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Figure 1 – Each set represents a model of optics. The extent of each subset indicates the range of validity of 

the model. Under certain hypothesis, simpler models can be implemented. The most exact model of optics 

as of today is Quantum Optics. 



Figure 2 – Confluences of the different fields of optics into Integrated Photonics, by means of waveguide 

technology. The blurred line between integrated photonics and photonics is more clearly marked by whether 

or not waveguides are present in a photonic circuit.  



 





Figure 3 – Cutting edge applications of photonics. a. Schematic of a high-frequency nano-optomechanical 

disk resonators in liquids for biological spectroscopy.17 b. Infrared light guiding in a 3D PhCs through an 

oblique-horizontal-oblique waveguide. Working principle of the 3D PhC waveguide (left) and SEM top-view 

image of the device.20 c. Colloidal quantum-dot light-emitting device. Layer stack of the emitting device 

(top) and an actual picture of the LED (bottom).29 d. Recovering 3D shape around a corner using ultrafast 

photonics. Schematic of the experiment (top), actual and reconstructed object around a corner (bottom).46 

e. Multi-directional backlight for a glasses-free, wide-angle three-dimensional display. Display working 

principle (left) and 3D reconstructed images from the display.49 
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Figure 4 –  Study on the growth of the world market of photonics (source: Photonics21, Industry report 2013).57 

a. Market size as function of the technology area. b. Volume and GDP associated to each area of photonics 

(CAGR stands for Compound Annual Growth Rate). 
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Figure 5 – Process flow of the most common NIL technologies: a. Thermal NIL. b. NIL on pre-spin coated film. 

c. Jet and Flash NIL. 
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Figure 6 – Detailed view of the mold/resist contact during SR-NIL on pre spin-coated film. a. Nomenclature of 

geometrical sizes is provided in this sketch. Note that the mold is not yet in contact with the resist at this point. 

b. The mold is in contact with the resist film and the polymer starts to fill the trench due to the strong capillary 

forces. The inset shows the lumped model of the resistances that oppose to the flow of resist.  
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Figure 7 – Evolution of capillary rise and filling in SR-NIL as function of time for different values of diffusivity of 

the air into the resist (a), resist viscosity (b) and features sizes (c). 
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Figure 8 – Trend of improved defectivity in MII-CNT NIL tools and future progress expected by CNT. The 

projected series is based instead on a simple geometrical projection of the precedent trend. 



Figure 9 – New generation Canon FPA-1100 NZ2 imprint tool for HVM. 

 





 





 

 



Figure 10 – Drawing of the on-chip spectrometer based on DPH technology. The photonic device integrates 

a RWG circuit with directional couplers, an input taper and TE-polarizers. 





 

 



Figure 11 – Schematic representation of a DBR as a sequence of pairs of layers with different refractive 

indexes (above). The matrix optics model of a DBR is a series of wave transfer matrices, where each block 

embeds the phase information of a pair of layers (below). 



Figure 12 – Reflected waves from a DBR as function of various parameters. a. Typical spectral response of a 

DBR. In this first graph, the response is plotted as function of the number of layers (N). b. Spectral response of 

a DBR as function of the RI contrast c. Change in efficiency of the grating as function of RI contrast and 

number of pairs. d. Change in spectral resolution of the grating as function of RI contrast and number of pairs. 

e. Effect of the grating order on the increase in spectral resolution and side-lobe suppression. f. Apodization 

functions to smooth RI profile across the DBR and (g) change in spectral response due to the use of 

apodization functions. 
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Figure 13 – Working principle of holography. a. Recording of the phase information from an object wave 

inside a medium through interference with a reference wave. b. Playback of the object wave by illuminating 

the medium with the same reference wave. Diffractive waves are also generated that differ from the original 

object wave. 
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Figure 14 – Working principle of DPH technology. The drawing shows the geometrical location of the E fields 

that must interfere to generate a DPH wavelength-splitter. Note that this technology can be used to generate 

any other optical function on chip by choosing the desired distribution and phase of the electric fields. 
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Figure 15 – FDTD simulation of a digital planar hologram design for on-chip spectroscopy. a. Interference 

pattern on the plane of all input and output waves. b. Close-up view of the continuous RI modulation. c. 

