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Abstract— Embedded channel waveguides formed on a
z-cut erbium-doped lithium niobate (Er:LiNbO3) substrate by
a high-energy ion implantation technique are first described. A
detailed theoretical design of a waveguide laser for continuous
wave operation is then discussed, taking into account realistic
input parameters and measured data. To simulate waveguide
modes and to predict laser outputs from our fabricated waveguide
sample, a numerical tool is developed in FORTRAN based on
the full vectorial finite element method. Using the developed
tools, the waveguide dimension is optimized, ensuring single-
mode operation at both pump (980 nm) and laser (1531 nm)
wavelengths. Finally, laser outputs as a function of various
waveguide parameters are analyzed. The proposed analysis
allows the effective optimization of the ion-implanted waveguide
laser in Er:LiNbO3.

Index Terms— Embedded channel waveguide, erbium, ion
implantation, lithium niobate, waveguide laser design.

I. INTRODUCTION

ERBIUM-DOPED lithium niobate (Er:LiNbO3) waveguide
lasers operating in the third telecommunication window

(∼1.55 μm wavelengths) have attracted attention in the last
few years. In lithium niobate higher erbium concentrations are
achievable without ion clustering due to the fact that erbium
ions occupy regular positions in the crystal lattice [1]. The
combination of amplifying properties of erbium ions with the
excellent electro-optical properties of lithium niobate allows
the development of several interesting waveguide devices
with higher functionality [2]. Among the several methods of
waveguide fabrication in LiNbO3, ion implantation is attractive
because it allows precise control of waveguide geometry and
low degradation of electro-optical properties [3].
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So far, LiNbO3 waveguides formed by the implantation of
various ions, including H, He, B, C, N, O, F, Si, P, Ti, Cu, Ni
and Ag, with different electrovalence, energies and fluences
have been studied [4]. Previous studies focus mainly on the
fabrication and refractive index characterization of LiNbO3
waveguides by implantation of ions at both low and high doses.
Recently, ion implantation has also shown its effectiveness for
developing novel LiNbO3 thin film through the ion slicing
and wafer bonding technique, producing microring resonators
of submicron radii with low bending losses [5]–[7]. First
realization of photonic crystal structures in such thin films has
also been reported [8]. Moreover ion implantation allows the
fabrication of ridge waveguides with very low roughness [9].

In this paper, we present a steady state model of a z-cut
y-propagating Er:LiNbO3 waveguide laser fabricated by high
energy carbon (C3+) ion implantation. The refractive index
variation along the waveguide depth caused by the ion implan-
tation process includes both enhanced (for extraordinary index)
and barrier-like (for ordinary index) profiles that are mea-
sured and characterized experimentally. When forming optical
waveguides by ion implantation, the resulting refractive index
profiles after annealing must be experimentally characterized
and fully understood for design optimization. Modal analysis
in these waveguides is rather difficult and requires powerful
numerical techniques. For this purpose, waveguide modes and
steady state laser operations are fully described in our model
which combines a full vectorial finite element method (VFEM)
and a Runge-Kutta (RK) algorithm [10].

The computational tool we developed allows us to consider
the strong anisotropy of LiNbO3 crystal along with the ar-
bitrary index behaviour of the implanted waveguide. Our nu-
merical model predicts efficient lasing action at 1531 nm from
the fabricated waveguide sample. Laser outputs are analyzed
as a function of coupled pump power, cavity length, output
mirror reflectivity, excited state absorption and background
losses. Such analysis allows us to optimize the design of ion
implanted waveguide lasers in order to achieve high efficiency.
Although our model focuses mainly on an ion-implanted
waveguide, it can be used for waveguides fabricated by other
methods as well.

