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Abstract: A 980 nm semiconductor laser is always selected as the pump source for erbium-
ytterbium co-doped optical waveguide amplifiers. In this work, two low-cost blue-violet LEDs,
rather than an expensive 980 nm laser, were used to pump an Er3+-Yb3+ co-doped phosphate
planar waveguide. When the signal power was 0.4 mW at a 1550 nm wavelength, internal
optical gains of about 4.1 and 4.5 dB/cm were respectively obtained under the excitations of a 32
mW/cm2, 275 nm LED and a 914 mW/cm2, 405 nm LED. It was found that 51.17% of the total
Er3+ ions in the 2H9/2 state contributed to the luminescence at 1550 nm, and a theoretical model
of gain simulation was established under the excitation of a 405 nm LED. The calculated gain of
about 4.1 dB/cm was found to be in accordance with the experimental optical gain results.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Rare earth-doped optical waveguide amplifiers (RDWAs) have played an important role in the
development of optoelectronics and integrated optics [1–3]. They can be integrated with other
photonic devices, such as optical switches, optical modulators and arrayed waveguide gratings
to compensate for optical loss. Compared with other RDWAs, erbium-ytterbium co-doped
optical waveguide amplifiers (EYDWAs) have received substantial attention because they can
be applied to the third standard communication window at the wavelength of 1550 nm [4,5].
Usually, inorganic host materials, such as crystals, silicate, phosphate, alumina, lithium niobate,
and polymers or organic-inorganic hybrid materials (OIHMs), can also be used to fabricate
EYDWAs. Compared to organic EYDWAs, inorganic EYDWAs are favored by researchers due
to their advantages including a higher doping concentration, lower waveguide loss, and excellent
thermal stability. The pertinent fabrication technologies, such as the ion exchange method and
ion implantation process, have been well developed. However, in the development process of
EYDWAs, researchers have mainly focused on the structure design of the devices [6,7] and the
innovation of new materials [8,9]. Regarding the pumping source of EYDWAs, a 980 nm laser
diode (LD) is always selected and coupled with a 1550 nm signal laser to input from one end
of the waveguide. Almost all the results of the optical gain experiments and the atomic rate
equations established in theory are based on laser pumping method [10,11]. However, there
are some disadvantages to 980 nm laser pumping. First, a wavelength division multiplexer
(WDM) required to couple the 980 nm laser with the 1550 nm signal laser, which introduces
additional optical loss. Moreover, the intrinsic absorption cross-sections of Er3+ ions at 980 nm
are on the order of 10−24 and 10−25 m2, which often requires higher pump power (100-400 mW)
[12,13], thereby causing the energy upconversion effect of Er3+ ions [14] and thermal damage
of waveguides. Furthermore, the optical power density at the input end of the waveguide can
reach to about 105 W/cm2 (100 mW pump power on the 9×9 µm cross-section of the waveguide),
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which could destroy the waveguide and affect the thermal stability of the device [15,16]. Also, an
expensive 980 nm laser will increase the commercial cost of the device.

There are some advantages to replacing the 980 nm LD with an LED as the pump source.
Because an LED can be placed vertically in the top space of the waveguide, the EYDWA can
be flexibly placed in any position of the planar optical interconnection, thereby allowing it to
be integrated with other optical devices in configurations other than a one-dimensional axis,
which is required under the excitation of the 980 nm LD. Figure 1(a) illustrates the method of a
980 nm LD coupled into the waveguide via the end face of the WDM, which is the traditional
measurement method for EYDWAs. Figure 1(b) illustrates the vertical top-pumping mode of
a blue-violet LED, which is the optical gain measurement method proposed in this work, the
stability of the system is higher and its operation is convenient. In addition, the intensity of the
LED distributes uniformly along the waveguide, and will not decrease with the increase of the
waveguide length; thus, it will achieve a higher gain under a lower pump power. In 2005, Lee et al.
demonstrated an optical gain of 3 dB/cm at a 1.5 µm wavelength in a Si-nanocrystal-sensitized,
Er-doped silica waveguide using a 470 nm LED [17]. In the same year, Lee et al. constructed a
theoretical model and calculated a gain of 10 dB/cm when pumping with a 470 nm LED [18]. In
2009, Dahal reported EDWAs operating near 1.54 µm based on the III-N material system and
obtained a relative optical gain of 8 dB by pumping with a 365 nm LED [19]. In 2015, Li et al.
proposed the possibility of using an LED as the pump source, but experimental data were not
provided [20].

