7))
G
()
ajd
i
()
—d
(7))
.2
7))
>
L
al
O
.9
o
Q
<

Optical gain based on NaYF,: Er3*, Yb3*

nanoparticles-doped polymer waveguide
under convenient LED pumping

Cite as: Appl. Phys. Lett. 118, 173301 (2021); https://doi.org/10.1063/5.0047509
Submitted: 14 February 2021. Accepted: 09 April 2021 . Published Online: 28 April 2021

'@' Zhaoqin Zhou, Jiabi Xue, '@' Baoping Zhang, Ce Wang, @' Xingchen Yang, Wang Fan, Leiying Ying, '@' Zhiwei

":; 6 @

View Online Export Citation CrossMark

Zheng, Yongjun Xie, Yuanfei Wu, Xiaodong Yang, ) pan Zhang, et al.

ARTICLES YOU MAY BE INTERESTED IN

Demonstration of Alg g5Gag 15N Schottky barrier diode with &gt; 3 kV breakdown voltage and

the reverse leakage currents formation mechanism analysis
Applied Physics Letters 118, 173505 (2021); https://doi.org/10.1063/5.0041305

Radiative modulator based on Moiré hybridization with elliptic plasmons
Applied Physics Letters 118, 173103 (2021); https://doi.org/10.1063/5.0047317

Carbon-dioxide absorption spectroscopy with solar photon counting and integrated lithium
niobate micro-ring resonator
Applied Physics Letters 118, 171103 (2021); https://doi.org/10.1063/5.0045869

Challenge us.

What are your needs for
periodic signal detection? HIEE)

N/ Zurich
7\ Instruments

Appl. Phys. Lett. 118, 173301 (2021); https://doi.org/10.1063/5.0047509 18, 173301

© 2021 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1401546&setID=378288&channelID=0&CID=496964&banID=520310243&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=4ec9de953ebb6c8f5e14b657e190e62d12f83d34&location=
https://doi.org/10.1063/5.0047509
https://doi.org/10.1063/5.0047509
https://orcid.org/0000-0003-4130-760X
https://aip.scitation.org/author/Zhou%2C+Zhaoqin
https://aip.scitation.org/author/Xue%2C+Jiabi
https://orcid.org/0000-0001-9537-5179
https://aip.scitation.org/author/Zhang%2C+Baoping
https://aip.scitation.org/author/Wang%2C+Ce
https://orcid.org/0000-0003-0797-6105
https://aip.scitation.org/author/Yang%2C+Xingchen
https://aip.scitation.org/author/Fan%2C+Wang
https://aip.scitation.org/author/Ying%2C+Leiying
https://orcid.org/0000-0002-9725-9566
https://aip.scitation.org/author/Zheng%2C+Zhiwei
https://aip.scitation.org/author/Zheng%2C+Zhiwei
https://aip.scitation.org/author/Xie%2C+Yongjun
https://aip.scitation.org/author/Wu%2C+Yuanfei
https://aip.scitation.org/author/Yang%2C+Xiaodong
https://orcid.org/0000-0002-2311-5076
https://aip.scitation.org/author/Zhang%2C+Dan
https://doi.org/10.1063/5.0047509
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0047509
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0047509&domain=aip.scitation.org&date_stamp=2021-04-28
https://aip.scitation.org/doi/10.1063/5.0041305
https://aip.scitation.org/doi/10.1063/5.0041305
https://doi.org/10.1063/5.0041305
https://aip.scitation.org/doi/10.1063/5.0047317
https://doi.org/10.1063/5.0047317
https://aip.scitation.org/doi/10.1063/5.0045869
https://aip.scitation.org/doi/10.1063/5.0045869
https://doi.org/10.1063/5.0045869

Applied Physics Letters ARTICLE

scitation.org/journal/apl

Optical gain based on NaYF,: Er>", Yb>"
nanoparticles-doped polymer waveguide
under convenient LED pumping

