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Abstract We propose a surface-plasmonic right-angle bend waveguide with bismuth ion-doped glass film
as core layer and Ag films as cladding layers for first time, to the best of our knowledge. Theoretical analysis
shows that the right-angle has bend and absorption losses of 3.17 dB. The rate equations and power evolution
equations of high concentration bismuth-doped glass film are setup and solved to analyze the effect of the
waveguide length and active ion concentration on the signal gain and Noise Figure (NF). The theoretical

results predict that with the pump power 100 mW, the active ion concentration 2.0x 1026 ions/m3 and the
right-angle waveguide size 1.0 cmx 1.0 cm, small-signal unit-length net gain can reach 15.32 dB with NF less

than 5.0 dB.
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1 Introduction

Photonic integration is development trend of optical fiber communication systems and networks [1-3].
Ultracompact optical amplifiers are key devices of integrated optical communication subsystem such
as optical add-drop multiplexers and optical cross-connecters. To make the amplifiers compact, the
gain medium lengths have to be short, thus high concentration doping of active ions is necessary for
compensation of short pump-signal interaction length, but the luminescent quenching effect of active ions
in highly doped medium considerably degrades the gain of the devices. On the other hand, to realize
the large-scale integration of photonic devices and subsystem, bend waveguide were widely investigated.
Low-loss photonic-crystal waveguide bends were analyzed and optimized by the finite-difference time-
domain method, semivectorial finite-difference method and supercell technique [4-6]. Ref. [7] reported
the design and fabrication of a bend waveguide on 4.0 um thick SOI with 1.27 pm effective radii and
0.09 dB loss. Ref. [8] reported a low-loss 90° waveguide bend composed of clothoid, and the bending
loss with the bending radius of 4.0 um has 90% reduction compared with normal bend. In a buried
dielectric waveguide, waveguide core location could be adjusted to suppress a leaky wave so that pure
bend and transition losses can be reduced [9]. A bent embedded waveguide with a loaded metal film
was proposed to generate the surface plasmon-polariton mode for the transverse-magnetic wave [10]. In
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Figure 1 (Color online) A waveguide structure with bismuth-doped glass film (BiG) as core layer and Ag films as cladding
layers. (a) Principal view; (b) cutaway view.

the waveguide, a low polarization dependent loss could be obtained over a wide spectral range. A two-
dimensional photonic-crystal waveguide was proposed along with careful engineering of the individual
cell at the corner to alleviate huge bending losses of a right-angle waveguide [11]. Ref. [12] designed
a hybrid plasmonic waveguide with guided mode confined mainly into outer high-index slab, and the
waveguide consisted of 5 nm-thick Au stripe and flexible multiple polymer cladding layers, the radiation
loss due to bending was greatly suppressed. An SOI waveguide core size (440 nm x220 nm) was proposed
with a bending radius of 1.0 pm and substrate multilayers of Si/SiOg, the bending loss reduction of the
quasi-TM-mode up to ~2.5 dB/90° [13]. Ref. [14] investigated the effect of dielectric cladding on the
waveguiding characteristics of an array of metallic pillars on a metal plane in the sub-terahertz band,
and it was shown that by proper design of the dielectric medium surrounding the metallic structure
the modal field confinement could be enhanced in a broad frequency band resulting in a low bending
loss. In [15] authors designed and experimentally demonstrated a silicon slot waveguide operating at
1064 nm, and the transmission loss and bending loss were measured as 6.0 dB/cm and 4.1 dB/180°. A
polarization rotator based on a bend asymmetric-slab waveguide on the silicon-on-insulator platform was
recently reported [16] with ultracompact structure of ~5.0 pm conversion length and an insertion loss of
0.5 dB and an extinction ratio of >40.0 dB for both TE to TM polarization conversion and TM to TE
polarization conversion.

Additionally, in recent years, bismuth ion-doped glasses, which have broadband emission spectrum
covering from 1100-1700 nm, are promising for broadband fiber amplifiers. However, the concentration
quenching induced by up-conversion and excited state absorption still appears in high-concentration
bismuth ion doped media. Up to now, the gain and noise figure of high concentration bismuth-doped
waveguide amplifiers have not been studied.