This paper is organized as follows. Section II briefly de-
scribes the technology used for fabricating ion implanted
embedded channel waveguides in Er:LiNbO3. In section III,
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Fig. 1. Ordinary (no) and extraordinary (ne) index profiles at 632.8 nm of
LiNbO3 (assumed equal to Er:LiNbO3, see text for details) after implantation
of C3+ ions at energy of 3.9 MeV and a fluence of 1.65 × 1015 ions/cm2

with 2 hours annealing at 270 °C in oxygen.

a finite element method based modal analysis is presented
for z-cut ion implanted Er:LiNbO3 waveguides in order to
compute optical modes at both laser (1531 nm) and pump
(980 nm) wavelengths. A formulation of the steady state laser
model is outlined in section IV. The laser design for continuous
wave (CW) operations is discussed in section V. In Section VI,
we discuss the laser performance and investigate the impacts
of different waveguide parameters. Section VII provides a
summary as well as some concluding remarks.

II. WAVEGUIDE FORMATION BY ION IMPLANTATION

The comparison between dark m-lines measurements of
slab waveguides obtained on undoped (LiNbO3) and doped
(Er:LiNbO3) material, reported respectively in [11] and [12],
allows us to assume, as a reasonable approximation, that
the refractive index profiles for both cases are equal under
the same ion implantation conditions. Therefore the index
profiles were engineered to be suitable for WDM applications
following the procedure proposed in [11] for the undoped
material.

Planar optical waveguides were fabricated in order to con-
firm the predicted profiles. Implantation of carbon (C3+) ions
was performed, using the 1.7 MV tandem accelerator at the
CNR-IMM Institute of Bologna, on a z-cut LiNbO3 sample at
the energy of 3.9 MeV and a dose of 1.65×1015 ions/cm2. In
order to avoid channelling effects, the samples were tilted 7°
around the X-axis and then 22° around the Z -axis. After the
implantation, the samples were annealed at 270°C for 2 hours
in oxygen atmosphere.

The damage induced in the crystal after this process is
mainly due to nuclear collisions (nuclear damage regime)
which are more effective near the ions end of range (2.6 μm
below the surface). The resulting refractive index profiles
shown in Fig. 1 are consistent with both the m-lines spec-
troscopy measurements and the profiles predicted on the basis
of the model reported in [11].

The ordinary index profile (no) shows the typical barrier-
like shape whereas the extraordinary index profile (ne) shows
a buried-raised index shape. This behaviour can generically be
ascribed to a reduction of LiNbO3 anisotropy (decrease in no,
increase in ne) induced by the local breaking of the crystal
order.

C3+ ions

Er:LiNbO
3

Resist
Au

Fig. 2. Schematic of the fabrication of embedded waveguide by ion
implantation in Er:LiNbO3 substrate.
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Fig. 3. Ordinary (no) and extraordinary (ne) refractive index profiles at
pump (980 nm) and signal (1531 nm) wavelengths for ion implanted LiNbO3
(assumed equal to Er:LiNbO3 see text for details) achieved by interpolating
the measured data (at 632.8nm) of Fig. 1 through Sellmeier fitting.

In the next section we will present a modelling of the
embedded waveguide routinely fabricated in our labs. The
process includes a wet-etching definition of the 1.1 μm thick
gold (Au) layer previously evaporated on the z-cut Er:LiNbO3
surface and masked with a photoresist. After subsequent etch-
ing and removal of the photoresist, carbon ions are implanted
on the sample surface (see Fig. 2). The damaged layer under
the mask-covered area lies just beneath the surface sample
because of the stopping effect of the Au mask on impinging
C3+ ions. The damage is extended to a longer range under
the uncovered portion of the sample (waveguide core). Thus,
an index contrast is also created in the horizontal direction,
providing a lateral confinement of optical power.

III. FINITE ELEMENT METHOD BASED MODAL ANALYSIS

From Fig. 1, we observe that the measured ordinary index
profile has a typical barrier shape whereas the extraordinary
one is characterized by a buried-raised index profile.

In order to perform a modal analysis of the waveguide at
both laser and pump wavelengths, we first draw (see Fig. 3)
the profiles at both 980 nm and 1531 nm by a numerical fit
based on the Sellmeier equation of the LiNbO3 crystal [13].
Note that Fig. 3 presents both the ordinary and extraordinary
profiles at the wavelengths under consideration. We consider
the same Sellmeier equation for both Er:LiNbO3 and LiNbO3
since dispersion equation for Er:LiNbO3 is not available in
literature.

