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Integrated 2.8 �m Laser Source in Al�O�:Er�� Slot
Waveguide on SOI

P. Pintus, Student Member, IEEE, S. Faralli, and F. Di Pasquale, Member, IEEE

Abstract—We numerically investigate the potential of
Al�O�:Er�� active slot waveguides for realizing small-form
factor lasers on silicon on insulator at 2.8 m. Based on re-
cent technological improvements in the reliable and low-cost
fabrication of alumina doped with high Er�� concentration
and exploiting the extremely high field intensity achievable in
optimized active slot waveguides, we point out the possibility of
realizing silicon-compatible emitters at 2.8 m, optically pumped
at 1480 nm with a few milliwatts threshold pump power. A strong
potential impact can be envisaged for chemical sensing, biosensing
and lab-on-a-chip applications.

Index Terms—Aluminum oxide, erbium, integrated optics, slot
waveguide, 3 m laser.

I. INTRODUCTION

T HE research efforts on 3 m source lasers is of great in-
terest for medical and biological applications because of

the high radiation absorption of water and of hydroxyapatite,
the two most important constituents of both soft (skin, muscles)
and hard tissues (bones, tooth enamel) of the human body. Sev-
eral applications of erbium-doped solid-state lasers operating at
around 3 m have been investigated and already demonstrated,
like no-contact scalpel or drill for high-quality cutting and ab-
lation of biological tissues [1]–[6]. Moreover, lasers operating
within the range 2–3 m can also be used for gas sensing, due
to specific molecular absorptions within this wavelength range,
remote sensing, and security-related applications [7].

The laser emission occurring between the erbium
and energy levels is currently exploited to realize laser
sources operating at around 3 m wavelength [1] in yttrium
aluminum garnet (YAG) crystals [2]–[4] and fluoride fiber
hosts [4]–[6]. Very high output power levels can be achieved
in crystal lasers (up to 1 W in [4]), as well as in fiber fluoride
lasers with a recent record achievement of 5.2 W [6]. Note
that YAG-crystal lasers can be easily integrated and are widely
used for high-performance surgical scalpels [4]; on the other
hand, fiber fluoride lasers are also becoming very promising
for surgical applications as the light is already coupled into the
optical fiber.
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The smaller radiative lifetime of the upper laser level com-
pared to the lower laser level hampers continuous wave (CW)
laser emission at low erbium concentration. For CW emission
to occur, it is essential to effectively deplete the lower laser en-
ergy level ; this can be done by a number of ways, in-
cluding pumping at a wavelength at which excited state absorp-
tion (ESA) occurs from the lower laser level, or by increasing
the erbium concentration to deplete the same lower laser level
through energy transfer upconversion (ETU). In both fluoride
fibers and crystals, the lifetime of the is smaller than the
one of and both lifetimes are of the order of few millisec-
onds. Thanks to ESA and ETU it is possible to fill the upper laser
level to obtain population inversion [1].

The main drawbacks of these two technologies are related to
the high fabrication cost of such host materials and to the dif-
ficulty of integration. In some applications, such as chemical
sensing, low-cost integrated lasers on a CMOS-compatible plat-
form would be highly desirable.

In this paper, we propose to use Al O :Er active slot
waveguides for realizing 2.8 m laser sources on silicon on
insulator (SOI). Due to the low-loss absorption of the alumina
in the short-wavelength infrared [8] and the high power density
reached inside the slot waveguide, we show that CW emission
occurs between the and Er levels, thanks to the
strong ESA cross section coefficients and ETU process, which
is enhanced by the high erbium concentration.

Fabrication techniques based on low-cost co-sputtering of
Al O :Er [9] can be effectively used to realize this kind of
host structure; such technology is fully CMOS compatible al-
lowing for the integration of several devices on the same chip.

Note that although the I level lifetime in Al O :Er
materials is much lower than in other lower phonon energy
glasses, such as zirconium barium lanthanide sodium fluoride
(ZBLAN), which are then more suitable for lasing emission
at around 3 m, the proposed slot-waveguide configuration
makes lasing emission at this wavelength also possible in
high phonon energy materials, due to the extremely high field
intensity achievable on the active region. This factor strongly
enhances mainly the ESA effect which strongly contributes to
the inversion mechanism.

In this paper, we design the laser structure using a finite
element method (FEM)-based simulation tool; in all simula-
tions, we have used realistic parameters of the active material.
The only uncertainty concerns the absorption and emission
cross section values between the erbium and
energy levels, which have not been specifically measured yet
for Al O :Er active material. We have used values from [10]
and verified that the qualitative obtained laser performance is
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Fig. 1. Slot-waveguide cross section. The labels b, h, and w are, respectively,
the thickness of the silicon layers, the thickness of the erbium-doped alumina
layer, and the width of the waveguide.

not significantly affected by such values. Numerical results
show that pumping at 1480 nm avoids the excess 980 nm pump
absorption due to the silicon layers [11] forming the slot wave-
guide, allowing for the potential realization of low-threshold
highly integrated lasers operating at around 2.8 m.

