b, d) Complimentary images depicting planar reference 

devices with identical photodetector mesa size. The device diagrams in (c, d) illustrate that, 

in both cases, the 5 nm thick Cr layer with 300 nm thick Au layer is electrically connected 

to the ~2 nm thick PtSi layer (n-contact) via a tiny ~3 μm opening in the 300 nm thick SiO2 

layer. (e) Measurement setup for the photoresponse spectra using a Vertex 80v Fourier 

transform infrared spectrometer (FTIR) by Bruker. (f) Measurement setup for determining 

the quantum efficiency (QE) of PtSi Schottky barrier detectors with a calibrated blackbody 

system heated to 1000° C. (g) Plot showing the transmission characteristics of the three 

optical filters used in the QE setup shown in (f). 

 

Analysis of the measured spectral response data to verify that PtSi on p-type Si was 

indeed fabricated is shown in Fig. 4.7 for the four detectors in the center of the die seen in 

Figs 4.2-4.5(a). This analysis was conducted for numerous devices across several dies, but 

the results shown here are specifically for the die seen in those figures. In order to optically 

determine the barrier height, the spectral response measurements were normalized to unity. 
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Afterwards, the barrier height was determined by generating Fowler plots shown in the 

insets, which involves plotting the square root of the photon response R multiplied by the 

photon energy hν on the y-axis against the photon energy hν on the x-axis. The optically 

determined barrier heights for the 10 × 10  detector arrays with 21 μm mesa size as seen in 

Fig. 4.7(a-c) were φB = 0.240 ± 0.002 eV, while the barrier height for the 10 × 10  detector 

array with large 58 μm mesa size as seen in Fig. 4.7(d) was φB = 0.235 ± 0.002 eV. These 

values and their estimated errors were determined by averaging the 11 barrier heights 

obtained at different voltages, as seen in the insets of Fig. 4.7. The aforementioned barrier 

heights agree with published experimental values around φB = 0.24 eV [346-349], 

confirming that PtSi Schottky barrier detectors were indeed fabricated. 

 

Figure 4.7. Spectral response plots for the four 10 × 10 detector arrays in the center of the 

dies shown in Figs 4.2(a)-4.5(a) measured at 80 K in reverse bias with a Ge window 

installed on the dewar, where the inset shows the corresponding Fowler plots used to 

optically determine the PtSi barrier height. 
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However, the discrepancy between φB for the 21 μm PtSi detectors compared to the 

58 μm PtSi detectors warrants a more in-depth view. When plotting the respective barrier 

height against voltage in Fig. 4.8(a), the expected decrease with bias due to the Schottky 

imaging force is seen [11, 347, 349]. A further comparison between the dark current density 

plots shown in Fig. 4.8(b) display the corresponding expected increase in dark current with 

a lower barrier height [11, 346, 350, 351]. Numerous different factors impact the potential 

reasons for these differences between the 21 μm detector arrays and the 58 μm detector 

array. It could be attributed to the lack of etching away excess Pt with Aqua regia after the 

annealing step, which would reduce the QE and increase the dark current [5, 346]. 

Additionally, the fact 100 detectors were combined together in parallel could contribute to 

these differences [352]. 

 

Figure 4.8. (a) Barrier height as a function of voltage and (b) dark current density as a 

function of voltage for the four 10 × 10 detector arrays in the center of the dies shown in 

Figs 4.2(a)-4.5(a) measured at 80 K in reverse bias with a Ge window installed on the 

dewar. These devices all were fabricated on the same Si wafer and were all exposed to the 

same annealing conditions, yet the large planar reference device shows different barrier 

height values. 

 

Furthermore, the lower barrier height for the 58 μm detectors and the corresponding 

increase in dark current density could be due to a difference in the area-to-perimeter ratios 

(A/P) between the small and large detector mesas. For the 21 μm square mesas, A/P = 5.25, 
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while for the 58 μm square mesas, A/P = 14.5 [353, 354]. A low area-to-perimeter ratio 

indicates an increase in carrier recombination due to the high electric fields near the 

outsides of the mesa. In a larger detector, the electric field distribution across the junction 

is less uniform. This non-uniformity can result in areas where the electric field is weaker, 

leading to a lower effective barrier height in certain regions of the detector [353-355]. 

Carrier recombination also contributes to the gradual slope, or "soft" response, of the 

reverse I-V behavior [353-356]. Recombination due to the perimeter can be mitigated by 

the use of a p-n guard ring around the perimeter of the detector mesas [349, 356-359]. Upon 

reviewing the literature on size effects specifically for PtSi Schottky barriers, the only size 

effect articles found were for n-type Si, which actually indicated a barrier height increase 

with larger detector size; opposite to the case shown in this work [351, 360]. Perhaps the 

effects discussed by H. Efeoǧlu, A. Turut, and M. Gül for PtSi fabricated on n-type Si 

wafers has an opposite effect for p-type Si wafer, but studying size effects of small PtSi 

detectors fabricated on p-type Si wafers is outside the scope of my research. Therefore, it 

was decided to not compare the QE of the large reference detector array to the QE of the 

micropyramidal detector array, and only compare the same size detector arrays because 

this comparison removes all the aforementioned concerns. 

QE is the characterization parameter necessary to determine the enhancement 

capability of detectors integrated with micropyramids as compared to a conventional planar 

device because this parameter allows us to directly and quantitatively compare the 

difference in device performance and, thus, the increase in photoresponse due to integration 

with micropyramids. The spectral response measurement technique shown in Fig. 4.6(e) 

resulted in a curve with arbitrary units on the y-axis instead of QE. The straightforward 



142 
 

method to measure the QE spectra would be to measure it for a device with known QE in 

order to calibrate the measurement setup, then measure the QE of the test devices directly. 

This method presents several challenges. First, spectrally calibrated detectors are scarce, 

particularly for infrared wavelengths beyond 2 μm [5]. Second, the measurement’s 

accuracy depends heavily on the precision of the initial calibration of the reference 

detector. Lastly, the FTIR output is usually focused onto the detector (as seen in Fig. 4.6(e)) 

to increase the SNR. This increases the risk of misalignment between the reference detector 

and the detector being tested. These problems were avoided by using a calibrated 

blackbody source to determine the number of photons incident on the detector [5, 30]. 

Therefore, the ratio of the electrical output divided by the optical input can be determined. 

 

Figure 4.9. (a) Comparison of the QE spectra from two 10  10 micropyramidal 

photodetector arrays, shown by the red and black curves, to the corresponding 10  10 

planar reference photodetector array fabricated on the same Si wafer, shown by the blue 

curve. The detector mesas were 21 μm squares with ~2 nm thick PtSi. The insert shows 

that the dark current density-voltage (I-V) relationships in these three cases were identical. 

(b) PEF spectra showing ~1.25× signal enhancement due to the micropyramids. This PEF 

spectra were smaller, potentially due to edge leakage current effects. This is apparent in 

Fig. 4.2(e) where the corners of the mesa on the micropyramid are over the edge of the 

micropyramid. 

 

In order to obtain the QE over a spectral range, the QE was measured by using the 

setup shown in Fig. 4.6(f) with bandpass filters over narrow bands and with the chip carrier 

in the dewar placed 20 cm away from the blackbody source. These QE measurements were 
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calibrated against the incident photon flux by the blackbody source, enabling the 

calculation of relative scaling factors to scale the spectral response measurements to 

meaningful units of QE in percent on the y-axis. The incident photon flux on the detector 

Φ can be determined from the setup’s geometry [5, 30]. This allowed for direct comparison 

between the 10 × 10 photodetector array integrated with micropyramids and the reference 

array fabricated on the same Si wafer. 

 Specifically, the QE spectrum was determined by the following analysis. The 

measured QE over a narrow range is determined by which optical filter was used (shown 

in Fig. 4.6(g)), and is related to the incident flux of photons from the blackbody source by 

QEmeas = Iph/qAΦ where Φ is the incident photon flux, A is the area of the detector, Iph is 

the photocurrent, and q is the charge of an electron [5, 30]. The measured QE over a narrow 

range, and the QE spectrum over the entire wavelength range of interest are related by the 

following equations: 

 𝑄𝐸(𝜆) = 𝑀𝑅𝑟(𝜆) (3) 

 
𝑀 = 𝑄𝐸𝑚𝑒𝑎𝑠

∫ 𝑇𝑓
∞

0

∫ 𝑇𝑓
∞

0
𝑅𝑟(𝜆)

 
 

(4) 

where QE(λ) is the quantum efficiency spectrum, M is the scaling factor, Rr(λ) is the 

spectral response curve, Tf is the transmission of the optical filter, and QEmeas is the 

measured quantum efficiency over the optical filter’s bandwidth [5]. Rr(λ) is known by 

using the setup in Fig. 4.6(e), QEmeas is known by using the setup in Fig. 4.6(f), and Tf is 

known from Fig 4.6(g). Therefore, the scaling factor M can be calculated in order to scale 

Rr(λ) to QE(λ). By averaging the QE spectra for 10 different reverse biases from 0.1 V to 

1.0 V in 0.1 V increments for 3 different optical filters (30 total), the QE shown in Fig. 

4.9(a) was obtained. Through dividing the QE of the micropyramid devices by the QE 
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obtained for the same size planar reference devices, the power enhancement factor (PEF) 

was calculated and is shown in Fig. 4.9(b). 

 

Figure 4.10. (a) By using this same process for the previous die shown in Fig. 4.9, PEF 

spectra showing ~1.5× signal enhancement due to these micropyramids were obtained. 

This is in relatively close agreement with what numerical modeling predicts at PEF ≈ 1.7× 

signal enhancement, shown by the blue curve. This device doesn’t have the issue of the 

mesa hanging over the edge, and therefore gave larger PEF ≈ 1.5×. The numerical modeling 

curve was calculated by dividing the absorption spectra of the detector integrated with a 

micropyramid shown in (b) by the absorption spectra of a planar detector shown in (c). 

