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Abstract
In this study, the effect of As2S3 waveguide layer on propagation gain for Er:Ti:LiNbO3 ridge waveguide amplifiers is inves-
tigated. In comparison with a typical titanium in-diffused channel waveguide, the three side Erbium in-diffusion of a 6 μm 
wide ridge waveguide and the better light confinement has improved the overlap between Er concentration and guided mode 
profiles up to 2.58 times. Our simulation demonstrates that by purposely adjusting the thickness of the three side As2S3 layer 
it is possible to pull the guided mode towards the ridge/air interface where Er concentration is higher. Consequently in this 
new configuration by taking advantage of the high refractive index As2S3 layer and mode de-shaping, the overlap relative 
to a ridge free of As2S3 layer has increased by 1.5 times thereby gain coefficient has been improved from 3.2 to 4.28 dB/
cm at a coupled pump power of 200 mW. In comparison with a typical Ti channel waveguide amplifier, the relative overlap 
has increased by 3.88 times resulting in noticeable gain improvement from 0.65 to 4.28 dB/cm under the same Er diffusion 
conditions.

1  Introduction

Over the past decades LiNbO3 has been the material of 
choice for integrated optics applications due to its high 
electro-optic, acousto-optic and nonlinear optical coeffi-
cients. Furthermore, optical channel waveguides as basic 
building blocks in integrated photonics are fabricated by 
titanium in-diffused or proton exchange well-established 
methods leading to development of efficient photonic ele-
ments such as switches, modulators and when doped with 
rare earth ions, waveguide amplifiers and lasers. In par-
ticular, over the past decades Er-doped LiNbO3 waveguide 
amplifiers have attracted considerable interest in integrated 
circuits when optically pumped by 980 or 1480 nm radia-
tion capable of amplification and lasing at third telecom-
munication wavelength around 1.55 μm [1]. In these kinds 
of waveguide amplifiers, the overlap integral between Er 
profile and optical mode which is related to the optical gain 
is low so there have been much effort to improve it which 

plays a determining role in enhancing optical gain [2]. All 
the research carried out on Er doped Ti channel waveguide 
amplifiers has led to the measured small-signal gain values 
of 1.7 dB/cm (net gain) [3] and 2 dB/cm (internal gain) [4] 
pumped at 980 nm and 1480 nm, respectively. Net, internal 
and propagation gain is defined elsewhere [5].

To enhance propagation gain it is required to pull guided 
modes towards the surface where in-diffused surface Er con-
centration is higher thereby overcoming propagation loss 
to achieve high enough optical gain and make integrated 
lasers [6] [7]. As2S3 layer due to its high nonlinear coef-
ficient, low thermal loss and low processing temperature 
when combined with ferroelectric LiNbO3 crystal has fur-
ther potential applications in integrated photonics such as 
Mach–Zehnder interferometers and microring resonators 
[8–10]. High refractive index materials As2S3 and TiO2 as 
cladding layers were two candidates for which their higher 
refractive indices around 2.4 at 1.55 μm compared to air lead 
to gain enhancement [11]. Song et al. reported that the opti-
cal gain has been enhanced from 1.1 to 2 dB/cm by utilizing 
the patterned As2S3 overlay [12].

On the other hand, ridge waveguides have more advan-
tages compared to conventional guides such as lower bend-
ing loss, strong mode confinement that makes them a better 
choice in nonlinear frequency converters, electro-optic mod-
ulators. There has been a variety of methods for fabricating 
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ridge waveguide structures on LiNbO3 to decrease sidewall 
scattering losses bellow 1 dB/cm [13, 14], in which employ-
ing a blade diamond (optical grade dicing) has emerged as a 
powerful technique to fabricate low loss < 0.2 dB/cm ridge 
waveguides. Recently Suntsov et al. reported for the first 
time an internal gain of 2.7 dB/cm for the coupled pump 
power of 200 mW at 1486 nm by a new technique utilizing 
optical grade dicing and three side Er and Ti diffusion at 
high temperatures [15, 16].