II. SLOT-WAVEGUIDE LASER SOURCE

A. Slot-Waveguide Structure

Considering the recent development of a new fabrication
method for low-cost co-sputtering deposition of Al O :Er
[9], we have designed a slot-waveguide laser based on this ma-
terial. The device is made up of two high refractive index silicon
regions which clamp a thin highly erbium-doped
alumina layer . The full structure is buried in a silica
coating .

Fig. 1 shows the cross section of the slot waveguide, where
b and h represent the thickness of the silicon layers and er-
bium-doped alumina layer, respectively, while w is the width of
the waveguide. Note that by changing those parameters, the field
confinement properties will change as well [12]. In this paper,
we optimize b, h, and w in order to 1) maximize the field confine-
ment in the active region at both pump and signal wavelengths
(1480 and 2800 nm, respectively), 2) decrease the pump power
laser threshold, and 3) be a monomodal at the laser frequency.

B. Physical Process in Al O :Er

The energy transfer processes amongst erbium ions are quite
complex in highly doped Al O :Er materials and several
mechanism are involved. Here, we use a simplified four-level
rate equation model, which includes the ground state, the

lower and the upper laser levels, and finally the
energy level. As the other upper energy levels involved in

the physical process are characterized by very short lifetimes,
they are considered virtually unpopulated. All relevant transi-
tions are schematically shown in Fig. 2.

The rates and describe the transitions induced by
the 1480 nm pump light between the level and the
level, while and represent the same mechanism for the

Fig. 2. Energy-level scheme of erbium ions in alumina host. On the right side of
the figure, the relevant transitions are schematically plotted, showing the pump
excitation at 1.48 �m and the lasing transition between the � and �
energy levels.

amplified spontaneous emission (ASE) around the wavelength
of 1534 nm, which is the wavelength of the maximum gain
for the erbium in alumina. The transitions induced between the
lower and upper laser levels at around 2800 nm, are described
by the rates and .

As we mentioned in Section I, the ESA and ETU are re-
sponsible for the CW laser emission. Thanks to them, it is
possible to pump at 1480 nm and then fill the energy
level. From the latter level, the excited erbium ions relax spon-
taneously and rapidly to the energy level. The ESA due
to the pump and the ASE at around 1534 nm is modeled by
using the rates and , respectively. Two upconversion
processes have also been considered from the second level

and from the
third level . In
order to give an accurate description of the physical process,
we need to point out that the energy gap between and

levels is less then the energy gap between and
levels, so that the excitement state absorption is quite a

bit off resonance.
From the literature, it is well known that quite low Er

concentration levels (of the order of ions/m ) are
recommended for efficient amplification at around 1.55 m in
Er -doped silica glasses [9], [16]; at higher Er doping, con-
centration quenching effects, such as cooperative upconversion,
can seriously affect the amplifier gain performance [13], [16].
However, in our slot-waveguide device, we want to populate
the Er level by exploiting ESA and ETU processes;
for this reason, we consider much higher erbium concentration
levels, from ions/m up to ions/m ,
which are however realistic considering the experimental re-
sults reported in [9] and [14]. ESA and ETU, which seriously
affect the lasing performance in the third telecom window
[13], are the key physical effects that are exploited to obtain
population inversion between the and the levels
for laser emission at around 2.8 m.

As the upconversion coefficient from the er-
bium level has not been yet experimentally characterized in the
Al O :Er material, we assumed it to be negligible or equal to
the upconversion coefficient of level . This assumption is
well justified by experimental results showing similar ETU co-
efficients from the and levels in erbium co-sput-
tered alumina [15], or an ETU coefficient from the level
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even negligible in case of erbium ion-implanted alumina [15];
moreover, the much shorter lifetime of level than that of
level make the influence of ETU from the level al-
most negligible, as demonstrated by the numerical simulations
reported in Section IV.

The population-rate equation system can be written as

(1)

(2)

(3)

Er (4)

where , and represent, respectively, the Er
populations in the energy levels ,
and Er is the total Er ions concentrations and

are the state lifetimes of the , and
levels ( and

).

