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3D printed and spiral 
lithographically patterned 
erbium‑doped polymer 
micro‑waveguide amplifiers
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Infrared (IR)‑emitting RE doped materials have been extensively used to fabricate active components 
of integrated optical devices in various fields, such as fiber amplifiers, telecommunications, 
optoelectronics, and waveguides. Among various RE elements, trivalent erbium ions (Er 3+) are 
of great interest since their emissive behavior span the low loss telecommunication window of 
1300–1650 nm. In this paper, we report two types of polymeric waveguide amplifiers. 8 cm long, 
lithographically patterned spiral waveguides provide 8 dB of gain using a 980 nm pump power of 
95 mW. Gain is observed from 1530 to 1590 nm. We further report the first demonstration of polymeric 
waveguide amplifiers fabricated using 3D printing methods based on two‑photon lithography, paving 
the way for rapid prototyping of active 3D printed devices and active photonic devices which may 
transcend planar limitations.

The advent of erbium doped fiber amplifiers (EDFAs) is one of the key reasons why telecommunications operating 
in the C-band have undergone global  proliferation1–3. Owing to their possessing a gain spectrum in the C- and 
L-bands4–6, key technologies that drive telecommunications such as dense wavelength division multiplexing as 
standardized by the International Telecommunications Union (ITU) have become situated at these wavelengths. 
EDFAs allow propagation of light over long distances with limited attenuation. Typically, for these EDFAs, an 
optical pump located at 980 nm enables amplification of a signal within the 1530–1600 nm C-band region. 
Advancing from the widespread use of EDFAs in long-haul telecommunication networks, next generation on-
chip waveguide amplifiers that offer higher gain in small device sizes and better integration with photonic devices 
have gained attention in recent  years4,7–22. These chip-scale erbium-based amplifiers could be lithographically 
realized to provide amplification while still maintaining small form  factors8,18,23–25.

Optical amplifiers relying on other gain mechanisms include semiconductor optical amplifiers (SOA), opti-
cal parametric amplifiers (OPA). SOAs rely on gain transitions from direct bandgap semiconductors to amplify 
 light26–28. Compared to SOAs, Er-based amplifiers feature better optical amplification performance, generating 
less crosstalk and lower noise levels. OPAs on the other hand rely on parametric processes to transfer light 
from a pump to a signal, either through a χ(2) or χ(3)  process29–32. Since the parametric amplification process 
requires phase matching for efficient amplification, Er-based amplifiers are arguably easier to implement, being 
agnostic to both the dispersion and detuning between pump and signal, as long as the signal is located within 
the Er-gain spectrum. In fiber-optic based communications, the Er-doped amplifier has proven to be the most 
widely deployed type of amplifier given the ease of deployment, high gain and relatively uniform gain spectrum. 
Therefore, their continued advancement in integrated optics may see a similar developmental trajectory formerly 
experienced by fiber-based Er-doped amplifiers.

In this manuscript, we demonstrate a lithographically defined, on-chip, erbium-doped polymer waveguide 
amplifier. The amplifier is formulated in a spiral with a total interaction length of 8 cm, and takes up a small 
footprint of 16  mm2. Using these waveguide amplifiers, we demonstrate a total gain of 8 dB and a length normal-
ized gain of 1 dB/cm. Furthermore, we report the first demonstration of directly written, 3D printed polymer 
waveguide amplifiers, where the amplifier device is patterned and defined using two-photon polymerization 
 lithography33,34. To the best of our knowledge, this is the first demonstration of both a spiral polymeric waveguide 
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amplifier and a 3D printed polymeric amplifier. These results demonstrate both the promising amplification 
performance achieved by these polymeric waveguide amplifiers, and the flexibility of 3D printing in creating 
rapidly prototyped integrated active photonic components.

