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Abstract We design a multi-layer cladding large-core pla-
nar waveguide that supports a single guided mode. The
waveguide works on the principle of higher-order mode dis-
crimination. The cladding of the waveguide is formed by
alternate low- and high- index regions, which helps leaking
out of higher-order modes while retaining the fundamental
mode over the entire length of the waveguide. The structure
is analyzed by the transfer-matrix method and the leakage
losses of the modes have been calculated. We show that a
waveguide formed in silica with numerical aperture 0.24 and
core width 10 µm can be designed to exhibit single-mode
operation at 1550-nm wavelength. Such a structure should
find applications in high-power planar waveguide lasers and
amplifiers.

PACS 42.82.-m · 42.82.Et · 42.79.Gn · 42.55.-f · 42.82.Bq

1 Introduction

Planar waveguide lasers (PWLs) are attractive for mak-
ing compact laser systems using high power diode array
pumping and for the possibility of aligning various opti-
cal components on a single substrate [1–7]. Another ben-
efit of the planar geometry is the high degree of thermal
immunity due to its large cooling-surface-area-to-volume
ratio, which is helpful in controlling the active layer tem-
perature in high average power devices [1, 2]. Waveguide
lasers and amplifiers preferably require the structures that
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support a single guided mode to avoid inter-modal compe-
tition and to have good beam quality. However, in a con-
ventional optical waveguide, a thin core, needed for single-
mode (SM) operation, increases the power density inside
the core and, thus, limits the power-handling capacity of
the waveguide. The high power density in the core can also
give rise to undesired nonlinear effects and can lead to in-
stability in the operation of the laser by mixing signal and
pump wavelengths. In view of this, there is significant in-
terest to design large-core-area SM waveguides. In fiber
geometry, considerable efforts have been made to enhance
the power-handling capacity by employing large-mode-area
(LMA) designs [8–20]. Some of the designs include lower-
ing the numerical aperture (NA) and tailoring the refractive-
index profile in rare-earth-doped fibers [8–11]. Another way
to achieve the high power fiber laser is to use a suitable
cladding pumping scheme [12–14]. Use of photonic crystal
fibers (PCFs) which are characterized by a distribution of air
holes in the cladding running through the entire length of the
fiber is another way of achieving LMA operation [15]. Re-
cently, some schemes based on higher-order-mode discrimi-
nation have been proposed for LMA fibers. In these designs
the cladding refractive-index profile has been tailored in ra-
dial or angular directions to strip off higher-order modes and
achieve SM operation with large mode area [16–20].

Recently, we proposed a graded-index cladding design
in planar geometry [21] and a geometrically shaped leaky
cladding in channel waveguide [22] to have a large-core
SM waveguide that works on the principle of higher-mode
discrimination. The planar waveguide structure proposed in
Ref. [21] has a graded-index cladding and can exhibit SM
operation with a 10-µm core and 0.17 NA. In this paper, we
propose another leaky design, which, in contrast to our pre-
vious graded cladding, consists of multi-layer cladding and
should be easier to fabricate. The cladding of the proposed
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structure is formed by alternate low- and high-index regions.
All the high-index regions have the same refractive index as
that of the core, while the depressed (low-index) cladding re-
gions follow a power-law variation. The structure has been
analyzed by the transfer-matrix method (TMM) to calculate
the effective indices and the leakage losses of the first two
modes [23, 24]. A large differential leakage loss between
the fundamental and the higher-order modes with a tolera-
ble loss for the fundamental mode ensures effective SM op-
eration of the waveguide. We show that a waveguide with
core thickness 10 µm and 0.24 NA can effectively behave
as a SM waveguide in the optical communication window.
Such high-NA waveguides are preferred in planar geome-
try in order to have efficient pumping using diode-bar lasers
and to have high bending tolerance [6, 25]. A conventional
waveguide with such core size and index contrast would
have supported three modes. The proposed design should
be useful for high power planar waveguide lasers and ampli-
fiers.

2 Waveguide structure and method of analysis

The proposed structure consists of a uniform substrate, a
uniform guiding core, and a multi-layer cladding, as shown
in Fig. 1. The core of width a has the refractive index n1,
while the cladding of width b − a is formed by alternate
low- and high-index regions. The high-index cladding re-
gions have the same refractive index as that of the core and
the refractive index of the depressed region is subjected to
power-law variation given by

n2(x) = n2
1

(
1 − 2Δ

(
b − x

b − a

)q)
, a < x < b, (1)

Fig. 1 Refractive-index profile of multi-layer planar waveguide for
three different values of profile parameter q

where q (>0) is called the profile shape parameter. Δ =
n2

1−n2
2

2n2
1

is the relative index difference between the guiding

core and the first cladding layer, n2 being the refractive in-
dex of the first depressed layer of the cladding. The NA of
the waveguide can, thus, be defined as n1