III. THEORETICAL MODEL

The electromagnetic analysis of our structure is based on a
full vectorial FEM [19], [20]. Starting from the curl–curl equa-
tion for the magnetic field H

(5)

where K is the relative permittivity tensor, and is the
wavenumber in the vacuum, the three components of the mag-
netic field and the effective refractive index are computed for
each guided mode. A node-based FEM approach is used with
second-order shape functions, also implementing the penalty
function to move away the spurious modes from the physical
ones inside the frequency spectrum [21]. From the modal
analysis, the normalized intensity profiles at 1480 nm (pump
wavelength), 1534 nm ( transitions), and 2800
nm ( transitions) have been calculated on the
transversal waveguide cross section, namely , and

, respectively.
The propagation equations, describing the longitudinal power

evolution of the pump, of the spectrally resolved ASE between
levels , and levels , and of
the lasing light at 2800 nm, are coupled with the steady-state
population-rate equations.

The power propagation equations are

(6)

(7)

(8)

where the superscript in (7) and (8) indicates the co- and
counter-propagating ASE lights. In (6)–(8), is the transverse
area of the active region, which coincides with the lower re-
fractive index region of the slot waveguide; describe
the background losses at both pump and ASE wavelengths, and

are the spectral absorption and emission
cross sections between the levels ith and jth. Note that different
ESA cross-sections values have been measured and are avail-
able in the literature. Accordingly with the measured values, in
this paper, we have compared the effects of two different ESA
cross sections nm (1534 nm):
m from [15] and m from [16]. Moreover, be-
cause the absorption and emission cross section ( and )
have not been measured yet for erbium in alumina host, we
have assumed the same values as for Er in ZBLAN [10]. We
have however verified that the and cross-sections values
do not significantly affect our main conclusions on the laser
physical mechanism, but just slightly change the laser perfor-
mance such the quantitative value of the threshold pump power.
In particular, we have checked that even significant variations,
up to 20%, of these parameters do not affect the qualitative be-
havior of the laser, inducing laser output power variations lower
than 20%. All other Er -doped Al O parameters are realistic
values taken from the literature and reported in Table I.

The equivalent input noise bandwidth in (7) and (8) is
assumed to be 0.1 nm, of the same order of the Bragg grating
mirror reflectivity used at the laser cavity output. Equations
(6)–(8) are coupled with the steady-state rate equations (1)–(4)
through the induced transition rates and

(9)

(10)
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Fig. 3. Electromagnetic modal analysis results. In the first row, we show the results for the slot waveguide with parameters � � �� nm, � � ��� nm, and
� � ��� nm, the following six pictures are the results for the slot waveguide with parameters � � ��� nm, � � ��� nm, and � � ���� nm, and finally, the
last three concern the modal analysis for the channel waveguide 2 �m� 2 �m. Note that in the last three pictures, the axis scale is double compare to the previous
images. The density power � � � , and � are shown in �m .

TABLE I
PARAMETERS OF ER-DOPED AL O

(11)

(12)

(13)

(14)

(15)

(16)

Numerical solution is performed using a fourth-order
Runge–Kutta method.

The cavity is considered nonresonant at the pump wavelength
and monomodal at the lasing wavelength (we assumed an input
dielectric mirror and an output Bragg reflector). Hence, the laser
radiation boundary conditions are

(17)

(18)
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TABLE II
MODAL ANALYSIS—NUMBER OF MODES

Fig. 4. Threshold pump power for different waveguides. Slot waveguide with
parameters � � ��� nm, � � ��� nm, and � � ���� nm (diamond), slot
waveguide with parameters � � �� nm, � � ��� nm, and � � ��� nm
(triangle), channel waveguide 2 �m� 2 �m (square) have been considered.

where and are the input and output mirror reflectivities,
is the laser frequency, and is the cavity length.

IV. RESULTS

A. Modal Analysis

One of the main benefits of the slot waveguide compared to
other kind of waveguides is the high power density that can be
reached inside the core. Such a high field intensity significantly
enhances the effect of ESA and ETU, and, consequently, the
number of ions excited to the energy levels. To understand
how important this effect is, we have compared the performance
of three different guiding structures: 1) a thin slot waveguide
( nm, nm, and nm); 2) a thick slot
waveguide ( nm, nm, and nm); and
3) a simple channel waveguide with a 2 m 2 m active core.

Fig. 3 shows the normalized intensity profiles computed at
1480, 1534, and 2800 nm for the three different waveguides, and
in Table II, we have reported the number of modes propagating
in the waveguide; colorbars in Fig. 3 report the power density
in m . Note that the maximum power density in the thin slot
waveguide is almost ten times bigger than that one in the thick
slot waveguide and two order of magnitude bigger compared
to the channel waveguide intensity. The direct consequence of
this is the lowering of the threshold pump power that is very
small for the thin slot waveguide. However, the overlap factor
of the field intensity profile on the slot-waveguide active region

Fig. 5. Laser output power versus the waveguide length for different ESA cross
section values. The pump power is 39 mW, � � ����, and �Er � ��� �
�� ions/m . The continuous line refers to � � �, while the dashed line
refer to � � � .

is less then 30% at 1480 nm and only 10% at the lasing wave-
length; note that such low-overlap factors negatively affect the
laser efficiency.