In this context, we proceed with the simulation of gain 
improvement for TM polarization in the ridge waveguide 
structure using the benefits of As2S3 layer to elevate signal 
mode near to three sides of the waveguide where the higher 
Er concentration yields an improved propagation gain. First, 
we take a look at analytical gain expressions to define propa-
gation gain in dB/cm then it has been shown that a three side 
Er in-diffused ridge waveguide of 6 μm width has the best 
overlap resulting in more signal enhancement as ridge width 
increases. Finally, the effect of As2S3 layer thickness on the 
behavior of propagation gain is numerically considered and 
the optimal top and sidewall As2S3 thicknesses for the best 
amplifier performance are evaluated.

2 � Analytical expressions

To model Er-doped LiNbO3 waveguide amplifiers some 
assumptions are to be made bellow.

1.	 It can be modeled by a two level atomic model if the 
1480 nm pump wavelength is used where only upper 
level 4I13∕2 and ground level 4I15∕2 of the energy level 
of Er3+ in LiNbO3 are involved [17–19].

2.	 The other good approximation is to neglect the excited 
state absorption which only affects the pump absorp-
tion along the waveguide. Some other effects like Er-ion 
pairing and LiNbO3 background impurity loss is small 
[17–19].

3.	 At the gain region higher than 20 dB, amplified spon-
taneous emission noise (ASE) can significantly reduce 
the gain due to saturation, therefore, ASE evolution in 
this kind of waveguide amplifier is usually ignored and 
moreover for high pump powers (above 20 dBm), the 
population inversion is maximized so that gain is con-
sidered to be uniform along the propagation direction of 
amplifier [18], [20].

In the two-level model of Erbium-doped LiNbO3 wave-
guide amplifiers and lasers pumped by 1480 nm radiation, 
propagation equation for describing the evolution of signal 
power along the waveguide in steady state is given by [2, 21]:

(1)�Ps(z)
/

�z =
(

�21 − �12
)

Ps(z) − �Ps(z),

where Ps is the signal power, � the density of Erbium atoms 
at the LiNbO3 surface, �s(x, y) and Er(x, y) are normalized 
signal mode distribution and Erbium concentration profile. 
�e
s
 and �a

s
 are cross sections for stimulated emission and 

absorption at the signal wavelength. N1(z) and N2(z) are 
fraction of Erbium atoms in the ground and excited states, 
respectively ( N1(z) + N2(z) = 1 [21]) and are determined by 
the pump efficiency.

After substituting (2) and (3) in (1) it becomes

Here �  is defined as the overlap integral between the 
mode distribution and Er concentration profile over the 
waveguide cross section. Here �s(x, y) and Er(x, y) are nor-
malized such that �  takes a value between zero and one. It 
is clear that the higher �  and � the higher the propagation 
gain while the parameter �  for typical channel waveguide is 
less than 0.2 where surface in-diffused Er profile described 
by the Fick type diffusion is approximated by a Gaussian 
function. By inserting the conversion factor 10log(e) into 
Eq. 4 the propagation gain defined as the gain relative to 
non Er-doped waveguide which has loss �s (decibel per unit 
length) is given by

3 � Simulation results

3.1 � Ridge waveguide amplifier

To study the gain behavior under the effect of an As2S3 layer 
deposited on an Er-doped Ti:LiNbO3 ridge waveguide struc-
ture of 6 μm width we have used 3-cm x-cut and y-propa-
gation LiNbO3 samples. Our proposed structure presented 
schematically in Fig. 1 is an x-cut and y-propagation Ti in-
diffused LiNbO3 ridge waveguide of 6 μm width and 15 μm 
height with an As2S3 layer deposited on each of the three 
sides. The fabrication process has been illustrated sche-
matically in Fig. 2. The wafer is spin coated with a positive 
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photoresist after the fabrication of ridge structure by preci-
sion wafer dicing, see Fig. 2a–c. Then the sample is exposed 
to UV radiation for a short time and developed subsequently 
as shown in Fig. 2d. Next, evaporation of Er and Ti at the 
appropriate angle, lift off and diffusion processes under 
the diffusion conditions given in the following are done, 
Fig. 2e–f. Finally, As2S3 layer is deposited by repeating the 
steps (c–f) in Fig. 2.