Waveguide amplifier design and fabrication
The design of the waveguide amplifiers studied in this manuscript are shown in Fig. 1. The first class of devices 
consists of an  SiO2 trench in the shape of a spiral waveguide (Fig. 1a). The trenches are 5 μm in width and 3 μm 
in depth. Erbium doped polymer is spin coated over the entire sample to fill the trenches and also to provide a 
cladding, 2 μm in height. In this first device, erbium-doped nanoparticles are dispersed in SU8, with a refractive 
index of 1.58. The modal profile of that results is therefore akin to an inverted ridge waveguide, where the core 
material making up the ridge is sandwiched between  SiO2 (n = 1.46) on the bottom and air (n = 1) on the top. 
The second class of devices is shown in Fig. 1b. This class of 3D printed waveguide amplifiers consist of a wave-
guide with a width of 2 μm and a height of 2 μm. This structure is mainly air cladded on three sides, whereas the 
waveguide undercladding is  SiO2. In this second device, erbium-doped nanoparticles with a lower concentration 
(10% that of the SU8 polymer) are dispersed in IP-Dip resist, with a refractive index of 1.53.

We calculate the mode profiles and the percentage of light residing within the core material. The calculations 
are performed using a numerical solver based on the Finite Difference Eigenmode (FDE) method. The calculated 
modal profile of spiral waveguide and 3D printed waveguide at 1550 nm is shown in Fig. 2a,b. Optimal design 
requires that most of the light is confined in the core material, such that the interaction of the light with the Er-
doped particles will be as large as possible. In both waveguides, it may be observed that most of the mode is well 
confined within the core. We further calculate the modal confinement factor for each of the waveguides as shown 
in Fig. 2c,d,e,f) for the spiral and 3D printed waveguides respectively. The modal confinement factor is calculated 
using the expression, 

∫ core
|E(x,y)|2dxdy∫∞

−∞
|E(x,y)|2dxdy

 , where E(x,y) is the electric field distribution of the eigenmode propagating 
in the waveguide amplifier. It is observed that for the 3D printed design used in our amplifiers, the confinement 
of the light at both 980 nm and 1550 nm within the core material where the Er-doped particles reside exceeds 
95% (Fig. 2d,f). For the spiral waveguides, the height of the waveguides is constrained by the 7 μm  SiO2 thickness 
we have in our wafers. The cladding material’s requirement is to (i) have a lower refractive index than the core 
and (ii) be sufficiently thick so as not to result in leakage of light into the cladding. From Fig. 2c,e, it is observed 
that a thicker trench depth leads to greater optical confinement. Therefore, we designed our waveguide to the 
largest possible trench depth (3 μm) while still ensuring no leakage of light into the cladding. For this design of 
width, W = 5 μm and height, H = 3 μm, most of the light is still confined within the Er-doped SU8 core: close to 
70% for light at 980 nm and 1550 nm. The minimum bending radius of the spiral waveguide is also optimized 
using FDE solver calculations. In the simulation, a core size of 5 μm (W) by 3 μm (H), and an upper and under 
cladding with a thickness of 2 μm and 4 μm respectively are used. Doped SU8 is used for the upper cladding and 
 SiO2 is used for the undercladding layer. The bending loss as a function of bending radius can be seen from Fig. 3. 
It is observed that the bending loss decreases as the bending radius is increased. When the bending radius 
increases up to 400 μm, the bending loss is close to 0 dB, indicating that the bending loss in our spiral waveguides 
which have bending radius exceeding 400 μm, is negligible.

Figure 1.  Device schematic of the polymer waveguide amplifier fabricated using (a) photolithography and 
(b) direct 3D printing. Inset of (a) shows a scanning electron micrograph (SEM) of the trenches and an optical 
micrograph of the fabricated trenches. Inset of (b) shows SEMs of the 3D printed waveguide and the 3D printed 
suspended couplers used for fiber-waveguide coupling.
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In these two types of waveguide amplifiers, erbium-doped nanoparticles are dispersed in SU8 and IP-Dip 
respectively. The NaYF4:Yb,Er,Ce@NaYF4 core–shell RE nanoparticles (RENPs) are prepared by using a solvo-
thermal decomposition method as reported  elsewhere7,35,36. The RENPs original reaction mixture is taken and 
washed once with IPA, and then sonicated for 30 min and centrifuged at 6000 rpm for 10 min. Next, the RENPs 
are transferred and dispersed in DI water and sonicated for 10 min and centrifuged with 6000 rpm for 10 min. 
Subsequently, the RENPs are dispersed in DI water and dried using freeze dryer for 3 days. For SU8, the 5 mg 
freeze-dried RENPs are dispersed in 1 mL THF and then sonicated for 10 min. Next, the suspension of RENPs in 
THF are added to a solution containing 4 mg H-POSS-PMMA and 1 mL chloroform. After stirring for ~ 30 min, 
a solution of 25 µL SU8 in 1 mL chloroform is added. This solution is stirred for an additional for 30 min. The 
nanoparticle loading in SU8 is about 6 vol%. For the IP-Dip resist containing the erbium-doped nanoparticles, 

