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Abstract


Polymeric optical waveguides represent an essential component in photonic technology thanks to their ability to guide light through controlled structures, enabling applications in telecommunications, sensors, and integrated devices. With the development of new materials and increasingly versatile manufacturing methods, these structures are being integrated into various systems at a rapid pace, while their dimensions are constantly being reduced. This article explores the main fabrication methods for polymeric optical waveguides, such as traditional and maskless photolithography, laser ablation, hot embossing, nanoimprint lithography, the Mosquito method, inkjet printing, aerosol jet printing, and electrohydrodynamic (EHD) printing. The operating principle of each method, the equipment and materials used, and their advantages, limitations, and practical applications are evaluated, in addition to the propagation losses and characterization of the waveguides obtained with each method.
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1. Introduction


The development and miniaturization of technologies in the field of optical structures are related to the methods, the manufacturing cost, and the characteristics of the materials used, where the size of essential components such as waveguides, couplers, micromirrors, add/drop multiplexers, etc., is increasingly reduced. With the development of microelectronics and the integration with electro-optical components, all on a single chip, the so-called photonic integrated circuits (PICs) have begun to appear [1,2,3].



Traditionally, silicon, with n ≈ 3.5 at 1550 nm [4], has been used as an optical material together with silicon dioxide for the creation of optical microstructures [5,6]. However, silicon is a rigid material, so developing micrometric and nanometric structures on it requires complex and expensive machinery such as photolithography scanners, steppers, mask aligners, and other machinery, in addition to chemical processes for its engraving like reactive ion etching (RIE) [7] or deep reactive ion etching (DRIE) [8], chemical vapor deposition (CVD) [9], atomic layer deposition (ALD) [10], and others. The development and use of new polymers with very good characteristics, and simple methods to produce them [11,12], increasingly contributes to a reduction in the cost of these systems. These types of polymeric substances are very attractive in terms of manufacturing costs and ease of handling and can be manipulated in a liquid state and cured by heat or exposure to ultraviolet (UV) light.



There are polymeric materials with high transparency, allowing almost all or the entire visible spectrum to be guided through them, as well as the infrared spectrum [13,14]. Once cured, they have mechanical characteristics that can be exploited for the development of polymeric optical waveguides. Some polymers do not harden completely, but form flexible structures, making them ideal for use as waveguides in optical interconnects [15] and flexible optical sensors [16,17]. Another positive feature of these materials is their compatibility with other substances of a similar organic nature, favoring their adhesion, and allowing the creation of fully polymeric core and cladding structures.



With the miniaturization of optical components, the development of waveguides and other smaller structures is becoming increasingly necessary. To this end, methods and techniques have been developed that allow very small, even submicron, dimensions, with very good results in terms of homogeneity, substrate adhesion, repeatability, etc.



The purpose of this review is to provide a unified framework for comparing the different techniques employed for manufacturing polymeric optical waveguides, considering both more conventional techniques (subtractive and replication methods) and recently developed additive techniques. It is shown how the choice in the fabrication method affects waveguide geometry, propagation losses, scalability or cost, and the trade-offs of each technique are also explained, thus helping to decide which is the best method for some given requirements or for a certain application. For each method, its operating principle, materials used, techniques employed, and parameters attained (dimensions and shape of the waveguide, propagation losses, etc.) are described, indicating the potential applications for each case. The methods discussed are listed below:




	➢

	
Photolithography




	➢

	
Laser ablation




	➢

	
Hot embossing and nanoimprint lithography




	➢

	
Mosquito method




	➢

	
Inkjet printing




	➢

	
Aerosol jet printing and flexographic printing




	➢

	
Electrohydrodynamic (EHD) jet printing









Photolithography and laser ablation are subtractive methods [18,19,20], while hot embossing and nanoimprint lithography are replication fabrication processes [21,22]. The remaining listed methods are additive manufacturing techniques [18,19,20]. We will cover these methods in the review, following the above order. Each section contains a table (Table 1 for subtractive methods, Table 2 for replication methods, and Table 3 for additive methods) that includes the main characteristics of the polymeric waveguides manufactured with the corresponding techniques. The information in the tables is ordered in columns that detail the fabrication method that has been employed for the waveguide, the materials that have been used for the core and the lower and upper claddings, the core dimensions, if the waveguide is single mode or multimode, and the propagations losses (specifying the wavelength). When some fields are empty, it means it was not possible to recover this information from the original work. At the end of the work, a summary will be provided outlining the similarities and differences between each method.




2. Subtractive Methods


2.1. Photolithography


Photolithography is a process used to transfer a pattern onto a substrate by employing ultraviolet light-sensitive substances [23,24,25,26]. For many years, this has been the most widely employed method for the fabrication of silicon-based PIC devices, and it is also utilized in the development of microelectromechanical systems (MEMS) [27]. This is due to the high resolutions that can be achieved using different types of photolithography [28,29,30,31].



2.1.1. Mask Photolithography


Classical types of this method use a photomask to transfer patterns onto a device layer on a substrate [32,33], divided into contact or proximity lithography [34,35], and projection lithography [36,37], where the resolution that can be achieved depends on the wavelength used and the optical diffraction of the light source. Other types of photolithography include immersion photolithography, which can reach a resolution of 7 nm [38,39], or extreme ultraviolet lithography (EUVL) [40], which can attain a resolution of 5 nm [41,42,43].



Photolithography has several advantages over other waveguide manufacturing processes, as it can achieve high production scale and produce a large number of devices simultaneously on a single substrate, depending on the complexity of the machinery and the sophistication of the employed techniques [44,45].



With the development of integrated photonics, photocurable polymeric substances are also being used for manufacturing optical structures [46]. For the fabrication of polymeric waveguides, negative photoresists with different physical, chemical, and optical properties are generally employed.



One of these photoresists is SU-8, which is used due to its mechanical and chemical stability, high transparency and low absorption. SU-8 also has a high cross-linking density, which enables it to achieve high resolutions and high aspect ratios with photolithography, but also leads to brittleness, limiting its use with other manufacturing methods [47]. In [48], single mode SU-8 waveguides with 4 × 2 µm dimensions are fabricated on a Si-SiO2 substrate by photolithography, with NOA61 as the upper cladding. The propagation losses are 0.62 dB/cm and 1.25 dB/cm at a wavelength of λ = 1.31 µm and λ = 1.55 µm, respectively. Wider multimode waveguides (up to 12 µm) are also manufactured. SU-8 waveguides on a Si-SiO2 substrate are also fabricated in [49], but in this case there is no upper cladding (air is the upper cladding). In this work, digital ultraviolet lithography (DUL) is the technique employed. DUL uses a digital micro-mirror device with many pixels that can be individually controlled as a virtual mask [50,51]. Single mode operation is achieved for 2.4 × 2.1 µm waveguides, with propagation losses of 2.38 dB/cm and a bending loss of 0.1 dB per 90° at λ = 1.55 µm. Furthermore, a 1 × 2 multimode interference power splitter, a 1 × 2 Y-branch power splitter, and a microring resonator are also demonstrated with this platform [49].