binarized RI profile,obtained using formula (9). d. spatial and spectral mapping of the foci intensity at the 

output of a DPH fabricated using the continuous RI profile in (b). e. spatial and spectral mapping of the foci 

intensity at the output of a DPH fabricated using the binarized RI profile in (c). f. Spectral content of each 

output channel in a DPH fabricated using the continuous (f) and binarized (g) RI profile. 
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Figure 16 – Cross-sectional view of the mode in a shallow RWG. The thin ridge is sufficient to induce a refractive 

index perturbation that creates a guided mode in the Si3N4 layer.  

Figure 17 – Extinction coefficients for TM-polarized light propagating in the shallow RWG, as function of the 

RWG width and ED (a) and RWG width and wavelength of light (b).  
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Figure 18 – Input taper. (a) Schematic of the coupling between an optical fiber and the RWG circuitry through 

the input taper. (b) Coupling efficiency as function of the taper width for lambda=532, 660, and 780 nm. The 

codes in parenthesis are the SM fibers used. (c) Optimal taper width for three different EDs and wavelengths.   
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Figure 19 – Directional coupler (splitter). FEA simulation of the splitter for lambda=662 nm (a) and 805 nm (b). 

Coupling efficiency of the two branches of the splitter as function of the wavelength (c).  
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Figure 20 – Imprio 55 machine at the Molecular Foundry (LBNL) 



Figure 21 – Simulated pattern filling of DPH and RWG in SR-NIL process by Imprio55. 



Figure 22 – Imprinted DPH Spectrometer device. a. Dark field image of the imprinted chip taken from an 

optical microscope. We chose dark field imaging since the circuit would not be visible in bright field, due to 

the small etching depth. The image is a combination of several photos that portrayed small sections of the 

chip. Pictures were taken by a 5x objective with NA=0.28. This image shows the entire device that lays on an 

extended imprint area with different pattern densities and sizes. b. Top-view of the input taper that is located 

at the input of the RWG circuitry. c. Top-view of the high-density patterns within each hologram. Here, sizes 

can go from a minimum feature of 60 nm, to a 120-nm groove, and density varies according to apodization.    

a 



∙ ∙

°

∙

∙

~

~



Figure 23 – Most common defects in nanoimprint of the DPH device. (a) Incomplete dissolution of trapped 

air. The picture shows an extended defect near one DPH and RWG, which jeopardize the functioning of the 

photonic device. (b) Incomplete filling of an isolated span of RWG. This defect prevents light to go from one 

end to the other of the RWG. (c) Particle defect in RWG. This defect would generate losses but probably 

would not impact the performance sensibly.  

Figure 24 – SEM cross-sectional view of etching steps and upper cladding deposition. a. Imprinted lines with 

about 35 nm residual layer thickness. b. Residual layer etch to open up trenches for nitride etch. c. The 15-

nm silicon nitride etch causes the imprint resist to visibly reduce its thickness due to the presence of oxygen 

in the plasma etching process, which etches. d. A 2-μm thick layer of SiO2 covers the patterns and seals the 

planar waveguide core. (NB: images might not necessarily come from the same chip spot and substrate). 
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Figure 25 – a. Photo of an imprinted die illuminated by white light through a multimode fiber. Diffraction that 

comes from DPHs is clearly visible in the center of the field (whereas diffraction of RWGs was barely visible, so 

it has been enhanced by locally increasing the image contrast). b. Statistical distribution of imprint yield: 

satisfactory imprints from each wafer are counted and a success rate per wafer is determined. Rate of good 

imprints per wafer and population of wafers with a given success rate are reported on the x- and y-axis, 

respectively. The graph shows the wafer count for each level of success rate. Out of the 180 imprinted fields, 