In this work, we will explore the possibility of rare-earth-doped bend waveguide for compact integrated
devices and integrated photonic system. As an active waveguide, rare-earth-doped bend waveguide will
be used to integrated photonic devices and photonic system. We use the metal-insulator-metal (MIM)
waveguide to confine the pump light and signal light fields within the waveguide core to enhance light-
matter interaction, and we also try to reduce the bend loss using surface-plasmonic waveguide. Thus, we
propose a surface-plasmonic right-angle waveguide with bismuth ion-doped glass film as core layer and
Ag films as cladding layers. A numerical model of bismuth ion waveguide amplifier incorporating excited
state absorption and cooperative up-conversion into rate equations and power evolution equations, and
we solve the equation groups to analyze the effect of active ion concentration and waveguide length on
the amplifier gain and noise figure.

2 Waveguide structure design and theoretical analysis

Figure 1 shows the schematic of the right-angle bend waveguide structure, which uses bismuth-doped
glass film as core layer and metal Ag film as cladding layers. The structure below the waveguide is
substrate which is used to support the Ag and Bit-doped glass films (BiG), where the Figure 1(b) is the
cross section of the Figure 1(a).
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Figure 2 Schematic coordination configuration energy levels of bismuth-doped glass with excited state absorption.
(a) Two electrons are excited to 3rd-levels; (b) one electron transits to ground level and other is excited to 4th-level;
(c) one electron is excited to 3rd-level and other is excited to higher level.

Figure 2 shows the schematic energy levels of a BiT-doped 60Si02-30A1503-9Las03-1Biz O3 system [17].
With 980 nm excitation, electrons are excited to the third level (3P,) from the ground state (3P), then
nonradiately relax to the second level (3P;). The electrons at 3P level transit to the ground state (3 Fp),
emitting 1000-1600 nm photons. With higher dopant concentration, the distance between neighboring
Bit ions is so short that the two Bi' ions in second level may form an ion pair (Figure 2(a)). In this
pair, the electron of one of two Bit ions transits to the ground state, and the electron of the other Bit
ion is excited to the fourth level (Figure 2(b)) and then nonradiately relaxes to the third level, and is
then excited again to higher level by absorbing one 980 nm pump photon (Figure 2(c)). Following this
diagram, the rate equations can be written as 3P;.

dN
d—tl = —(Wia + Wiz + Wia) N1 + (War + Ao1 + CuNa)No + (Wa1 + As1)N3 + (War + Aa1)Na, (1)
dN,
T WiaNy — (Way + Aoy + 2C,N3)Na + Aza N3, (2)
dN;
o WisNy — (Asa + Wai + A1 + Wiaa) N3 + Aas Ny, (3)
dN.
d—t4 = WiaNy + CuN3 — AgzNy. (4)

In these equations the W;; terms represent the stimulated transition rates between ¢ and j levels, A;;
terms represent the spontaneous transition rates from 7 to j level. Cy, is the cooperative upconversion
coefficients of active ion pair. The total distributions N of active ion density is assumed to be constant
within the whole waveguide cross-section and along the waveguide length. It satisfies the conservation
equation

N = N1 + Na + N3 + Ny. (5)
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Propagation of the pump power along the waveguide is described by the following differential equation:

dp,
d—zp = 7[FP(N10'13 — Nso31 +N3J34)+OLP]PP. (6)
The signal power and ASE powers are amplified according to

dPs

P = [FS(N2021 —N10'12) _aS]PSa (7)
dP;
P = [FS(N2021 —N10'12) _aS]PSa (8)

where a(v) is the frequency-dependent background loss of the active fiber and o;;, 0j; are the correspond-
ing emission and absorption cross sections between ¢ and j level. Ty (k = p,s, ase) is overlap integration
between pump, signal, spontaneous and Bit ion distribution.

Eqgs. (6)—(8) form a system of coupled differential equations, which are solved by numerical integration
along the active waveguide by using Matlab programming and Newton-iteration algorithm and Rung-
Kutta algorithm. It was assumed that the up-conversion coefficient C, is linearly increasing functions of
N [18,19]

Cy =3.50 x 10724 +2.41 x 107*(N — 4.4 x 10%). (9)

Then the gain can be calculated by the following equation:
G (dB) = 10logy, (Po/P), (10)

where P;, P, are the power at input and output ends of the waveguide, respectively.
Noise figure is key performance of an amplifier and can be calculated using Giles model [20]:

NF (dB) = 10log;o (1/G + Pase/(GhvAv)) . (11)