 

 PEF spectra in Fig. 4.9(b) shows only ~1.25× signal enhancement due to monolithic 

integration of PtSi MWIR photodetectors with micropyramids. This enhancement factor is 

smaller than expected, potentially due to edge leakage current effects. By taking a look 

back at the mesa fabrication shown in Fig. 4.2(e), it is clear that some corners of the PtSi 

mesa fabricated on the micropyramid are over the edge of the micropyramid. Furthermore, 

upon repeating the device characterization protocol previously described, higher 

experimental PEF at ~1.5× were obtained for another set of devices fabricated on the same 

Si wafer. These results are seen in Fig. 4.10(a). The experimentally obtained PEF of ~1.5× 

is in relatively close agreement with numerical modeling predictions, where the average 

PEF is ~1.7× and reaches up to ~1.8×, as shown by the blue curve. This device seems to 

not have the issue of the mesa hanging over the edge, and therefore gave larger PEF of 

~1.5×. The numerical modeling curve is calculated by dividing the absorption spectra of 
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the micropyramid integrated detector obtained via the modeling scenario in Fig. 4.10(b) by 

the absorption spectra of a planar detector obtained via the modeling scenario in Fig. 

4.10(c). 

Overall, the goal to fabricate truncated Si micropyramidal arrays, integrate them 

with PtSi Schottky barrier photodetectors, and conduct optical testing of these devices in 

comparison with reference planar photodetectors of the same size was a success. This 

comparison was aimed at evaluating the signal enhancement achieved by the proposed 

micropyramid designs and showed that the experimental PEF is ~1.5× which agrees with 

the numerical modeling PEF of ~1.7×. The QE of conventional planar Si-based 

photodetectors is limited by Si's indirect band gap, leading to low absorption and inefficient 

photocarrier collection. However, the light-concentrating properties of truncated Si 

micropyramids has the potential for increased absorption, improved QE, and enhanced 

photoresponse not limited by the results presented in this study. Another advantage is that 

the size of the photodetector mesa positioned near the top of the truncated micropyramid 

can be reduced compared to standard planar devices, which may lead to lower thermal 

noise in the proposed devices and potentially allow for higher operating temperatures [94-

99, 102-104]. In order to further improve the PEFs, another idea based on using silicon-

on-insulator (SOI) wafers was developed. This is covered in the next section. 

 

4.4. Silicon-on-Insulator Micropyramids: Further Signal Enhancement 

 

Utilizing a silicon-on-insulator (SOI) Si wafer to fabricate Si micropyramids 

presents a novel way to further enhance the SNR by creating a resonator cavity inside the 

micropyramid. A SOI wafer has an insulating SiO2 layer sandwiched between Si layers 
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that can be manufactured such that the SiO2 layer is at a specific depth and with a precise 

thickness required for a particular use case. In the 3-D FDTD numerical modeling, this 

SiO2 layer is always 2 μm thick and is always exactly at the location of the large base DL. 

In order to clarify the mechanism behind the photoresponse increase due to 

integration with truncated micropyramids, 3-D FDTD numerical modeling of the EM fields 

were performed for both configurations – with and without the SiO2 layer as seen in Fig. 

4.11. First, to gain insight into the resonance characteristics with the SiO2 layer, a smaller 

truncated micropyramid was initially selected with DL = 15 μm and DS = 9 μm, compared 

to those used in the experimental studies (DL = 60 μm and DS = 22 μm). In the model, the 

truncated Si micropyramid has a 300 nm thick SiO2 layer with a 300 nm thick Au layer, as 

shown in Fig. 4.11(b,c). To simulate the relatively low absorption in the PtSi Schottky 

barrier photodetectors, a simplified model was used where a slightly absorbing InSb layer 

with 50 nm thickness was placed at the interface between the small base DS of the truncated 

Si micropyramid and the 300 nm thick SiO2 layer. This InSb layer absorbs ~1.5% of the 

incident light with a single pass and is a square absorber with 8 μm lateral dimensions. 

These dimensions are 1 μm smaller than DS to account for realistic fabrication capabilities. 

The InSb layer was encapsulated by an absorption monitor to quantify how much power 

was absorbed in this layer. An analogous method was applied to calculate the power 

absorbed in a planar reference structure with the same detector area, similar to what is 

depicted in Fig. 4.10(c). The 3-D FDTD numerical modeling was conducted using PML 

BCs on the left and right edges and periodic BCs on the top and bottom, with the resulting 

EM field maps at λ = 4.84 μm shown in Fig 4.11(d,e). In each scenario, the plane wave 

source was positioned within the Si slab, with the waves propagating from left to right. 
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Due to the fact that the detector’s photoresponse is proportional to the power 

absorbed, the PEF was calculated for both the SOI micropyramid case shown in Fig. 4.11 

(b,d) and the all-Si micropyramid case shown in Fig. 4.11 (c,e). The PEF spectra were 

obtained by calculating the absorption spectra with a truncated micropyramid and dividing 

them by the absorption spectra of the planar reference structure. The resulting PEF spectra 

in Fig. 4.11(a) are presented for two micropyramid designs: the red curve corresponds to a 

design utilizing a SOI wafer, while the blue curve represents a monolithic all-Si design. 

 

Figure 4.11. The optical absorption characteristics of two micropyramids monolithically 

integrated with weak absorbers are depicted via ray tracing and 3-D FDTD numerical 

modeling EM field maps. In both cases the Si micropyramids have identical dimensions 

where DL = 15 μm and DS = 9 μm. (a) The PEF spectra were obtained by calculating the 

absorption spectra with a micropyramid (as shown in (b) and (c)) and dividing them by the 

absorption spectra of the planar reference structure (as depicted in Fig 4.10(c)). The 

resulting PEF spectra are presented for two designs: the red curve corresponds to a design 

utilizing a silicon-on-insulator (SOI) wafer, while the blue curve represents a monolithic 

all-Si structure. (b, d) Ray tracing diagram and corresponding EM field map for a SOI 

micropyramid. (c, e) Ray tracing diagram and corresponding EM field map for an all-Si 

micropyramid. Both are coated with a 300 nm thick SiO2 layer and a 300 nm thick Au 

layer. To model the absorption behavior of PtSi Schottky barrier photodetectors, a 

simplified approach was used, with a weakly absorbing square structure (8 μm in size, 50 

nm thick) positioned at the interface between the small base of the micropyramid and the 

SiO2 layer. The Au mirror was included to enhance MWIR radiation absorption [363]. 
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The all-Si PEF spectrum maintains a nearly constant value of PEF ≈ 1.7 over a 

broad spectral range. This aligns reasonably well with the experimentally observed value 

of PEF ≈ 1.5 and the numerical modeling value of PEF ≈ 1.7 due to the large DL = 60 μm 

and DS = 22 μm truncated micropyramid illustrated in Fig. 4.10. The relatively low PEF 

values calculated for the all-Si truncated micropyramids can be attributed to two main 

factors. First, rays exit the truncated micropyramid after reflecting off the Au mirror, as 

depicted in Fig. 4.11(c) where light is shown to escape from the truncated micropyramid. 

Second, rays significantly away from the center of the truncated micropyramid cannot 

reach the detector itself. Together, these factors limit the buildup of the EM field near the 

micropyramid’s small base DS, as seen by the EM field maps at λ = 4.84 μm in Fig. 4.11(e). 

The EM field enhancement in the detector can be substantially increased by 

utilizing an improved design where micropyramids are fabricated with a SOI wafer, as 

shown in Fig. 4.11(b, d). Ray tracing demonstrates that, with a 2 μm thick SiO2 layer at the 

large base of the micropyramid, rays are confined within the truncated micropyramid due 

to total internal reflection with the low-index n = 1.38 SiO2 layer. This configuration leads 

to a resonant EM field amplification by nearly an order of magnitude at both truncated 

micropyramid bases, where Fig. 4.11(d) depicts the peak wavelength of λ = 4.84 μm. 

Consequently, the SOI-based design yields significantly enhanced absorption, shown by 

the red curve in Fig. 4.11(a) with PEF resonance peaks surpassing the absorption levels of 

the planar reference devices by almost an order of magnitude. However, the SOI design 

warrants a deeper look because of this clear resonance behavior. 

The red curve in Fig. 4.11(a) shows strong absorption peaks as a result of 

introducing an additional oxide layer because of the resonance cavity that is formed. The 
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resonance wavelengths can be compared to classical Fabry-Pérot resonances described by 

λq = 2nL/q where the index of refraction n = 3.43 for Si, q is the longitudinal modal number, 

and L is the length of the resonator cavity which is also the height of the truncated 

micropyramid determined geometrically by L = √2*(DL-DS)/2. In this case, L = 4.24 μm. 

The situation in these cases are more complicated due to reflections introduced by the 

micropyramid’s sidewalls and, therefore, cannot be fully explained by classical Fabry-

Pérot resonances. However, this comparison gives insight into the origin of these resonance 

peaks. In the case where DL = 15 μm and DS = 9 μm, Fig. 4.11(a) shows four resonance 

peaks corresponding to four longitudinal modal numbers: q = 6 with λ = 4.84 μm, q = 7 

with λ = 4.16 μm, q = 8 with λ = 3.64 μm, and q = 9 with λ = 3.24 μm. The wavelengths 

where resonance peaks are expected by theory are nearly exactly where the resonance 

peaks form in the numerical modeling results, demonstrating that this comparison to 

classical Fabry-Pérot resonances has merit. The regions surrounding these peaks still give 

high PEF ≈ 4 and still display some resonance behavior, albeit with lesser order modes 

most likely from the micropyramid’s sidewalls. 