NOAs (Northland Optical Adhesives) are also photoresists, and NOA61 (which acts as the upper cladding in [48]) is employed as the waveguide core in [52], while NOA71 is used here as the cladding. Contact photolithography is the utilized technique, and the propagation losses are 0.85 dB/cm and 1.83 dB/cm at λ = 1.3 µm and λ = 1.55 µm, respectively, for a single mode waveguide with a cross section of 6 × 5 µm.



Another polymer that is used for manufacturing waveguides by means of photolithography is BCB (benzocyclobutene) [53]. Different formulations of BCB are employed as core and cladding to manufacture 8.7 × 6.8 µm single mode waveguides in [54], with propagation losses of 0.81 dB/cm at λ = 1.3 µm. BCB has also been used to fabricate waveguides on SiO2, with epoxy OPTOCAST 3553 (Electronic Materials Inc., Breckenridge, CO, USA) as the upper cladding [55,56], obtaining propagation losses higher than 1.5 dB/cm at λ = 1.55 µm.



Traditional optical mask lithography provides an efficient way to rapidly fabricate polymeric waveguides but requires complex and expensive machinery and equipment, as mentioned above. Many researchers are opting for other technologies that do not require the use of a mask in the process (also called maskless photolithography), which are also cheaper in terms of equipment and manufacturing process. These technologies include direct laser writing (DLW) [57] and electron beam lithography (EBL) [58,59].



The characteristics of the polymeric waveguides fabricated by mask photolithography described in this subsection, as well as by other subtractive methods that will be explained in the following subsections, are summarized in Table 1. In the materials column, the lower and the upper cladding can be made of the same or different materials. In the SM/MM column, ‘SM’ means that the corresponding waveguide is single mode for those conditions (materials employed for the core and the cladding, core dimensions, and operating wavelength), and ‘MM’ if it is multimode. Finally, for the propagation losses, the term ‘PDL’, which appears in some works, corresponds to the polarization dependent loss, that is, the difference in the propagation losses for the TE (transverse electric) and TM (transverse magnetic) polarizations.




2.1.2. Maskless Photolithography


Direct Laser Writing (DLW)


Direct laser writing uses a head assembly with a coordinate system to form the patterns to be drawn. A laser is mounted on the head at the wavelength required to photo cure the deposited material, allowing for the formation of patterns [57,60,61]—see Figure 1. With this method, point diameters of 50 nm have been manufactured using the polymer IP-dip [62].



As in the case of mask lithography, SU-8 can also be employed to manufacture waveguides by means of direct laser writing [63]. Here, both single mode (0.6 × 0.6 µm) and multimode (1.7 × 0.6 µm) SU-8 waveguides are fabricated on a Si-SiO2 substrate with a 405 nm laser, with propagation losses of 4.38 dB/cm and 6.4 dB/cm at λ = 633 nm, respectively. On the other hand, it is also worth mentioning some optical structures made with IP-dip using direct laser writing [64,65]. A polymeric micro-resonator consisting of a micro-cylinder coupled with a Mach–Zehnder interferometer for refractive index sensing is presented in [64], while a microring resonator for ultrasound detection is developed in [65].




Electron Beam Lithography (EBL)


For electron beam lithography (EBL) writing, a focused electron beam of extremely short wavelengths is used to act directly on the surface of an electron-sensitive photoresist and form a micro- or nanostructure matching the designed pattern [58,59]. EBL systems have the advantages of ultra-high resolution [66,67], with limiting resolutions between 1 and 3 nm with materials such as PMMA (polymethyl methacrylate) resist [68,69], and flexibility in the design, as they do not require a mask to transfer the pattern, like direct laser writing. Electron beams are essentially charged particles that are accelerated by a high potential and focused on a given point. The higher the acceleration voltage of the electron beam, the shorter its wavelength, being the basis of its high resolution.



Previously mentioned polymers, such as SU-8 or NOAs, are also used to manufacture waveguides with electron beam lithography. A single mode SU-8 waveguide is fabricated on a Si-SiO2 substrate in [70], with a cross section of 1.38 × 4.8 µm and propagation losses of 1.03 dB/cm at λ = 1.3 µm. The same material, but with the use of epoxy UV15 and epoxy Epo-Tek OG-125 (Epoxy Technology, Billerica, MA, USA) as the lower and upper claddings, respectively, is employed to manufacture single mode waveguides (2 × 2 µm) in [71]—see Figure 2a. Microring resonators and Mach–Zehnder interferometers are developed based on this platform—see Figure 2b [71].



NOA61, utilized with mask photolithography in [48,52], is used with EBL in [72]. In this work, single mode waveguides of epoxy Novolak resin (ENR) are made, with NOA61 as the lower cladding. The widths are in the 4–8 µm range, with a height of 1.8 µm. When employing NOA61 as the upper cladding, the propagation losses are 0.22 dB/cm and 0.48 dB/cm at λ = 1.31 μm and λ = 1.55 μm, respectively, while without upper cladding, they are higher, especially at λ = 1.31 μm. Another material, polymer mr-L 6000, is employed to fabricate 6 × 1 μm single mode waveguides by means of EBL in [73], with polytetrafluoroethylene (Teflon®, Dupont, DE, USA) as the cladding.



With the different types of photolithography, structures with very high resolution and well-defined geometries can be obtained, making it ideal for the development of high-quality optical waveguides. However, while some techniques offer considerable flexibility due to the absence of a mask, they are typically less efficient in production time due to their inherent single-point scanning nature. Furthermore, expensive equipment is required, which, while cheaper in the case of maskless lithography, is still expensive, and needs highly skilled handling. Another aspect worth noting is that these methods are subtractive in nature, resulting in considerable material waste each time these structures are manufactured.



For this reason, many researchers are opting for alternative methods for manufacturing optical waveguides using cheaper techniques. With the development of automated CNC (computer numerical control) systems and new types of lasers, optical waveguides have begun to be developed, using ablation as the manufacturing method. This allows for the production of small optical waveguides in a wide variety of shapes, depending on the needs and capabilities of the machines used.






2.2. Laser Ablation


Unlike photolithography, which requires advanced and expensive equipment to form the designed patterns, laser ablation is a procedure used to remove material from the surface of a solid or liquid by irradiating it with a computer-controlled laser beam, that is, the patterns to be printed can be easily controlled, and the equipment is simpler and more compact. When the laser radiation flux is low, the surface of the material heats up by absorbing the energy of the photons of the beam and sublimates. In this case, the amount of absorbed energy can be controlled, and thus the amount of material that can be removed by the application of a single pulse. This depends on both the optical and thermodynamic properties of the material, as well as the power and wavelength of the laser. The process is carried out by controlling the duration of the laser pulses, which can vary from a few milliseconds to a few femtoseconds, and the intensity of the flow. This precise control makes this technique highly valuable for both research and industry [74,75,76]. Laser ablation is employed with a wide range of polymers, including polymethyl methacrylate (PMMA), polyethylene terephthalate (PET), polytetrafluoroethylene (PTFE) or polydimethylsiloxane (PDMS), among others [77].



