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A refractive index (RI) sensor using a silicon-on-insulator hybrid plasmonic waveguide (HPWG) difference inter-
ferometer is proposed. We first provide a rigorous analysis that enables the construction of the modal characteristic
equations of the TM- and TE-polarized modes in a HPWG. These equations are solved to get the modes’ com-
plex effective indices in addition to their electromagnetic power distributions. The feature of polarization spatial
diversity in HPWGs is then exploited to design a difference interferometer with a superior sensing capability. Our
results reveal that the proposed device has a lower limit of detection of 1.32 × 10−6 refractive index unit (RIU) and
a sensitivity of 756.2π rad/RIU at a wavelength of 1550 nm, accounting for a greater than 50% improvement to
the sensitivities of recently published all-dielectric interferometers. Moreover, the sensing interactive length in
this work is shown to be 1396 µm, acquiring more than a threefold reduction compared to those reported in the
literature. In addition, the propagation loss is reduced by more than 5 × 102 times compared to its value in the case
of a surface plasmon interferometer, which is found to enhance the detectable power level by 13.6 dB. Furthermore,
the proposed HPWG difference interferometer is investigated with a broadband interrogation. Our findings come
out with a high density of local extrema of the light interference intensity, for a short sensing interactive length,
in the spectral range of interest (from 1490 to 1610 nm), which is favorable for accurate statistical analysis of the
interference intensity signal. ©2021Optical Society of America

https://doi.org/10.1364/JOSAB.420051

1. INTRODUCTION

Over the last two decades, silicon (Si) photonics technology
has gained increasing attention to realize the integration of
optical and electronic components on Si-on-insulator (SOI)
wafers, based on the well-established complementary metal–
oxide–semiconductor (CMOS) platform [1,2]. However,
one of the most critical challenges is the demand to overcome
the diffraction limit of light to reduce the dimensions of the
optical building blocks down to subwavelength scale, which
subsequently leads to an improved photonics integration
density [3,4].

In the meantime, it is the heyday for research on plasmonics
[5]. Basically, surface plasmon polaritons (SPPs) are evanescent
electromagnetic waves propagating along a dielectric-metal
interface. These waves are excited in response to energy coupling
between an incident light and free electron oscillations in the
metal at a resonant wavelength [6]. In spite of being confined at

subwavelength distances in both dielectric and metal extents,
surface plasmon waves primarily suffer from considerably high
propagation losses, which is the main drawback of plasmonic
integrated devices [7–10].

In an attempt to merge both advantages of photonics (low
propagation loss) and plasmonics (nanoscale field confine-
ment), the hybrid plasmonic waveguide (HPWG) has been
reported for the first time by Alam et al . [11]. Generally speak-
ing, Si HPWGs are formed by separating a high-index core
layer (Si) from a metallic layer by a lower-index dielectric spacer.
Different configurations of HPWGs, besides their diverse
applications, have been reviewed in [12,13].

In [14–16], the authors have provided mathematical analyses
for slab HPWGs, seeking to understand the nature of hybrid
modes and their characteristics. In this context, we report some
concerns about the previously proposed analyses, which will be
treated in the present work.
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Overall, we have noticed that the previously proposed
analyses are restricted to hybrid transverse-magnetic (TM)
modes. However, HPWGs can also support lossy transverse-
electric (TE) modes that must be investigated analytically when
employed in applications. Moreover, no explicit method has
been given to normalize optical power transmitted by each
mode to a constant value. Power normalization is essential to
compare the amplitudes of propagating modes in the different
layers of the waveguide. In addition, the introduced analyses in
[14,15] are limited to four-layered HPWGs; that is, the metallic
layer has been assumed to extend infinitely. Indeed, this assump-
tion is not viable for various applications that employ relatively
thin metallic films because the evanescent field penetrating the
metal is not negligible in such cases. Furthermore, although
the analysis proposed in [16] can be generalized for an arbitrary
number of layers, it lacks simplicity when solving the charac-
teristic equation of hybrid TM modes since it depends on two
sequential algorithms to locate its complex roots.