In order to compute the modal field of the waveguide, we
develop a full vectorial finite-element program based on the
Rayleigh-Ritz approach [10], [14]. The program can take into
account an arbitrary index distribution. In order to accurately
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Fig. 4. Waveguide cross section and finite element mesh for the modal
analysis of the z-cut y-propagating Er:LiNbO3 waveguide.

discretize the required waveguide geometry through a suitable
triangular finite element mesh, we use a commercial computer-
aided design tool. Fig. 4 shows the finite element mesh made
up of 1410 second-order triangular elements and 2879 nodal
points; it is generated in order to discretize the waveguide
transverse cross section in the x–z plane. Note that the
thickness of the waveguide core (3.2 μm) corresponds to the
refractive index variations induced by ion implantation along
the waveguide depth.

Using the developed program, the lateral core dimension
(3 μm) is optimized in order to ensure single mode operation
at both pump (980 nm) and signal (1531 nm) wavelengths.
The index profiles N2 (i.e. for the region under the metallic
mask) in Fig. 4 are simply a translation of the N1 (i.e. for the
region under the unmasked surface) profile by the thickness
of the metallic mask (1.1 μm) towards the waveguide surface.
Considering the anisotropy of the z-cut Er:LiNbO3 crystal, we
assume diagonal refractive index matrices for the implanted
waveguide where nx x(z) = nyy(z) = no(z) (ordinary index)
and nzz(z) = ne(z) (extraordinary index), whereas constant
indices are considered for the virgin substrate (i.e. nx x(z) =
nyy(z) = no and nzz(z) = ne). The fundamental mode
intensity profiles computed by our VFEM based program
for π-polarization (with major component of electric field
polarized parallel to the optical axis (c), i.e. z-axis of the
waveguide) at both laser and pump wavelengths are shown
in Fig. 5. The program can also take into account multimode
operations by considering the fraction of several guided modes
that can be excited at both signal and pump wavelengths
[10]. However, in this paper, we shall restrict our analysis to
single mode operations as it is often preferred while designing
integrated waveguide amplifiers and lasers for communication
systems.

From the surface plot of the fundamental mode intensity
distribution shown in Fig. 5, we observe a clear overlapping
of the pump and laser intensity profiles, which indicates the
possibility of having efficient laser emission while pumping
the waveguide at 980 nm. The major electric field component
is aligned parallel to the z axis of the waveguide. Note that this
strong confinement at π-polarization (quasi-TM00 mode) is
achieved mainly due to the extraordinary index raised guiding
region between the air and the low index substrate. We also
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Fig. 5. Fundamental mode intensity profiles (π -polarization) at pump (λ =
980 nm) and laser (λ = 1531 nm) wavelengths, computed by our VFEM
code. Corresponding mode effective indices are neff = 2.166802 at the pump
wavelength and neff = 2.140318 at the signal wavelength. The density power
�p and �s are shown in μm−2.

investigate the light confinement for σ -polarization (quasi-
TE modes, i.e. E⊥ c, where c is the optical axis of the
crystal). Since ion implantation lowers the ordinary refractive
index value, the modes for σ -polarization are usually less
confined and show a serious tunnelling effect with significant
light leakage into the substrate region, eventually resulting in
higher losses [15]. In our simulation we do not find good
confinement of quasi-TE modes at longer wavelengths. In fact,
from an experimental point of view, these waveguides behave
as polarizing filters. Therefore, we perform the analysis for
π-polarized light only.