This method is subtractive, like photolithography, so spin coating is generally used to deposit layers of the desired material for subsequent removal by ablation. Depending on the type of waveguide desired, a layer of the cladding material is deposited first, followed by the core material. Both layers are then polymerized using UV light, and once they are cured, a laser is applied to remove the unwanted material. Subsequently, if an upper cladding is required, another layer of the cladding material is applied—see Figure 3.



Regarding waveguide manufacturing, multimode waveguides with a cross section of 65 × 55 µm are fabricated with a KrF excimer laser (operating wavelength λ = 248 nm) in [78], using Truemode (an acrylate polymer) as the waveguide material. The propagation losses are 0.13 dB/cm, 0.035 dB/cm, and 0.17 dB/cm at λ = 850 nm, λ = 980 nm, and λ = 1.31 µm, respectively. The same waveguide material is utilized in [79], on a substrate made of FR4, and with polysiloxane as the material for the cladding. Different lasers are explored in this work, including a CO2 laser (λ = 10.6 µm), an UV Nd:YAG laser (two different laser models, λ = 355 nm), and a KrF excimer laser (λ = 248 nm). 45 × 45 µm and 35 × 70 µm waveguides are fabricated with each UV Nd:YAG laser, respectively, while 50 × 35 µm ones are obtained with the KrF excimer laser. Laser ablation with the CO2 laser is also successful, but the dimensions of the manufactured waveguides are not provided. These results show that laser ablation of polymers can be achieved at several different wavelengths with different lasers.



It is also worth mentioning the fabrication of waveguides by laser ablation on materials other than polymers, such as aluminum oxide (AL2O3) [80]. Rib waveguides with a cross section of 10 × 0.75 µm are manufactured on a SiO2 substrate, using a Yb fiber laser (λ = 1030 nm), and obtaining propagation losses of 3.8 dB/cm at λ = 632.8 nm.



One of the disadvantages of laser ablation is that it is a subtractive method, like photolithography, which means that material is wasted with each print. As opposed to this, hot embossing and nanoimprint lithography enable the manufacturing of optical structures with a high degree of replication, more quickly and economically.





 





Table 1. Polymeric optical waveguides fabricated by subtractive methods.






Table 1. Polymeric optical waveguides fabricated by subtractive methods.





	
Fabrication Method

	
Material

(Lower Cladding/Core/

Upper Cladding)

	
Core

Dimensions (µm)

	
SM/MM

	
Propagation

Losses (dB/cm)

	
Ref.






	
Photolithography

	
SiO2/SU-8/NOA61

	
4 × 2

	
SM

	
0.25, PDL: 0.03 (λ = 800 nm)

0.62, PDL: 0.15 (λ = 1.31 µm)

1.25, PDL: 0.46 (λ = 1.55 µm)

	
[48]




	
6–12 × 2

	
MM




	
Digital UV

lithography

	
SiO2/SU-8/Air

	
2.4 × 2.1

	
SM

	
2.38 (λ = 1.55 µm)

	
[49]




	
Contact photolithography

	
NOA71/NOA61/NOA71

	
6 × 5

	
SM

	
0.85 (λ = 1.3 µm)

1.83 (λ = 1.55 μm)

	
[52]




	
Photolithography

	
BCB/BCB/BCB (different formulations)

	
8.7 × 6.8

	
SM

	
0.81 (λ = 1.3 µm)

	
[54]




	
Photolithography

	
SiO2/BCB/OPTOCAST 3553

	
4 × 2.8

	
SM

	
1.8, PDL: 0.15 (λ = 1.55 μm)

	
[55]




	
Photolithography

	
SiO2/BCB/OPTOCAST 3553

	
5 × 2

	
SM

	
1.6, PDL: 0.4 (λ = 1.55 μm)

	
[56]




	
Direct laser writing

	
SiO2/SU-8/Air

	
0.6 × 0.6

	
SM

	
4.38 ± 0.55 (λ = 633 nm)

	
[63]




	
1.7 × 0.6

	
MM

	
6.4 ± 0.3 (λ = 633 nm)




	
Electron beam lithography

	
SiO2/SU-8/Air

	
1.38 × 4.8

	
SM

	
1.03 ± 0.19 (λ = 1.3 μm)

	
[70]




	
Electron beam lithography

	
UV15/SU-8/Epo-Tek OG-125

	
2 × 2

	
SM

	
-

	
[71]




	
Electron beam lithography

	
NOA61/ENR/NOA61

	
(4–8) × 1.8

	
SM

	
0.22 (λ = 1.31 μm), 0.48 (λ = 1.55 μm)

	
[72]




	
NOA61/ENR/Air

	
0.41 (λ = 1.31 μm), 0.49 (λ = 1.55 μm)




	
Electron beam lithography

	
Teflon/mr-L 6000/Teflon

	
6 × 1

	
SM

	
-

	
[73]




	
Laser ablation

	
Truemode (core), cladding not specified

	
65 × 55

	
MM

	
0.13 (λ = 850 nm), 0.035 (λ = 980 nm), 0.17 (λ = 1.31 μm)

	
[78]




	
Laser ablation

	
Polysiloxane/Truemode/Polysiloxane

	
45 × 45,

35 × 70,

50 × 35

	
MM

	
-

	
[79]











3. Replication Methods


Hot Embossing and Nanoimprint Lithography (NIL)


Unlike photolithography and laser ablation, hot embossing and nanoimprint lithography are flexible and cost-effective manufacturing technologies with very high replication rates. Hot embossing consists of heating a thermoplastic polymer (a polymer that softens through heating) above its glass transition temperature and applying pressure with a mold to form a microstructure—see Figure 4a [81,82,83]. Many structures can be manufactured in a single mold, allowing for large-scale manufacturing and cost-effectiveness, making it a very attractive technique. If the pattern is imprinted by using rollers or a roller and a plate, the terms roll-to-roll (R2R) or roll-to-plate (R2P) hot embossing are employed [84,85].



Thermal nanoimprint lithography (thermal NIL) is similar to hot embossing, but the term hot embossing is used when the mold is applied to a polymeric substrate, while in thermal nanoimprint the mold is applied to a polymeric film or imprint resist on a substrate—see Figure 4b [86,87,88]. In thermal nanoimprint, as opposed to hot embossing, it is required to remove the residual resist, for instance, by etching [86]. Furthermore, roll-to-roll and roll-to-plate techniques can also be employed in the case of NIL [89]. Another type of nanoimprint lithography is UV NIL, where the mold is applied to a polymeric photoresist and cured with UV light, avoiding the heating and high pressure of thermal NIL—see Figure 4c [86,89,90]. In hot embossing and NIL, the mold can be made of silicon, quartz, metals, or high-resolution plastics [86,89]. A master mold, for instance, one made of silicon, is sometimes used to produce a stamp made of a polymeric material, which is the one that will be used to manufacture the desired structure. The type of technique used for a certain polymer will depend on its characteristics.