Fig. 1. The schematic diagram of EYDWAs in the field of on-chip optical integration. (a)
Under traditional 980 nm LD pumping, optical fiber waveguide axial coupling is adopted,
which requires WDM combination signals. (b) In the proposed method, the EYDWAs are
pumped with a blue-violet LED, which is conducive to planar photon integration.

In this work, two inexpensive LEDs, instead of an expensive 980 nm laser, were used to pump
an Er3+-Yb3+ co-doped phosphate planar waveguide. The experimental results demonstrate that
when the signal power was 0.4 mW at a wavelength of 1550 nm, internal optical gains of 4.1 and
4.5 dB/cm were respectively obtained under the excitation of a 32 mW/cm2, 275 nm LED and
a 914 mW/cm2, 405 nm LED. Additionally, an optical gain of 5.2 dB was achieved when the
signal power was 0.2 mW. The luminescence mechanism of Er3+ ions based on the pumping of a
405 nm LED was demonstrated. Moreover, a theoretical model of gain calculation under 405 nm
LED pumping was established, and a gain of 4.1 dB/cm was obtained by theoretical simulation,
which was consistent with the gain obtained by the experiment. Finally, the relationships between
the gain performance and the waveguide size, pump power density, and absorption cross-section
are discussed.
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The findings of this research can help to overcome the thermal damage of the waveguide
caused by high power, and can decrease the optical losses introduced by the WDM under the
excitation of a 980 nm LD. Without this commercial LED pumping source, it is difficult to
reduce the commercial cost and technological difficulties of optical integration. The vertical
top-pumping mode of blue-violet LEDs for EYDWAs will drive future development in the field
of on-chip optical integration.

2. Experimental details

Erbium-ytterbium co-doped phosphate glass with dimensions of 10×12×2 mm, which was
purchased from Metalaser Company in China, was used in the experiment. It contains 2 wt%
Er2O3, 4 wt% Yb2O3 and other inorganic oxides such as P2O5, Al2O3, and Na2O-K2O-BaO,
and the concentrations of Er3+ and Yb3+ ions are respectively 1.616×1020 and 3.14×1020 cm−3.
The radiative lifetime of Er3+ ions at the 4I13/2 level is about 9.97 ms. When a single-mode fiber
with a core diameter of 9 µm is incident from one end of the glass, for a transmission length
of 10 mm, it can be approximately considered that the optical signal is transmitted in a planar
waveguide with a limited cross-section of 9×9 µm. The air was regarded as the cladding. The
refractive indexes of the Er3+-Yb3+ co-doped phosphate glass at wavelengths of 1550 nm and 405
nm are respectively 1.528 and 1.537. A 275 nm LED and a 405 nm LED were respectively used
to replace the expensive 980 nm LD as the pump source. The absorption spectrum was recorded
with a Shimdazu UV3600 UV-Vis-NIR spectrophotometer and the optical gain of the planar
waveguide was measured by an Ocean Optics FLAME-NIR-INTSMA25 optical spectrometer.
All measurements were carried out at room temperature.

3. Results

3.1. Absorption properties

Figure 2 presents the absorption spectrum of the Er3+-Yb3+ co-doped phosphate glass. The
absorption bands at wavelengths of 365, 375, 405, 450, 488, 520, 544, 650, 808, 975, and 1535
nm, which respectively correspond to4I15/2→

4G9/2, 4G11/2, 2H9/2, 4F5/2, 4F7/2, 2H11/2, 4S3/2,
4F9/2, 4I9/2, 4I11/2, and 4I13/2, are the intrinsic absorption peaks of Er3+ ions [21]. Among
them, the absorption band at the wavelength of 975 nm also corresponds to the 2F7/2→

2F5/2
transition of Yb3+ ions. The spectrum reveals an obvious continuous absorption band in the
wavelength range of 220-300 nm, which is mainly caused by the absorption of inorganic ions,
such as phosphor, aluminum, sodium, potassium and barium, in phosphate glass.