Furthermore, this resonance behavior is also apparent in larger truncated SOI 

micropyramids with DL = 30 μm and DS = 18 μm, as shown in Fig. 4.12. In order to clarify 

the mechanism behind the photoresponse increase due to integration with truncated 

micropyramids, 3-D FDTD numerical modeling of the EM fields were performed for both 

configurations – with and without the SiO2 layer. The 3-D FDTD numerical model has 

identical parameters as previously described for the DL = 15 μm and DS = 9 μm case. It is 

worth noting that for DL = 30 μm and DS = 18 μm, the 50 nm thick square weak absorber 

layer has 17 μm lateral dimensions. These dimensions are 1 μm smaller than DS to account 
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for realistic fabrication capabilities. The resulting EM field maps at λ = 3.24 μm are shown 

in Fig 4.12(b, c). The resulting PEF spectra in Fig. 4.12(a) are presented for two 

micropyramid designs: the red curve corresponds to a design utilizing a SOI wafer, while 

the blue curve represents a monolithic all-Si design. 

 

Figure 4.12. The optical absorption characteristics of two micropyramids monolithically 

integrated with weak absorbers are depicted via ray tracing and 3-D FDTD numerical 

modeling EM field maps. In both cases the Si micropyramids have identical dimensions 

where DL = 30 μm and DS = 18 μm. (a) The PEF spectra were obtained by calculating the 

absorption spectra with a micropyramid (as shown in (b) and (c)) and dividing them by the 

absorption spectra of the planar reference structure (as depicted in Fig 4.10(c)). The 

resulting PEF spectra are presented for two designs: the red curve corresponds to a design 

utilizing a silicon-on-insulator (SOI) wafer, while the blue curve represents a monolithic 

all-Si structure. (b) EM field map for a SOI micropyramid. (c) EM field map for an all-Si 

micropyramid. Both are coated with a 300 nm thick SiO2 layer and a 300 nm thick Au 

layer. To model the absorption behavior of PtSi Schottky barrier photodetectors, a 

simplified approach was used, with a weakly absorbing square structure (17 μm in size, 50 

nm thick) positioned at the interface between the small base of the micropyramid and the 

SiO2 layer. The Au mirror was included to enhance MWIR radiation absorption. 

 

The all-Si PEF spectrum again maintains a nearly constant value of PEF ≈ 1.7 over 

a broad spectral range, shown by the blue curve in Fig. 4.12(a). This aligns well with the 

experimentally observed value of PEF ≈ 1.5 and the numerical modeling value of PEF ≈ 

1.7 due to the large DL = 60 μm and DS = 22 μm truncated micropyramid illustrated in Fig. 

4.10. The EM field enhancement in the detector can be substantially increased by utilizing 

an improved design where micropyramids are fabricated with a SOI wafer, as shown in 
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Fig. 4.12(b). This configuration leads to an enhanced PEF of up to 11× at λ = 3.24 μm, 

where the EM field maps in Fig. 4.12(b, c) depict the fields at this wavelength. 

The red curve in Fig. 4.12(a) shows strong absorption peaks as a result of 

introducing an additional oxide layer because of the resonance cavity that is formed. The 

resonance wavelengths can be compared to classical Fabry-Pérot resonances described by 

λq = 2nL/q where the index of refraction n = 3.43 for Si, q is the longitudinal modal number, 

and L is the length of the resonator cavity which is also the height of the truncated 

micropyramid determined geometrically by L = √2*(DL-DS)/2. In this case, L = 8.49 μm. 

The situation in these cases are more complicated due to reflections introduced by the 

micropyramid’s sidewalls and, therefore, cannot be fully explained by classical Fabry-

Pérot resonances. However, this comparison gives insight into the origin of these resonance 

peaks. In the case where DL = 30 μm and DS = 18 μm, Fig. 4.12(a) shows eight resonance 

peaks corresponding to eight longitudinal modal numbers: q = 12 with λ = 4.84 μm, q = 13 

with λ = 4.47 μm, q = 14 with λ = 4.16 μm, q = 15 with λ = 3.88 μm, q = 16 with λ = 3.64 

μm, q = 17 with λ = 3.43 μm, q = 18 with λ = 3.24 μm, and q = 19 with λ = 3.07 μm. Once 

again, the wavelengths where resonance peaks are expected by theory are nearly exactly 

where the resonance peaks form in the numerical modeling results, demonstrating that this 

comparison to classical Fabry-Pérot resonances has merit. The regions surrounding these 

peaks give still high PEF of ~4× and still display some resonance behavior, albeit with 

lesser order modes most likely from the micropyramid’s sidewalls. 

It is clear from the DL = 15 μm case shown in Fig. 4.11 and the DL = 30 μm case 

shown in Fig. 4.12 that the resonance peaks for moderately truncated SOI micropyramids 

arise due to multiple reflections which occur at SiO2 layer near DL and at the Au layer near 
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DS. To conclude this analysis, it is only natural to compare the experimental results shown 

in section 4.3 with 3-D FDTD numerical modeling for the same geometric configuration. 

The resonance behavior shown in Fig. 4.11 and Fig. 4.12 is also apparent in larger truncated 

SOI micropyramids with DL = 60 μm and DS = 22 μm, as shown in Fig. 4.13. In order to 

clarify the mechanism behind the photoresponse increase due to integration with truncated 

micropyramids, 3-D FDTD numerical modeling of the EM fields were performed for both 

configurations – with and without the SiO2 layer. The 3-D FDTD numerical model has 

identical parameters as previously described for the DL = 15 μm and DS = 9 μm case. It is 

worth noting that for DL = 60 μm and DS = 22 μm, the 50 nm thick square weak absorber 

layer has 21 μm lateral dimensions: identical to the experiment. These dimensions are 1 

μm smaller than DS to account for realistic fabrication capabilities. The resulting EM field 

maps at λ = 3.84 μm are shown in Fig 4.13(b, c). The resulting PEF spectra in Fig. 4.13(a) 

are presented for two micropyramid designs: the red curve corresponds to a design utilizing 

a SOI wafer, while the blue curve represents a monolithic all-Si design. 

The all-Si PEF spectrum again maintains a nearly constant value of PEF ≈ 1.7 over 

a broad spectral range, shown by the blue curve in Fig. 4.13(a), which agrees with the 

experimentally observed value of PEF ≈ 1.5 due to the large DL = 60 μm and DS = 22 μm 

truncated micropyramid illustrated in Fig. 4.10. The EM field enhancement in the detector 

can be substantially increased by utilizing an improved design where micropyramids are 

fabricated with a SOI wafer, as shown in Fig. 4.13(b). This configuration leads to an 

enhanced PEF of up to 9× at λ = 3.84 μm, where the EM field maps in Fig. 4.13(b, c) depict 

the fields at this wavelength. 
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Figure 4.13. The optical absorption characteristics of two micropyramids monolithically 

integrated with weak absorbers are depicted via ray tracing and 3-D FDTD numerical 

modeling EM field maps. In both cases the Si micropyramids have identical dimensions 

where DL = 60 μm and DS = 22 μm. (a) The PEF spectra were obtained by calculating the 

absorption spectra with a micropyramid (as shown in (b) and (c)) and dividing them by the 

absorption spectra of the planar reference structure (as depicted in Fig 4.10(c)). The 

resulting PEF spectra are presented for two designs: the red curve corresponds to a design 

utilizing a silicon-on-insulator (SOI) wafer, while the blue curve represents a monolithic 

all-Si structure. (b) EM field map for a SOI micropyramid. (c) EM field map for an all-Si 

micropyramid. Both are coated with a 300 nm thick SiO2 layer and a 300 nm thick Au 

layer. To model the absorption behavior of PtSi Schottky barrier photodetectors, a 

simplified approach was used, with a weakly absorbing square structure (21 μm in size, 50 

nm thick) positioned at the interface between the small base of the micropyramid and the 

SiO2 layer. The Au mirror was included to enhance MWIR radiation absorption. 

 

The red curve in Fig. 4.13(a) shows strong absorption peaks as a result of 

introducing an additional oxide layer because of the resonance cavity that is formed. The 

resonance wavelengths can loosely be compared to classical Fabry-Pérot resonances 

described by λq = 2nL/q where the index of refraction n = 3.43 for Si, q is the longitudinal 

modal number, and L is the length of the resonator cavity which is also the height of the 

truncated micropyramid determined geometrically by L = √2*(DL-DS)/2. In this case, L = 

26.87 μm. However, the situation is significantly more complicated due to a large number 

of reflections introduced by the micropyramid’s sidewalls and, therefore, cannot be fully 

explained by classical Fabry-Pérot resonances. However, this comparison gives insight into 

the origin of these resonance peaks as seen in the DL = 15 μm and DL = 30 μm cases shown 

in Fig. 4.11 and Fig. 4.12, respectively. In the case where DL = 60 μm and DS = 22 μm, the 
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classical Fabry-Pérot resonances described by λq = 2nL/q predict twenty-five longitudinal 

modal numbers ranging from q = 37 with λ = 4.98 μm to q = 61 with λ = 3.03 μm. Therefore, 

what initially may look like a noisy mess in Fig. 4.13(a) can be attributed to resonances 

between the SiO2 layer near the large base DL and the small base DS, and large contributions 

from the micropyramid’s sidewalls. 

Similar peaks were previously observed for Si microcones in an air environment 

[25], where it was also noted that certain peaks exhibited omnidirectional resonance such 

that the same spectral position was maintained across a wide range of incidence angles and 

for both polarizations of incoming light. This omnidirectional behavior is unattainable in 

planar structures but can be possible in truncated microcones because of their 3-D geometry. 