Regarding waveguide fabrication, hot embossing is employed to mold the lower cladding, which then has to be filled with the core material and covered by the upper cladding. On the contrary, NIL enables the direct fabrication of the waveguide on the substrate that acts as the lower cladding; then, the core will be covered by an upper cladding layer, if necessary, although variations can exist. One of their advantages is that several parallel waveguides can be fabricated at the same time with a single mold.



A PMMA lower cladding is fabricated by hot embossing in [91] and then filled with an epoxy resin and covered with a PMMA layer to form the core and the cladding, respectively. PMMA is a thermoplastic [92], which explains its use as lower cladding in many waveguides fabricated by hot embossing. Waveguides with 100 × 100 µm, 300 × 300 µm, and 500 × 500 µm cross sections are manufactured, measuring propagation losses of 0.3 dB/cm, 0.22 dB/cm, and 0.19 dB/cm at λ = 650 nm, respectively. In the last case, the propagation losses have been improved to 0.13 dB/cm by additional smoothing of the surface of the lower cladding. PMMA lower claddings manufactured by hot embossing are also utilized in [93] for producing 25 × 28 µm multimode waveguides—see Figure 5. Different polymeric materials are explored for the core (NOA68, OG198-54 and OG142), obtaining the lowest propagation losses at λ = 633 nm for NOA68 (0.74 dB/cm), and at λ = 850 nm for OG198-54 (0.3 dB/cm).



A polymeric multimode waveguide (42 × 43 µm cross section) is fabricated by hot embossing in [94], using a UV-curable material as the core and PMMA as the cladding. Here, the most relevant result is that the propagation losses of the waveguides at λ = 850 nm can be lowered from 0.7 dB/cm to 0.1 dB/cm by reducing the sidewall roughness of the silicon master mold that is employed to produce the PMMA lower cladding. Similar waveguides are obtained in [95] (60 × 60 µm waveguides with 0.12 dB/cm propagation losses at λ = 850 nm), but here two different methods are used: hot embossing and microcontact printing [96] (technique that shares some characteristics with UV NIL). Other polymers studied for manufacturing waveguides by hot embossing include SB40, Epotek 301, Epotek 310-M2, Polytec EP601, and Polytec EP610 [97]. In this work, SB40 waveguides with a 100 × 60 µm cross section are fabricated but their propagation losses are very high (6.4 dB/cm at λ = 850 nm).



Regarding single mode waveguides manufactured by hot embossing, ZP1010M and ZP2145M are employed for the core and the cladding, respectively, in [98], obtaining 7 × 7 µm waveguides with a propagation loss of 0.67 dB/cm at λ = 1.55 µm. Single mode waveguides with a 7 × 7 µm cross section are also fabricated in [99], using in this case polymer WIR30-106 for the core and PMMA and ZPU12-450 for the lower and the upper claddings, respectively. The propagation losses are slightly higher than in the previous work (0.83 dB/cm at λ = 1.55 µm). Multimode waveguides are also manufactured in [99], with a UV-curable resin as the core and PMMA as the cladding. In this work [99], polymeric waveguides are investigated for use in optical structures such as a parallel optical interconnection module or a multichannel variable optical attenuator.



With respect to thermal NIL, single mode Teflon waveguides are fabricated on a silicon substrate in [73], having a 0.4 × 0.245 µm cross section and with polystyrene (PS) as the upper cladding. Thermal NIL has also been employed to manufacture polymeric optical structures such as grating couplers [100,101] or microring resonators [101]. In the case of UV NIL, multimode waveguides made of polymers mr-L6000 and NOA81 are fabricated on a Si-SiO2 substrate in [102], using PMMA as the upper cladding, and with widths in the 60–100 µm range and a height of 80 µm. The propagation losses for the mr-L6000 waveguides are 1.6 dB/cm at λ = 1.31 µm.



On the other hand, R2P UV NIL is the utilized method in [103]. First, a PDMS stamp is produced from a nickel master mold. Then, a lower cladding made of polymer Lumogen OVD Varnish 311 (BASF, Charlotte, NC, USA) is fabricated on a glass plate by using the PDMS stamp on the cylinder of a R2P machine and UV light for curing. Subsequently, the channels are filled with polymer OrmoClear by doctor blading [104] to form the waveguides. Finally, an upper cladding of Lumogen OVD Varnish 311 is deposited and cured. This way, 12 channels with a 50 × 50 µm cross section and a 250 µm pitch are simultaneously obtained—see Figure 6. The waveguides are characterized at several wavelengths between λ = 532 nm (propagation losses of 0.63 dB/cm), and λ = 1.55 μm (1.34 dB/cm). Other polymers that have been employed for manufacturing waveguides by NIL include BCB, PMMA, NOA72, and OPTOCAST 3505 [53].



The properties of the polymeric waveguides manufactured by replication methods that have been listed in this section are summarized in Table 2. In refs. [91,97] it is not indicated if the waveguides are single mode or multimode because the original works do not mention it, but considering their dimensions, the refractive index contrast between the core and the cladding, and the operating wavelength, it is reasonable to assume they are multimode.



In summary, replication methods have the advantage of not requiring expensive equipment to manufacture optical waveguides, and many can be fabricated at once, depending on the mold dimensions and the channel spacing. However, they have the disadvantage that the channel dimensions depend exclusively on the mold, so a new mold must be produced each time the design is changed. Many researchers have therefore turned their attention to additive methods that do not require significant resources or advanced equipment. With the development of 3D printing and more precise automated CNC systems, printed optical waveguides have begun to be developed using different printing variants such as the Mosquito method, inkjet printing, aerosol jet printing, or EHD jet printing. These methods allow for the production of small optical waveguides in a wide variety of shapes, depending on the needs and capabilities of the machines used.





 





Table 2. Polymeric optical waveguides fabricated by replication methods.
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Fabrication Method

	
Material

(Lower Cladding/Core/

Upper Cladding)

	
Core

Dimensions (µm)

	
SM/MM

	
Propagation

Losses (dB/cm)

	
Ref.






	
Hot embossing

	
PMMA/Epoxy resin/PMMA

	
100 × 100

	
-

	
0.30 (λ = 650 nm)

	
[91]




	
300 × 300

	
0.22 (λ = 650 nm)




	
500 × 500

	
0.13–0.19 (λ = 650 nm)




	
Hot embossing

	
PMMA/OG198-54/Air

	
25 × 28

	
MM

	
0.97 (λ = 633 nm), 0.30 (λ = 850 nm)

	
[93]




	
PMMA/OG142/Air

	
2.56 (λ = 633 nm), 1.05 (λ = 850 nm)




	
PMMA/NOA68/Air

	
0.74 (λ = 633 nm), 0.81 (λ = 850 nm)




	
Hot embossing

	
PMMA/UV-curable material/PMMA

	
42 × 43

	
MM

	
0.1 (λ = 850 nm)

	
[94]




	
Hot embossing and microcontact printing

	
PMMA/UV-curable epoxy/PMMA

	
60 × 60

	
MM

	
0.12 (λ = 850 nm)

	
[95]




	
Hot embossing

	
PMMA/SB40/PMMA

	
100 × 60

	
-

	
6.4 (λ = 850 nm)