There are two reasons why we focused on TM polariza-
tion in gain simulation. First, As2S3 ring resonators coupled 
to Ti:LiNbO3 channel waveguide by side coupling and top 
coupling have been designed to function with TM polari-
zation to implement filtering function efficiently [9] [10]. 
Second, not only Er ions absorption at 1480 nm and emis-
sion at signal wavelength 1531 nm in Er-doped amplifiers 
are highly �-polarized which corresponds to TM mode for 

x-cut LiNbO3 wafers but also there is a better overlap with 
Er profile yielding more optical gain than the TE mode [12].

To perform simulations, we have used the mode analy-
sis method of commercial COMSOL software to solve for 
optical modes and calculate the overlap coupling between 
optical modes and Er concentration, overlap pump-related 
integrals which are required for optical gain calculation in 
Er-doped LiNbO3 ridge waveguides. We computed the TM 
guided mode and Er concentration profiles based on Er/Ti 
anisotropic temperature-dependent diffusion coefficient in a 
single-mode channel waveguide defined in an x-cut LiNbO3 
wafer by the mode analysis module. Our Calculations show 
that for a waveguide with 100 nm Ti thickness and 6 μm 
width in-diffused at 1060 °C for 10 h a single mode wave-
guide is achieved at 1460 nm < λ < 1560 nm having the best 
overlap with pump and Er concentration. While for the ridge 
structure, a time of 3.7 h has been considered for diffusion of 
the same Ti thickness to provide a more symmetric guided 
mode in the depth direction of the ridge as shown in Fig. 3. 
In the case of a ridge structure, this choice not only helps to 
utilize the larger diffusion coefficient of Er in the z-axis per-
pendicular to the ridge side walls (about 1.3 times) but also 
promotes the three side Er diffusion and hence the optical 

Fig. 1   Er:Ti:LiNbO3 ridge waveguide structure with As2S3 layer 
deposited from three sides

Fig. 2   A schematic of three side Er, Ti, As2S3 deposition. a x-cut 
LiNbO3 wafer, b ridges cut into the substrate, c–d photoresist spin 
coating and developing, e–f three side deposition of Ti(Er), lift-off 
and finally in-diffusion. The steps from c to e is repeated for deposi-
tion of As2S3

Fig. 3   Normalized mode intensity profile. a TM mode for a typical 
channel waveguide, b TM mode for a ridge waveguide. Z axis denotes 
the optical axis direction
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gain. It should be noted that in gain spectrum of Er doped 
amplifiers the gain coefficient at 1531 nm is higher.

Therefore, gain evolution has been determined for the 
signal wavelength of 1531 nm under 1480 nm pumping in 
which there is a better overlap than 980 nm wavelength at 
which there are some drawbacks [22].To model the small-
signal gain other parameters namely the fluorescence life-
time, the absorption and emission cross-sections for pump 
and signal wavelength are (for TM polarization) [2]:

Previous results demonstrate that for Er layers evap-
orated at different angles, the 11 nm Er deposited at the 
angle of ± 60° with respect to the substrate normal gives 
more internal gain when pumped at a coupled power of 
200 mW [15] using the geometry shown in Fig. 1. Accord-
ing to angle deposition formula for thickness calculation, 
evaporation at ± 60° yields a ratio of 11/9.5 between the top 
layer thickness and sidewalls for 11 nm Er layer which has 
been considered in simulation. We simulated the two dimen-
sional Er profile with the time-dependent diffusion module 
of COMSOL as well. The Er profile of a ridge and typical 

� = 2.63 ms, �a
p
= 3.1e − 24 cm2, �e

p
= 0.1e − 24 cm2,

�a
s
= 2.54e − 24 cm2, �e

s
= 2.4e − 24 cm2.

channel waveguide has been illustrated in Fig. 4. The leg-
end represents higher Er concentration (1.8e20 cm−3) than 
(0.9e20 cm−3) for the typical channel waveguide. The simu-
lation results show that for Er concentration up to 2e20 cm−3 
pumped at 200 mW the waveguide amplifier shows a linear 
relation between gain and length up to 10 cm [15].