3.2. Optical gain properties

A 275 nm laser and a 405 nm laser were respectively used to excite the phosphate glass and the
photoluminescence (PL) properties are presented in Fig. 3. Under the excitation of the laser,
characteristic PL peaks at a wavelength of approximately 1535 nm were observed, and correspond
to the 4I13/2→

4I15/2 transition of Er3+ ions. It is expected that the high-efficiency excitation
of Er3+-Yb3+ co-doped phosphate glass may be achieved if a low-power blue-violet LED is
used as the pump source. In this work, four LEDs with different central wavelengths (Yonglin
Optoelectronics Co., Ltd), namely was 275 nm (YL-UVC275-6363), 365 nm (YL-UVALP-2835-
365), 375 nm (YL-UVC-SMD2835-375), and 405 nm (YL-UVAHP-6060-405), were used as
the pump sources. However, obvious optical gains were obtained in the waveguide only under
the respective excitations of the 275 nm LED (32 mW/cm2) and 405 nm LED (914 mW/cm2).
One reason for this is that the pump power densities of 365 nm LED (14.5 mW/cm2) and 375
nm LED (12 mW/cm2) were too low to reach the turn-on power required to generate gain. The
turn-on power is defined as the pump power at which gain occurs. Optical gain could be achieved
under the excitation of the 275 nm LED with low-power (32 mW/cm2) primarily because the
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Fig. 2. The absorption spectrum of the phosphate glass. The absorption bands are attributed
to the transitions from the ground state 4I15/2 of Er3+ ions to the corresponding excited-state
energy levels.

energy transfer effect between the inorganic ions in the phosphate glass and the Er3+ ions can
help the Er3+ ions achieve the transition from the ground state to the excited state. Moreover,
the relatively large absorption cross-section (3.141×10−24 m−2) helps improve the absorption
efficiency of the 275 nm LED. Although the absorption cross-section of 1.328×10−24 m−2 at the
wavelength of 405 nm is smaller than that at 275 nm, optical gain could also be obtained due to
the high pump power density of the 405 nm LED.

Fig. 3. The PL spectrum of the phosphate glass under the excitation of laser.

Via the use of the vertical top pumping mode of a blue-violet LED, the pump power can be
uniformly distributed throughout the 10-mm-long planar waveguide, and can be continuously
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supplemented during the transmission along the waveguide. The schematic diagram of gain
measurement is illustrated in Fig. 4.

Fig. 4. The schematics of optical gain measurement. The wall-plug efficiency of the 405
nm LED is 40.3% at the rated power, and the viewing directionality is typically 110°.

The relationships between the internal optical gain at 1550 nm and different 405 nm LED
pump power densities are shown in Fig. 5(a). At different input signal powers (0.2 to 1.0 mW),
the variation trend and amplitude of the output signal power were relatively consistent, and
increased with the increase of the pump power intensity. When the signal power was 0.2 mW
and the pump power density was 914 mW/cm2, the gain reached the maximum value of 5.2 dB.
When the signal power was 0.4 mW, the turn-on pump power density was 190 mW/cm2, and an
internal optical gain of about 4.5 dB/cm was obtained. When the signal power was 0.4 mW and
the pump power density was 914 mW/cm2, the relative gain, internal gain, and net gain were
respectively 7.6, 4.5, and 0.5 dB/cm (these gains are defined in section 4.2). As we know, the
necessary condition for the generation of gain was that the number of Er3+ ions in the ground
state 4I15/2 and excited state 4I13/2 was equal. When the pump power was higher than the turn-on
power, there was enough inversion particles density, and the smaller the input signal was, the
less inversion particles were consumed. Therefore, the gain was higher when the input signal
was small when the pump power was greater than 300 mW/cm2 in Fig. 5(a). However, when
the pump power is below 300 mW/cm2, the inversion particles density is small and the ability
to generate gain is weak. So some other factors, such as loss of waveguide and thermal effect
caused by pump source and so on cannot be ignored. The smaller the signal is, the more obvious
the influence of these factors on the gain is. Therefore, it goes against the trend of pump power
higher than 300 mW/cm2.

As can be seen from Fig. 5(b), as the pump power density increased, the signal intensity at
the wavelength of 1550 nm was significantly enhanced, and the wavelength range of excitation
radiation was between 1450 and 1650 nm, thereby indicating that the planar waveguide could
have a large bandwidth of amplification capability under 405 nm LED top-pumping.