Figure 2.  (a) The calculated TE mode profile for the spiral waveguide amplifier (cross section of W = 5 μm, 
H = 3 μm) and (b) the 3D polymer waveguide amplifier (cross section of W = 2 μm, H = 2 μm) at a wavelength 
of 1550 nm. (c) The calculated modal confinement (%) for the spiral waveguide amplifier and (d) 3D printed 
amplifier at 1550 nm. (e) The calculated modal confinement (%) for the spiral waveguide amplifier and (f) 3D 
printed amplifier at 980 nm.
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15 mg freeze-dried RENPs are directly dispersed in 1 mL IP-Dip and stirred for 30 min, corresponding to the 
nanoparticle loading of around 0.6 vol%.

To fabricate the trenches, we start with a 7 μm  SiO2 on Si substrate. Photoresist is first spin-coated on the 
sample before the spiral trenches are patterned using photolithography. Next, buffered oxide etchant (BOE) is 
used to isotropically etch the patterned spirals to define the trenches with a depth of 3 μm. Finally, the Er-doped 
nanoparticle SU8 polymer is spin-coated on the sample, thus creating the required index difference to guide light 
through the spirals. Importantly, our spiral design maintains a minimum bending radius of 500 μm in order to 
minimize scattering losses from the bends.

The second class of devices is fabricated using two-photon absorption lithography, in a direct 3D printed 
process. In this case, the RENP containing IP-Dip polymer (15 mg RENP in 1 mL IP-Dip resist) is dropped 
on an  SiO2 substrate, after which it is patterned with femtosecond laser pulses generated from the commercial 
direct laser printing system (Nanoscribe Inc., Germany). The femtosecond laser is with wavelength of 780 nm, 
repetition rate of 80 MHz and pulse width of 100 fs. A × 63 NA1.4 oil immersion objective lens in Dip-in Laser 
Lithography (DiLL) configuration is used. The predesigned waveguide structure is prepared with Solidworks 
and Describe programming languages. After writing, the substrate is immersed in propylene glycol monomethyl 
ether acetate (PGMEA) for 10 min, isopropyl alchohol (IPA) for 5 min.

Experimental characterization
We experimentally study the gain characteristics of the two different waveguide amplifiers. Figure 4 shows 
the schematic of the experimental setup. The experimental setup involves a 980 nm laser diode pump and a 
broadband source emitting between light in the C-band from 1530 to 1560 nm serving as the signal. Both light 
sources are combined using a wavelength division multiplexer before being coupled into the polymer wave-
guide amplifiers. The gain experienced by the signal is varied by controlling the amount of power emitted by 
the 980 nm laser diode pump. As it is known, when the pump power exceeds the threshold power, population 
inversion occurs between 4I15/2 and 4I13/2. Then, the  Er3+ ions in the 4I13/2 level transition down to the ground level 
4I15/2 and emit the photons with the same frequency as that of the signal, so the device realizes the amplification 
function for the signal.

Figure 3.  Calculated Bending Loss as a function of bending radius of photolithography fabricated polymer 
waveguide (inset shows a schematic of the structure).

Figure 4.  Waveguide device characterization setup used to measure the gain performance from our Er-doped 
waveguide amplifier.
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In this report, the pump power was varied from 0 to 190 mW and the coupling loss at each fiber-waveguide 
interface was ~ 3 dB. It implies the actual coupled pump power into the waveguide was 0 to 95 mW. The input 
signal power was set to 0.5 mW through the amplified spontaneous emission (ASE) source. The relative gain was 
calculated using formula G(dB) = 10log

Psignal(pumpon)

Psignal(pumpoff )
 , where Psignal(pump on) and Psignal(pump off) are the output signal 

powers as measured with and without pump power, respectively. The gain spectrum is measured using an optical 
spectrum analyzer (Yokogawa AQ6370D) with a wavelength resolution of 0.1 nm, which allows the gain to be 
quantified as a function of wavelength.