A similar effect may also occur in truncated Si micropyramids fabricated in SOI wafers, 

though this intriguing possibility warrants further investigation by studying the locations 

of the resonance peaks with increasing angle-of-incidence. Omnidirectional resonance is a 

valuable feature for creating multispectral MWIR imaging devices, enabling improved 

photon collection across a wide range of incidence angles. The integration of Si 

micropyramidal arrays with photodetectors, either monolithically or heterogeneously, has 

the potential to raise the operating temperature of MWIR FPAs. Additionally, it is worth 

noting that the proposed 3-D micropyramid mirror designs [97, 99, 103] fabricated in SOI 

wafers can also be heterogeneously integrated with photodetectors made from materials 

with superior absorption characteristics and higher QE in the MWIR range, such as 

photovoltaic (PbSe, HgTe, HgSe, and colloidal quantum dots) [361] and photoconductor 

[6, 362] based photodetectors. 
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4.5. Conclusions 

  

The primary goal of this research was to enhance MWIR photodetectors by 

reducing the dark current noise and increasing the signal, thereby increasing the signal-to-

noise ratio (SNR). To do this, truncated Si micropyramidal arrays with 60 μm pitch were 

fabricated, integrated with MWIR photodetectors, and optical testing was performed to 

compare their performance with reference planar photodetectors of the same dimensions. 

This comparison was done to assess the signal enhancement achieved through the 

micropyramid-based designs. Determining the QE of these devices was essential for this 

analysis. Defined as the ratio of electrical output to optical input, QE for conventional 

planar Si-based photodetectors is limited by Si’s indirect band gap, resulting in low 

absorption and inefficient photocarrier collection. In contrast, the light-focusing properties 

of the truncated Si micropyramids, when integrated with photodetectors, shows promise 

for increasing the absorption, thereby improving the QE and enhancing the photoresponse. 

Additionally, the photodetector mesa size near the top of the truncated micropyramid can 

be minimized compared to standard planar devices, which could reduce thermal noise and 

potentially allow for higher operating temperatures [94-99, 102-104, 363]. 

In order to evaluate the performance enhancement capability of micropyramids 

integrated with MWIR detectors, silicon-platinum silicide (PtSi/p-Si) Schottky barrier 

photodetectors were monolithically integrated with truncated Si micropyramid arrays. To 

further increase the photoresponse, layers of SiO2 and Au mirror reflectors were deposited 

on top of the truncated micropyramids housing the photodetectors. The key innovation 

involved applying a 3-D metallic mirror onto the sidewalls of the truncated micropyramids 

[103, 363], which enabled effective photon concentration on the photodetectors. This 
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design offers several advantages: enhanced photon collection over a broader area, effective 

trapping of photons within the truncated micropyramids to create resonant optical effects, 

and the utilization of multiple light propagation paths within the detector. Together, these 

factors extend the optical path length, thereby increasing the likelihood of photon 

absorption and improving the photodetectors' QE. The 3-D mirror setup builds on earlier 

concepts of back-reflectors used in traditional planar MWIR photodetector FPAs, as shown 

in Fig. 4.6(b, d) [5, 44]. This configuration achieved ~1.5× signal enhancement over planar 

reference devices without truncated micropyramids across a broad MWIR spectral range. 

These results align well with the 3-D FDTD numerical modeling calculations, which 

predicted an average PEF of ~1.7× with up to a ~1.8× signal enhancement in similar 

configurations. The initially expected strong absorption peaks were actually not 

pronounced as a result of photons escaping from inside the micropyramids back to the bulk 

Si wafer. 

In order to further enhance the PEFs, an approach involving silicon-on-insulator 

(SOI) wafers was introduced to trap the photons inside the micropyramid. The fabrication 

of Si micropyramids on an SOI wafer offers a novel method to enhance the SNR by creating 

a resonant cavity within the micropyramid structure. An SOI wafer includes an insulating 

SiO2 layer embedded between Si layers, engineered to be at a precise depth and thickness 

suitable for specific applications. In the 3-D FDTD modeling, this SiO2 layer aligns exactly 

with the large base of the truncated micropyramid. With the purpose of clarifying how 

integration with truncated micropyramids enhances the photoresponse, 3-D FDTD 

numerical modeling of the EM fields was conducted for both micropyramid 

configurations—with and without the SiO2 layer. It was demonstrated that significantly 
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stronger absorption of MWIR radiation can be achieved in truncated SOI micropyramids 

fabricated in the top Si layer of SOI wafers due to resonance inside the micropyramid. The 

3-D FDTD numerical modeling calculations indicate that light trapped inside these 

micropyramidal structures have resonance effects leading to an order of magnitude higher 

absorbed power compared to planar reference devices of the same detector size. The 

resonance peaks are enhanced by PEF ≈ 9-11× for different micropyramid pitches due to 

the Fabry-Pérot resonances caused by mirror reflections at the bases of the micropyramid. 

Such configurations could potentially address the long-standing issue of low QE in metal-

silicide Schottky barrier photodetectors. Furthermore, these structures may exhibit 

omnidirectional resonance characteristics such that the same spectral position was 

maintained across a wide range of incidence angles and for both polarizations of incoming 

light [25]. 

Overall, this chapter focused on the experimental fabrication and testing of 

monolithically integrated PtSi detectors with truncated Si micropyramids, as well as a 

novel way to further improve these detectors. It covered the fabrication of monolithically 

integrated MWIR PtSi/p-Si Schottky barrier photodetectors directly on top of the truncated 

Si micropyramids. This was done to experimentally determine if reducing the dimensions 

of the photodetectors reduces the dark current, while the light collection efficiency can be 

improved with light-concentrating truncated micropyramids, in order to maintain or 

enhance the SNR to increase the operating temperature of MWIR FPAs. Furthermore, a 

detailed analysis of the truncated micropyramid FPA was conducted through characterizing 

the fabricated devices’ spectral response and QE in order to determine the enhancement 

obtained through integration with truncated micropyramids. Lastly, a novel way to further 
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enhance the SNR through utilizing a SOI wafer to create a resonator cavity was discussed 

and demonstrated increased absorption of up to 11× compared to a planar reference device 

of the same size. 

These results do not represent the limits of this technology. Rather, they underscore 

the adaptability of Si anisotropic wet etching as a flexible approach for creating innovative 

structures that enhance MWIR FPAs. This research establishes that micropyramidal Si 

photonics offers a highly customizable optoelectronic platform for improving SNR 

characteristics and raising the operating temperature of MWIR FPAs. Future efforts could 

focus on the fabrication and experimental validation of these proposed SOI structures. This 

would allow for a direct demonstration of the imaging capabilities of these devices in the 

MWIR range relative to standard cameras. 
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CHAPTER 5: NUMERICAL MODELING THE OPTICAL PROPERTIES OF 

LITTROW RETROREFLECTORS 

 

5.1. Grating Concept and Polar Angle Performance 

 

As explained in section 1.5, Littrow retroreflectors are essentially diffraction 

gratings which are often designed to operate at grazing angles of incidence. Therefore, the 

advantages of Littrow retroreflectors come from their thin film designs, enabling their 

fabrication on wide areas of flat and curved surfaces. The well-known diffraction grating 

equation, sin ϴr – sin ϴin = mλ/, where ϴin is the angle of incidence, ϴr is the angle of 

diffraction, λ is the wavelength of light, Λ is the periodicity of the diffraction grating, and 

m is the diffraction order, represents a zero-order approximation to understanding 

retroreflector performance of Littrow retroreflectors. Indeed, for m = -1 and ϴr = -ϴinc = ϴ 

the grating equation simplifies to the Littrow configuration: 2 sin ϴ = λ/. This means that, 

only for this angle of incidence, the diffracted beam propagates in the exact reciprocal 

direction. In this work, λ = 633 nm was selected corresponding to the wavelength of a HeNe 

laser to enable simple experimental testing of such retroreflectors. This wavelength is also 

where most metals, such as Au, experience plasmonic resonant properties, therefore 

indicating that interesting new physics can be involved in their retroreflection properties. 

By selecting to optimize the performance at ϴ ≈ 70, it was estimated that the grating period 

should be around  ≈ 338 nm, which is a relatively short period but it is still within the 

fabrication capabilities of electron beam lithography. At the same time, the grating 
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equation also reveals the main limitation of Littrow retroreflectors. In fact, a small 

deviation from the optimal angle of incidence leads to the same deviation (but in the 

opposite direction from the optimal angle) for the diffracted beam, which means that 

Littrow retroreflectors are not proper retroreflectors in a rigorous sense. On a trade-off, this 

combination of fabrication simplicity with a somewhat imperfect performance still makes 

Littrow retroreflectors attractive for practical applications. However, the design of these 

structures should go far beyond a simplified grating equation to explain the broadband 

operation of these structures for both polarizations of incident light. 

The grating concept is based on periodicity, and these grating properties are 

introduced by the top layer of the full 3-D retroreflector structure illustrated in Fig. 5.1. 

This top layer is represented by a 2-D slot array fabricated in a metallic thin film. The 

simplest 1-D analog of such 2-D slot array is a stripe array illustrated in Fig. 1.32(a). 

 

Figure 5.1. Sketch illustrating the 3-D geometry of the retroreflector structure, as well as 

the experimental geometry. It shows the main parameters such as the period () and width 

of the metallic stripes (a) in the surface square slot array. Plane waves are incident at an 

angle of ϴin. A specularly reflected zero-order beam and diffracted beam corresponding to 

m = -1 in the grating equation are illustrated. 
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5.2. Suppression of the Specular Beam 

 

The polar angular performance described in the previous section is a common 

property of different gratings with a given period and various profiles of grooves. It is 

important to note that the other diffracted beams corresponding to m numbers different 

from m = -1 are prohibited by the grating equation for the given parameters, so the intensity 

of the incident plane waves is split between the retroreflected and specular beams, as 

illustrated in Fig. 5.1. In addition, some part of the intensity can be absorbed by the metallic 

layers. However, the grating equation does not answer the question regarding the efficiency 

of the retroreflector. It can be suggested that suppression of the specular beam can increase 

the intensity of the retroreflected beam. 

Suppression of the specular beam around λ = 633 nm and ϴ ≈ 70  can be achieved 

by the introduction of additional thin layers in the design of the retroreflector structure. 