	
[97]




	
Hot embossing

	
ZP2145M/ZP1010M/ZP2145M

	
7 × 7

	
SM

	
0.67 (λ = 1.55 μm)

	
[98]




	
Hot embossing

	
PMMA/WIR30-106/ZPU12-450

	
7 × 7

	
SM

	
0.83 (λ = 1.55 μm)

	
[99]




	
PMMA/UV-curable resin/PMMA

	
43 × 43

	
MM

	
0.2 (λ = 850 nm)




	
Thermal NIL

	
Si/Teflon/PS

	
0.4 × 0.245

	
SM

	
-

	
[73]




	
UV NIL

	
SiO2/mr-L6000/PMMA

	
(60–100) × 80

	
MM

	
1.6 (λ = 1.31 μm)

	
[102]




	
SiO2/NOA81/PMMA

	
-




	
R2P UV NIL

	
Lumogen OVD Varnish 311/OrmoClear/Lumogen OVD Varnish 311

	
50 × 50

	
MM

	
0.63 (λ = 532 nm), 0.54 (λ = 650 nm), 0.43 (λ = 850 nm), 0.56 (λ = 1.31 μm), 1.34 (λ = 1.55 μm)

	
[103]











4. Additive Methods


4.1. Mosquito Method


The Mosquito method is an additive technique that uses a micro dispenser (usually pneumatic) to insert a material into another material [105,106,107]. The viscous core material is pulled into the cladding material from a fine syringe needle connected to a dispenser—see Figure 7. The system moves the needle horizontally, resulting in the formation of a circular waveguide structure within the cladding material, both in the liquid phase (called the wet-in-wet approach [108]). The cladding material can be deposited by spin coating to establish its thickness, or can be confined in a cavity or channel, where the needle will subsequently be inserted to deposit the core [109].



The polymers employed for the core and the cladding are very similar in nature (they are miscible with each other), and when they are in contact in the liquid phase, they mix slightly, so the interface between them is not clearly defined and a concentration distribution is established towards the core. Subsequently, the assembly is exposed to UV light and to an additional post-baking depending on the material, obtaining one or several waveguides embedded within a block of cladding material. The diameter of the waveguides depends on parameters such as the printing speed, the diameter of the needle, and the pressure of the material pushing onto the needle [109].



The Mosquito method was initially introduced in [105], in which 12 parallel multimode waveguides were fabricated with a core diameter (∅) of 40 µm and a 250 µm pitch. The employed polymers were FXW712 and FX-W713 (for the core and the cladding, respectively), and the obtained waveguides had a good performance (0.033 dB/cm at λ = 850 nm, and −50 dB of crosstalk). Subsequently, single mode waveguides at 1.31 µm/1.55 µm were obtained in [110], using in this case the polymers NP-005 and NP-211 SUNCONNECT® (Nissan Chemical Corporation, Tokyo, Japan) for the core and the cladding, respectively, and with ∅ = 7.9 µm. The propagation losses were 0.29 dB/cm and 0.45 dB/cm at 1.31 µm and 1.55 µm, respectively. It was later explored how to fabricate these waveguides in a 3D crossover structure [111]. This consists of several waveguides that cross over each other by varying their height within the structure, thus requiring both horizontal and vertical bends.



Other materials that have been utilized for fabricating waveguides with the Mosquito Method are Ormocore (core) and polymer J + S (Jänecke+Schneemann Druckfarben GmbH) (cladding) [109]. Here, the effect of the pneumatic pressure applied to the dispensing system (0.3 bar and 0.4 bar) and the printing speed (varied from 1 mm/s to 7 mm/s) on the core diameter is assessed, obtaining values between 12 µm and 44 µm, where the smallest diameters correspond to the lowest pressure and the highest printing speeds.



The Mosquito method has also been used for manufacturing more complex optical structures with polymers, including a fan-in/out waveguide for a multicore fiber [112], a spot size converter based on a tapered waveguide [113], and a Y-branch waveguide [114].



In summary, this additive technique is a very attractive option for the manufacture of low-cost optical waveguides, as it does not require complex machinery. Furthermore, the depth at which the waveguide is deposited can be controlled [115]. This enables the creation of 3D patterns, permitting the printing of curved waveguides and increasing their density per unit volume [111,116].



However, since the core material is completely embedded within the cladding, these waveguides are limited to applications related to information transmission and cannot be employed in sensors, in which part of the core must be exposed for interaction with external substances. Due to this limitation, other additive and low-cost methods have been developed, allowing for the production of waveguides without upper cladding (thus the core is exposed), such as inkjet printing.




4.2. Inkjet Printing


Inkjet printing allows tiny drops of ink to be projected in a controlled manner onto a substrate [117,118,119,120,121]. It is a technology widely used by commercial multifunction printers. It consists of projecting the drops sequentially, one after the other, so that a thin row of drops is formed according to the shape to be printed. This means the process has an additive nature in terms of the material used, thus reducing the waste of material, in comparison with subtractive methods [119,122].



Inkjet printing utilizes a print head system, or a tiny needle (mounted on a syringe), to deposit droplets with a volume between 1 and 1000 pL from a position above the substrate. This is one of the main advantages of the technique: defined deposition, but without contact between the nozzle and the substrate. Furthermore, the process has high geometric flexibility, since new print patterns can be created on the substrate without intermediate steps [119,123].



As the waveguides are printed on a surface (a substrate or a previously deposited lower cladding), the shape of the waveguide tends to be parabolic or semicircular, unlike waveguides obtained by previous methods. Depending on the application, an upper cladding can also be printed on the waveguide.



The choice and formulation of the injectable material is crucial, since its properties, such as viscosity and surface tension, affect its injection efficiency. The employed materials must have a low viscosity, as they can clog the print head otherwise. Furthermore, the interaction of the deposited material with the substrate determines their adhesion and subsequently the aspect ratio of the structure and its stability [124]. In order to achieve the adhesion of different materials to a substrate, treatments such as corona [125] or plasma [126] are often used.



Regarding waveguide fabrication, 145 × 20 µm parabolic-shaped waveguides are manufactured using inkjet printing in [127] on a PMMA substrate, with propagation losses of 1.4 dB/cm at λ = 785 nm. The employed polymers are Syntholux (an acrylate base resin) and EGDMA (ethylene glycol dimethacrylate) for both the core (50%/50% mix) and the upper cladding (30%/70% mix). Although they do not employ polymers, it must be highlighted that single mode waveguides at λ = 1.55 µm are achieved in [128], but the propagation losses reach 3.52 dB/cm. The waveguides are made of titania ink on a quartz substrate (no upper cladding), with widths in the 30–60 µm range and heights in the 120–250 nm range (between 1 and 4 printed layers). Here, the effect of the temperature of the substrate and the drop spacing on the uniformity of the waveguides is assessed—see Figure 8.



