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Abstract—We numerically investigate the potential of
Al, O3 :Er®t active slot waveguides for realizing small-form
factor lasers on silicon-on-insulator. Based on recent technological
improvements in the reliable and low-cost fabrication of alumina
doped with high Er3* concentration, we point out the possibility
of realizing silicon compatible emitters at 1.55 pm, optically
pumped at 1480 nm with a few milliwatts threshold pump power.

Index Terms—Slot waveguide, integrated optics, erbium, alu-
minum oxide.

1. INTRODUCTION

ILICON is the dominating material for the electronics
S industry due to its good electrical properties and available
mature and low-cost Si very large scale integration (VLSI)
and complementary metal-oxide—semiconductor (CMOS)
technology. Although it is a good material for passive optical
waveguides at around 1550 nm, its indirect band-gap makes its
use very challenging for achieving optical gain. In order to over-
come this issue, several approaches have been investigated, like
the use of silicon nano-clusters [1], [2]. However, only two solu-
tions seem to be effective for realizing CMOS compatible lasers
and optical amplifiers: hybrid integration of III-V semiconduc-
tors and silicon, and rare-earth-doped dielectric waveguides.

Although hybrid integration, in which electrically pumped
AlGalnAs quantum-well materials are bonded on silicon wave-
guide structures [3], is attractive in terms of compactness, this
approach is still very expensive and, in addition, III-V semi-
conductor-based amplifiers would likely suffer from cross-gain
modulation effects [4] due to the short carrier lifetime of the
active material. On the other hand, the relative low gain coeffi-
cient achievable in Er3T-doped silica (lower than 1 dB/cm [5])
makes laser and amplifier integration difficult when using low
index contrast silica-based waveguides.

In this letter, we propose the use of Al,Oj3 : Er3* active slot
waveguides for realizing small-form factor lasers on silicon-on-
insulator (SOI); the high index contrast and superior gain (up
to 2 dB/cm [6]) achievable in such a waveguide ensure strong
field confinement and a small form factor [7], [8]. Our finite-el-
ement method (FEM)-based simulations use realistic parame-
ters of the active material, which can be fabricated by low-cost
cosputtering of Al,O3 : Er** [9], and they clearly point out the
potential integration of CMOS compatible lasers, characterized
by a few milliwatts (mW) threshold pump power at 1480 nm.
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Fig. 1. Normalized power intensity profiles at pump wavelength (1480 nm) and
signal wavelength (1534 nm); ¢, and ¢, are in pm™2.

Pumping at 1480 nm avoids the excess 980-nm pump absorp-
tion due to the silicon layers forming the slot waveguide, but
also leads to a significant influence of excited state absorption
(ESA) on the laser output power.

II. THEORETICAL MODEL

Considering the recent development of a new fabrication
method for low-cost cosputtering deposition of AloO3:Er3*
[9], we have designed a slot waveguide laser based on this
material. Two high refractive index silicon regions (n = 3.48)
clamp a thin highly erbium-doped alumina layer (n = 1.65).
The full structure is buried in a silica coating (n = 1.46).

The electromagnetic analysis of our structure is based on a
full vectorial FEM [10]. Numerical modes computation has
been performed for the slot waveguide under investigation,
which is schematically shown in Fig. 1; the same figure also
reports the normalized intensity profiles at the pump and laser
wavelengths, v, and 1), computed on the transversal wave-
guide cross-section.

The propagation equations, describing the longitudinal power
evolution of the 1480-nm pump, of the spectrally resolved am-
plified spontaneous emission (ASE) and lasing light at 1534 nm,
are coupled with the steady-state population rate equations. Nu-
merical solution is performed using the Runge—Kutta method.
The power propagation equations for pump P, are

dP,
d—zp - Pp(z)/ [051n2 — ofyn1 — ohyma] - hpdA — 1, Py(2)
A

ey

while the power propagation equations for copropagating and
counterpropagating ASE lights (PISE and P, ) are

apP z:%tSE

dz =+ PAAZXESE(Z) /4 [031m2 — 01an1 — 034m2] - hsdA

+ hvSAv/ o5 dA F I, PEL(2). 2)
A

In (1) and (2), A is the transverse area of the active region (the
lower refractive index region of the slot waveguide); 075, 05,
are the spectral absorption and emission cross-sections within
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the Er gain bandwidth; o%,, %, are the absorption and emis-
sion cross-sections at the pump wavelength, [, = [, describe
the background losses at both pump and ASE wavelengths. The
equivalent input noise bandwidth Av is assumed to be 0.1 nm,
of the same order of the Bragg grating mirror reflectivity used
at the laser cavity output. The model also includes ESA coeffi-
cients 0%, 03, from the Er*T meta-stable level *I;3/» to the
level *Iy/5. Er** ions in alumina matrix have been modeled
considering a four-level steady-state rate equations system

8n1
M (Wit R
It (W12 + Ry2)ny
1
+ <T— + noCup + Way + R21> ng 3
2
anz 1
—= = — | — 4+ 2n9Cup + Wa1 + Ro1 + Way + Roy | N2
ot T2
n
+ (Wia + Rya)ng + T—j 4)
8n3 ns Ty
B A T 5
ot T3 + T4 ( )
Ner =n1+n2+n3+ny4 (6)

where n1, ng, n3, and ny represent, respectively, the Er3t
populations in the energy levels “Ii5/o, 1372, *Ii1)2,
and *Iy/5; Ng. is the total Er** ions concentrations and
7; (1 = 2,3,4) are the state life times of the 4113/2, 4111/2,
and *Ig /5 levels (11 : *I13/0 —* Iy5/0, o0 *I110 —* I13)0,
and 74: 419/2 —41, s2)- All rate equation parameters of
Er3*-doped Al,Oj3 are realistic values taken from the literature
and reported in Table I. Equations (1), (2), and (3)—(6) are
coupled through the induced transition rates R;; and W;;