Three emission peaks of Er3+ ions at 495, 545, and 694 nm were also observed in the wavelength
range of 450-800 nm. Luminescence corresponding to the transitions of Er3+ ions from 4F7/2 to
4I15/2, 2H9/2 to 4I11/2, and 2H9/2 to 4I13/2, was respectively considered. The transition process of
the Er3+ ions under 405 nm LED excitation can be described as follows. When Er3+ ions in the
ground state 4I15/2 absorbed the 405 nm pump energy and transitioned to the 2H9/2 state, some
ions rapidly underwent non-radiative transition to the 4F7/2 state, from which they underwent
radiative transition to the ground state level and generated 495 nm luminescence. Other ions
in the 2H9/2 state achieved luminescence at 694 and 545 nm via radiative transition from the
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Fig. 5. (a)The internal gain under different 405 nm LED pump power densities. (b)
The relationship between the signal intensity and different pump power densities when
pumped by a 405 nm LED (the input signal power was 0.4 mW). (c) The down-conversion
luminescence spectrum. (d) The logarithmic curve of the intensity of variation down-
conversion luminescence with the pump power density.

2H9/2 state to the 4I11/2 and 4I13/2 states, respectively. On the other hand, the Er3+ ions that
transitioned to the 4I11/2 state underwent fast non-radiative transition to the 4I13/2 state because
of the shorter lifetime of the 4I11/2 state (on the order of µs) and achieved luminescence at 1535
nm via radiative transition from the4I13/2 state to the ground state 4I15/2. Although the emission
of Er3+ ions at 545 nm also occurred under 405nm LED excitation, the luminescence was a type
of Stokes light, and contributed to the emission at 1535 nm from the 4I13/2 to the 4I15/2 state.
However, under 980 nm LD excitation, the emission of Er3+ ions at 545 nm was anti-Stokes
light, which consumed the Er3+ ions at the 4I11/2 level and decreased the emission of Er3+ ions at
1550 nm. Figure 5(c) presents the relationships between the luminescence intensity and different
405 nm pump power densities. It is evident that the luminescence intensities at 495, 545, and
694 nm increased with the increase of the pump power density. The relationship between the
luminescence intensity Iem and pumping intensity Iex can be defined as follows [22]:

Iem ∝ (Iex)
n, (1)

where n represents the proportion of the number of emitted photons that transitioned from the
2H9/2 state to the lower energy level after absorbing a 405 nm photon. Figure 5(d) presents the
logarithmic curve of the variation of the luminescence intensity of Er3+ ions at the emission
peaks of 495, 545, and 694 nm with the pump power density. The slope fittings of the straight
line were 0.4876, 0.4728, and 0.0389 respectively, indicating that 48.76%, 47.28%, and 3.89%
of the Er3+ ions at the 2H9/2 level respectively transitioned to the corresponding energy level.
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The results demonstrate that nearly all the Er3+ ions transitioned from the 2H9/2 state to the
4I11/2, 4I13/2, and 4I15/2 states, among which the number of Er3+ ions that transitioned to the
4I11/2 and 4I13/2 states accounted for 51.17% of the total, and the Er3+ ions in these two levels
both contributed to the luminescence at 1550 nm. Therefore, a good amplification effect can be
achieved under 405 nm LED top-pumping.

A 275 nm LED was also used to excite the phosphate planar waveguide. Figure 6(a) presents
the output signal at the wavelength of 1550 nm, from which it is evident that the intensity of the
signal power was amplified by about 64.4% and 158.5% when the pump power density was 11
and 32 mW/cm2, respectively. This equated to internal gains of about 2.2 and 4.1 dB/cm. Few
publications have explained the causes of absorption before 300 nm in rare earth-doped materials.
It is considered that there should be a process of energy transfer from the host material ions to
the Er3+ ions in the phosphate glass under an excitation of 275 nm, which is similar to the energy
transfer between Er3+ ions and Si nanocrystals, as well as that between organic ligands and rare
earth-ions [23–25]. As presented in Fig. 6(b), a diagram of the energy transition in the phosphate
glass was established to explain the energy transfer mechanism under 275 nm LED pumping.
The inorganic ions in the phosphate glass at the ground state S0 absorbed the pump energy of the
275 nm LED. They transitioned to the excited states S1 at higher positions, and then jumped to
excited states Tn at a lower position via intersystem crossing (ISC). The ions in the Tn state were
unstable and rapidly transitioned to the lowest excited state T1 via non-radiation transition. Some
of the ions in the T1 state radiated to S0 and emitted phosphorescence, while others transferred
energy to the 4I13/2 level of Er3+ ions via resonance energy transfer (RET). Finally, the Er3+ ions
in the 4I13/2 level transitioned to the 4I15/2 levels and achieved 1550 nm stimulated radiation.
Optical gain can be obtained under low-power 275 nm LED pumping, which demonstrates that
different types of LEDs can be used as pumping sources in the field of optical integration.