At the level of applications, HPWGs can be employed to
introduce novel and highly sensitive refractive index (RI) sensors
because of their ability to concentrate light in the sensing region
with a relatively low propagation loss [12]. Modal interferom-
etry is a promising approach for biochemical sensing based
on HPWGs. Typically, a polarized beam is split into the two
channels of a Mach–Zehnder interferometer (MZI). If the RI
varies in the sensing region (spacer) of the HPWG that exists
on the sensing channel, the propagation constant of the mode
propagating through that channel will differ from that of the
propagating mode through the reference channel. Hence, a
relative phase difference between the two modes will accumulate
along the sensing interactive length until reaching the MZI
combiner section [17]. In most recent interferometric-based
sensing applications, a sensor’s response is preferably obtained
through a band of wavelengths instead of measuring the inter-
ference intensity pattern at a monochromatic wavelength
because of the enhanced performance regarding the interfero-
metric signal ambiguity and fading at detection. Accordingly,
the sensitivity is typically expressed in terms of the wavelength
shift in the transmission spectrum (nm) per refractive index unit
(RIU) [18–20].

In [21], the authors have proposed a highly sensitive liquid
sensor (1061 nm/RIU) based on an MZI with a double-slot
HPWG. Moreover, Alam et al . have provided an analytical
investigation of dual-polarization biosensing measurements
using an MZI with HPWGs [22]. By exploiting both TM and
TE polarizations together, they have illustrated how to obtain
simultaneous measurements for small variations in both RI and
the thickness of a solution containing biomolecules. It should be
noted that such reported double-path waveguide interferome-
ters require the MZI reference channel to be isolated so it is not
affected by RI variations. In other words, the sensing region does
not include the reference channel [17].

Another less studied kind of interferometric optical sensors
is the difference interferometer [17]. It has a working principle
similar to that of the aforementioned double-path interfer-
ometer, except that two modes of perpendicular polarizations
(TE0 and TM0) are excited coherently and propagate through
the same waveguide. Since the two orthogonal modes inter-
act differently with the sensing medium, their accumulated

phase changes along the sensing interactive length are not
equal. The interferometer’s response in this case is the time-
dependent phase difference between the two modes, which can
be experimentally measured with a high precision that reaches
2π × 5× 10−4 rad at a temporal sampling rate of 1 ms, as
explained in detail in [23].

Difference interferometers based on all-dielectric waveguide
structures have been reported in a few early publications as
humidity sensors, chemical refractometers, and biosensors
[24–27]. The lower limit of detection (LOD) attained
by this kind of sensor has been measured to be as small as
2× 10−8 RIU; however, this comes at the expense of the long
sensing interactive length that may reach up to several centime-
ters [28]. Recently, K. Gut theoretically proposed an alternative
approach to measure a difference interferometer’s response
in a broadband wavelength domain [29,30]. The highest res-
olution presented in his work is 10−3 RIU, which is still very
far from that obtained using the traditional phase-difference
measurement.

Although it has been shown that difference interferometers
have the advantages of accurate phase-difference measurement,
high resolution, and high stability [28], a modified version
of such interferometric devices, called bimodal waveguide
(BiMW) interferometers, have been more common [17]. The
working principle of a BiMW is that it relies on the unequal
propagation phase changes of two modes of the same polari-
zation but dissimilar orders (e.g., TE0 and TE1). A BiMW
interferometer consists of a central bimodal section between
input and output single-mode sections. The higher-order mode
is indirectly excited in the bimodal section as a result of a par-
tial coupling of the fundamental mode through a vertical or a
horizontal asymmetric junction. BiMW interferometers have
been introduced in accordance with the fact that, in conven-
tional dielectric waveguides, a higher-order mode has more
evanescent field interacting with the sensing region. In this
way, the device can be miniaturized by reducing its sensing
interactive length, while still keeping a high sensitivity. A BiMW
interferometer’s response can be easily obtained by intensity
measurement; that is, the time-dependent phase difference
modulates the output power of a photodetector at a certain
wavelength. Alternatively, it can be measured by evaluating
the spectral shifts in the wavelength domain. Generally, for the
ultimate measurement accuracy, the interference pattern of the
modes should be kept highly contrasting. This can be achieved
by appropriately designing the BiMW interferometer with
proper dimensions that will lead to identical intensity levels for
both the fundamental and higher-order modes.