3 Result and discussion

3.1 Simulation parameters

Table 1 is the spectroscopic parameters of the bismuth-doped glass [21,22]. In the references the absorp-
tion coefficient and absorption cross sections at the wavelength 1530 nm are 17.0 cm™!, 8.0x1072% cm?,
respectively. According to the relation between absorption and emission cross sections, the calculated
emission cross section at 1530 nm is closed to 8.0x1072° cm?. The absorption coefficient and absorption
cross section at the pump wavelength 980 nm was 16.0 cm ™!, 9.0x1072° cm?, and the calculated emission
cross section is closed t0 9.0x 10720 cm?. Tt is assumed that the 3P, excited state absorption cross section
at 980 nm is same as the ground state absorption cross section, the spontaneous transition probabilities
Ao, As1, Ag1, and Ajzs are listed in Table 1. Additionally, in this work it is assumed that the waveguide
core width is 1.0 pm, and the bismuth ion distribution is uniform in the waveguide cross section, and
the overlaps between the mode fields of ASE at 500 nm, ASE at 700 nm and bismuth ion distribution
approximately equal to 0.4, and the overlaps between the mode fields of 980 nm pump and 1530 nm
signal and active ion distribution approximately equal to 0.7, 0.8, respectively.

3.2 Right-angle bend waveguide loss

Finite-difference time-domain method (FDTD) is used to calculate the transmission, reflection and loss
spectra of the right-angle waveguide. The electrical field polarization, which is parallel to the propa-
gation plane, is used as a launching source. The size of two-dimensional computation cell is 4 ax4 a,
and numerical resolution is 150 point/ax150 point/a, thus the grid of the entire computation cell is
600 pointx600 point, and the length of the right-angle waveguide is 4 a, the thickness of the perfectly
matched layer is 0.5 a, and the current source is Gaussian pulse in time and its normalized center fre-
quency is 3.0 (c¢/a) and frequency width is 0.8 (¢/a), where ‘a’ is an arbitrary unit, ‘c’ is speed of light
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Table 1 Spectroscopic parameters of bismuth ion-doped glasses

Description Parameters value (unit)
Pump /signal wavelength (Ap/As) 980 nm /1530 nm
Absorption/emission cross section @980 nm 9.0x10726 m? / 9.0x10726 m?
Excited state absorption cross section @980 nm 9.0x10726 m?
Absorption /emission cross section @1530 nm 8.0 x10726 m2/ 8.0 x10726 m?2
Absorption/emission cross section @700 nm 3.33x10726 m?2 /3.33 x10726 m?
Absorption/emission cross section @500 nm 8.31x1072° m? /8.31 x1072% m?
A2 (Bit 3P =3 Ry) 1000/5.0/s
Az (Bit 3Py =3 Pp) 10000/s
Ag (Bit 3P -3 1) 1000000/230/s
Aszs (Bit 3P, -3 Py) 1000000/s
Waveguide core width, height 1.0 um
Overlap @1530 nm 0.8
Overlap @980 nm 0.6
Overlap @500 nm, 700 nm 0.4
= 08
=]
3 o)
2
g - 0.6}
52O
g é 04}
g g 03]
E ’ M""’/
§ (] R G
Z

0
21 22 23 24 25 26 27 28 29
Normalized frequency (c/a)

Figure 3 (Color online) Transmission, reflection and loss spectra of un-doped MIM right-angle waveguide calculated using
FDTD method. ‘a’ is an arbitrary unit, ‘c’ is speed of light.

in vacuum. The pulse is launched at the input end of the waveguide, and the fields are monitored at
input and output ends. Figure 3 shows the transmission, reflection and loss spectra of un-doped MIM
right-angle waveguide. It is shown from Figure 3 that the highest transmission occurs around the nor-
malized frequency 2.3 (c¢/a), the right-angle transmission is 73%, corresponding loss is 3.17 dB, including
bend loss and absorption loss caused by surface-plasmon. If the signal wavelength is 1530 nm, then
a=2.3x1530 nm=3.519 pm, and the pump wavelength 1480 nm corresponds to the normalized frequency
2.38 (c/a), the right-angle bend transmission is 72%, corresponding loss is 3.12 dB.

3.3 Effect of waveguide length on gain and noise figure

Figure 4 shows the dependence of small-signal gain and noise figure on waveguide length. Bismuth ion
concentration is 2.0x10%¢ /m?, pump power is 100.0 mW. The results demonstrate that the gain linearly
increases with waveguide length when the length is shorter than 8.0 cm, and the gain begins to saturate
at the length 8.0 cm and the saturation value is 28.0 dB. The noise figure increases with waveguide length
when the length is shorter than 2.0 cm, and the noise figure begins to saturate at the length 2.0 cm and
the saturation value is 4.2 dB.