Fig. 6. (a)The output signal intensity with and without 275 nm LED pumping. The black
line represents the input signal power of 0.4 mW. (b) The energy transfer process of inorganic
ions and Er3+ ions under the excitation of a 275 nm LED.

4. Theoretical basis

4.1. Nonlinear rate and power propagation equations

Under excitation of 405 nm LED, there is almost no corresponding intrinsic absorption state of
Yb3+ ions [26,27], and the intrinsic absorption of Er3+ ions from the 4I15/2 to the 2H9/2 state
plays an important role. The simplified energy levels diagram of the Er3+-Yb3+ co-doped system
is established in Fig. 7.
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Fig. 7. The simplified energy levels diagram of Er3+-Yb3+ co-doped system. The arrows
represent the processes included in the rate equations used for the calculations. The dotted
arrow represents the spontaneous non-radiative transition.

The average populations of the Er3+ levels 4I15/2, 4I13/2, 4I11/2, 4I9/2, 4F7/2, 2H9/2, and of the
Yb3+ levels 2F7/2 and 2F5/2 are presented by N1, N2, N3, N4, N5, N6, N7, and N8, respectively.
In particular, the following transitions are considered: 1) pump absorption and stimulated
emission between the 4I15/2 and 2H9/2 states of Er3+ ions, 2) signal absorption and stimulated
emission between the 4I15/2 and 4I13/2 states of Er3+ ions, 3) spontaneous decay from the 2H9/2,
4F7/2, 4I9/2, 4I11/2, and 4I13/2 states of Er3+ ions: 2H9/2→

4F7/2 (ANR
65 ), 4I11/2 (A63), 4I13/2 (A62),

4I15/2 (A61), 4F7/2→
4I15/2 (A51), 4I9/2→

4I11/2 (ANR
43 ), 4I11/2→

4I13/2 (ANR
32 ), 4I13/2→

4I15/2 (A21),
4) uniform cooperative upconversion between a pair of excited erbium ions: 4I13/2 +

4I13/2
→4I15/2 +

4I9/2, 5) cross–relaxation process taking place between the two neighboring erbium
ions: 4I15/2 +

4I9/2 →4I13/2, 6) forward energy transfer process between Yb3+ ions and Er3+

ions: 2F5/2 +
4I15/2→

2F7/2 +
4I11/2, and backward energy transfer process between Er3+ ions

and Yb3+ ions: 2F7/2 +
4I11/2→

2F5/2 +
4I15/2, 7) spontaneous decay from the 2F5/2 state of Yb3+

ions:2F5/2→
2F7/2 (A87). As a result, the steady-state rate equations for the Er3+-Yb3+ co-doped

system can be written as:

dN1
dt
= −(W12 + R16)N1 + (W21 + A21)N2 + A51N5 + (R61 + A61)N6

+ CUPN2
2 − C14N1N4 − KTR1N1N8 + KTR2N3N7,

(2)

dN2
dt
= W12N1 − (W21 + A21)N2 + ANR

32N3 + A62N6 − 2CUPN2
2 + 2C14N1N4, (3)

dN3
dt
= −ANR

32 N3 + ANR
43 N4 + A63N6 + KTR1N1N8 − KTR2N3N7, (4)

dN4
dt
= −ANR

43 N4 + CUPN2
2 − C14N1N4, (5)

dN5
dt
= −A51N5 + ANR

65 N6, (6)

NEr = N1 + N2 + N3 + N4 + N5 + N6, (7)
dN8
dt
= −A87N8 − KTR1N1N8 + KTR2N3N7, (8)
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NYb = N7 + N8, (9)