A variety of RI sensing applications have successfully
employed BiMW interferometers. For example, in [31], the
authors have demonstrated the performance of a silicon nitride
(Si3N4)-based biosensor, showing a sensitivity of 2026 rad/RIU
and an LOD of 2.5× 10−7 RIU achieved through a 15-mm
sensing interactive length. In addition, a two-lateral-modes
spiral waveguide has been reported as an SOI-based biochemi-
cal sensor in [32]. The device sensitivity is 461.6π rad/RIU
with a sensing interactive length of 4582 µm. In recent times,
Y. Liang et al . have investigated a BiMW interferometer RI
sensor based on a polymer (OrmoCore) platform [33]. Their
results exhibit a sensitivity of 316π rad/RIU through a 5 mm
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sensing interactive length. In addition, an SOI-based surface
plasmon interferometer has been proposed and investigated
analytically in [34], where the interference occurs between two
surface plasmon modes. It has been shown that a sufficiently
small LOD (1× 10−6 RIU) can be theoretically obtained with
a significantly reduced sensing interactive length (10 µm).
However, the calculated propagation loss is considerably high
(1.79 dB/µm), and consequently the displayed transmission
does not exceed−15 dBm.

From the previous review, one can notice the promising per-
formance of the difference interferometers as integrated RI sen-
sors of a high resolution, along with the continuous efforts that
have been made to miniaturize their sizes.

In this paper, a difference interferometer based on an SOI
HPWG is demonstrated and investigated analytically. We pro-
vide a comprehensive analysis of wave propagation in planar
HPWGs, which has one advantage of being valid for both TM
and TE modes; yet, it relies on a simple procedure to locate the
complex propagation constants of the modes using a relatively
low computational power. Based on the introduced analytical
approach, the HPWG difference interferometer is designed
and examined in both cases of single-wavelength and broad-
band interrogation. The proposed interferometer is shown to
achieve the optimal balance between the long sensing interactive
lengths of all-dielectric single-path interferometers and the
excessive propagation losses of plasmonic ones. In addition,
when employed with a broadband source, the HPWG differ-
ence interferometer can offer a higher degree of accuracy to
resolve the detectable light interference pattern, compared to
the all-dielectric broadband difference interferometers.

This paper has a total of five sections. The structure of the
proposed HPWG difference interferometer is described in
Section 2. Section 3 is devoted for the theoretical analysis of
wave propagation in HPWGs. The obtained results are pre-
sented and discussed in Section 4. Our concluding remarks are
presented in Section 5.

2. STRUCTURE OF THE HPWG DIFFERENCE
INTERFEROMETER

Figure 1 shows a schematic of the proposed SOI-based HPWG
difference interferometer. It consists of a slab HPWG with an
Si core layer of thickness t1 on a lower silica (SiO2) buried oxide
(BOX) layer. The sensing region is the spacer of thickness t2 that
provides a small separation between the Si layer and an upper sil-
ver (Ag) film of thickness t3 cladded by SiO2. The spacer in this
structure is a nanofluidic channel through which a liquid or a
gas (sensing medium) passes to detect perturbations in its RI ns.
Throughout this work, the unperturbed sensing medium is
assumed to be a liquid of a RI n′s = 1.33. The, assuming a central
operating wavelength λc = 1550 nm, the RIs of Si and SiO2

are obtained to be 3.47 and 1.44, respectively [1]; Ag has an RI
of 0.14+ j11.31 [35]. Here, an Ag film is considered because
it has been shown that silver is superior in terms of the rela-
tively low absorptivity near the central operating wavelength
compared to the rest of the common plasmonic metals [36].