131 passed the defect investigation, constituting a 73% total success rate  
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Figure 26 – Optical characterization of the imprinted chips by OPO with λ=660 nm. a. Long exposure picture 

of an imprinted chip while the laser light is coupled into the input taper. The TM-polarized light quite visibly 

leaks out of the waveguide, resulting in light beams bouncing on the planar waveguide edges and 

illuminating the chip. b. Five responses to the OPO: one EBL-fabricated and four imprinted chips. CCD cross-

sectional view of the output channels is reported beneath the device responses. In the plots, stems represent 

normalized intensities of camera pixels, while solid lines denote the derived spectral measurements of the 

nano-spectrometer. c. Statistical distribution of the laser FWHM measured by the imprinted chips. The 

variance of the measurement is only 0.11 nm, which shows a high level of accuracy for all the randomly 

selected devices.    
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Figure 27 – Quick assessment of optical performance for device acceptance. a. Green dots denote imprinted 

chips with a given RWG transmission and DPH reflection. The direction of the arrow in the performance axis 

indicates an increase in the total efficiency. b. Map of the device based on the figure of merit that we use 

as a relative measure of the overall device optical performances. Parabolas indicate equal merit. Note that 

the average performance of NIL chips lays almost on the same curve as the EBL reference, which means 

that their merits is very similar.  
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Figure 28 – Characterization of the spectral responses from output channels for the DPH that operates in the 

Red (a) and NIR spectral range (b).  

 
Figure 29 – Validation of the imprinted DPH on-chip spectrometer. The sprectrum of a laser emitting below 

the threshold is measured by a commercial spectrometer and out DPH integrated device. The spectral 

readings are is very good agreement, which validates DPH technology and SR-NIL for the fabrication of thiss 

category of integrated photonic devices.  
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Figure 30 – Optical proprieties of the TiO2 printable material. a. Refractive index (λ=600 nm) as function of the 

wavelength and baking temperature. b. Plot of the transmission through a 1 μm thick film of TiO2 as a function 

of wavelength baked at different temperatures. Inset: vial containing the printable material. c. Picture of the 

film baked at different temperatures on a logo of aBeam Technologies. 
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Figure 31 – Direct UV-NIL patterning process for printable photonic devices. a) A spin coated film is manually 

imprinted using a stamp. b) During imprint, the resin is cross-linked under the action of UV-light. c) The stamped 

patterns are revealed by demolding the hardened resist. d) The material is annealed (baked) on a hotplate 

to attain pure TiO2 structures.   



Figure 32 – High resolution gratings imprinted on a transparent substrate using the TiO2 material. a. Large area 

imprint of several chips by manual step and repeat on a microscope quartz slide. The diffraction from the 

grating generates different bring colors, which give an indication of the good imprint quality. b. SEM top-view 

a central area of the imprinted grating. c. SEM cross-sectional view of the grating in (b). d. SEM cross-sectional 

view of the grating in (c) after annealing. A material shrinkage higher than 75% was calculated. The porosity 

is due to the polycrystalline structure of the material. e. High-resolution imprint of a grating. The image shows 

the excellent mechanical properties of the synthesized material for NIL, with very smooth LER and pattern 

uniformity down to 10 nm linewidth. f. SEM top-view of the same grating after annealing at 500 ˚C for 30 

minutes. Pitch stays the same, but the linewidth shrinks to 5 nm. 
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Figure 33 – Imprinted planar holograms and waveguides in the high-RI TiO2 sol-gel material. a. Dark-field 

photograph of an imprinted photonic chip. b. SEM top-view of an imprinted RWG. c. SEM top-view of the 

four-channel DPH DEMUX, which contains millions of sub-150 nm dashes. The SEM shows that the entire DPH 

is uniformly imprinted with no visible defect. d. Cross-sectional SEM view of imprinted DPH dashes before (d) 