where Aji, ANR
ji are the radiative decay rate and non-radiative decay rate from level j to i,

respectively. CUP is the cooperative upconversion coefficients. C14 is the cross-relaxation
coefficient of Er3+ ions from 4I15/2 and 4I9/2 states to 4I11/2 state in Er3+ ions. KTR1 and KTR2
are the forward and backward energy transfer coefficients from Yb3+ to Er3+ ions. NEr and NYb
represent the concentrations of Er3+ and Yb3+ ions. The stimulated emission and absorption
transition rates of signal and pump wavelength, Wij and Rij, are given by:

W12/21 =
σa12/e21PS(Z)λS

hca
ΓS, (10)

R16/61 =
σa16/e61PP(Z)λP

hca
ΓP, (11)

where h is Planck constant. c is the speed of light. a is the area of the waveguide’s cross-section.
PS(Z) and PP(Z) are the optical powers of signal and pump light at waveguide position Z,
respectively. σa12, σe21 are the stimulated absorption cross-section and emission cross-section of
Er3+ ions to signal light. λS and λP are the wavelengths of signal and pump, respectively. σa16,
σe61 represent the stimulated absorption cross-section and emission cross-section of Er3+ ions to
pump light. ΓP and ΓS are the overlapping integral factors, which depend on the optical field
distribution of the pump and signal lights. They can be expressed as [28]:

ΓP,S =

∫∫
a
ΨP,S(x, y)f (x, y)dxdy, (12)

where f(x,y) is the normalized doping distribution function of Er3+ ions. Assuming the Er3+ ions
doped in phosphate glass is uniform, f(x,y) is 1. The ΨP,S(x,y) is the normalized function of
pump and signal intensity distribution. Combined with the relative permittivity distribution, the
transverse Helmholtz equations of waveguide regions can be written, and the field distribution of
the waveguide can be obtained.

The Er3+ ions absorption cross-section is obtained from the absorption spectrum of Fig. 2 by
using the following equation:

σaij(λk) =
α(λ)

ΓSNEr
, (13)

where α(λ) is absorption coefficient.
The stimulated Er3+ emission cross-section can be calculated using the McCumber theory

[29,30]:

σeij(λk) = σaij(λk)exp

(︄
ε − hc

λ

KT

)︄
, (14)

where ε is the effective energy difference between the upper and lower field states obtained from
the highest absorption peak of Er3+ ions, T is the absolute temperature, and K is the Boltzmann
constants.

The optical power transmission equations of signal and pump power can be described as
follows:

dPS(Z)
dZ

= −ΓS[σa12(λS)N1(Z) − σe21(λS)N2(Z) + αS]PS(Z), (15)

dPP(Z)
dZ

= −ΓP[σa15(λP)N1(Z) − σe51(λP)N5(Z) + αP] PP(Z) + PP , (16)

The boundary conditions of signal and pump power are PS(0) and PP(0), respectively. Here
PS(0) is 0.4 mW, and PP(0) is 0. Where αS, αP are the propagation losses of the signal and pump
lights. L is the waveguide length. PP is the pump power at the simulated unit step length Z.
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The pump power is considered to be evenly distributed along the whole waveguide. A pump
power of PP is added at each step Z when using Runge-Kutta algorithm to calculate PP(Z). This
is different from 980 nm pumping mode, which is coupled from one end of the waveguide and
the power is gradually attenuated along the transmission direction of the waveguide.

4.2. Gain defined and choice of parameters

The transmission of optical power and calculation process of gain is shown in Fig. 8. The net
gain G(L)net, internal gain G(L)int, and relative gain G(L)rel are defined as follows [31]:

G(L)net = 10Lg
[︃
Ps(L)
P0(0)

]︃
, G(L)int = 10Lg

[︃
Ps(L)
Ps(0)

]︃
, G(L)rel = 10Lg

[︃
Ps(L)
Ps0(L)

]︃
, (17)

where PS(0) is the signal power at the input of the waveguide. PS(L), PS0(L) are the signal powers
at the output of the waveguide with and without pump power, respectively. P0(0) is the output
power of signal laser.