It is also worth mentioning the fabrication of multimode polymeric waveguides in [129] by direct ink writing, a technique that shares similarities with inkjet printing but produces continuous filaments instead of droplets [130,131]. In [129], rectangular 175 × 55 µm PMMA waveguides with a PDMS cladding are fabricated, and propagation losses of 0.21 dB/cm, 0.42 dB/cm, and 1.08 dB/cm are measured at λ = 980 nm, λ = 1.31 µm, and λ = 1.55 µm, respectively.



Other polymeric materials utilized for manufacturing waveguides by inkjet printing include Truemode [122], SU-8 and NOA65 [132], InkEpo and InkOrmo [123], and Genomer resins [133]. Truemode waveguides (with a cladding made of cured Truemode, which has a lower refractive index) are fabricated in [122], with widths in the 50–75 µm range and a maximum height of 7 µm, although obtaining waveguides with an even width is challenging. As the waveguides are formed by a set of small circular drops joined through the surface tension among the drops and with the substrate, irregularities in the edges of the waveguide can appear if the distance between drops and the alignment between them is not accurately controlled.



In [132], an SU-8 waveguide, with NOA65 as the cladding, is manufactured with good uniformity, but with a very low aspect ratio (35 × 1.58 µm). InkEpo and InkOrmo are used in [123] for the core and the cladding, respectively, obtaining parabolic-shaped multimode waveguides with a higher aspect ratio of 10 µm/100 µm (height/width) for those with cladding, and a 20 µm/100 µm aspect ratio for those without cladding. An even higher aspect ratio of 0.4 is achieved in [133], fabricating 80 µm-wide waveguides made of resins of the Genomer series on a PDMS substrate and reaching a contact angle of around 85°—see Figure 9.



Therefore, some of the challenges of inkjet printing are the uniformity of the waveguides and obtaining higher aspect ratios, similar to those achieved with other methods. One alternative that has been explored to manufacture waveguides with the most uniform edges and geometry possible consists of combining aerosol jet printing and flexographic printing [134,135].




4.3. Aerosol Jet Printing and Flexographic Printing


Aerosol jet printing consists of using a directed aerosol stream to form a pattern on a substrate, achieving resolutions of 10 µm [136,137]. The aerosol is generated by ultrasonic or pneumatic atomization of inks, and then it is transferred to the deposition head by a carrier gas flow. In the deposition head, a sheath gas surrounds the carrier gas, collimating the beam. The aerosol then passes through the nozzle, that focuses it and directs the droplets towards the substrate, separated from the nozzle between 1 and 5 mm [136,138].



There are several parameters that must be controlled in aerosol jet printing. The atomizer power and the ink temperature impact on the viscosity, which affects the droplet size distribution and the aerosol density. On the other hand, the printing speed is related to the print thickness, and the substrate temperature can affect the film uniformity [136]. It is also relevant to control the process to avoid overspray, that is, the deposition of small satellite droplets at the edges [138].



The main drawback for manufacturing waveguides by aerosol jet printing is obtaining a high aspect ratio (see Figure 10a) as it has been already observed in the case of inkjet printing. For instance, parabolic-shaped waveguides are printed with different polymeric inks on several substrates by aerosol jet printing in [139], obtaining aspect ratios of 1/151 (455 × 3 µm cross section), 1/30 (228 × 7.6 µm), and 1/13 (191 × 14.4 µm) for substrates made of polycarbonate, polyimide, and glass, respectively.



The proposed solution consists of printing the waveguide between two previously printed lines of a different material, named conditioning lines and manufactured by flexographic printing—see Figure 10b. The whole method (aerosol jet printing and flexographic printing) is also named OPTAVER process because it was introduced by the OPTAVER research group [134,140,141]. Flexographic printing, employed for the conditioning lines, is a type of roll-to-plate process, in which a series of rollers with different functions are used for printing, utilizing a liquid polymer or ink [134,142].



Multimode waveguides made of polymer J + S 390119 are fabricated in [143] by aerosol jet printing after producing two conditioning lines made of ACTEGA G8/372L (a silicone containing varnish). The average propagation losses are 0.55 dB/cm, achieving 0.22 dB/cm for the best case at λ = 850 nm, and the waveguides have been successfully tested for data transmission at 10 Gbit/s. Here, the contact angle is 61.4° and the aspect ratio has been improved to 0.15 (200 × 30 µm parabolic cross section). Similar J + S 390119 waveguides (460 × 114.5 cross section, thus 0.25 aspect ratio, with a contact angle of 50°) have been employed in [144] to manufacture an asymmetrical coupler. Other polymers that have been explored for this manufacturing process include Ormocore [135]. It is also worth mentioning that flexographic printing has also been tested on its own to manufacture polymeric waveguides [123].



In conclusion, by means of the OPTAVER process, fairly uniform waveguides can be achieved quickly and easily, and they do not require complex and expensive equipment for their manufacture. The main disadvantages are that it requires two different processes, extending manufacturing time and making it more complex. Furthermore, the patterns engraved on the printing roller cannot be modified. Therefore, other more flexible techniques have also been explored, such as electrohydrodynamic (EHD) jet printing.




4.4. Electrohydrodynamic (EHD) Jet Printing


Electrohydrodynamic (EHD) jet printing, also known as e-jet printing or EHD jet printing, is a variant of inkjet printing in which a high electrical potential (DC or pulsed) is applied between the printing nozzle (usually a needle mounted on a syringe) and the substrate. The potential deforms the drop that exits the extruder tip depending on the force of gravity, the surface tension and the generated electric field. This deformation narrows the drop, forming the Taylor cone, and pulls it, forming small drops or fine threads of material that are printed onto the substrate [145], see Figure 11. This technique enables combining different printing modes depending on the characteristics of the material and the applied voltage, such as printing a continuous single thread or pulsing in small drops, or electrospinning and electrospraying. EHD jet printing has become a viable method for the micro/nanometric scale fabrication of photonic devices [146,147,148].



As it happens in inkjet printing or aerosol jet printing, in EHD jet printing the material to be printed is deposited in liquid phase on a substrate, thereby obtaining semicircular or parabolic cross sections. One of the factors that affects the shape is material viscosity, having a higher aspect ratio with a higher viscosity [149].



If fine thread printing is employed, polymeric patterns with thicknesses in the order of 100 µm to 100 nm can be achieved [146,150,151,152]. Thicknesses of the order of tens of microns have been attained in the fields of microelectronics and nanotechnology [153,154,155]. In order to achieve small dimensions, printing nozzles or tips with very small diameters and material flow rates are used, so that the material is deposited very uniformly and at a constant speed. Furthermore, the technique is flexible in terms of the shape of the patterns that can be printed, since the movement of the extruder nozzle is controlled by computer.



A large number of materials can be printed, including metallic inks (e.g., Ag-based inks), polymers, and biological materials [152,153,156,157]. As this method uses an electrical voltage to stretch the thread to be printed, it performs better with inks of a conductive nature. Therefore, many of the applications where it is used involve sensor devices with some electrical component or sensors with materials that change their properties in response to an electrical current [158,159,160,161,162,163].