and after annealing (e,f). 
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Figure 34 – Optical characterization of the printed TiO2 RWGs and DPH DEMUXs. a. Long exposure photograph 

of the printed holographic circuit while laser light is coupled into RWGs. b. CCD camera view of the chip 

edge in correspondence of the DPH output channels. c. Spectral content of the 4 output channels in the 

printed DPH. d. Spectral content of one output channel in a different DPH DEMUX that has 100-channels. The 

figure shows a spectral resolution of 0.35 nm. e. Dispersion curve of the 100-channel DPH DEMUX. 
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Figure 35 – Natural Photonic Crystals.237 a. Photo of a Morpho rhetenor butterfly, exhibiting its blue iridescence 

color. b. SEM cross-sectional view of the butterfly patterned wings. The 3D PhC structure causes a selective 

reflection of blue light coming from all directions. This is a rear case of a complete photonic bandgap 

structure in nature. 
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Figure 36 – a. Schematic of a crystal lattice and one lattice vector. b. Reciprocal lattice in the space of 

wavevectors. c. Irreducible Brillouin lattice.   
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Figure 37 – Dispersion curve and band structure of a multivalued period dielectric function with period   



 



Figure 38 – Schematic of the R-NIL process for the fabrication of PhCs into our TiO2 sol-gel resin without 

material shrinkage. 
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Figure 39 – Characterization of the R-NIL fabrication process. a. SEM Cross-sectional view of a mono-layer of 

TiO2 material on the HSQ mold after annealing. The shrinkage is still present. b. SEM cross-sectional view of a 

tri-layer of TiO2 material on the mold. Imprint in conformal with the mold protrusions. c. SEM top-view of the 

mold for a PhC having a lattice constant of 355 nm and a diameter of 173 nm. d. SEM top-view of the PhC 

imprinted by mono-layer R-NIL. e. SEM top-view of the PhC imprinted by tri-layer R-NIL. f. Distribution of 

diameters of mold, mono-layer and tri-layer R-NIL for the PhC in (c). 
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Figure 40 – Low-magnification image of the imprinted device, taken in a reflection microscope with white 

light illumination. The different structural colors corresponds to different photonic bandgaps in the visible 

range.  



Figure 41 – Comparison between simulation and optical measurements of PhCs. a. Schematics of the optical 

setup used to measure the PhCs response in transmission and cross-polarization. b. Cross-polarization 

measurement of a theoretical and two PhCs that are imprinted by mono-layer and tri-layer R-NIL. c. 

Transmission measurement of a printed PhC (tri-layer R-NIL) compared to a simulated ideal and non-ideal 

PhC.  
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Figure 42 – Transmission measurements of imprinted PhCs. a. Fine control in the position of the resonance 

implies great accuracy (sub 5 nm) of the imprinted patterns, which can be achieved only thanks to a 

shrinkage-less process. b. Optical resonances of the imprinted PhCs can cover the entire visible spectrum. c. 

Comparison between an imprinted PhC and one that is fabricated by EBL and etching into silicon nitride. 
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Figure 43 – Campanile near-field probe fabricated by imprinting on an optical fiber. a. The 3D mastemold is 

fabricated by embossing and 3D Gallium milling and a daughter mold is obtained by NIL replication. The 

daughter mold is used to imprint the 3D structure onto a fiber and metal evaporation completes the 

fabrication process, leaving a sub-50 nm gap on the apex of the pyramid, which creates a plasmonic 

enhancement of the electric field. b. Preliminary results from SNOM measurements of a Perovskite sample 

shown sub-diffraction PL features, which clearly indicate that our printed Campanile probe is working. 
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Figure 44 – PL mapping of an imprinted photonic device without (left) and with (right) embedded QDs. The 

presence of a high PL emission within the patterned PhCs compared to the background implies a strong 

interaction between the gain medium and the photonic resonators. 
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