Figure 5 shows the results of the optical characterization performed on the photolithography fabricated 
polymer waveguide amplifiers, where the gain process occurring in the Er-doped nanoparticles as a function 
of wavelength and pump power is shown in Fig. 5b. It is observed that the gain increases as the pump power 
increases for all wavelengths from 1530 to 1590 nm (Fig. 5a,b), in line with the larger number of photons avail-
able for down conversion from 980 nm to the 1550 nm region.

The maximum gain achieved at 1550 nm is 8 dB over an 8 cm device length, implying a length normalized 
gain of 1 dB/cm. Notably, good gain is also achieved at longer wavelengths up to 1590 nm, and a consequence of 
the efficiency of the down conversion: The gain efficiency at the longer wavelengths at 1580 nm and 1590 nm is 
comparable to that observed at 1550 nm (7.1 dB and 8.4 dB respectively at a pump power of 95 mW, as shown 
in Fig. 5c). This shows that the down conversion process is efficient over a wide bandwidth, providing efficient 
amplification from 1530 to 1590 nm. This result represents the first demonstration of an Er-doped spiral poly-
meric waveguide amplifier.

We note further that the polymer waveguide design minimizes scattering losses throughout the entire path 
length through the following ways (i) The minimum bending radius of 500 μm which renders bending losses to 
be negligible, and (ii) The modal engineering in the waveguide, which minimizes the amplitude of the electric-
field in contact with the etched edges. (iii) Wet isotropic etching to define the spirals is a process that introduces 
less side-wall roughness compared to dry etching.

Next, we experimentally characterize the second class of amplifiers: the 3D printed polymer waveguide 
amplifiers. These devices are fabricated in a single 3D printed  step33,34. The integrated air-bridge waveguide 
couplers (shown in Fig. 1b) facilitate optical coupling with the input and output fibers, and have a coupling loss 
of ~ 2 dB for the material system used here. We note that in these waveguides, the concentration of the Er-doped 

Figure 5.  Gain properties for photolithography fabricated polymer waveguide amplifiers with a length of 8 cm 
(a) Experimentally measured gain as a function of pump power for wavelengths from 1510 to 1590 nm. (b) Gain 
spectrum as a function of pump power and wavelength from 1510 to 1590 nm. (c) Length normalized gain as a 
function of wavelength. The maximum gain achieved is 8.4 dB at a wavelength of 1590 nm.
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nanoparticles is 10% that in the spiral amplifier. This lower concentration allows the patterning using 3D print-
ing to be of higher quality, as a higher particle loading introduces more scattering sites which could cause the 
two-photon polymerization process to be affected. Therefore, we expect that the gain for these devices should 
be lower due to the lower particle loading. The 3D printed waveguide amplifier length is 2.7 cm and the gain 
performance is shown in Fig. 6.

A few points of interest may be highlighted. Firstly, the wavelength range over which gain is observed is 1530 
to 1560 nm. Secondly, the maximum length normalized gain for the 3D printed waveguide amplifiers is 0.47 dB/
cm at a wavelength of 1550 nm. The lower length normalized gain compared to the spiral waveguide amplifier 
is due to the lower concentration of optically active particles and the higher propagation loss of the waveguide 
fabricated by direct laser writing. Despite the particle concentration being tenfold lower than that used in the 
lithographically defined amplifiers, good amplification of 1.3 dB is achieved in the 3D printed polymer microwave 
guide amplifier. This result represents the first demonstration of a 3D printed, directly written erbium-doped 
waveguide amplifier.