Specifically, it can be achieved by using a thin dielectric layer (d) and refractive index (n) 

separating the top slot array from the bottom metal mirror, as illustrated in Fig. 5.1. This 

mirror is labeled as PEC because, in the numerical calculations of the EM fields described 

below, a perfect electric conductor model (PEC) was used to represent this layer. The basic 

idea is to split the incident beam into two specular reflections, where one is introduced by 

the metallic fraction of the top slot array and the other is introduced by transmission into 

the dielectric layer due to openings between the metal stripes. The transmitted beam is 

reflected by the bottom metallic mirror and directed towards the top metallic slot array. If 

the phase shift between these two beams is close to , both beams would interfere 

destructively therefore suppressing the specular beam. 
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This design concept looks simple from the first sight since it requires calculating 

the path difference between these two beams and setting it to be equal to 2(1/2+n), where 

n = 0,1,2… There is, however, one factor which complicates this approach. Along with the 

path difference, the phase shift acquired at the metallic layers of the structure needs to be 

considered. At the bottom mirror it is , but at the top slot array it requires a separate 

analysis. The issue is that, at the metallized sections of the top slot array, the tangential 

components of the electric field intensity must vanish both above and below the interface 

whereas within the openings between the metal stripes, the tangential components of both 

electric and magnetic fields must be continuous. This means that the phase shift acquired 

at the top slot array depends on the metal filling factor f = a/Λ and on the polarization of 

the incident light, TE or TM. To solve this problem analytically, a special mathematical 

approach was developed in Ref. [225] to approximate the properties of such top slot arrays. 

This enabled the calculation of the retroreflected beam’s efficiencies in the whole 

parameter space for a simplified 1-D lattice of stripes. 

The results of Ref. [225], represented in Fig. 1.32, play an important role in the 

numerical modeling work. Although they were obtained for somewhat different parameters 

of the system ( = 960 nm, λ = 1550 nm, n = 1.444 and ϴ ≈ 54) in a simplified 1-D case, 

they show the main generic problem of such designs. Inspection of Fig. 1.32 shows that 

the optimal areas in the parameter space required for achieving efficient retroreflection at 

TE and TM polarizations have a limited overlap. Indeed, the highly efficient performance 

of the TE polarization is favored at smaller f ≈ 0.045 values, whereas the highly efficient 

performance of the TM polarization is favored at much larger f ≈ 0.45 values which cannot 

be combined in the same structure. The selection of the optimal f values for TE and TM 
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polarizations is driven by the requirement to reduce the retroreflector’s sensitivity to 

variations in the thickness of the dielectric slab [225]. The situation is, however, quite 

different if maximizing the combined retroreflector performance of both polarizations with 

the same structure was desired. In the latter case, the values of d and f should be deliberately 

selected to provide such an overlap between the different polarizations, and Fig. 1.32 

clearly indicates this situation for a near-infrared 1-D lattices of metallic stripes with 

dielectric layer of thickness d = 0.25 - 0.4 m and with metal fill factors f = 0.3 - 0.5. This 

opens up the possibility for sufficient retroreflection efficiency of both polarizations for 

the same points (d, f) in 2-D parameter space. For each polarization, the efficiency can be 

reduced below 100%, but the combined performance in both polarizations can be still quite 

reasonable. This result from analytical theory encouraged us to investigate such situations 

numerically in a more realistic 3-D case based on the exact solution to Maxwells’ equations 

performed for different models of the top slot array. Considering the shorter wavelength of 

λ = 633 nm with a slightly higher dielectric layer index of n = 1.6 in the designs, the 

thickness of the dielectric layer was selected to be d = 150 nm. 

 

5.3. Describing the Model in 3-D FDTD Numerical Modeling Software 

 

3-D FDTD numerical modeling of the far-field EM fields for the structure 

illustrated in Fig. 5.1 was performed using Ansys/Lumerical 3-D FDTD photonic software. 

An adjustable grid with cell sizes of ~1 nm were used to represent different layers of the 

structure. The unit cell was represented by a square with 338 nm sides containing metallic 

stripes with the a/2 width at the edges and with the square slot in the middle. The modeling 
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was performed for a slot array with a sufficiently large number of periods (>40) to 

approximate the case of large-scale arrays. 

The first task was to estimate the range of stripes widths (a) which provided 

maximal retroreflection efficiency for both polarizations simultaneously for the same 

structure. To this end, numerical modeling of the top metal slot array was needed and a 

PEC model as a zero-order approximation was selected. In the PEC model, the metal is 

optically lossless and the tangential components of the electric field are zero at the 

boundary. This means that both the metallic interfaces, the top slot array and the bottom 

mirror, are lossless and therefore depict the upper limit of the retroreflector’s efficiency 

without considering absorption losses. 

 

Figure 5.2. Wavelength dependence of the diffraction angle calculated for several angles 

of incidence in the 60 - 80 range. The dependencies coincide for TE and TM polarizations 

of incident light. The design wavelength λ = 633 nm is shown by the vertical dashed line. 

 

One more important option offered by Ansys/Lumerical’s 3-D FDTD numerical 

modeling software is the ability to separately calculate the total intensity of the diffracted 

(m = -1) and specular beams for arbitrary angles of incidence represented by ϴin. As 
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discussed previously, deviation of ϴin from 70 leads to the corresponding changes in the 

direction of the diffracted beam and the software automatically monitors the total intensity 

of the diffracted beam irrespective of its direction. 

For a 1-D array of metal stripes, the relationship between the incidence and 

diffraction angles is represented by the grating equation, sin ϴr – sin ϴin = mλ/. The 

wavelength dependencies of the diffraction angles calculated by Ansys/Lumerical’s FDTD 

numerical modeling software for a 3-D retroreflecting structure at several angles of 

incidence are shown in Fig. 5.2. These dependencies were calculated in the plane of 

incidence perpendicular to the stripes of the array. The TE and TM dependencies coincide 

for each angle of incidence, ϴin = 60, 65, 70, 75, 80. The design wavelength λ = 633 nm 

is indicated by the vertical dashed line. For each curve, the diffraction angle is determined 

by its intersection with this vertical dashed line. The wavelength where each curve reaches 

ϴr = 90 level indicates a condition where diffracted beam appears at a grazing angle to the 

surface of the structure. 

 

Figure 5.3. Retroreflection spectra normalized to the intensity of the incident beam. The 

spectra were calculated for (a) TE and (b) TM polarizations incident at ϴin = 70 for 

different stripe widths, a = 60, 80, 100, 120, and 140 nm. The vertical dashed line shows 

the design wavelength of λ = 633 nm. 
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The next step was to study the intensity of the retroreflected beam under different 

conditions. As shown in Fig. 5.3, this was achieved by calculating the retroreflection 

spectra at ϴin = 70 for slot arrays with different widths of the stripes, a = 60, 80, 100, 120, 

and 140 nm. These dependencies show the TM retroreflection response was sufficiently 

strong and spectrally broad in the λ = 550 - 650 nm range for all stripe widths. Additionally, 

the TE response displayed strong retroreflection peaks with spectral widths of ~40 nm, 

where the peak’s position shifted to shorter wavelengths with increasing stripe width a. 

Lastly, the strongest retroreflection for both TE and TM polarizations at the design 

wavelength of λ = 633 nm can be achieved at a = 100 nm. The results displayed in Fig. 5.3 

establish that highly efficient Littrow retroreflector performance can be achieved with a 

PEC model in both polarizations where the optimized stripe width a is around 100 nm with 

a period of  = 338 nm. 

 

Figure 5.4. Intensity of the diffracted (m = -1) beam normalized to the intensity of the 

incident beam calculated at different angles of incidence, ϴin = 65, 70, and 80 for TE 

and TM polarizations. 
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One more task was to investigate the tolerance of the proposed design to variations 

in the stripe width a, which can be treated as a fabrication tolerance of the proposed design. 

This was studied by calculating the ratio of the retroreflection intensity to the intensity of 

the incident light. The results of such 3-D FDTD numerical modeling simulations for 

different angles of incidence, ϴin = 65, 70, and 80, at two different polarizations are 

presented in Fig. 5.4. Only at ϴin = 70 does the direction of the diffracted beam reciprocate 

the direction of incidence, making it a perfect retroreflector. Furthermore, the diffracted 

beam is referred to as a “retroreflected” beam considering that its direction is relatively 

close to the direction of incidence for small deviations from the optimal value of ϴin = 70.  

Fig. 5.4 illustrates the dependence of the normalized retroreflected intensity on the 

stripe width a of the slot array in the PEC model. Analysis of this figure indicates that this 

design provides extremely efficient (>0.9) retroreflection for both polarizations 

simultaneously around the optimal value of a = 96 nm. Additionally, the TM retroreflection 

response demonstrates sufficiently high and almost constant efficiency in the entire range 

of stripe widths, a = 84 - 108 nm. Furthermore, the TE retroreflection response peaks at a 

value of a = 96 nm, but the peak is rather wide, which means that this design can tolerate 

significant stripe width variations in the a = 92 - 100 nm range, as schematically illustrated 

by the black dashed lines. These results show that optimal performance is expected at a 

value of a = 96 nm in the 3-D model, which corresponds to a f = 0.28 value in the 1-D 

stripe lattice considered in Ref. [225]. The main conclusion is that there is some 

consistency with the predictions of the 1-D model, but the efficiency of such 3-D 

retroreflectors at optimized parameters (>0.9) is surprisingly high and therefore is a very 
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encouraging result for further studies. In the rest of this Chapter, the stripe width value of 

a = 96 nm was selected. 

 

5.4. Azimuthal Dependence 

 

The 3-D Littrow retroreflectors can be compared to the simplest 1-D model only in 

the case where light is incidence along the symmetry directions of the 2-D top slot array, 

as schematically illustrated in Fig. 5.1. In this case, light is incidence is perpendicular to 

the stripes of the slot array. In practice, however, the incident light can be provided along 

arbitrary azimuthal directions represented by the azimuthal angle ϕ, as schematically 

illustrated in Fig. 5.5. 