√
2Δ. d repre-

sents the width of the depressed cladding layer while the
periodicity of the low- and high-index cladding layers is
defined by Λ. The high-index layers in the cladding make
the structure leaky and the SM behavior of the waveguide
can be ensured by a high differential leakage loss between
the first two modes. The structure can be analyzed by using
the TMM to calculate the effective indices and the leakage
losses of the modes [23, 24]. To implement the TMM in a
multi-layer waveguide, one can write the electric field in the
ith layer of width di and refractive index ni as

Ei =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Ai cos[ki(x − di+1)] + Bi sin[ki(x − di+1)],
κ2
i > 0,

Ai cosh[ki(x − di+1)] + Bi sinh[ki(x − di+1)],
κ2
i < 0,

(2)

where ki = |κi |, κ2
i = k2

0(n2
i − n2

eff), k0 = 2π/λ is the free-
space wavenumber, and neff = β/k0 is the effective index of
the mode with β being the propagation constant. By apply-
ing suitable boundary conditions at the interface between the
ith and (i + 1)th layers, the field coefficients, Ai , Bi , Ai+1,
and Bi+1, can be related by a 2 × 2 matrix:
(

Ai+1

Bi+1

)
= Si

(
Ai

Bi

)
, (3)

where Si is known as the transfer matrix of the ith layer. For
the TE mode, Si is given by

Si =
(

cosΔi+1 −(
ki

ki+1
) sinΔi+1

sinΔi+1 (
ki

ki+1
) cosΔi+1

)
, for κ2

i > 0,

=
(

coshΔi+1 (
ki

ki+1
)sinhΔi+1

sinhΔi+1 (
ki

ki+1
)coshΔi+1

)
, for κ2

i < 0, (4)

where Δi = ki(di − di+1). The field coefficients of the first
and the last layers of the structure can then be related by
multiplying the transfer matrices of all the intermediate lay-
ers:(

AN

BN

)
= f

(
A1

B1

)
, (5)

where f = SN−1SN−2 · · ·S1 with

f =
(

f11 f12

f21 f22

)
. (6)

For a leaky waveguide, in the high-index outermost region
only the outgoing wave exists and in the low-index substrate
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region no amplifying term is allowed. These conditions lead
to A1 = iB1 and AN = −BN . From (5) and (6), we can write

AN = (f12 + if11)B1 and BN = (f22 + if21)B1. (7)

Equating AN and −BN from (7), we obtain an eigenvalue
equation for the propagation constant β , i.e. F(β) = 0.
In general, the propagation constant can be expressed as
β = βr + iβ i with βr being the real part and β i the imaginary
part. A plot of 1/|F |2 with β shows a number of Lorentzian-
shaped resonance peaks, each of which corresponds to a
mode. The value of β corresponding to the resonance peak
gives the real part of the propagation constant βr and the
FWHM of the Lorentzian gives the imaginary part β i. In
this way, both the real part and the imaginary part of β can
be calculated. The effective indices of modes can be calcu-
lated by the real part of the propagation constant, while the
leakage losses of the modes can be estimated by the imagi-
nary part.

The SM operation of the structure can be ensured by a
high differential leakage loss between the first two modes
and a nominal loss to the fundamental mode. Bending sen-
sitivity of the structure can be estimated by representing
the bent waveguide by a straight waveguide having an ef-
fective refractive index profile in a transformed coordinate
ξ = √

x2 + y2 − ρ, where ρ is the bending radius, as men-
tioned in detail in Ref. [21].

3 Results and discussion

We have carried out numerical simulation for the following
parameters unless stated otherwise, which are typical for sil-
ica on silicon waveguides:

n1 = 1.462, n2 = 1.442, a = 10 µm,

b = 16 µm, d = 1.5 µm, Λ = 4.5 µm, (8)

λ = 1.55 µm.

The waveguides can be fabricated by depositing silica and
fluorine-doped silica layers of different refractive indices
on silicon wafers by using a Helicon diffusion plasma re-
actor. The refractive indices of the depressed layers can be
controlled by varying the level of fluorine doping achieved
through passing a small amount of CF4 into the plasma [26].