IV. THEORETICAL LASER MODEL

In our model, we assume a three level Er3+ laser system
to be pumped at 980 nm, taking into account the uniform up-
conversion process from the meta-stable level 4I13/2, and the
excited state absorption (ESA) from the pump level 4I11/2.
The major transitions included in the model are shown in
Fig. 6. Note that the upper levels, whose population densities
are neglected, are shown in the figure with dotted lines to
describe the ESA and upconversion mechanisms only; they
are not included in the rate equation. The upper levels are
only populated due to ESA and up-conversion described by
the transition rate RE S A and up-conversion coefficient Cup. A
rapid relaxation of ions occurs to its immediate lower levels by
non-radiative decay. We expect significant ESA effects due to
the relatively long lifetime of the 4I11/2 pump level at 980 nm,
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Fig. 6. Three-level Er3+ laser system for 980 nm pumping scheme and
relative transitions used in our model.

which are confirmed by the following analysis. Due to the co-
operative up-conversion process from the meta-stable level,
energy transfer occurs between two excited erbium ions in
the meta-stable level 4I13/2 : one is promoted to a higher
energy level and then falls down to level 4I11/2, while the
other returns to ground level with consequent reduction of
the population inversion and performance degradation at high
Er3+ concentration levels.

The population for the three-level system is described by
the following rate equations [16]

∂n1

∂ t
= −(W12 + R13)n1 +

(
W21 + 1

τ21

)
n2

+R31n3 + CU P n2
2 (1)

∂n2

∂ t
= W12n1 −

(
W21 + 1

τ21

)
n2 + 1

τ32
n3 − 2CU Pn2

2 (2)

∂n3

∂ t
= R13n1 −

(
R31 + 1

τ32

)
n3 + CU Pn2

2 (3)

where Wij and Rij are the laser and pump induced transition
rates respectively absorption (i < j) and emission (i > j)
between the levels i-th and j-th, nk represents the populations
of relevant Er3+ energy levels (k = 1, 2, 3) and τi j stands for
the lifetime of erbium ions at different levels. The uniform
up-conversion process is described by the concentration de-
pendent up-conversion coefficient Cup. Using the conservation
law, we can write

NEr = n1 + n2 + n3 (4)

where, NEr is the total erbium concentration in the active
medium. The transition rates are described by the following
expressions

W12 =
M∑

i=1

σ12(vi )

hvi

[
I+

AS E (x, z)+ I−
AS E (x, z)

]
(5)

W21 =
M∑

i=1

σ21(vi )

hvi

[
I+

AS E (x, z)+ I−
AS E (x, z)

]
(6)

R13 = σ13(v p)Ip(x, z)

hv p
(7)

R31 = σ31(v p)Ip(x, z)

hv p
(8)

where h is the Plank’s constant, M is the number of fre-
quency slots of width �vi centred at frequency vi and used

for the discretization of the amplified spontaneous emission
(ASE) spectrum, I±

AS E and Ip are the ASE (co- and counter-
propagating) and pump intensities at frequencies vi (laser) and
v p (pump) respectively. The absorption and emission cross
sections are shown as σ12 or σ21 (for laser light) and σ13 or σ31
(for pump). Finally, the steady state evolution of pump (Pp)
and ASE ± (P±

AS E ) powers along the propagation direction
(y) can be described by the following propagation equations

d Pp

dy
= Pp

∫
A

[
σ31(v p)n3 − σ13(v p)n1 − σE S A(v p)n3

]
·�pd A − l p Pp (9)

d P±
AS Ei

dy
= ±P±

AS Ei

∫
A

[σ21(vi )n2 − σ12(vi )n1] ·�Sd A

± mhvi�vi

∫
A
σ21(vi )n2�Sd A ∓ lS P±

AS E (10)

where ψp and ψs are the normalized mode intensity pro-
files (assumed to be invariant along y) at pump and signal
wavelengths correspondingly, A is the cross sectional (x–z
plane) area of the active region of the waveguide (Er:LiNbO3),
l p and ls are the background losses at pump and signal
wavelengths respectively, σE S A is the ESA cross section at
pump wavelength, and m represents the number of guided
modes propagating at the laser wavelength, which is 2 in a
single mode guide due to the two fundamental TE and TM
modes [17]. In our simulation, m is equal to 1 since we
consider only the π-polarized fundamental signal mode to be
guided along the propagation direction. The following laser
boundary conditions are introduced

P−
AS E (L, vs) = R2 P+

AS E (L, vs ) (11)