However, standard EHD jet printing cannot produce waveguides with an upper cladding in a single step. If an upper cladding is required, one option is coating the already printed waveguides with the same or other method. For instance, we have printed a parabolic EpoCore10 waveguide on a PFA (perfluoroalcoxi) substrate by EHD jet printing, and then an EpoClad10 cladding has been printed on top of it by direct ink writing. The dimensions of the core are 50 × 10 µm, while the whole cross section (with the cladding) is 140 × 20 µm, see Figure 12a. Light transmission was successfully tested both in the visible (λ = 635 nm), see Figure 12b, and in the infrared (λ = 1310 nm) via butt coupling.



On the other hand, 7 µm-wide waveguides were fabricated by EHD jet printing in [164], using polymers NOA164 and NOA1375 (for the core and the cladding, respectively) on a silicon substrate coated with gold and treated with plasma to improve adhesion. The core is printed and cured with UV light, and then the cladding is printed on top and cured. In this work [164], other optical structures, such as a microlens array and a diffraction grating, were also fabricated by EHD jet printing. In fact, EHD jet printing is considered an interesting technique to fabricate microlenses or microlens arrays [165,166,167].



A second possibility to obtain waveguides with an upper cladding by EHD jet printing is to use a coaxial needle, so the core and cladding materials are printed simultaneously, which is known as coaxial EHD jet printing. This way, the core material is completely wrapped in the cladding material [168,169,170]. In case the materials are miscible, they will mix slightly and a concentration distribution will be established towards the core, as in the Mosquito method.



This method is employed to develop a temperature sensor in [171]. A waveguide is manufactured by coaxial EHD jet printing, using different formulations containing PAA (polyacrylic acid) and water for both the core and the cladding on a flexible flat acetate substrate—see Figure 13a,b. The core material is also doped with rhodamine B, a fluorescent material that is sensitive to temperature. A green laser (λ = 520 nm) is placed above the polymeric waveguide and a fiber is coupled to one of its ends, measuring the fluorescence peak at λ = 589 nm. The sensitivity in the 20–30 °C range is approximately −46.15 AU/°C and 0.044 nm/°C for the fluorescence peak intensity and the wavelength, respectively—see Figure 13c for the wavelength-based temperature sensing.



In conclusion, EHD jet printing is a promising technique for manufacturing polymeric optical waveguides, as it can print complex patterns on many different substrates and reduces the time between design and manufacturing of the first prototype in comparison with more complex conventional techniques. However, further research is required to manufacture and fully characterize optical waveguides, as well as achieving dimensions in the order of the few microns.



The characteristics of the polymeric waveguides fabricated by the additive methods described in this section are summarized in Table 3. It must be noted that the waveguides manufactured by the Mosquito method have a circular cross section, while those fabricated with inkjet printing, aerosol jet printing, or EHD jet printing have a parabolic or semicircular cross section. In several works, it is not specified if the waveguides are single mode or multimode but, considering their dimensions, the refractive index contrast between the core and the cladding, and the operating wavelength, they are probably multimode, except maybe for [164], although we do not know the height of the waveguides in this case. The propagation losses have likewise not been characterized in a significant number of works.





 





Table 3. Polymeric optical waveguides fabricated by additive methods.
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Fabrication Method

	
Material

(Lower Cladding/Core/

Upper Cladding)

	
Core

Dimensions (µm)

	
SM/MM

	
Propagation

Losses (dB/cm)

	
Ref.






	
Mosquito method

	
FX-W713/FXW712/FX-W713

	
∅ 40

	
MM

	
0.033 (λ = 850 nm), 0.34 (λ = 1.31 μm), 1.25 (λ = 1.55 μm)

	
[105]




	
Mosquito method

	
NP-211/NP-005/NP-211

	
∅ 7.9

	
SM

	
0.29 (λ = 1.31 μm), 0.45 (λ = 1.55 μm)

	
[110]




	
Mosquito method

	
Polymer J + S/Ormocore/Polymer J + S

	
∅ 12–44

	
-

	
-

	
[109]




	
Inkjet printing

	
PMMA/Syntholux+ EGDMA/Syntholux+ EGDMA

	
145 × 20

	
-

	
1.4 ± 0.4 (λ = 785 nm)

	
[127]




	
Inkjet printing

	
Truemode (cured)/Truemode/Truemode (cured)

	
50–75 × 7

	
-

	
-

	
[122]




	
Inkjet printing

	
NOA65/SU-8/NOA65

	
35 × 1.58

	
-

	
-

	
[132]




	
Inkjet printing

	
InkOrmo/InkEpo/InkOrmo

	
100 × 10

	
MM

	
-

	
[123]




	
PVC/InkEpo/Air

	
100 × 20




	
Inkjet printing

	
PDMS/Genomer resin/PDMS

	
80 × 32

	
-

	
-

	
[133]




	
Direct ink writing

	
PDMS/PMMA/PDMS

	
175 × 55

	
MM

	
0.21 (λ = 980 nm), 0.42 (λ = 1.31 μm), 1.08 (λ = 1.55 μm)

	
[129]




	
Aerosol jet + flexographic

	
PMMA/J + S 390119/Air

	
200 × 30

	
MM

	
0.2 (best case), 0.55 (average) (λ = 850 nm)

	
[143]




	
EHD jet printing

	
Au-coated Si/NOA164/NOA1375

	
7 × ?

	
-

	
-

	
[164]




	
Coaxial EHD jet printing

	
Acetate/PAA + water doped with RhB/PAA + water

	
118 × 18

	
-

	
-

	
[171]











5. Conclusions and Future Outlook


This review summarizes several fabrication techniques whose purpose is to manufacture polymeric optical waveguides with high transparency and stability in the visible and infrared spectral ranges for their use in photonic integrated circuits. They rely on advanced polymeric materials such as SU-8, NOAs, etc., selected for their ability to be molded or cured using UV light or heat, as well as for their specific optical properties.



These methods can be classified primarily as subtractive, replication, and additive techniques, each with distinct operating principles but geared towards meeting the precision, scalability, and cost requirements of various optical applications. The main similarities and differences among the methods are indicated in Table 4. Aspects such as the process approach, the resolution, the waveguide width range of the manufactured waveguides, the cost and complexity of the equipment used, the flexibility in the design to be printed, the production speeds that can be achieved, and the material waste in the manufacturing process are compared.



Subtractive methods, especially mask lithography, are the most consolidated and established techniques, and they achieve high resolution and well-defined geometries, allowing them to fabricate single mode polymeric waveguides. However, they suffer from high cost, material waste, and limited flexibility in design iteration. This makes them ideal for high-volume, high-performance PICs and telecommunication applications, but less practical for rapid prototyping or flexible devices. On the other hand, laser ablation is more compact and versatile than photolithography, but it generally cannot reach the same resolution.



In the case of replication methods, their strength is their scalability and cost-efficiency, as several waveguides can be manufactured simultaneously with a single mold. They enable the fabrication of single mode waveguides (although they do not reach dimensions in the order of the few microns as easily as lithography), but they are more economical than subtractive techniques. Nevertheless, they are limited by mold design: once a mold is fabricated, channel dimensions are fixed, limiting flexibility for iterative design optimization. For mass-market devices such as connectors or parallel optical interconnects, replication methods provide the best balance between cost and acceptable performance. However, surface roughness of the mold directly impacts propagation losses, which can restrict performance in high-density integration applications.