3.1 Single-mode operation

A high differential leakage loss between the fundamental
and higher-order modes form the criterion for the SM behav-
ior of the waveguide. The leakage loss of the modes can be
controlled by the cladding profile, characterized by the pro-
file shape parameter q . To investigate the effect of cladding
profile on the leakage loss, we have plotted its variation as
a function of q for the first few modes of the waveguide as
shown in Fig. 2a. According to (1), q = 0 corresponds to
the structure where all the depressed cladding layers have
the same refractive index n2 and q = ∞ corresponds to a
waveguide with only one index dip in the cladding, which is
a conventional leaky waveguide. For q = 0, the first higher-
order mode TE1 has ∼1 dB/mm loss and it would require
a ∼2-cm-long waveguide to strip it off by inserting 20 dB
loss. A waveguide with q = 0 would therefore not be in-
teresting for SM operation. It is clear from the figure that
the leakage losses of the modes increase with q and even-
tually approach the values corresponding to the losses of a
conventional leaky waveguide. The differential leakage loss
between the modes also, in general, increases with q . An in-
teresting feature of the leakage loss curve of the TE1 mode
is a peak around q = 0.75, which suggests a resonant cou-
pling of the TE1 mode to one of the highly lossy modes of
the high-index cladding layer. This resonant coupling sig-
nificantly enhances the differential leakage loss between the
TE0 and TE1 modes in the structure. A waveguide that in-
troduces a sufficiently high leakage loss to the TE1 mode
(>5 dB/mm) and a nominal loss to the fundamental mode
TE0 (<0.5 dB/mm) would be appropriate for effective SM
operation. Figure 2a shows that for the parameters given

Fig. 2 Effects of the profile
parameter q on (a) the leakage
losses and (b) the effective
indices of TE0, TE1, and TE2
modes of the waveguide
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by (8), a structure with 0.5 < q < 2.0 meets the criterion
for effective SM operation. As an example, for q = 1 the
TE1 mode suffers from ∼9 dB/mm loss and can be stripped
off from the waveguide in a propagation through 2 mm in
the waveguide, while the TE0 mode suffers from a nominal
loss of 0.26 dB over the same distance. Thus, the waveguide
is effectively SM with core width of 10 µm and NA = 0.24.
For SM operation, the proposed design offers a core width
three times larger than that of the conventional waveguide
having the same NA. We have also investigated the effect
of q on the effective indices of modes as shown in Fig. 2b.
We see that the effective index of the TE0 mode remains
unperturbed with variations in q . The TE1 mode shows a
slight variation in effective index for the values of q be-
tween 0 and 1, indicating the perturbations due to high-index
cladding layers.

3.2 Modal field

The modal fields of the TE0 and TE1 modes are shown in
Fig. 3a. One can see the oscillations in the cladding region

Fig. 3 (a) Normalized modal field plots of TE0 and TE1 modes at
1.55-µm wavelength for q = 1. (b) Contour plot of fundamental mode
along with profile. The dashed lines indicate 1/e mode-size boundaries

that indicate the leakage of energy from core to cladding for
both the modes. The larger amplitude of oscillations indi-
cates higher leakage loss for the TE1 mode. The contour plot
of the TE0 mode clearly indicates that most of the power is
well confined inside the guiding core. The 1/e mode size of
the fundamental mode is 7 µm and is indicated by the dashed
lines in Fig. 3b.

3.3 Effects of cladding parameters

Apart from the profile parameter q , the normalized de-
pressed layer width d/Λ and the cladding width b−a are the
other cladding parameters that affect the absolute and dif-
ferential leakage losses of the modes and hence the single-
mode behavior of the waveguide. Figure 4 shows the effect
of normalized cladding width b/Λ on the leakage loss of
the modes for q = 1.5. The leakage loss of the TE1 mode is
about 7.25 dB/mm with a ripple of ±1.25 dB/mm, which
is a signature of coupling to the high-index cladding layer.
The loss of the TE0 mode decreases with b/Λ and even-
tually settles down to a value less than 0.0002 dB/mm for
b/Λ > 8. An increase in b/Λ results in a greater number
of depressed layers in the cladding region, which improves
the confinement of the modes. The high differential leakage
loss for larger values of b/Λ is due to the fact that the refrac-
tive index of the depressed cladding layers farther from the
core is smaller than the effective index of the TE0 mode but
larger than that of the TE1 mode. The maximum possible
value of b is limited by fabrication constraints. A practical
value of b may accommodate five depressed cladding lay-
ers, with which one can bring down the leakage loss of the
TE0 mode to below 0.002 dB/mm and the TE1 mode can be
leaked out in 2.5-mm propagation distance.

The effect of the width of depressed cladding layers on
SM behavior of the waveguide is shown in Fig. 5, where
we have plotted the variation of leakage loss as a function

Fig. 4 Variations of leakage losses of TE0 and TE1 modes as a func-
tion of normalized cladding width b/Λ for profile parameter q = 1.5
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Fig. 5 Variations of leakage losses of TE0 and TE1 modes as a function of normalized depressed cladding width d/Λ for profile parameter q = 1.5
and three different values of Λ (2.5,3.5, and 4.5 µm)

Fig. 6 Effective refractive index profile of a bent waveguide corre-
sponding to the bend radius ρ = 1 cm

of d/Λ for three different values of Λ. We can see from
the figure that for a given Λ, an increase in d/Λ improves
the confinement of the modes. However, a larger value of Λ

leads to higher differential leakage loss. For a given value
of Λ, increase in d/Λ increases the width of the depressed
cladding layers, which results in lower leakage losses for
the modes. For a given value of d/Λ, an increase in Λ in-
creases the width of both the depressed and the high-index
cladding layers. This improves the confinement of TE0 and
TE1 modes in different proportions and results in high dif-
ferential leakage loss as shown in Fig. 5.