In Fig. 4, we have simulated a 7 mm long cavity with input
mirror reflectivity , output mirror reflectivity

, and assuming an Er concentration of ions/m
and nm nm m . The
lasing output power is finally computed as

(19)

B. Laser Cavity Design and Parameter Optimizations

Considering the thin slot waveguide, 39 mW of pump power,
and an erbium concentration of ions/m , we have
first performed simulations in order to identify the best cavity
length. In Fig. 5, the results of this analysis are reported in the
case of negligible ETU from level 3 (continuous line) and when

(dashed line). A 7 mm long cavity is a good
compromise to realize an effective device integration with sig-
nificant and optimized output power.

Figs. 6 and 7 report the laser output power versus input pump
power for different ESA cross-sections values and erbium con-
centrations. Increasing the latter from ions/m up
to ions/m , the influence of the upconversion be-
came stronger and then the population of the level. For
this reason, the higher is the dopant concentration the lower is
the threshold pump power. Both cases of negligible upconver-
sion from level 3 and have been considered. The
results of the latter two figures are compared in Fig. 8, where the
threshold pump power is plotted as a function of the erbium con-
centration. It is clear that high erbium density and a high-ESA
cross section coefficient will enhance the filling of the upper
laser level, and then increase the output power and decrease the
lasing threshold.
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Fig. 6. Laser output power versus pump power for different erbium concentra-
tions. The ESA coefficient is ���� �� m , the cavity length is 7 mm long,
� � ����. The continuous line refers to � � � while the dashed line
refer to � � � .

Fig. 7. Laser output power versus pump power for different erbium concentra-
tions. The ESA coefficient is ���� �� m , the cavity length is 7 mm long,
� � ����. The continuous line refers to � � � while the dashed line
refer to � � � .

Considering the highly doped waveguide Er
, we have then varied the output mirror reflec-

tivity for maximizing the output laser power; this analysis
is shown in Fig. 9, where we can note an optimum value
of approximately 0.84 for the case of nm

nm m and of around 0.92 for
nm nm m .

Finally, with such optimized output mirror reflectivities, er-
bium concentration ( ions/m ) and waveguide length
(7 mm), we have investigated the lasing output power versus
input pump. The results reported in Fig. 10 show a significant
laser output power for a moderate input power; this feature com-
bined with the potential integration of the proposed device on
a CMOS-compatible platform can pave the way to interesting
low-cost applications.

Note that the laser efficiency is quite low % due to
several detrimental effects; among them the most significant are
the low-overlap factor of the field intensity profile on the active

Fig. 8. Lasing threshold versus erbium concentrations. The pump power is
40 mW, � � ����� and � � � mm. Both values of ESA cross sections have
been considered. The continuous line refers to � � �, while the dashed
line refer to � � � .

Fig. 9. Laser output power versus output mirror reflectivity � , for both ESA
cross section cases. The pump power is 40 mW, � � � mm and �Er � ����

�� ions/m . The continuous line refers to � � � while the dashed line
refer to � � � .

region and the basic physical mechanism of the lasing action
at 2.8 m (ETU and ESA) in which at least two pump pho-
tons are request to generate one lasing photon. Moreover, not
all the pump power launched into the cavity is absorbed by the
material. The absorbed pump power is around the 20% of the
input pump power lunched into the cavity, with small variation
due to the different value of the ESA cross section and erbium
concentration. To be more precise, when considering low-ESA
cross section ( m ) and Er concentration levels
( ions/m ), the absorbed pump power is 15.4%; on
the other hand, considering higher values (
m and Er ions/m ) the percentage of absorbed
pump goes up to 22%.

V. CONCLUSION

In conclusion, we have numerically demonstrated the poten-
tial of active slot waveguide in Al O :Er for 2.8 m laser



1212 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 29, NO. 8, APRIL 15, 2011

Fig. 10. Laser output power versus input pump power with optimized output
mirror reflectivities (0.92 when the ESA coefficient is ������ m and 0.84
when the coefficient is ��� � �� m ), erbium concentration (��� � ��

ions/m ), and waveguide length (7 mm). The continuous line refers to � �

�, while the dashed line refer to � � � .

sources. The CMOS-compatible technology, its small-form
factor and the low-threshold pump power suggest interesting
potential applications of these lasers for biological and chemical
sensing. 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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