Let us now consider the advantage of three side Er in-
diffusion against the top only case as a function of ridge 
width. For top only case as the width increases from 6 to 
20 μm the intensity profile is extended horizontally and 
pulled more towards the top interface which means both 
overlaps are improved from 0.15 to 0.22 as shown in Fig. 5 
and higher Er ions are available so that gain improves. The 
gradual behavior in gain improvement is attributed to the 
decrease in relative intensity as the width increases. While 
for three side Er in-diffused ridge waveguides the narrowest 
width of 6 μm has demonstrated the best overlap and gain 
performance. This is because for the sidewall Er in-diffused 
case the diffusion length perpendicular to the ridge sidewalls 
is about 5.1 μm which not only matches better the signal 
profile but also mode intensity is higher. It means a signifi-
cant �  and more optical gain results as shown in Figs. 5, 6. 
Therefore, the choice of a 6 μm wide ridge waveguide with 
Er deposited from three sides represents the best waveguide 
amplifier performance. It is worth to note that such ridge 
waveguides will offer more flexibility in terms of deposition 
of a high refractive index material at an angle with respect to 
the substrate normal to purposely adjust the layer deposition 
thickness according to gain enhancement modelling as it will 
be considered in the following section.

Fig. 4   Er concentration profile. a Typical channel waveguide, b a 
ridge waveguide of 6 μm width

Fig. 5   Er & mode overlap vs ridge width. Red square diagram shows 
the overlap for three side Er in-diffusion and blue square for top only 
Er in-diffusion
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3.2 � Optimization of ridge amplifier

To improve further the efficiency of the amplification of a 
ridge waveguide amplifier which depends on the overlap 
between Er concentration profile and pump/signal intensity 
distribution As2S3 layer is used. The plot of the three side 
Er diffusion for 11 nm Er evaporated at± 60° is shown in 
Fig. 4. Er diffusivity in the horizontal direction is more than 
in the vertical direction so diffusion length in the horizontal 
direction is about 5.1 μm while this is 4.47 μm for vertical 
direction. As we see from Fig. 4 Er concentration profile 
simulated by diffusion module of COMSOL is similar to 
an arch-shaped profile such that concentration is higher on 
the top corners of the ridge, therefore, As2S3 layer thickness 
on top and sidewalls is adjusted to pull signal mode to the 
region of high impurity to take full advantage of the Er dif-
fusion and mode overlap. The evolution of signal mode as 
a function of some sidewall thicknesses while its top layer 
is at 360 nm is illustrated in Fig. 7. To understand better the 
pulling effect of As2S3 layer on TM mode along the width 
and height of the ridge is illustrated in Fig. 8.

As2S3 as a high refractive index material not only 
enhances Er and mode overlap but also affects the over-
lap integral between pump-fiber and pump-signal modes 
through mode de-shaping, which shows its effect as an inef-
fective input pump power in gain calculations:

3.2.1 � Relative overlap calculations

Figure 9 shows the relative improvement of Er concentra-
tion profile and mode intensity as a function of As2S3 top 

thickness. We normalized the overlap relative to the case 
where As2S3 top thickness is zero. As seen, the maximum 
relative overlap at As2S3 top thickness of 395 nm is 1.5 
times and increasing the thickness further cause to decrease 
the overlap and consequently optical gain since there is no 

Fig. 6   Propagation gain vs ridge width. Red square diagram repre-
sents the gain calculation results for three side Er in-diffusion and 
blue square for top only Er in-diffusion