Discussion
In this manuscript, we report the first demonstration of 3D printed, erbium-doped polymer micro-waveguide 
amplifiers. The 3D printed amplifiers are fabricated in a single multi-photon lithographic step which allows design 
flexibility in accessing three-dimensional designs and the integration of air-bridge waveguide couplers. A maxi-
mum gain of 1.3 dB is achieved. Experimental characterization reveals that longer amplifier lengths allows gain 
to extend to the longer wavelengths, doubling the amplification bandwidth from 30 to 60 nm (1530–1590 nm). 
We further demonstrate lithographically defined spiral polymeric waveguide amplifiers with a maximum gain of 
8.4 dB. The higher gain observed is attributed to a 10 × higher Er-nanoparticle loading in the polymer material. 
In addition, the efficient amplification observed may be attributed to the spiral waveguide design, which mini-
mizes the amplitude of light interacting with the etched sidewalls and careful selection of the minimum bending 
radius in the spiral. Considerable progress has been made in Er-doped polymer-based waveguide amplifiers, 
with techniques such as trench  dicing8 and  photolithography18,24. In these prior demonstrations, the amplifiers 
were straight waveguides and did not incorporate a spiral configuration, thus limiting the footprint which is a 
typical performance metric for integrated photonics devices.

In addition, Er-doping has been successfully performed in a variety of other solid state  waveguides30–32, 
including tellurite  glasses17,19,20 and silicon  nitride21,22,37. Relative pros and cons exist between polymer-based 
amplifiers and solid-state amplifiers. Polymer-based amplifiers benefit from the ease of low temperature, Er-doped 
nanoparticle synthesis with direct, single step device creation made possible now with 3D printed techniques as 
reported in this manuscript. Conversely, glass-based amplifiers have their own advantages from a manufactur-
ing standpoint. Ref.37 for example reported the fabrication of silicon nitride based Er-doped amplifiers using a 
300 mm silicon nitride CMOS process line. Summarily, the different approaches and platforms demonstrated 
showcase the longevity of Er-doped amplifiers which first existed in the fiber domain, and which have gradually 
made their way into integrated photonics. With the reaches of transceivers serving the data communications 
market becoming longer, and with the adoption of higher order modulation  formats38,39, amplification to account 

Figure 6.  Gain properties for 3D printed amplifiers with a length of 2.7 cm. (a) Gain as a function of pump 
power for individual wavelengths. (b) Gain spectrum as a function of pump power and wavelength. (c) Length 
normalized gain as a function of wavelength. A maximum gain of 1.3 dB is achieved at a wavelength of 1550 nm.
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for a limited link budget and ensure error free data could hasten the adoption of Er-doped amplifiers in com-
mercial transceiver architectures.

The work reported here represents the first demonstration of both a spiral Er-doped polymer waveguide 
amplifier and a 3D-printed Er-doped waveguide amplifier. Importantly, the two approaches to fabricating Er-
doped polymer micro-waveguide amplifiers showcase promising methods for realizing high gain on-chip wave-
guide amplifiers with flexible designs, extending typical planar structures to the third dimension.

Received: 1 September 2021; Accepted: 12 October 2021

References
 1. Agrawal, G. P. Fiber-Optic Communication Systems 3rd edn. (Wiley, 2002).
 2. Digonnet, M. J. F. (ed.) Rare Earth Doped Fiber Lasers and Amplifiers (Dekker, 1993).
 3. Smart, R. G., Zyskind, J. L. & DiGiovanni, D. J. Experimental comparison of 980 nm and 1480 nm-pumped saturated in-line 

erbium-doped fiber amplifiers suitable for long-haul soliton transmission systems. IEEE Photon. Technol. Lett. 5(7), 770–773 (2002).
 4. Tan, M. C., Naczynski, D. J., Moghe, P. V. & Riman, R. E. Engineering the design of brightly emitting luminescent nanostructured 

photonic composite systems. Aust. J. Chem. 66, 1008–1020. https:// doi. org/ 10. 1071/ CH132 21 (2013).
 5. Tan, M. C., Kumar, G. & Riman, R. E. Near infrared-emitting Er-and Yb-Er-doped CeF3 nanoparticles with no visible up-

conversion. Opt. Express 17, 15904–15910. https:// doi. org/ 10. 1364/ OE. 17. 015904 (2009).
 6. Sheng, Y. et al. Enhanced near-infrared photoacoustic imaging of silica-coated rare-earth doped nanoparticles. Mater. Sci. Eng. C 

70, 340–346. https:// doi. org/ 10. 1016/j. msec. 2016. 09. 018 (2017).
 7. Zhao, X., Sun, Y., He, C. & Tan, M. C. Synthesis and interfacial properties of optically active photonic nanocomposites with single 

nanoparticle dispersion at high solids loading. Adv. Mater. Interfaces 19, 1600334 (2016).
 8. Chen, G. F. R. et al. Low loss nanostructured polymers for chip-scale waveguide amplifiers. Sci. Rep. 7(1), 3366 (2017).
 9. Della Valle, G. et al. Compact high gain erbium–ytterbium doped waveguide amplifier fabricated by Ag-Na ion exchange. Electron. 