 

Figure 5.5. (a) Diagram depicting the azimuthal performance of the Littrow retroreflector, 

showing light incident in a plane rotated by angle ϕ relative to the symmetry plane passing 

through x-axis. (b) Polar plot showing both the polar and azimuthal angles for the incident, 

specular, and diffracted beams. The diffracted beam is indicated as retro in this plot [369]. 

 

It is seen that the azimuthal behavior of the Littrow retroreflector is also imperfect. 

Rotating the plane of incidence by angle ϕ from the symmetry planes causes the same 

rotation of the diffracted beam, but in the opposite direction. As a result, the directions of 

the incident and diffracted beam differ by 2ϕ, as illustrated in Fig. 5.5(b). This plot shows 
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that, as expected, the incident and specular beam belong to the same plane, but the 

diffracted beam, termed “retro” in this polar plot, lies in the plane rotated by 2ϕ. It also 

shows that diffracted beam intensity dominates over the specular beam. Therefore, such a 

structure can perform as a standard retroreflector only in highly symmetrical cases where 

light is incident perpendicular to the stripes. These cases are repeated with 90 periodicity, 

but the performance at arbitrary azimuthal directions require further studies. 

The spectral responses of the retroreflector calculated at a polar angle of incidence 

ϴin = 70 and different azimuthal angles of incidence, ϕ = 0, 5, 10, and 15 are 

represented for TE and TM polarizations in Figs. 5.6(a) and 5.6(b), respectively. The 3-D 

FDTD numerical modeling simulation results indicate that the spectral response remains 

relatively broad and that the peak of the response shifts to shorter wavelengths with 

increasing azimuthal angle ϕ. The intensity of the diffracted beam drops from a level 

greater than 0.9 at ϕ = 0 to a level of ~0.3 at ϕ = 15 for both polarizations at the design 

wavelength of λ = 633 nm. This means that such retroreflectors can tolerate rotation of the 

incidence plane by ~15 to each side from the symmetry plane. 

 

Figure 5.6. Retroreflection spectra normalized to the intensity of the incident beam and 

calculated for (a) TE and (b) TM polarizations at a polar incidence angle of ϴin = 70 and 

for different azimuthal angles ϕ = 0, 5, 10, and 15, measured from the symmetry plane. 

The design wavelength of λ = 633 nm is shown by the vertical dashed line. 
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5.5. Transition from PEC Model to Real Metals: Au, Ag, Al, and Cu 

 

The Littrow retroreflector’s performance represented in Fig. 5.4 is surprisingly 

good. At optimal conditions, the intensity of the retroreflected beam exceeds 90% for both 

polarizations. This is a very encouraging result considering the fundamental problem of 

obtaining highly efficient performance for both TE and TM polarizations simultaneously 

in a 1-D lattice of stripes [225]. It should be noted, however, that this modeling completely 

neglected absorption losses from the bottom mirror and, more importantly, from the slot 

array because a PEC model was used to represent the metallic layers. Therefore, this 

approach (a similar approach was used in [225]) can be viewed only as a zero-order 

approximation to the problem and more realistic metal models considering absorption 

losses must be used for a more accurate representation of how this retroreflector would 

perform. 

As a next iteration, an approach based on using the real and imaginary parts of the 

refractive index known for bulk metals such as Au, Ag, Al, and Cu obtained from the 

software’s material library was used. It should be noted that this approach is also only an 

approximation to a real situation because the bulk values of the refractive index were 

applied to slot arrays with small thicknesses. However, this approximation enabled the 

absorption losses to be included. The thickness of such slot arrays made from various 

metals was varied in the 3-D FDTD numerical modeling between 20 - 70 nm. Thinner slot 

arrays below 20 nm were not included in the analysis because the scattering strength of 

these metallic stripes are less, which reduces their retroreflection capability. In addition, 

plasmon excitations in metallic stripes with such nanoscale thicknesses are affected by 

quantum confinement properties that require a more detailed knowledge about the behavior 
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of the refractive index in such thin films. On the other hand, the retroreflection response of 

arrays with thicknesses larger than 70 nm are also reduced, as the numerical modeling 

results indicate. For these reasons, this study was limited to the 20 - 70 nm range of metal 

thicknesses. 

Retroreflection properties of Au arrays. In Fig. 5.7, the dependence of the 

retroreflection spectra on the thicknesses of the Au slot array is shown with 10 nm 

increments in the thickness. The calculations were performed for a polar incidence angle 

of ϴin = 70 and an azimuthal angle of ϕ = 0 for TE and TM polarizations as shown in 

Figs. 5.7(a) and 5.7(b), respectively. These plots demonstrate that the TM retroreflection 

response is sufficiently strong at ~0.6 level and the response is broadband over a λ = 600 - 

650 nm range for all stripe thicknesses in the 20 - 70 nm range. Additionally, the TE 

retroreflection response displays a spectral peak where the width increases from ~15 nm 

up to ~60 nm for increasing metal thickness, with the position of the maximum shifting to 

shorter wavelengths. Furthermore, the strongest retroreflection at the design wavelength of 

λ = 633 nm can be achieved for the slot array with 30 nm thickness. 

Generally, the results show that the strongest combined TE/TM retroreflection 

response is determined primarily by the retroreflection response of the TE polarization. For 

an Au slot array, this can be achieved at the thickness of 30 nm. Retroreflection can be 

obtained for both polarizations with the same structure, but with somewhat reduced 

efficiencies at ~0.25 for TE and TM ~0.6 for TM compared to the predictions from the 

simplified PEC model illustrated in Fig. 5.3. This is generally an expected result 

considering that some part of the incident intensity is absorbed in the Au slot array. 
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It is interesting to note that the retroreflection thickness dependence shown in Fig. 

5.7 is similar to the previously studied stripe width dependence in the PEC model, 

illustrated in Fig. 5.3. For both cases, the optimized response is determined by the shift of 

the TE response to shorter wavelengths with an increase in the amount of metal present. 

The difference is that in Fig. 5.7, the volumetric fraction of Au was increased to keep the 

same area fill factor f, whereas in Fig. 5.3 the area fill factor was increased in a simplified 

PEC model. 

 

Figure 5.7. Retroreflection spectra normalized to the intensity of the incident beam for an 

Au slot array. Retroreflection calculated for (a) TE and (b) TM polarizations of incident 

light at ϴin = 70 for thicknesses in the 20 - 70 nm range. The vertical dashed line represents 

the design wavelength of λ = 633 nm. 

 

Retroreflection properties of Ag slot arrays in comparison with Au arrays. In Fig. 

5.8, the dependence of the retroreflection spectra on the thicknesses of an Ag slot array 

with 10 nm increments is shown. The results display similar trends to those illustrated in 

Fig. 5.7 for an Au slot array. However, there are some differences in the retroreflection 

performance of the 3-D structures with Au and Ag top slot arrays. The first is positive for 

Ag retroreflectors showing more robust performance for the TE polarization with a better 

efficiency of ~0.3 and a broader spectral response. Potentially, the TE peak can be even 

stronger for thinner slot arrays at the design wavelength, but this requires additional studies 
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which go beyond the scope of this dissertation. However, the TM response is 

approximately two times weaker at ~0.3 for retroreflectors with an Ag slot array compared 

to the Au slot array. As a trade-off, one can conclude that despite some differences, the 

overall performance of retroreflectors with Ag and Au slot arrays are comparable in terms 

of their retroreflection efficiencies obtainable for both polarizations at the designed 

wavelength. 

 

Figure 5.8. Retroreflection spectra normalized to the intensity of the incident beam for an 

Ag slot array. Retroreflection calculated for (a) TE and (b) TM polarizations of incident 

light at ϴin = 70 for thicknesses in the 20 - 70 nm range. The vertical dashed line represents 

the design wavelength of λ = 633 nm. 

 

Retroreflection properties of Cu slot arrays in comparison with Au arrays. In Fig. 

5.9, the dependence of the retroreflection spectra on the thicknesses of a Cu slot array with 

10 nm increments is shown. The results in Fig. 5.9 illustrate similar trends to those 

illustrated in Fig. 5.7 for Au slot arrays. However, there are some differences in the 

retroreflection performance of 3-D structures with Au and Cu top slot arrays. Both of the 

spectral responses for TE and TM polarizations are found to be weaker for Cu slot arrays 

compared to Au arrays. The maximal response for the TE polarization is obtained with a 

30 nm thickness of the Cu slot array like in the Au case, but with two times less efficiency 

at ~0.15. The maximal response for the TM polarization is also reduced compared to the 
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Au case at ~0.4. The overall performance of retroreflectors with Cu slot arrays is worse 

compared to Au or Ag arrays in terms of their efficiencies available at both polarizations 

at the design wavelength. 

 

Figure 5.9. Retroreflection spectra normalized on the intensity of the incident beam for a 

Cu slot array calculated at (a) TE and (b) TM polarizations of incident light for ϴin = 70 

with the thicknesses in the 20 - 70 nm range. The design wavelength of λ = 633 nm is 

shown by the vertical dashed line. 

 

Retroreflection properties of Al slot arrays in comparison with Au arrays. In Fig. 

5.10, the dependence of the retroreflection spectra on the thicknesses of an Al slot array 

with 10 nm increments is shown. The results in Fig. 5.10 illustrate similar trends to those 

illustrated in Figs. 5.7-5.9 for other metals. However, there are some peculiarities in the 

retroreflection performance of 3-D structures with Au top slot arrays compared to other 

metals. The spectral response for the TE polarization is spectrally broad, but it is rather 

weak at ~0.15, and the maximal response can be obtained for thin arrays with thicknesses 

around 20 nm. The spectral response for the TM polarization is not strong at ~0.4, but the 

maximal response can be obtained for thick arrays with thicknesses around 70 nm. As a 

trade-off, one can conclude that the overall performance of retroreflectors with Al slot 

arrays is worse compared to that for Au and Ag arrays in terms of their efficiencies 

available for both polarizations at the design wavelength. 
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Figure 5.10. Retroreflection spectra normalized on the intensity of the incident beam for 

an Al slot array calculated at (a) TE and (b) TM polarizations of incident light for ϴin = 70 

with the thicknesses in the 20 - 70 nm range. The design wavelength of λ = 633 nm is 

shown by the vertical dashed line. 