Cite as: Appl. Phys. Lett. 118, 173301 (2021); doi: 10.1063/5.0047509 @

Submitted: 14 February 2021 - Accepted: 9 April 2021 -
Published Online: 28 April 2021

@

View Online Export Citation CrossMark

1

Zhaoqin Zhou,' () Jiabi Xue,' Baoping Zhang,'

Zhiwei Zheng,'

Ce Wang,' Xingchen Yang,’
Yongjun Xie,' Yuanfei Wu,” Xiaodong Yang,” and Dan Zhang

Wang Fan,' Leiying Ying,'
1,a)

AFFILIATIONS

'School of Electronic Science and Engineering (National Model Microelectronics College), Xiamen University, Xiamen 361005, China
2College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China

2 Author to whom correspondence should be addressed: zhangdan@xmu.edu.cn

ABSTRACT

The relative optical gains at three near infrared wavelengths (1550 nm, 1064nm, and 980 nm) were achieved in NaYF,: ErT, YB*T
nanoparticle-doped SU-8 waveguides when using two low-cost light-emitting diodes (LEDs) instead of traditional 980 nm semiconductor
laser as pump source. The polymer waveguides were fabricated by one-step photolithography process. The fluorescence bands around
1550 nm and 1000 nm wavelengths due to the 132 — *I15), transition of Er*" ions and *Fs;, — °F,, transition of Yb>" ions were observed
under the excitation of 405 nm and 520 nm LEDs. By using the vertical top pumping mode of LEDs, the relative gains of 4.2 dB, 1.7 dB, and
2.1dB at 1550 nm, 1064 nm, and 980 nm wavelengths were achieved, respectively, on a 10-mm-long waveguide.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0047509

Erbium-doped waveguide amplifiers (EDWAs) have played an
important role in the integrated optics on chip. They can be integrated
with optical waveguide devices, such as coupler, arrayed waveguide
grating, optical switch, and modulator to compensate their optical
losses to form an efficient on-chip optical system.' > Generally speak-
ing, inorganic materials (silicate, phosphate, crystals, and alumina)
and polymer can also be used as doping hosts of rare earth Er’* ions
to fabricate EDWAs. Among them, polymer EDWAs have received
increasing attention due to the easily adjustable refractive index, sim-
ple fabrication processing, and low cost. Erbium ytterbium codoped
fluoride nanoparticles, such as LaFs: Er’*, Yb*™ and BaYF,: Er’',
Yb**,” which are doped in organic-inorganic hybrid materials or
polymer materials, have become mainstream materials to fabricate
polymer EDW As over the years. A typical gain value of 4 dB/cm could
be achieved.” " Usually, a pump source is needed to realize the popu-
lation inversion of Er’“ions, and 980 nm semiconductor lasers are
often selected because of the intrinsic absorption of Yb>" ions (*E,
— ?Fs;,) and Er*" ions (“Lis;, — “Li15) at the 980 nm wavelength.
Almost all the theoretical models of gain simulation are established
under the excitation of 980 nm lasers. This idea has not been broken
through for a long time. The traditional pumping method has several
disadvantages. In order to obtain the optical gain, the intrinsic

absorption cross section which is on the order of 10~*° cm? to 10~ cm?

often requires a high laser pump power (100-400 mW), thus caus-
ing the energy upconversion effect of Er’* ions and thermal damage
of waveguides.'>"” Also, a wavelength division multiplexer (WDM)
is needed to couple with a 980 nm laser diode (LD) and 1550 nm sig-
nal laser. It will bring additional optical losses, * and it is difficult to
reduce the commercial cost by using semiconductor lasers as pump
sources.

In this work, two light-emitting diodes (LEDs) were used to pump
NaYF;: Er’", Yb*" nanoparticle-doped SU-8 polymer waveguides
amplifier. The channel waveguides were fabricated by simple one-step
photolithography process. The photoluminescence (PL) spectrum was
characterized under the excitation of LEDs. By using the vertical top
pumping mode of 405nm and 520nm LEDs, the relative gains of
42dB, 1.7dB, and 2.1dB at 1550 nm, 1064 nm, and 980 nm wave-
lengths were achieved, respectively, on a 10-mm-long waveguide.