Fig. 7   Evolution of the TM mode intensity at 1.531 μm as a function 
of As2S3 sidewall thickness (h) at As2S3 top thickness of 360 (nm), a 
h = 25 nm, neff = 2.2115, b h = 255 nm, neff = 2.2139, c h = 275 nm, 
neff = 2.2151, d h = 285 nm, neff = 2.2161

Fig. 8   The evolution of TM mode intensity along the ridge sidewall 
(z-axis) and along the width of the ridge (x-axis) vs As2S3 top thick-
ness. H denotes the As2S3 top thickness and neff is effective refractive 
index
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Er ions available in As2S3 layer to be pumped and improve 
the gain further. Our simulation results show that overlap 
relative to a channel waveguide with the same Er diffu-
sion parameters is about 3.88 at the optimum thickness of 
395 nm.

3.2.2 � Pump‑related effects considerations

For As2S3 layer thicknesses above 300 nm mode de-shaping 
would happen significantly for which not only maximum Er 
concentration and mode overlap is obtained but also fiber-
pump and pump-signal coupling must be considered in prop-
agation gain calculations. The coupling integral between 
fiber, signal and pump is defined as follows [12]:

where �S , �P and �F are normalized signal, pump and fiber 
mode distributions, respectively. In fact, the overlap integral 
has changed the input pump power to the waveguide which 
means the waveguide is pumped ineffectively. By multiply-
ing the overlap integrals and taking its product as the pump 
efficiency ratio, gain as a function of input pump power due 
to the As2S3 layer is calculated.

Figure 10 shows the gain evolution as a function of input 
pump power for a ridge waveguide without As2S3 overlay. 
The maximum obtainable gain coefficient at 200 mW pump 

(7)�Signal & Pump = ∬
A

�s(x, y)�P(x, y)dxdy,

(8)�Pump & Fiber = ∬
A

�P(x, y)�F(x, y)dxdy,

power as shown is 3.28 dB/cm, whereas for a Ti channel 
counterpart with the same Er diffusion the maximum gain 
coefficient is 0.65 dB/cm. Indeed, the effective pump power 
which is a product of overlap integrals 7–8 and input pump 
power (200 mW) has decreased from 154 to 17.6 mW as the 
As2S3 top thickness increases from 0 to 500 nm so that the 
maximum gain which is defined as an effective gain coef-
ficient is decreased from 3.2 to 0.4 dB/cm as illustrated in 
Fig. 13.

According to Eq. 6 by multiplying the effective gain 
Fig. 13 and relative Er and signal mode Fig. 9 the final 
simulated propagation gain is obtained, see Fig. 14. Having 
considered the relative Er and signal mode overlap (Fig. 10) 
and pump effects (Figs. 10, 11, 12, 13) it is found that gain 
coefficient is improved from 3.2 to 4.28 dB/cm at As2S3 top 
thickness of 350 nm and sidewall thickness of 275 nm. The 
ratio between As2S3 top and sidewalls thicknesses for the 
best amplification is realized at ± 54° evaporation angle. As 
we notice Er and mode overlap maximum occurs at As2S3 
top thickness of 395 nm, as shown in Fig. 9 while the opti-
mum thickness for gain is found to be 350 nm which is a 
large shift of − 45 nm shown in Fig. 14 due to the stronger 
pump effects whereas this shift is − 20 nm for Ti channel 
waveguide [12]. In Fig. 14 red square denotes the maximum 
gain attainable for a Ti channel standard waveguide to com-
pare better the benefits of a ridge waveguide structure and a 
channel waveguide counterpart.    