 

5.6. From Bulk Metal to Real Au Thin Films 

 

The innovation of the modeling done in this section is related to the use of 

experimentally measured index values for thin metallic films instead of bulk metal values  

used in the previous section. This modeling takes into account the plasmon size 

confinement effects that may play a role in such structures. Furthermore, the thickness of 

the slot array usually has the minimal size among other dimensions of the stripes. Therefore, 

if these size confinement effects for plasmons play some part in the experimentally studied 

optical properties of the uniform thin metallic films, they would be automatically 

incorporated in the retroreflector performance of the slot arrays made from these metals, 

and these properties could be accurately accessed by this 3-D FDTD numerical modeling. 

The metal used for this analysis was Au due to several reasons. First, Au arrays 

showed one of the best performances compared to Ag, Cu, and Al when using the bulk 

index data, as shown in the previous section. Second, there exists extensive literature 

regarding the spectral dependencies of the real and imaginary index values for Au thin 
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films with thicknesses including 11.7, 21, 25, 44, 53, and 117 nm [264, 305, 306]. These 

thicknesses fall exactly into the range where an interesting evolution of retroreflection 

properties is expected based on the results obtained using bulk index values. In addition, 

the results for retroreflectors formed by slot arrays in real physical thin films can be directly 

compared to that calculated with bulk index values. Such a comparison can reveal the role 

of plasmonic confinement effects in real physical thin films. Third, Au slot arrays can be 

fabricated by electron beam lithography. The advantage of Au over other metals is that this 

technology is well established, and Au structures cannot be easily oxidized so they can be 

used in optical experiments for a sufficiently long time. 

Retroreflection properties of Au arrays with the experimental index values. In Fig. 

5.11, the dependency of the retroreflection spectra on the thicknesses of the Au slot arrays 

are presented for experimentally measured index values from literature. These results are 

shown by the solid lines for thicknesses of 11.7, 21, 25, 44, 53, and 117 nm. To compare 

these results with the modeling based on bulk Au index values, the calculations were 

performed by using bulk index values for the same thicknesses of the slot arrays. These are 

shown by the dashed lines with the same colors used for the same thicknesses in order to 

facilitate easy comparison with the results obtained for real Au thin films. 

There is generally a qualitative agreement between the solid and dashed curves in 

Fig. 5.11 which indicates that the bulk index approximation is quite reasonable for 

describing the properties of retroreflectors due to real physical metal thin films. At the same 

time, there are some differences which point potentially towards the role of quantum 

confinement effects for plasmons in such retroreflectors. The TM retroreflection response 

spectra show similar behavior for the solid and dashed curves with sufficiently strong (~0.6 
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level) and broadband (600 - 650 nm) peaks at intermediate thicknesses in the 25 - 53 nm 

range with reduced peaks at 11.7 nm and 117 nm thicknesses. 

 

Figure 5.11. Retroreflection spectra normalized to the intensity of the incident beam for an 

Au slot array with thicknesses of 11.7, 21, 25, 44, 53, and 117 nm. Calculations for real Au 

thin films with experimentally determined index values are shown by solid curves whereas 

similar calculations for the bulk Au index values for the same thicknesses are shown by 

dashed lines. The results were obtained at (a) TE and (b) TM polarizations of incident light 

at ϴin = 70. The design wavelength of λ = 633 nm is shown by the vertical dashed line. 

 

Additionally, the TE response is much more complicated and quite intriguing. At 

the smallest thickness of 11.7 nm, the peak in the dashed pink curve calculated with bulk 

index values is more than two times stronger than the corresponding peak in a solid curve 

calculated for real physical index values. This trend is reversed for 21 nm thick Au, shown 

by the red curves, indicating potentially enhanced plasmonic response in real metal thin 

films. Furthermore, for 25 nm thick Au, the magnitudes of the peaks in the corresponding 

dashed and solid curves are approximately equal. Finally, at larger thicknesses of 44, 53, 

and 117 nm, the peaks in the dashed curves only slightly exceed the corresponding peaks 

in the solid curves. This supports the conclusion that, in the limit of sufficiently thick slot 

arrays, their optical properties can be fairly accurately described by their bulk indices. 

The general conclusion of this comparison is that retroreflectors containing slot 

arrays formed by real Au thin films are not so different from their counterparts described 
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by bulk index values. However, they perform better for the critical TE polarization with 

intermediate thicknesses between 21 - 25 nm. The performance of such retroreflectors 

based on the real physical parameters of thin Au films is limited to a ~0.2 level for the TE 

polarization and to a ~0.6 level for the TM polarization. However, such retroreflection 

performance can be achieved in the same structure at both polarizations simultaneously. 

Another interesting question appears around the role of absorption on the optical 

losses of such retroreflectors. The absorption was calculated by subtracting the total 

intensity of the retroreflected beam and the specular beam from the intensity of the incident 

beam. In Fig. 5.12, the absorption spectra are presented using the same colors for the same 

thicknesses as in Fig. 5.11. The results for experimentally determined thin films parameters 

are shown by solid lines for 11.7, 21, 25, 44, 53, and 117 nm thicknesses. To compare these 

results with the numerical modeling based on bulk Au index values, calculations of the 

absorption spectra were performed using bulk index values for the same thicknesses of the 

slot arrays. 

 

Figure 5.12. Absorption spectra normalized to the intensity of the incident beam for an Au 

slot array for thin films with thicknesses of 11.7, 21, 25, 44, 53, and 117 nm indicated by 

the same colors as in Fig. 5.11. Calculations for real Au thin films with experimentally 

determined index values are shown by solid curves whereas similar calculations for the 

bulk Au index values for the same thicknesses of the slot arrays are shown by dashed lines. 

The results were obtained at (a) TE and (b) TM polarizations of incident light at ϴin = 70. 

The design wavelength of λ = 633 nm is shown by the vertical dashed line. 
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5.7. Conclusions and Guidance for Fabrication 

 

The studies performed in this Chapter show that, although plasmonic Littrow 

retroreflectors are not ideal, they can still provide quite reasonable response in both 

polarizations of incident light. This is especially evident in the case of using a PEC model, 

often used for analyzing the operation of nanoplasmonic structures without taking into 

account absorption. In this limit, the retroreflector structures were designed with ~0.9 

efficiencies for both TE and TM polarizations simultaneously. In this regard, these results 

build upon earlier work [225] performed for a 1-D lattice of stripes, but it developed the 

idea for a 3-D Littrow retroreflector geometry. It showed that, in this idealized PEC model, 

high performance structures can operate at both polarizations. 

Guidelines were also developed for designing and fabricating such retroreflectors 

based on parameters such as the angle of incidence and operation wavelength. A 

methodology was developed to optimize the stripe width, and as well as the operation of 

such retroreflectors in the cases when their top array is fabricated from different metals 

including Au, Ag, Cu, and Al. 

The most interesting development in this Chapter was the proposal to use 

experimentally measured refractive index values for thin Au films with different 

thicknesses to study and optimize the performance for real physical retroreflector devices. 

This modeling was proposed and developed for the first time to the best of our knowledge 

in this work. It revealed some interesting features of Au slot array Littrow retroreflectors. 

In particular, it was shown that there is a potential involvement of plasmonic enhancement 

mechanisms caused by their confinement in the metal stripes of the arrays. It was 

demonstrated that, as expected due to absorption in real physical structures, the 
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performance of such Au Littrow retroreflectors is worse compared to the predictions of the 

lossless PEC model, but it still reached ~0.2 and ~0.6 efficiency levels for TE and TM 

polarizations, respectively, with the same structure simultaneously. 

The optimized performance at wavelengths in the vicinity of λ = 633 nm was 

calculated for top metal layers with thicknesses in the 20 - 40 nm range. However, the 

thickness dependence can vary for different metals such as Ag, Al, and Cu. The choice of 

the design wavelength in this work was partly related to plasmon-enhanced resonant 

properties of thin metallic stripes forming the slot array, as well as simple optical testing 

of the proposed structures. Applications in the visible regime include laser mirrors and 

optical phase conjugation in microscopy and imaging [367, 368]. It should be noted, 

however, that such structures can be easily redesigned for operation at longer wavelengths, 

and the fabrication of such structures can be performed by a variety of direct-write additive 

manufacturing methods which employ materials such as metals, composites, and ceramics. 

Furthermore, these manufacturing methods offer several benefits, including reduced build 

times, minimal waste, and lower production costs. The plasmonic resonant properties can 

also be shifted to longer wavelengths due to the quantum confinement effects. This work 

creates a great opening for designing efficient flat retroreflectors for various applications 

in different spectral ranges including traffic control recognitions, collision avoidance and 

other systems. 
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CHAPTER 6: SUMMARY OF THE MAIN RESULTS AND CONCLUSIONS 

 

In Chapter 2, anisotropic wet etching with 25% TMAH was proven to be an 

effective and versatile method for the large-scale fabrication of mesophotonic structures in 

Si. This process offers several key advantages for creating 3-D light-concentrating 

structures for Si photonics applications. Notably, it enables the rapid production of 

extensive arrays of regular or inverted micropyramids, provides control over the sidewall 

angle of light concentrators based on mask orientation on (100) wafers, and results in 

smooth sidewall surfaces at a 54.74° angle, reducing optical scattering losses. Si 

anisotropic wet etching is thus an ideal approach for the efficient and economical 

fabrication of light concentrators, offering precise control over the geometry of structures 

with remarkable uniformity across entire Si wafers. This uniformity is attributed to the self-

terminating nature of the etching process, achieved by the convergence of (111) planes in 

3-D structures when Triton X-100 is added to slow down the SiO2 undercutting rate. 