Lett. 42(11), 632 (2006).
 10. Bradley, J. D. B. et al. Gain bandwidth of 80 nm and 2 dB/cm peak gain in  Al2O3:Er3+ optical amplifiers on silicon. J. Opt. Soc. Am. 

B 27(2), 187–196 (2010).
 11. Brinkmann, R., Baumann, I., Dinand, M., Sohler, W. & Suche, H. Ti:LiNb03 Waveguide Amplifiers. IEEE J. Quantum Electron. 

30(10), 2356–2360 (1994).
 12. Vázquez-Córdova, S. A. et al. High optical gain in erbium-doped potassium double tungstate channel waveguide amplifiers. Opt. 

Express 26(5), 6260–6266 (2018).
 13. Subramanian, A. Z., Murugan, G. S., Zervas, M. N. & Wilkinson, J. S. Spectroscopy, modeling, and performance of erbium-doped 

 Ta2O5 waveguide amplifiers. J. Light. Technol. 30(10), 1455–1462 (2012).
 14. Nykolak, G., Haner, M., Becker, P. C., Shmulovich, J. & Wong, Y. H. Systems evaluation of an  Er3+-doped planar waveguide ampli-

fier. IEEE Photon. Technol. Lett. 5(10), 1185–1187 (1993).
 15. Bomfim, F. A., da Silva, D. M., Kassab, L. R. P. & Alayo, M. I. Production of  Yb3+/Er3+ codoped PbO–Ge02 pedestal type waveguides 

for photonic applications. In 30th Symposium on Microelectronics Technology and Devices (SBMicro) (2015).
 16. Brüske, D., Suntsov, S., Rüter, C. E. & Kip, D. Efficient ridge waveguide amplifiers and lasers in Er-doped lithium niobate by optical 

grade dicing and threeside Er and Ti in-diffusion. Opt. Express 25(23), 29374 (2017).
 17. Vu, K., Farahani, S. & Madden, S. 980 nm pumped erbium doped tellurium oxide planar rib waveguide laser and amplifier with 

gain in S, C and L band. Opt. Express 23(2), 747 (2015).
 18. Zhang, M. et al. High-gain polymer optical waveguide amplifiers based on coreshell NaYF4/NaLuF4:  Yb3+,  Er3+ NPs-PMMA 

covalent-linking nanocomposites. Sci. Rep. 6, 1–8 (2016).
 19. Khu, Vu. & Madden, S. Tellurium dioxide Erbium doped planar rib waveguide amplifiers with net gain and 2.8 dB/cm internal 

gain. Opt. Express 18, 19192–19200 (2010).
 20. Fan, W. et al. Demonstration of optical gain at 1550 nm in an  Er3+–Yb3+ co-doped phosphate planar waveguide under commercial 

and convenient LED pumping. Opt. Express 29, 11372–11385 (2021).
 21. Rönn, J. et al. Ultra-high on-chip optical gain in erbium-based hybrid slot waveguides. Nat. Commun. 10(1), 432 (2019).
 22. Frankis, H. C. et al. Erbium-doped  TeO2-coated  Si3N4 waveguide amplifiers with 5 dB net gain. Photon. Res. 8, 127–134 (2020).
 23. Zhang, D. et al. Optical amplification at 1064 nm in Nd(TTA)3(TPPO)2 complex doped SU-8 polymer waveguide. IEEE Photon. 

J. 7, 1–7. https:// doi. org/ 10. 1109/ JPHOT. 2015. 24772 78 (2015).
 24. Zhao, P. et al. Optical amplification at 1525 nm in BaYF5: 20%  Yb3+, 2%  Er3+ nanocrystals doped SU-8 polymer wave-guide. J. 