In principle, the two orthogonal polarizations, represented
by the modes TM0 and TE0, propagate along the z direction
and interact differently with the sensing medium, accumulating

Fig. 1. Schematic of SOI-based HPWG difference interferometer.
The coordinate system used in this paper is also shown.

unequal phase changes during propagation. A small variation
δns in the RI of the sensing medium (spacer) will generate a
resultant shift in the phase difference between the two modes,
which can be expressed as [24,25]

δ1φ =
2π

λc
L ×

(
∂neff,TM0

∂ns
−
∂neff,TE0

∂ns

)∣∣∣∣
n′s

δns, (1)

where L is the sensing interactive length; neff,TM0 and neff,TE0 are
the effective indices of TM0 and TE0, respectively.

At the waveguide output, light from the two orthogonal
modes TM0 and TE0 is passed through a polarizer aligned at
45◦ so as to bring half the optical power to one common polari-
zation. The produced light intensity is being modulated by the
time-varying phase difference that depends on the variation
in ns.

Nonetheless, as mentioned in Section 1, interrogating such
an interferometric sensor by a broad-spectrum light source is
demanded, especially when a wide dynamic range of RI vari-
ations is required to be detectable unambiguously. Assuming
that the two modes are launched at the waveguide input with
an equal intensity distributive function I0(λ), we derive an
expression for the light interference intensity I (λ) in the case of
our proposed HPWG difference interferometer as

I (λ)=
1

2
I0(λ)e

−=

{
βTM0 (λ)+βTE0 (λ)

}
L

× (cosh [= {1β(λ)} L]+ cos [< {1β(λ)} L]) , (2)

where βTM0(λ) and βTE0(λ), respectively, are the complex
propagation constants of TM0 and TE0 as functions of
wavelengthλ; and1β(λ)= βTE0(λ)− βTM0(λ).

It is worth noticing that, by setting ={βTM0(λ)} and
={βTE0(λ)} to zero in Eq. (2), it reduces to that reported in
[29,30] for all-dielectric broadband difference interferometers,
in whichβTM0(λ) andβTE0(λ) are both purely real-valued.

The variation δns leads to either a blue-shift or a red-shift
in the interference spectrum. The wavelength shift of a local
extremum existing at a certain wavelength λm in the spectrum
can be approximated by the relation [18,30]

δλ≈−δns ×

(
∂<{1β}

∂ns

)
(
∂<{1β}

∂λ

) |λm . (3)
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3. THEORETICAL ANALYSIS

Considering the harmonic time and longitudinal variations
of the form e− j (ωt−βz), the distribution of the transverse field
componentψ(y ) of a certain mode in the successive layers of the
HPWG can be derived as

ψ(y )=

A1ew1 y
; BOX (SiO2),

Ai ewi y
+ Bi e−wi y

; Inner layers, i ∈ {2, 3, 4},
B5e−w5 y

; Upper cladding (SiO2),

(4)
where ψ(y ) represents the transverse magnetic field Hx (y )
in the case of the TM modes, and the transverse electric field

E x (y ) in the case of the TE modes, wi =

√
β2 − n2

i k2
0 for

i ∈ {1, 2, . . . , 5}, β is the mode complex propagation constant,
ni is the RI of layer i , and k0 is the free-space wave number
(k0 = 2π/λ). Here, Ai , i ∈ {1, 2, 3, 4}, and Bi , i ∈ {2, 3, 4, 5},
are arbitrary field complex amplitudes determining the power
transmitted by each mode. The inner layers i ∈ {2, 3, 4} are the
Si core, spacer, and Ag film, respectively.

For the TM modes, the associated electric field components
E y (y ) and E z(y ) can be found from the relations

E y (y )=−
β

ωε0n2
i

Hx (y ), E z(y )=−
1

jωε0n2
i

∂Hx (y )
∂ y

,

(5)
where ω is the wave angular frequency, ε0 is the free-space per-
mittivity, and i ∈ {1, 2, . . . , 5}.