3.4 Bending loss

To calculate the bending loss of the waveguide we have re-
placed the bent waveguide by a straight waveguide with an
effective refractive index profile by using a conformal trans-
formation as shown in Fig. 6 for bending radius ρ = 1 cm.
The bent profile can be analyzed with the help of the TMM
to calculate the leakage loss. This approach of calculating
bending loss is accurate for bend radii much larger than the

Fig. 7 Variation of the bending loss of the multi-clad leaky waveguide
with bend radius for q = 1, 3, and 5. The dashed lines represent the
values of the leakage losses for the corresponding straight waveguides

guiding core width. We have plotted the variation of bend-
ing loss of the TE0 mode as a function of bending radius
for three different values of q as shown in Fig. 7. The re-
sults show that the bending loss decreases with the increase
in bend radius and settles down to the value corresponding
to the leakage loss of the straight waveguide, which is indi-
cated by the dashed line. The waveguide is more sensitive to
bending for larger values of q . For all the profiles shown in
Fig. 7, the waveguide is relatively insensitive to bending for
bending radii larger than 3 cm. As the bending introduces
large losses to higher-order modes, it actually helps in strip-
ping off the TE1 mode.

3.5 A simplified resonant waveguide design

We have noticed in Fig. 2a of Sect. 3.1 that at a particu-
lar value of q , the leakage loss of the TE1 mode shows a
peak, leading to high differential leakage loss between the
first two modes. The occurrence of the peak was attributed
to the resonant coupling of energy from the TE1 mode to one
of the modes supported by the high-index cladding layer. In
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Fig. 8 Refractive-index profile of a resonant multi-clad planar
waveguide

this section we utilize this observation to present a simpli-
fied leaky design having only two depressed cladding lay-
ers, where the differential leakage loss between the modes
is optimized to enable an efficient SM leaky structure. The
refractive-index profile of the structure is shown in Fig. 8.
The cladding of the structure is characterized by two de-
pressed cladding layers each of width d low and refractive in-
dices n2 and n3 and one high-index cladding of width dhigh

and refractive index n1. The width of the cladding can be ex-
pressed as b − a = 2d low + dhigh. It is assumed that beyond
x = b there is an infinitely extended high index region of
refractive index n1. We have carried out calculations for the
effective indices and leakage losses of the first few modes
for the parameters n1 = 1.462, n2 = 1.442, n3 = 1.455,
a = 10 µm, d low = 1 µm, dhigh = 3 µm, b = 15 µm, and
λ = 1.55 µm. The waveguide introduces 0.39 dB/mm loss
to the TE0 mode and the loss of the TE1 mode can be made
so high that it becomes comparable to the loss of the TE2

mode. The actual values of losses of the TE1 and TE2 modes
are 20.65 and 19.32 dB/mm, respectively. Clearly, the dif-
ferential leakage loss between the first and the higher-order
modes increases significantly. In fact, in this example the
SM behavior of the structure is governed by the leakage loss
of the TE2 mode, which would be leaked out after suffer-
ing 20 dB loss through 1-mm propagation in the waveguide
and the TE0 mode would suffer from only 0.39 dB loss in
this distance. This simplified design based on resonant leak-
age loss is more promising for efficient SM operation and
should be easier to fabricate, too. The bending loss of the
resonant waveguide is shown in Fig. 9, which again shows
relatively less bending sensitivity of the structure for bend-
ing radii larger than 3 cm.

Fig. 9 Bending sensitivity of the multi-clad resonant planar
waveguide

4 Conclusions

We proposed a multi-clad planar waveguide for large-core-
area single-mode operation. The waveguide is characterized
by a uniform substrate, a uniform core, and a multi-layer
cladding having alternate low- and high-index layers. The
waveguide has been analyzed by using the TMM to calcu-
late the leakage losses and effective indices of the first few
modes. We have carried out a design study of the waveguide
for obtaining high differential leakage loss between the first
two modes to ensure effective SM operation. A resonant
coupling between the TE1 mode and one of the modes of
the high-index cladding layer can lead to significantly high
differential leakage loss and an efficient SM operation. We
show that the structure with core thickness as large as 10 µm
and numerical aperture 0.24 can exhibit SM operation at
1.55-µm wavelength. A waveguide with such a large core
is capable of suppressing nonlinear effects and is expected
to find applications in the design of high-power waveguide
lasers and amplifiers.
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