P+
AS E (0, vs) = R1 P−

AS E (0, vs) (12)

where L is the length of the laser cavity and R1, R2 are the
input and output reflectivity respectively. The cavity is consid-
ered to be nonresonant at the pump (980 nm) wavelength and
mono-modal at the lasing wavelength (1531 nm). We assume
a dielectric mirror at the input and a Bragg reflector at the
output. Note that an equivalent input noise bandwidth �vi is
included in (10) to start the possible oscillation process. The
propagation equations, coupled with the rate equations, are
then numerically solved by combining the VFEM program,
which computes the normalized intensity profiles ψp at the
pump and ψs at signal wavelength (figure 5), and a Runge-
Kutta based iterative procedure which integrates the propaga-
tion equations [10].

V. LASER DESIGN

The model described in the previous section is used for
the design of a CW laser based on a z-cut ion implanted
Er:LiNbO3 embedded waveguide, taking into account the real
refractive index variation of our waveguide sample caused
by carbon ion implantation. A typical schematic of the z-cut
y-propagating Er:LiNbO3 laser cavity is shown in Fig. 7,
where we exploit a single pass pumping scheme. The absorp-
tion and emission cross sections for the Er:LiNbO3 are taken
from [17]. The spectra shown in Fig. 8 are reproduced by
numerical fitting with a discretization of 165 (M) frequency
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slots (from 1462 nm to 1626 nm) and a resolution of 1 nm
(�vi ). Note that the use of such spectra is justified by recent
studies showing that the fluorescence properties of rare earth
ions are not deteriorated in the doped crystal due to ion
implantation process [12], [18], [19]. It can be seen that
the cross section curves are not as uniform as that of Er3+
doped glasses, pointing out that the fabricated waveguide is
more appropriate for lasing devices rather than amplifiers
for wavelength division multiplexing (WDM) application. The
general input parameters used in our model are summarized
in Table I.

TABLE I

LASER INPUT PARAMETERS USED IN OUR MODEL

Parameters Values Ref.
Absorption cross section
at 1531 nm, σ12 1.25 × 10−24m2 [17]
Stimulated Emission cross section
at 1531nm, σ21 1.03 × 10−24m2 [17]
Life time 4I13/2 − 4I15/2, τ21 4.3 ms [17]
Life time 4I11/2 − 4I13/2, τ32 200 μs [20]
ESA cross section at 980 nm, σE S A 0 m2

Stimulated Emission cross section
at 980 nm, σ31 0 m2 [20]
Total Erbium concentration, NEr 1.0 × 1026m−3 [20]
Up-conversion coefficient at NEr ,
CU P 1.0 × 10−24m3s−1 [20]
Background loss at signal wavelengths, ls 20 dB/m [20]
Background loss at pump wavelengths, lp 30 dB/m [20]
Absorption cross section at 980 nm, σ13 0.20 × 10−24m2 [21]
Signal effective index,

ne f f
s (π -polarization) 2.140318

Pump effective index,

ne f f
p (π -polarization) 2.166802

Input mirror reflectivity, R1 99.90%
Output mirror reflectivity, R2 95%

TABLE II

ESA PARAMETER [20]

ESA cross section, σE S A values

ESA0 0 m2

ESA1 1 × 10−26 m2

ESA2 2 × 10−25 m2

ESA3 1 × 10−24 m2

VI. RESULTS AND DISCUSSIONS

With the general input parameters shown in Table I, we
study the characteristics of laser output and its dependence on
various input waveguide parameters. Note that, as a prelim-
inary case, we perform our simulations without considering
excited state absorption (ESA), i.e. assigning σE S A = 0 in
(9), from the pump level.

We later introduce ESA in order to quantify its impact
on the laser performance. Optimum erbium concentration is
not investigated mainly due to the unavailability of con-
centration dependent up-conversion coefficient (CU P ) values
for Er:LiNbO3. Fig. 9 shows the predicted laser output for
different cavity lengths. Lasing thresholds are found to be
affected by the cavity lengths. An optimum waveguide length
(see Fig. 10) is identified between 15 mm and 20 mm with a
threshold coupled pump power of 25 mW.