Although Si anisotropic wet etching is well-studied in MEMS applications, the self-

terminating nature of Si anisotropic etching has not been fully explored, despite its ability 

to produce smooth, truncated micropyramidal arrays with highly uniform characteristics—

ideal for integration with detector and emitter arrays in optoelectronic devices. In this 

dissertation, various methods for controlling the geometry of micropyramidal arrays were 

examined, particularly focusing on (100) wafers etched in TMAH with Triton X-100 as a 

surfactant. By aligning photoresist patterns along the <110> crystalline direction and 
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incorporating Triton X-100, highly uniform arrays of Si micropyramids or microvoids, 

were formed within minutes. These arrays demonstrate perfect periodicity, reproducible 

geometry, and nearly atomically smooth surfaces—qualities unmatched by other 

fabrication techniques. 

In Chapter 3, the optical properties of truncated Si micropyramids were investigated 

by using 3-D FDTD simulations with two types of boundary conditions. With periodic 

boundary conditions, the diffraction and interference patterns of these micropyramid arrays 

were analyzed, observing the Talbot effect and generating Talbot images that were directly 

visualized and experimentally validated. This effect suggests a potential application of 

truncated Si micropyramid arrays for Talbot lithography in 3-D photolithography. With 

perfectly matched layer boundary conditions, the light-focusing capabilities of these 

micropyramid arrays in the MWIR spectral range were explored, noting a significant 

intensity increase—up to an order of magnitude—due to subwavelength light concentration. 

These arrays demonstrated mesoscale interference effects that enhance subwavelength 

light focusing, with potential applications as contact superlenses, similar to high-index 

microspheres, for imaging at close distances. In theory, even tighter light focusing could 

be achieved using analogous micropyramidal structures with deeply subwavelength 

dimensions, which would leverage photonic nanojets or photonic funnels to enhance 

photon collection, signal-to-noise ratio, and operational temperature in MWIR 

photodetectors. This research demonstrated the unique optical properties of truncated Si 

micropyramidal arrays with 54.74˚ sidewall angles, specifically their ability to concentrate 

light to near-wavelength-scale dimensions. This property holds significant potential for 

enhancing photon collection across wide angles in MWIR FPAs, offering opportunities to 



183 
 

reduce pixel size—and therefore thermal noise—while preserving optical signal integrity. 

Other fabricated arrays could serve similar roles in various optical applications. 

Additionally, these truncated Si micropyramids could act as contact microlenses to 

enhance the light extraction efficiency and directivity from localized sources in high-index 

semiconductor substrates. This capability offers a scalable alternative to traditional 

hemispherical superlenses, which are less suited for large-scale integration. This work 

demonstrated that these Si micropyramidal arrays can boost single-photon extraction by an 

order of magnitude, with highly directional output, making them valuable for quantum 

photonic integrated circuits. Furthermore, integrating these arrays with LED arrays could 

improve the efficiency and directionality of infrared scene projectors, showcasing the 

broad applicability of this technology in advanced optoelectronic systems. These results 

emphasize that the potential of this technology extends well beyond current applications. 

The versatility of Si anisotropic wet etching allows for the creation of diverse, innovative 

structures for light concentration, diffraction gratings, and other optical devices. 

In Chapter 4, the primary objective of this research to enhance the performance of 

MWIR photodetectors by reducing dark current noise and increasing signal, ultimately 

improving the signal-to-noise ratio (SNR) was discussed. To achieve this, truncated Si 

micropyramidal arrays with 60 μm pitch were fabricated and integrated with silicon-

platinum silicide (PtSi/p-Si) Schottky barrier photodetectors, where SiO2 and Au mirror 

reflectors were incorporated to enhance photon concentration. These devices were tested 

and compared against planar photodetectors of the same dimensions to evaluate the signal 

enhancement provided by the micropyramid design. A key innovation involved adding a 

3-D metallic mirror to the sidewalls of the micropyramids, enabling efficient photon 
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concentration on the photodetectors. This 3-D mirror design builds on previous back-

reflector concepts used in planar MWIR photodetector FPAs. Quantum efficiency 

measurements were essential in this analysis, given that conventional planar Si-based 

photodetectors are limited by silicon's indirect band gap, which restricts absorption and 

photocarrier collection. The light-focusing properties of the truncated micropyramids, 

however, offer promise for increasing the absorption, improving the quantum efficiency, 

and enhancing the photoresponse. Additionally, the reduced photodetector mesa size in the 

micropyramid design may help lower thermal noise and potentially allow for higher 

operating temperatures. Experimentally, the MWIR photodetectors monolithically 

integrated with truncated Si micropyramids achieved a PEF ≈ 1.5 across a broad MWIR 

spectrum, aligning well with 3-D FDTD modeling predictions of a PEF ≈ 1.7. 

It should be noted that this dissertation is concentrated mainly on signal 

enhancement due to integration of photodetectors with micropyramids. The noise factor 

was not studied in detail experimentally because  photodetectors with the same mesa size 

should have the same noise and, for this reason, the signal-to-noise ratio should be 

increased due to integration with micropyramids by the same factor as the signal. In future 

work, to address performance enhancement of the micropyramidal photodetectors, it would 

be desirable to directly measure the signal-to-noise ratio and specific detectivity of the 

fabricated devices, D* = (Af)1/2/NEP, where A is the area of the photodetector mesa, f is 

the bandwidth, and NEP is the noise-equivalent power. 

To further boost the enhancement obtained with truncated micropyramids, a 

silicon-on-insulator wafer design was introduced to create resonant cavities within the 

micropyramids, trapping photons and enhancing absorption. This design traps photons to 
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create resonant optical effects, and leverages multiple light propagation paths within the 

detector, increasing the optical path length and improving the quantum efficiency. In the 

3-D FDTD simulations, the SOI structure showed significant resonance effects, resulting 

in an absorbed power up to 11× higher than planar devices of the same detector size, with 

resonance peaks enhanced due to Fabry-Pérot resonances. This approach could address the 

low quantum efficiency in metal-silicide Schottky barrier detectors and potentially offers 

omnidirectional resonance characteristics where spectral performance is maintained over a 

wide range of incidence angles. All fabrication techniques developed in this dissertation 

for Si slabs should be completely transferrable to SOI wafers. It seems to be a highly 

promising direction for developing practical applications of the proposed technologies and 

devices. 

This chapter detailed the fabrication and experimental testing of monolithically 

integrated PtSi detectors with truncated Si micropyramids, as well as an innovative 

approach for further improvement using SOI-based resonator cavities. The devices’ 

spectral response and QE were evaluated, observing that truncated micropyramids 

significantly enhanced light collection and SNR, potentially enabling higher operating 

temperatures in MWIR FPAs. Additionally, the SOI approach demonstrated up to 11× 

absorption enhancement compared to planar reference devices, suggesting a path forward 

for further improving MWIR photodetector performance. These findings demonstrate the 

versatility of Si anisotropic wet etching for creating novel structures that improve MWIR 

FPA functionality. This research establishes micropyramidal Si photonics as a flexible, 

highly customizable platform to enhance SNR and operational temperatures of MWIR 

FPAs. Future work could focus on fabricating and experimentally validating SOI-based 
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structures, enabling direct comparison of imaging performance with standard MWIR 

cameras. 

In Chapter 5, plasmonic Littrow retroreflectors designed for λ = 633 nm were 

discussed. This chapter demonstrated that, while plasmonic Littrow retroreflectors may not 

be ideal, they can still deliver a satisfactory response for both TE and TM polarizations of 

incident light. By using a PEC model, which simplifies the analysis by neglecting 

absorption losses, the retroreflector structures resulted in an efficiency of ~0.9 for both 

polarizations simultaneously, extending previous work on 1-D stripe lattices to a 3-D 

Littrow retroreflector geometry. This idealized model highlights the potential of achieving 

high-performance retroreflection in both polarizations. 

Furthermore, design guidelines were established for optimizing these 

retroreflectors based on factors like incidence angle and operating wavelength. The study 

also developed a method for optimizing stripe width and explored the performance of 

retroreflectors fabricated from various metals, such as Au, Ag, Cu, and Al. A key 

advancement in this chapter was the use of experimentally measured refractive indices of 

thin Au films with varying thicknesses to evaluate and optimize real-world retroreflector 

performance. This novel modeling approach revealed that plasmonic enhancement 

mechanisms could arise from the confinement of light within the metal stripes. As expected, 

the efficiency of Au Littrow retroreflectors in real-world conditions is lower than that 

predicted by the idealized PEC model due to absorption, yet they can still achieve 

efficiencies of ~0.2 for TE and ~0.6 for TM polarization simultaneously. An optimal 

performance was observed at wavelengths near 633 nm for Au layers with thicknesses of 

20 - 40 nm, though this optimal thickness varies for different metals. The choice of design 
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wavelength aligns with plasmon-enhanced resonant properties and facilitates optical 

testing. 

Potential applications include laser mirrors and optical phase conjugation for 

microscopy and imaging. Importantly, these structures can be adapted for longer 

wavelengths and manufactured via direct-write additive methods, which use materials like 

metals, composites, and ceramics, offering advantages in speed, waste reduction, and cost. 

The research in this Chapter opens up new possibilities for designing efficient flat 

retroreflectors across various spectral ranges, with potential applications in areas such as 

traffic control, collision avoidance, and other optical systems. 

In conclusion, this dissertation is devoted to issues related to design, modeling, and 

testing of novel micro and nanophotonic devices. During this period, a part of my activity 

was devoted to gathering inverse scattering microwave data used for advanced imaging of 

hidden and other objects [370-373]. Although this work was not included in this 

dissertation, it became a part of my preparation and training which significantly expanded 

the arsenal of methods which I will use in my future research. In particular, the devices 

designed and tested in my dissertation in the infrared regime can find applications in 

different spectral ranges, including the microwave regime. 
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