Fig. 9   Er profile and TM mode relative overlap vs As2S3 top thick-
ness

Fig. 10   Propagation gain vs pump power for Er:Ti:LiNbO3 ridge 
(blue diagram) waveguide compared to channel Ti waveguide(red 
diagram)
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4 � Discussion

As2S3 layer has influenced the fiber and waveguide coupling 
by changing the shape of the waveguide mode for both pump 
and signal which must be considered in coupling loss. The 
coupling overlap between a SMF fiber-Ti channel waveguide 
and SMF fiber-ridge waveguide which is normalized to Ti 
channel and ridge structure without an As2S3 waveguide, 
respectively, has been shown in Figs. 11, 12. For a Ti stand-
ard waveguide as shown in Fig. 12 the relative coupling for 
TM mode at 280 nm optimum thickness is 1.14 (+ 0.57 dB) 
which shows an improvement compared to that of for a Ti 
channel waveguide without As2S3 overlay. This is because 

As2S3 layer decrease the TM mode size which has a larger 
mode size (vertical: 10.7 μm horizontal: 13.8 μm) than that 
of an SMF fiber so that matches better the fiber mode that 
has a MFD of 10.2 μm at 1531 nm thereby reducing cou-
pling loss [12]. For the ridge waveguide, the relative cou-
pling for TM mode is 0.57 (− 2.3 dB) at optimum As2S3 
top thickness of 350 nm which increases the coupling loss. 
To decrease the high coupling loss the proposal is to use 
tapered As2S3 layer at the input and output ports to ensure 
that waveguide mode at the ends is the same to the normal 
ridge waveguide.

Fig. 11   Pump effects for TM mode in the ridge waveguide with As2S3 
deposited from three sides. The data are normalized relative to the 
ridge waveguide without As2S3 layer

Fig. 12   Pump effects for TM mode in a channel waveguide. The data 
are normalized to the Ti channel waveguide without As2S3 overlay

Fig. 13   Effective gain vs As2S3 top thickness for TM mode

Fig. 14   Propagation gain vs As2S3 top thickness. Std denotes standard 
Ti channel waveguide. 3.847 and 4.28 dB/cm shows the improvement 
for As2S3 top thickness of 0 and 350 nm, respectively
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By sweeping the thickness of As2S3 layer on top of the 
ridge from 0 to 500 nm while the thickness on the sidewalls 
was 275 nm, it is observed in Fig. 15 that confinement fac-
tor which is the percentage of mode power in As2S3 layer 
for TM mode is increased up to 48% resulting in a steep 
decrease in optical gain as observed in Figs. 13, 14. In addi-
tion propagation loss due to the scattering will increase as 
the mode is pulled towards the ridge/As2S3 interface. To 
compensate for the propagation loss and even improve the 
optical gain further it is possible to introduce Er ions into 
As2S3 layer to add offsetting gain. Vu et al. demonstrated 
a complete loss compensation with 1480 nm pumping and 
a fully lossless waveguide with high nonlinear coefficient 
[21]. Such hybrid waveguide plays a key role in a number 
of important breakthrough experiments in nonlinear optics 
and telecommunications [23].

5 � Conclusions

To summarize, ridge waveguide amplifier structures com-
pared to channel counterparts will provide the advantage 
of three side Er/Ti diffusion allowing for higher active ions 
concentration and improved overlap between Er ions and 
mode intensity profiles. As our simulation results demon-
strate ridge waveguide amplifiers will benefit from higher 
refractive index of As2S3 waveguide layer by pulling TM 
signal mode towards the ridge/As2S3 interface where Er con-
centration is higher so that optical gain is improved. The 
propagation gain coefficient has increased from about 3.2 
to 4.28 dB/cm relative to a ridge waveguide free of As2S3 
layer while the improvement is from 0.65 dB/cm to 4.28 dB/

cm relative to a Ti in-diffused channel waveguide under the 
same diffusion conditions. Taking into account the typi-
cal propagation loss (0.4 dB/cm) and coupling loss for TM 
mode at 1531 nm (mode shape mismatch loss: 2.3 dB per 
facet, Fresnel loss per facet: 0.15 dB) about 6.74 dB net gain 
is achievable. Pulling the signal mode towards the ridge/
As2S3 interface would cause more scattering losses which 
is well known to severely impact the nonlinear optical pro-
cesses in these waveguides, therefore, introducing Er ions 
into As2S3 layer could make up for the propagation losses 
which is attributed to scattering losses.
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Fig. 15   Confinement factor in three side As2S3 layers for TM mode at 
1531 nm signal wavelength
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