An erbium- and ytterbium-doped sodium yttrium oxyfluoride
(NaYy.54Ybg 40Ero0sFsO) was purchased from  Sigma-Aldrich
Trading Co. Ltd. The molar ratio of Er’*:Yb*" is about 1:7. The SU-8
3005 (Kayaku Advanced Materials, Inc.) was selected as a host of
nanoparticles because the photoresist properties of SU-8 can be used
to fabricate waveguides by only one-step photolithography process.
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The concentration of NaYF,: Er*t, YB3 nanoparticles in SU-8 is
1 wt.%.

Figure 1 shows the absorption spectrum of the NaYFy: Er’',
Yb** nanoparticle powder taken by a SHIMADZU UV-visible spec-
trophotometer. The absorption bands at 400-425nm, 450nm,
488 nm, 520 nm, 544 nm, 650 nm, 798 nm, and 970 nm wavelengths
corresponded to the transitions of Er’" ions from ground state *I;s/,
to excited states “Hoys, “Fs/2, *Fa20 “Hi12r *S3/20 “Fosas “lojr and ;1.
The absorption bands at 918 nm and 970 nm wavelengths also corre-
sponded to the transitions from ground state 2F,), to excited state “Fs),
of Yb*" ions. The spectrum shows an obvious continuous absorption
band in the ultraviolet region. This means that it is possible to realize
the population inversion of Er’* and Yb>" ions under the excitation
of a blue-violet LED.

A 405nm LED was selected as pump source, and a visible light
LED with a central wavelength of 520 nm, corresponding to the intrin-
sic absorption of Er*tions (*I;s;, — “Hyy ), was used for comparison.
The photoluminescence (PL) spectrum of the NaYF,: Er*T, YB*©
nanoparticle is shown in Fig. 2. The PL peaks at 1460-1580 nm and
950-1100 nm were due to the transitions from the state *I;3,, — “I;5/
of Er’" ions and the state *Fs, — 2Fy,, of Yb*>" ions, respectively.'’
The fluorescence full width at half maximum (FWHM) at 1535nm
was about 27 nm. At the same pump power, the PL intensity excited
by 405 nm LED was stronger than that excited by 520 nm LED.

Using NaYF: Er**, Yb*" nanoparticle-doped SU-8 3005 as core
material, waveguides with rectangular core cross section structure
were achieved. A 3 um thickness core layer was first spin-coated onto
a silicon substrate with a 2 um thickness SiO, as bottom cladding
layer. By standard photolithography, a group of waveguides with 6 um
width and 3 um height were fabricated. The refractive index of the
core is 1.553 at 1550 nm wavelength. Figure 3 indicates the scanning
electron microscope (SEM) micrograph of the rectangular waveguide.

By using the vertical top pumping mode of the LED, an experi-
mental setup for the optical gain measurement was established. The
schematic diagram is shown in Fig. 4(a). As a contrast, the traditional
measurement method of a 980 nm LD and a 1550 nm signal laser cou-
pled by a 980/1550nm WDM is also adopted for comparison, as
shown in Fig. 4(b). The output signal was coupled into an Ocean
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oy H, 520 nm
:0 91 ZH
& 38t '4/884;,“ e
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- 341
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FIG. 1. Absorption spectrum of NaYF,: Er**, Yb®* nanoparticles.
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FIG. 2. Room temperature infrared PL spectrum of NaYF,: Er**, Yb** nanopar-
ticles under the excitation of 405 nm and 520 nm LEDs.