ol (v,)I
Rij = M 7
hvy
¢ o7 (vk)
Wi = ——— [Iase+ + Lase-] ®)
et hl/k

where m is the number of slots used to discretize the
gain bandwidth. The cavity is considered nonresonant
at the pump wavelength and mono-modal at the lasing
wavelength (we assumed an input dielectric mirror and
an output Bragg reflector). Hence, the laser radiation
boundary conditions are Pigp(L,vs) = RaPxep(L,vs)
and P:SE(O, vs) = Ri1Pygr(0,v5), where Ry and R; are the
input and output mirror reflectivities, v, is the laser frequency,
and L is the cavity length. Due to a very short cavity, we
can realistically assume a single longitudinal mode within the
narrow Bragg reflector bandwidth, also expecting a narrow
laser linewidth [11].

III. NUMERICAL RESULTS

The slot waveguide has been carefully designed to be single
mode at both pump and signal wavelengths and to maximize
the field confinement on the active region (see Table II). The
computed normalized intensity profiles are shown in Fig. 1.

Because of the high absorption coefficient in silicon at 980 nm
[12], we have decided to pump the active material at 1480-nm
wavelength. Pump light can be coupled into the active slot wave-
guide by means of integrated tapers or Bragg grating couplers
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TABLE I
PARAMETERS OF Er-DOPED Al> O3

Parameter Value Reference
0,7(1480nm) 327x10%m*  Bradley et al. 09 [6]
0>/ (1480nm) 1.10x10”m*  Bradley et al. 09 [6]
0,,'(1534nm) 5.73x10%m*  Bradley et al. 09 [6]
0/ (1534nm) 5.74x10Pm?  Bradley et al. 09 [6]
ol =05/ '0.25%x10%m?  Kik etal. 03 [16]
of =05/ ‘0.85x10%m?  Hoven et al. 96 [17]
132 life time 1, 8.6 ms Bradley et al. 09 [6]
I, life time s 30 us Hoven et al. 96 [18]
Iy, life time 1, I ns Chryssou et el. 01 [19]
Cop(Ng=4.22x10%ons/m’) 1.0x10%m*s  Bradley et al. 09 [6]

"We have used the lowest and more recent value for ESA coefficients.

TABLE II
SLOT GEOMETRICAL PARAMETERS
Parameter Width Thickness Material Refractive
Index
Slot 800 nm 200 nm ALO;Er** 1.65
High Refractive g ) 110 nm Si 3.48

Index Layers
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Fig. 2. Laser output power versus pump power. ESA seriously af-
fects output laser power. The cavity is 7 mm long, R, = 0.97 and
N, = 4.22 x 10%° jons/m>.

[13]. We assumed a background loss of 1 dB/cm; although this
value is rather low for slot waveguides, it is a realistic value
due to recent technological improvements [14], [15] and low
material loss [9]. Considering an Er®* concentration of 4.22 x
10%6 jons/m? [6], Ry = 0.999, Ry = 0.97 and a 7-mm cavity,
we have investigated how ESA affects the lasing output power,
which is computed as P,y (vs) = (1 — Ra) - Pigp(L, vs).
Fig. 2 reports the laser output power versus input pump power
for different ESA cross-section values; by increasing the ESA
cross-sections o}, and o3, from 0.25x 1025 m? [16] to 0.85 x
10725 m? [17], we can clearly see that the laser output power is
seriously reduced. Note that the impact of ESA, which is neg-
ligible in standard erbium-doped fiber amplifiers (EDFAs) and
erbium-doped waveguide amplifiers (EDWAs), becomes impor-
tant in Er3*-doped slot waveguides due to the extremely high
power confinement achievable in such structures. We can also
clearly see an optimum input pump power above which the
output lasing light starts to decrease due to a strong ESA-in-
duced population of the I, /2 Er37 level. Considering the most
recently measured and more optimistic values for o5, and o3,
[16], we have then optimized the laser cavity length in order to
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Fig. 3. Laser output power versus the waveguide length, for different pump

powers: 7, 15, and 23 mW, Ry = 0.97 and Ng, = 4.22 x 102 ions/m?3.
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Fig. 4. Laser output power versus output mirror reflectivity R, for different

pump powers: 5, 10, and 20 mW.
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Fig.5. Laser output power versus pump power. The cavity is 7 mm long, R, =

0.87,and Ng, = 4.22 x 1025 ions/m>.

maximize the laser output power at 1534 nm. Fig. 3 shows that
a 7-mm-long cavity allows us to realize an effective device in-
tegration with significant and optimized output power. Finally,
we have varied the output mirror reflectivity for maximizing
the output laser power; this analysis is shown in Fig. 4, where
we can clearly note an optimum value of approximately 0.87.
With such optimized output mirror reflectivity (Ry = 0.87)
and waveguide length (7 mm), we have finally investigated the
lasing output power versus input pump power; the results re-
ported in Fig. 5 clearly show that more than 100-uW output
lasing power can be realistically achieved with less than 10-mW
pump power. We can also note a few mW laser pump threshold

and limited output laser degradation due to ESA effect.
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IV. CONCLUSION

We have numerically demonstrated the potential of an active
slot waveguide in AlyO3: Er** for CMOS compatible small-
form factor integrated laser with a few mW threshold pump
power at 1480 nm. Even if ESA may affect the laser output
power, we believe that the low-cost fabrication technique [9],
combined with possible use of broad-area lasers to simultane-
ously pump active slot waveguide arrays, can lead to attractive
components and significantly reduce the cost of integration.
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