The figure 11 reports the effects of ESA on the laser
performance with the cavity length of 5 cm. The ESA cross
section values are taken from [20] and are listed in Table II.

The laser output power is found to be drastically reduced
when the ESA cross section values increase. However, the
laser threshold remains unaffected. The ESA values also
depend on the pump level lifetime which is fabrication process
dependent. While measuring these values, care must be taken
in order to predict a more realistic performance from the
fabricated device.
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Finally, we investigate the dependence of laser performances
on the reflectivity of the output mirror (R2). Fig. 12a shows
the laser output power at 1531 nm for different reflectivity
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Fig. 14. Computed laser output as a function of background losses at 60 mW
coupled pump power and a cavity length of 3 cm. Background losses are
considered equal at both pump (980 nm) and laser (1531 nm) wavelengths.

(R2) values, fixing the input coupled pump power at 60 mW.
Note that, for each cavity length, there is an optimum value of
R2 for which the laser output power is the highest. It is also
observed that this optimum reflectivity depends on the coupled
pump power. For example, a 5-cm long cavity with 60 mW
and 120 mW (Fig. 12b) pumped powers gives respectively
0.5 and 0.35 as optimum values for R2. Computed laser output
powers at both R2 values (0.5 and 0.35) are plotted in Fig. 13,
where a higher threshold is noted for the output reflectivity
of 0.35.

In order to optimize the laser cavity, both the waveguide
length and the output reflectivity should be adjusted simul-
taneously. Laser outputs for different background losses are
plotted in Fig. 14, considering a 3-cm laser cavity with the
optimum output reflectivity (R2 = 0.62). The background
losses are assumed equal at both pump and laser wavelengths.
As expected, we see a clear degradation of the laser output
power with higher background losses. It is also noted that the
waveguide laser does not reach the lasing threshold for losses
greater than 0.7 dB/cm. Therefore, it is important to minimize
such losses during the fabrication process.

VII. CONCLUSION

We have theoretically demonstrated an efficient las-
ing performance of a z-cut y-propagating Er:LiNbO3
waveguide produced through high energy ion implantation.
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Ion implantation has been performed on a z-cut Er:LiNbO3
substrate with carbon ions (C3+), forming embedded channel
waveguides suitable for the third telecommunication window.
We have shown by VFEM based modal analysis a good
confinement of π-polarized light. Through simulations, we
have been able to identify an optimized waveguide geom-
etry (3 μm × 3.2 μm core dimension) for the Er:LiNbO3
waveguide laser, which allows single mode operation at both
pump (980 nm) and lasing wavelengths (1531 nm). However,
we have not observed good power confinement for σ -polarized
light.

Having considered the measured refractive index variation
of the implanted waveguide sample and other realistic spec-
troscopic data, we have simulated the steady state operation of
a waveguide laser optically pumped at 980 nm. We assumed
a three energy level system for our model, taking into account
excited state absorption (ESA) and uniform up- conversion.
We have investigated laser performance and analyzed its
characteristic as a function of various waveguide parameters.
Efficient lasing was observed for a 2-cm cavity with a low
threshold coupled pump power (25 mW) having the output
mirror reflectivity of 95%. About 4 mW of maximum output
power has been predicted from a 5-cm cavity for a threshold
pump power of 45 mW.

In addition, we have shown that the laser threshold and
output power are greatly affected by various parameters like
cavity length, output reflectivity, ESA and background losses.
In particular, background losses were found to be quite detri-
mental. Our model also indicated that, for a proper design of
the laser cavity, output reflectivity and cavity length should be
adjusted simultaneously. The spectroscopic properties should
be investigated in further detail in order to predict precise
and more realistic lasing performance from our waveguide
sample; this topic is now under further investigation. However,
the results that we have presented in this paper provide us
many important indications on the optimization of a z-cut y
propagating Er:LiNbO3 waveguide lasers fabricated through
high energy ion implantation.
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