Finally, additive techniques allow for rapid design iteration, three-dimensional structures, and lower material waste. Despite their advantages, they face limitations in aspect ratio, edge roughness, and uniformity, which usually lead to higher propagation losses compared to subtractive methods. Moreover, they rarely achieve single mode operation or dimensions in the order of the microns, and they are not usually as well characterized as waveguides fabricated by other methods, so further research is required into these techniques. Therefore, they are best suited for low-cost, flexible, and application-specific devices (optical interconnects, disposable biosensors, or wearable photonic devices), rather than ultra-low-loss PICs.



While the described techniques present different strategies for fabricating polymeric optical waveguides, future progress relies on addressing several challenges. In the first place, a major trend is the development of hybrid fabrication methods, exploiting the strengths of each of them, such as combining the resolution of subtractive methods with the design freedom of additive techniques, although other combinations are also possible [172,173,174]. These approaches can reduce costs and accelerate the transition from the lab to the market.



Another promising direction is the application of machine learning and artificial intelligence in process optimization. Fabrication of polymeric waveguides involves several interdependent parameters (viscosity, curing time, and printing speed, among others) that strongly affect geometry and optical performance, and which could be optimized with artificial intelligence. For instance, physics-informed machine learning is proposed for additive methods in [175], while a convolutional neural network is employed in [176] to predict the losses due to waveguide curvature for flexographically printed polymeric waveguides.



Finally, another challenge is the development of novel functional polymers. Beyond transparency and low loss, next-generation polymers may incorporate properties such as tunable refractive indices, nonlinear responses, or biocompatibility. Fluorinated polymers, for example, offer very low propagation losses, making them excellent candidates for integrated optics, and they are combined in [177] with SiO2 nanoparticles and MgF2 to achieve a low thermo-optic coefficient, a useful property for manufacturing optical waveguides. Similarly, inorganic–organic hybrid polymers (Ormocore is an example of these materials) are very attractive, as many of their physical properties (density, thermal stability, refractive index, optical losses) can be tailored by controlling their composition [178].



In conclusion, this review aims to serve as a guide for selecting the most appropriate method for fabricating polymeric optical waveguides depending on the specific requirements of the application. By analyzing the trade-offs, such as high precision versus cost, or scalability versus design flexibility, this analysis provides a comprehensive framework to help researchers identify the most suitable method for different applications of polymeric waveguides, from low-loss PICs to low-cost sensors. Finally, it also suggests that adopting hybrid fabrication techniques, the use of artificial intelligence, and the development of new polymeric materials will contribute to improving the quality and functionality of manufactured waveguides.
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Figure 1. Schematic diagram of direct laser writing. 
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Figure 2. (a) SEM image of the end-facet of the SU-8 waveguide. (b) SEM image of an SU-8 microring resonator. Reprinted with permission from [71]. Copyright 2004 American Chemical Society. 
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Figure 3. Schematic diagram of the laser ablation process. (a) Deposition of the lower cladding and core layers on the substrate. (b) Material removal by laser ablation to form the waveguides. (c) Deposition of the upper cladding (if required). 
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Figure 4. Schematic diagram of (a) hot embossing, (b) thermal nanoimprint lithography (thermal NIL), and (c) ultraviolet nanoimprint lithography (UV NIL). 
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Figure 5. Cross section of a waveguide with a PMMA lower cladding fabricated by hot embossing and NOA68 as the core material. Reproduced under the terms of CC BY-NC-ND 4.0 License [93]. Copyright 2016, The Author(s). Published by Elsevier Ltd.: Amsterdam, The Netherlands. 
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Figure 6. (a) Schematic diagram of the OrmoClear waveguides in a cladding made of Lumogen OVD Varnish 311, with a cross section of 50 × 50 µm and a pitch of 250 µm. (b) Cross section view of one of the manufactured waveguides. (c) Cross section view of four waveguides. Reproduced under the terms of the Creative Commons Attribution (CC BY) license [103]. Copyright 2021 by the authors. Licensee MDPI, Basel, Switzerland. 
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Figure 7. Schematic diagram of the Mosquito method. 






Figure 7. Schematic diagram of the Mosquito method.



[image: Applsci 15 10644 g007]







[image: Applsci 15 10644 g008] 





Figure 8. Effect of the temperature of the substrate (25–40 °C) and the drop spacing (30–35 µm) on the uniformity of waveguides made of titania ink on a quartz substrate. Adapted from [128]. Copyright© 2017, American Chemical Society. 
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Figure 9. Cross section of waveguides made of resins of the Genomer series for (a) the baseline, (b) the baseline + one layer, (c) the baseline + two layers, (d) the baseline + three layers. The contact angle and the aspect ratio increases with the number of layers. Adapted from [133]. Copyright© 2017, American Chemical Society. 
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Figure 10. (a) Schematic diagram of aerosol jet printing. (b) Schematic diagram of flexographic printing of the conditioning lines (1), and aerosol jet printing of the waveguide (2) (known as the OPTAVER process). The use of conditioning lines enables us to increase the contact angle and the aspect ratio of the waveguides. 
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Figure 11. Schematic diagram of electrohydrodynamic (EHD) jet printing. 
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Figure 12. (a) Waveguide manufactured by EHD jet printing (EpoCore10 core) and direct ink writing (EpoClad10 cladding). (b) Illuminated cross section of the waveguide (a) when transmitting light at λ = 635 nm. 
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Figure 13. (a) Waveguide manufactured by coaxial EHD jet printing with a PAA cladding and a PAA core doped with rhodamine B. (b) Thickness measurement of the waveguide (a) by confocal microscopy. (c) Temperature sensing based on the fluorescence peak wavelength shift. 
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Table 4. Comparison of the methods presented in the work.
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	Methods Used
	Process

Approach
	Accuracy and

Resolution
	Waveguide Width (µm)
	Cost and

Equipment

Complexity
	Flexibility in Design
	Production

Speed
	Waste of Materials





	Mask lithography
	Subtractive
	High
	2–10
	High
	High
	High-Medium
	High



	Maskless lithography
	Subtractive
	High
	<1–10
	High
	High
	High-Medium
	High



	Laser ablation
	Subtractive
	Medium
	40–70
	Medium
	High
	Medium
	High



	Hot embossing
	Replication
	Medium
	<10–100
	Medium-Low
	Medium-Low
	High
	Low



	Nanoimprint lithography
	Replication
	Medium
	<1–100
	Medium-Low
	Medium-Low
	High
	Low



	Mosquito method
	Additive
	Medium
	<10–40
	Medium-Low
	High
	Medium
	Low



	InkJet printing
	Additive
	Medium
	30–150
	Medium-Low
	High
	Medium
	Low



	Aerosol jet + flex.
	Additive
	Medium
	200–450
	Medium
	Medium
	Medium-Low
	Low



	EHD jet printing
	Additive
	Medium
	<10–100
	Medium-Low
	High
	Medium
	Low
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