Optics FLAME-NIR-INTSMA25 optical spectrometer. Through the
top pumping mode of the LED, the pump power could be uniformly
distributed throughout the waveguide, EDWAs can be more flexibly
placed in the position of planar optical interconnection, and the addi-
tion loss caused by the use of WDM component can also be avoided.
The optical gains in the channel waveguide at 1550 nm wave-
length were observed under the excitation of 405nm and 520 nm

NaYF,: Er¥, Yb** nanoparticle doped
SU-8 3005 rectangular waveguide

20 ym* EHT = 15.00 kV Signal A= SE2
i "
[ 1 WD = 6.6mm Mag= 500X

Date :20 Jan 2021
Time :11:14:45

ZEISS| ‘

FIG. 3. The SEM micrograph of NaYF: Er**, Yb** nanoparticle-doped SU-8 rect-
angular waveguides.
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FIG. 4. The experimental setup for optical gain of polymer waveguide amplifier: (a)
the top-pumping LED mode; (b) the traditional 980 nm laser pumping mode.

LEDs. Figure 5(a) shows the output optical intensity of a 10-mm-long
channel waveguide as a function of pump power under the excitation
of 405 nm LED. The input signal power is 0.2 mW at 1550 nm wave-
length. The signal intensity is linearly enhanced as the pump power is
increasing. When the pump power reaches 77 mW and 173 mW,
respectively, the output optical intensity of the waveguide increases by
30.4% and 138.9%. Figure 5(b) shows the relative gain as a function of
pump power with different input signal powers. The relative gain is
defined as 101g(Pps/P;s), where Pp.s and P; are the output signal
powers as measured with and without pump power, respectively.'*'”
It is shown that for a fixed pump power, the smaller the input signal
power is, the higher the gain is. The maximum gain value increases
from about 2.2 dB to 4.2 dB as the signal power varies from 0.5 to 0.2
mW for a pump power at 225 mW. The optical gain is compared
when pumped by 405 nm and 520 nm LEDs, respectively, as shown in
Figure 5(c). The results show that the relative gain performance of
405nm LED is better than that of 520 nm LED, which is consistent
with the PL spectrum measured in Fig. 2. One of the main reasons is
that the absorption cross section of NaYF,: Er’*, Yb*" nanoparticles-
doped SU-8 polymer material in the ultraviolet region is much higher
than that in the visible region, as shown in Fig. 1. When the 405nm
LED pump power reaches 225 mW, the maximum gain is 4.2 dB,
while when the 520 nm LED pump power reaches 300 mW, the maxi-
mum gain is 2.1 dB. The optical gain pumped by 980 nm laser is also
demonstrated in Fig. 5(d) by using the measurement method shown
in Fig. 4(b). When the 980 nm pump power is 327 mW, the maximum
gain value reaches about 2.3dB, followed by gain saturation and
decrease. This phenomenon is common in the study of polymer opti-
cal waveguide amplifier under excitation of lasers.'”*' Many factors,
such as depletion of some levels of Er’" ions, upconversion effects,
and propagation loss, could influence the gain of the waveguide

scitation.org/journal/apl

amplifier.”>** Also, the thermal damage of the waveguides is a cause of
gain saturation and decrease. When a 200 mW 980 nm pump laser is
input into the end of the waveguide, the incident optical power density
of the waveguide’s cross section can reach about 1.1 x 10° mW/cm?,
At this strong power density, the waveguide is easy to damage
and could not work for a long time. Although the power of LED is
also 200 mW, the power density of waveguide is calculated as about
100 mW/cm® when the waveguide is placed about 0.5 cm below the
LED. It is much lower than that of 980 nm laser. Therefore, the
trend of gain saturation is not observed in the pump power range of
0-300 mW under the excitation of LEDs, and the stability of the
amplified signal is much better.