3.4 Effect of active ion concentration on gain and noise figure

Figure 5 illustrates the variation of small-signal gain and noise figure with bismuth ion concentration. In
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Figure 4 (Color online) Dependence of small-signal gain Figure 5 (Color online) Variation of small-signal gain and
of bismuth-doped glass waveguide amplifier on waveguide noise figure of bismuth ion-doped waveguide amplifier on
length. Doping concentration, pump power, signal wave- bismuth ion concentration. waveguide length, pump power,
length and signal input power are 2.0x 1026 /m37 100 mW, signal wavelength and signal input power are 10.0 cm,
1532 nm and 1.0 uW, respectively. 100 mW, 1532 nm and 1.0 puW, respectively.

Table 2 Doping concentrations and internal gain and gain per unit length of surface-plasmonic bismuth ion-doped right-
angle glass waveguide amplifier and erbium and ytterbium co-doped phosphate fiber amplifier a)

Pumping power/ Optimal erbium/ytterbium Gain Gain/cm Reference
Fiber length concentration (ion/m?3) (dB) (dB/cm)
224 mW/3.6 cm 4.0x102%%, 8.0x 1026 31.0 8.61 [22]
224 mW /5.55 cm 3.0x10%6, 8.0x 1026 35.0 6.31 [22]
Pump power/wave- Bismuth ion concentration Gain Gain/cm This work

guide length
100 mW/8.0 cm 2.0x10%6 28.0 15.32
a) Signal wavelength is 1535 nm, and signal input power is —30 dBm.

this calculation, waveguide length is 10.0 cm, pump power is 100 mW, and signal wavelength and power is
1532 nm and 1.0 pW, respectively. The results show that the gain of the amplifier increases as bismuth ion
concentration and reaches the saturation value 28.0 dB near 1.7x102¢ jons/m?. With same parameters
as above, the NF increases until the active ion concentration reaches 5.0x10%° ion/m?, then it stopes
increasing to reach the saturation value 4.4-4.5 dB.

3.5 Amplifier size and unit-length gain

It is known from Figure 4, when the waveguide length is 8.0 cm, the gain reaches the maximum
28.00 dB. If the on-chip amplifier includes one right-angle, the size is 4.0 cmx4.0 cm, then the net
gain is 28.00—3.17=24.83 (dB). If it includes two right-angles, the size is 2.7 cmx2.7 cm, if it includes
four right-angles, the size is 1.0 cmx 1.0 c¢m, the net gain is 28.0-4x3.17=15.32 (dB). In [23], erbium-
doped fiber amplifiers used pump power (224 mW /980 nm) and different fiber length, optimal erbium
and ytterbium co-doping concentration, internal gain and gain per unit length are listed in Table 2. For
the fiber length of 3.6 cm, optimal erbium and ytterbium co-doping concentration are 4.0x10%¢ /m3,
8.0x10%¢ /m3, respectively. For the fiber length of 5.55 cm, optimal erbium and ytterbium co-doping
concentration are 3.00x10%% /m?, 8.0x10%¢ /m3, respectively. The gain reach 35.0 dB and gain per
centimeter reach 5.68 dB/cm. In our present work, pump power 100 mW and active ion concentration
2.00x10%% /m3, the gain medium length 8.0 cm with four right angles, corresponding to the waveguide size
1.0 cmx 1.0 cm, the gain can reach 28.0 dB, that is, the gain per unit waveguide length is 15.32 dB/cm,
which is the largest value for gain per unit length, to the best of our knowledge. We think, compared
with the phosphate glass fiber amplifier, the advantage of surface-plasmonic right-angle bismuth ion
doped-glass waveguide amplifier arises from smaller size.
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4 Conclusion

As a summary, we designed a surface-plasmonic right-angle bend waveguide with bismuth ion-doped
glass film as core layer and Ag films as cladding layers. Theoretical analysis showed that the right-angle
has bend and absorption losses of 3.17 dB. The rate equations and power evolution equations of high
concentration bismuth-doped glass film ware setup and solved to analyze the effect of the waveguide
length and active ion concentration on the signal gain and NF. The theoretical results show that with the
pump power 100 mW, the active ion concentration 2.0x 1025 ions/m® and the right-angle bend waveguide
1.0 cmx 1.0 cm, small-signal unit-length gain can reach 15.32 dB with NF less than 5.0 dB. This waveguide
amplifier will be promising for integrated photonic devices and optical communication subsystem.
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