Nanomater. 4, 153028 (2014).
 25. Zhai, X. et al. Enhancement of 1.53 μm emission band in NaYF4:  Er3+,  Yb3+,  Ce3+ nanocrystals for polymer-based optical waveguide 

amplifiers. Opt. Mater. Express 3, 270–277 (2013).
 26. Stubkjaer, K. E. Semiconductor optical amplifier-based all-optical gates for high-speed optical processing. IEEE J. Sel. Top. Quantum 

Electron. 6, 1428–1435 (2000).
 27. Kenyon, A. J. Recent developments in rare-earth doped materials for optoelectronics. Prog. Quantum Electron. 26, 225–284 (2002).
 28. Connelly, M. J. Semiconductor Optical Amplifiers (Kluwer Academic Publishers, 2002).
 29. Cerullo, G. & De Silvestri, S. Ultrafast optical parametric amplifiers. Rev. Sci. Instrum. 74, 1–18 (2003).
 30. Agrawal, G. P. Nonlinear Fiber Optics (Elsevier Science, 2013).
 31. Ooi, K. J. A. et al. Pushing the limits of CMOS optical parametric amplifiers with USRN: Si7N3 above the two-photon absorption 

edge. Nat. Commun. 8, 13878 (2017).
 32. Sahin, E., Ng, D. K. T. & Tan, D. T. H. Optical parametric gain in CMOS-compatible sub-100 μm photonic crystal wave-guides. 

APL Photon. 5, 066108 (2020).
 33. Gao, H. et al. High-resolution 3D printed photonic waveguide devices. Adv. Opt. Mater. 18, 2000613 (2020).
 34. Gao, H., Chen, G. F. R., Xing, P., Choi, J. W. & Tan, D. T. H. 3D printed on-chip microtorid resonators and nested spiral photonic 

devices. Photon. Res. 9(9), 1803–1810 (2021).
 35. Zhao, X. & Tan, M. C. Ce dopant effects on NaYF4 particle morphology and optical properties. J. Mater. Chem. C 3(39), 10207–

10214 (2015).
 36. Li, H. et al. Uniformly dispersed nanoparticles in modified polyimides exhibiting high thermal stability and bright emissions in 

the telecommunication window. ACS Appl. Nano Mater. 4(7), 7134–7144. https:// doi. org/ 10. 1021/ acsanm. 1c011 25 (2021).
 37. Rönn, J. et al. Erbium-doped hybrid waveguide amplifiers with net optical gain on a fully industrial 300 mm silicon nitride photonic 

platform. Opt. Express 28, 27919–27926 (2020).
 38. 100G PSMF multi-source agreement specifications, http:// www. psm4. org/ 100G- PSM4- Speci ficat ion-2. 0. pdf. Accessed Jan 2020.
 39. 100G Lambda Multi-source Agreement, https:// 100gl ambda. com/. Accessed Jan 2020.

https://doi.org/10.1071/CH13221
https://doi.org/10.1364/OE.17.015904
https://doi.org/10.1016/j.msec.2016.09.018
https://doi.org/10.1109/JPHOT.2015.2477278
https://doi.org/10.1021/acsanm.1c01125
http://www.psm4.org/100G-PSM4-Specification-2.0.pdf
https://100glambda.com/


8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:21292  | https://doi.org/10.1038/s41598-021-00805-6

www.nature.com/scientificreports/

Acknowledgements
This work is funded by the A*STAR IRG Grant and the National Research Foundation Competitive Research 
Grant (NRF-CRP18-2017-03).

Author contributions
Hongwei Gao performed the fabrication of the PWA and gain measurement. Huimin Li conducted the synthesis 
and surface modification of NaYF4:Yb,Er,Ce core-shell nanoparticles, and preparation of NaYF4 doped SU8 and 
IP-Dip resist.  M.C.T., and D.T.H.T. supervised the project and contributed to the technical discussion through 
the whole work. All authors contributed to the writing and revision of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.T.H.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	3D printed and spiral lithographically patterned erbium-doped polymer micro-waveguide amplifiers
	Waveguide amplifier design and fabrication
	Experimental characterization
	Discussion
	References
	Acknowledgements