Due to the transitions of Yb*" ions from the state *Fs, to *F,,
level, the optical gains at 980 nm and 1064 nm wavelengths were also
obtained in the channel waveguides. Figure 6(a) shows the relationship
between output signal intensity and pump power under 405 nm LED
excitation when the input signal wavelength is 1064 nm. The relative
gain vs pump power is shown in the inner illustration. The gain
increases linearly with the pump power. When the pump power is
374 mW and the signal power is 0.5 mW, a maximum gain of approxi-
mately 1.7dB at 1064nm is observed. The gain performance at
980 nm is similar to that at 1064 nm, as shown in Fig. 6(b). A maxi-
mum gain of 2.1 dB is observed under the excitation of the 173 mW
405 nm LED. Under the excitation of 405 nm LED, there are a few
reports about the corresponding intrinsic absorption state of Yb**
ions.”*** We consider that there is a process of energy transfer
between host material (NaYF, nanoparticles and polymer SU-8) with
Yb*>" and Er’" ions. Similar energy transfer mechanism also occurs
between Er’ " ions and Si nanocrys'[als,27 as well as between organic
ligands and central Nd** ions.” When the host material, especially
polymer SU-8, absorbed blue violet light over a broad wavelength
range (200-450 nm) and coupled with Yb>" ions, these ions can be
excited from the ground state “Fy, to “Fs, state by energy transfer and
then achieve 980 nm and 1064 nm emissions. Meanwhile, backward
energy transfer process between Er’" and Yb*' ions, “I;1, + 2Fops
— 2Fs)5 + “I15/5, can also cause the emission of Yb*>" ions. In addition
to the intrinsic absorption of Er’* ions from “I;s/, to *Hy, state corre-
sponding to 405 nm, there is also an energy transfer process between
the host material and Er’" ions. Both of them can help Er’" ions
achieve 1550 nm stimulated emission, as shown in Fig. 7. Therefore,
the optical amplification of 1550 nm, 980 nm, and 1064 nm wave-
lengths by Er’ and Yb*" ions transitions can be obtained simulta-
neously under 405 LED pumping.

In conclusion, the relative optical gains at near infrared wave-
lengths were demonstrated in NaYF,: Er’", Yb>" nanoparticle-doped
SU-8 waveguides. By using the vertical top pumping mode of 405 nm
and 520 nm LEDs, optical gains of 4.2 dB and 2.1 dB were obtained in
a 10 mm-long waveguide when the input signal power was 0.2 mW at
1550 nm. The relative gains of 2.1 dB at 980 nm and 1.7 dB at 1064 nm
wavelengths were also obtained in the channel waveguides due to the
transitions of Yb>" ions from the state *Fs, to *F, level. A process of
energy transfer between Er’*, Yb®>' ions and polymer host under
405nm LED pumping was discussed. The results show that the poly-
mer EDWA pumped by LED could achieve similar optical gain to that
pumped by 980 nm laser. The LED top-pumping mode is more stable,
convenient, and low-cost, and could avoid the disadvantages of ther-
mal damage of waveguides and addition losses caused by high-power
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FIG. 5. (a) The output signal intensity as a function of pump power (under 405 nm LED excitation). (b) The relative gain as a function of pump power with different input signal
power. (c) Comparison of optical gain with 405 and 520 LEDs pumping (signal power is 0.2 mW). (d) The output signal intensity and relative gain (inset) as a function of pump

power (under 980 nm laser excitation).

laser pumping and the use of WDM components. In addition, it is
possible to achieve electroluminescence by doping NaYF4: Er’™,
Yb>* nanoparticles into some host materials of bipolar transmis-
sion. Holes and electrons can be injected into the bipolar host
from the anode and cathode, respectively, and then transmitted
directly in the host. When they combine to form excitons and
transfer energy to nanoparticles, luminescence can be
achieved.”””” The operation bandwidth of the EDWA could be
further widened by optimizing the ratio of Er’" and Yb>" ions
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FIG. 6. The optical amplification at (a) 1064 nm and (b) 980 nm by 405nm LED
pumping.

and increasing the cross section of waveguide.”' Also, the polymer
EDWA with LED as pump source has the potential to be
waveguide lasers by depositing distributed Bragg reflector (DBR)
on the end faces of the waveguide and fabricating Bragg gratings
on the chip.”””” It is expected to play an important role in optical
sensing’* and optical interconnects.’
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FIG. 7. Energy transfer processes between host and Er**, Yb** ions.
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