Fig. 8. The diagram of calculation process of theoretical simulation of gain.

The relationship between the above three gains is approximated as:

G(L)rel = G(L)int + αabs + αtra, G(L)int = G(L)net + 2αcou, (18)

where αabs and αtra are the absorption loss and transmission loss of waveguide. αcou is the
coupling loss between a channel waveguide and a fiber. By measuring PS(L), PS0(L), PS(0),
and P0(0), the experimental values of gains can be obtained and the sum of αabs and αtra can be
caculated as 3.1 dB/cm. The αcou is 2.0 dB. Parameters used to simulate gain performance are
listed in Table 1. The values of some parameters, such as αS, αP, C14, KTR, and A87, are given in
Ref. [32].

4.3. Results and discussion

Figure 9(a) compares the internal gain under 405 nm intrinsic excitation at different waveguide
lengths. For the waveguides with lengths of 1, 2, 3, and 4 cm, the internal gain was respectively
4.1, 8.5, 12.2, and 14.8 dB. The results demonstrate that the longer the waveguide, the higher the
gain that could be achieved under the same pump power density. Compared with the gain of 4.5
dB produced by 914 mW/cm2, 405 nm LED pumping in the experiment, the optical gain of 4.1
dB was obtained in the simulation, and is therefore in accordance with the experimental results.
In addition, for the waveguides with lengths of 1, 2, and 3 cm, the turn-on pump power density
was 56, 41, and 36 mW/cm2, respectively. This result can be explained from the perspective of
population inversion.

Figure 9(b) presents the population of Er3+ ions at the ground state 4I15/2 and the metastable
state 4I13/2 as a function of pump power. One of the necessary conditions for the generation of
optical gain is population inversion, which requires that the ion concentrations in the metastable
state N2 be comparable with the ion concentrations in the ground state N1. When the pump
power density is low, the pumping energy is not sufficient to excite Er3+ ions from the ground
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Table 1. Parameters used for modeling Er3+-Yb3+ co-doped phosphate planar waveguide.

Parameter Symbol Value

Er3+ ions concentration NEr 1.616×1026 ions/m3

Yb3+ ions concentration NYb 3.14×1026 ions/m3

pump wavelength λP 405 nm

signal wavelength λS 1550 nm

signal power PS(0) 0.4 mW

cross-section of waveguide core a 9 µm×9 µm

transmission loss at 1550 nm αS 0.5 dB/cm [32]

transmission loss at 405 nm αP 0.5 dB/cm [32]

waveguide length L 1 cm

cooperative upconversion coefficient CUP 6×10−25 m3/s

Er3+ ions cross-relaxation coefficient C14 8×10−25 m3/s [32]

Yb3+ ions to Er3+ ions energy transfer coefficients KTR1 7×10−23 m3/s [32]

Er3+ ions to Yb3+ ions energy transfer coefficients, KTR2 1×10−23 m3/s [32]

over-lapping integral factor at 1550 nm ΓS 0.627

0ver-lapping integral factor at 405 nm ΓP 0.637

stimulated absorption cross-section (1550 nm) σa12 1.029×10−24 m2

stimulated emission cross-section (1550 nm) σe21 1.691×10−24 m2

stimulated absorption cross-section (405 nm) σa16 1.328×10−24 m2

stimulated emission cross-section (405 nm) σe61 1.328×10−24 m2

Er3+ ions spontaneous radiation incidence: 4I13/2 → 4I15/2 A21 100.33 s−1

4I11/2 → 4I13/2 ANR
32 21.91 s−1

4I9/2 → 4I11/2 ANR
43 2.77 s−1

4F7/2 → 4I15/2 A51 1943.85 s−1

2H9/2 → 4I15/2 A61 732.98 s−1

2H9/2 → 4I13/2 A62 1054.30 s−1

2H9/2 → 4I11/2 A63 289.22 s−1

2H9/2 →4F7/2 ANR
65 8.34 s−1

Yb3+ ions spontaneous radiation incidence: 2F5/2 → 2F7/2 A87 714.29 s−1 [32]

state 4I15/2 to the metastable state 4I13/2, so the necessary condition of population inversion
cannot achieved. For the 10-mm-long waveguide, the values of N1 and N2 were equal when the
pump power density reached 56 mW/cm2, and optical gain started to be generated. With the
increase of the waveguide length, the number of times that PP increased, and the total pump
power accumulated in the waveguide were higher. Thus, it was easier to realize the inversion of
the number of particles, and the corresponding turn-on power decreased. This is different from
the traditional model under 980 nm LD pumping, the optical field of which gradually attenuates
along the waveguide direction and the turn-on pump power of which increases with the increase
of the waveguide length [33].

The relationship between the stimulated absorption cross-section at 405 nm and optical gain is
exhibited in Fig. 9(c). The turn-on pump power density decreased from 290 to 51 mW/cm2 as
the stimulated absorption cross-section at 405 nm increased from 0.328×10−24 to 1.828×10−24

m2. When the stimulated absorption cross-section increased by 4.5 times, the turn-on pump
power density was correspondingly reduced by nearly 4.7 times. This is because the larger
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Fig. 9. (a) The internal gain as a function of the pump power density for different waveguide
lengths. (b) The population of Er3+ ions in the ground state and the metastable state as a
function of the pump power density under 405 nm excitation. (c) The internal gain as a
function of pump power density for different stimulated absorption cross-sections. (d) The
internal gain as a function of the waveguide length for different pump power densities.

the stimulated absorption cross-section of Er3+ions, the higher the absorption efficiency of the
material for the pump light. This result can provide concept for the research of complex organic
erbium doped polymer optical waveguide amplifiers. In general, the absorption cross-section of
organic ligands at 405 nm is between 10−22 and 10−23 m2, which is about 2 orders of magnitude
larger than the intrinsic absorption cross-section of inorganic Er3+ ions [34]. This means that if a
405 nm LED is used to pump organic EDWAs, the turn-on pump power can be reduced by about
2 orders of magnitude as compared with 980 nm laser pumping [24,35]. Furthermore, sufficient
energy can be absorbed via energy transfer between organic ligands and Er3+ ions to facilitate
organic EDWAs to achieve higher optical gain.

Figure 9(d) presents the internal gain as a function of the waveguide length at different pump
power densities, from which it can be seen that the gain can be continuously increased on a
10-cm-long device. Gaines of about 8.0 and 19.2 dB were respectively obtained under low-pump
power densities of 20 and 80 mW/cm2, respectively. When the length of the waveguide reaches
1 m, the internal gain reaches saturation, and gradually increases from 30.7 dB to 33.6 dB
under different pump power densities. The power of the LED was uniformly distributed in
the waveguide and it did not decrease along the waveguide direction; thus, the signal could be
gradually amplified. In summation, the simulation results demonstrate that the disadvantages
caused by a 980 nm LD can be overcome if the EYDWA is pumped by LEDs. Therefore, the
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new pumping mode afforded by LEDs will play an important role in optical communication and
integration.

5. Conclusion

In this research, the absorption and PL properties of Er3+-Yb3+ co-doped phosphate glass were
investigated. The PL peak at a wavelength of 1550 nm corresponding to the 4I13/2→

4I15/2
transition of Er3+ ions was observed. Via experimental comparison and theoretical simulation,
a novel strategy was demonstrated for the achievement of the high optical gain of the planar
waveguide via low-power commercial LED pumping. In an experiment, an internal optical gain
of 5.2 dB/cm in a phosphate planar waveguide was obtained when pumped by a 914 mW/cm2,
405 nm LED. It proved that 51.17% of the total Er3+ ions in the 2H9/2 state contributed to the
luminescence at a wavelength of 1550 nm. The intrinsic absorption of Er3+ ions at a wavelength
of 405 nm was found to have a good effect on the amplification of the 1550 nm signal. An optical
gain of 4.1 dB/cm was also obtained under 275 nm LED pumping at 32 mW/cm2. Furthermore,
a theoretical model for the gain calculation of 405 nm LED top-pumping was established.
The relationships between different parameters and the optical gain were also discussed. The
calculation results demonstrated that LED top-pumping can effectively compensate for the
decreased pump intensity due to the transmission loss of the waveguide, and a calculated internal
optical gain of 4.1 dB was obtained on a 10-mm-long device, which was in agreement with the
experimental results. The optical gain achieved by commercial and convenient LED top-pumping
will undoubtedly open a new direction for the development of optical integration.
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