Similarly, the magnetic field components of the TE modes
can be derived through

Hy (y )=
β

ωµ0
E x (y ), Hz(y )=−

1

jωµ0

∂E x (y )
∂ y

, (6)

whereµ0 is the free-space permeability.
Applying the well-known boundary conditions on the field

tangential components (Hx and E z for TM modes; E x and
Hz for TE modes) at the successive interfaces, we get a sys-
tem of eight homogeneous equations in eight unknowns Ai ,
i ∈ {1, 2, 3, 4}, and Bi , i ∈ {2, 3, 4, 5}, which can be written in
the following matrix form,

M · A= 0, (7)

where M is the coefficient matrix, defined by Eq. (8), and A
is a column vector containing the field complex amplitudes
Ai , i ∈ {1, 2, 3, 4}, and Bi , i ∈ {2, 3, 4, 5}, respectively. The
coefficient matrix is

M=



1 −1 0 0 −1 0 0 0
κ1w1 −κ2w2 0 0 κ2w2 0 0 0

0 ew2t1 −ew3t1 0 e−w2t1 −e−w3t1 0 0
0 κ2w2ew2t1 −κ3w3ew3t1 0 −κ2w2e−w2t1 κ3w3e−w3t1 0 0
0 0 ew3(t1+t2) −ew4(t1+t2) 0 e−w3(t1+t2) −e−w4(t1+t2) 0
0 0 κ3w3ew3(t1+t2) −κ4w4ew4(t1+t2) 0 −κ3w3e−w3(t1+t2) κ4w4e−w4(t1+t2) 0
0 0 0 ew4(t1+t2+t3) 0 0 e−w4(t1+t2+t3) −e−w5(t1+t2+t3)

0 0 0 κ4w4ew4(t1+t2+t3) 0 0 −κ4w4e−w4(t1+t2+t3) κ5w5e−w5(t1+t2+t3)


. (8)

In Eq. (8), we have

κi =

{
1

n2
i
; TM modes, i ∈ {1, 2, . . . , 5}.

1; TE modes.
(9)

Equation (7) has nontrivial solutions as long as it represents
a linearly dependent set of equations. Accordingly, by equating
the determinant of the coefficient matrix M to zero, the char-
acteristic equations of the TM and TE modes are constructed
and solved separately by using the vpasolve function in Matlab.
This function locates the complex roots of each characteristic
equation, producing the proper propagation constants of the
supported modes.

The field complex amplitudes of each mode are found as
follows. The linearly dependent set in Eq. (7) (after substitut-
ing with the proper values of β) is solved using the Matlab’s
symbolic toolbox to express Ai , i ∈ {1, 2, 3, 4}, and Bi ,
i ∈ {2, 3, 4}, in terms of B5. Therefore, ψ(y ) can be expressed
in terms of another function ζ(y ) as

ψ(y )= B5ζ(y ). (10)

Here, the choice of B5 is optional because it can be arbitrarily
replaced with any of the other constants to express the remaining
field complex amplitudes in the same manner.

Next, the value of B5 is obtained by the following rela-
tion so that mode field corresponds to a normalized power
flow (through z direction) of one watt per unit width in the
x direction:

|B5| =

√
2∫

waveguide layers <{α|ζ(y )|
2
}dy

, (11)

where

α =

{
β

ωε0n2
i
; TM modes, i ∈ {1, 2, . . . , 5},

β

ωµ0
; TE modes.

(12)

In Eq. (11), the integration extends through the whole cross
section of the HPWG. Therefore, it should be divided into
subintegrals with the proper expressions of ζ(y ) in the succes-
sive layers of the waveguide. The results of the subintegrals are
then summed up to produce the end result.

It should be noted that, when solving the characteristic equa-
tions for guided modes, the following stringent condition on
solution range ofβ is imposed:

k0 max{nSiO2 , ns}<<{β}< k0nSi. (13)

However, since only the fundamental modes TM0 and TE0

are exploited in our HPWG difference interferometer, we are
interested in the corresponding β of the highest value when
solving for each polarization.

The effective index neff and propagation length Lp of each
mode can be easily obtained through
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neff =
<{β}

k0
, Lp =

1

2={β}
. (14)

In addition, the propagation loss 0 due to electromagnetic
power absorption by Ag film is expressed in decibels per unit
length as

0dB = 20={β} log e . (15)

4. RESULTS AND DISCUSSION

The operation principle of the proposed interferometer relies
mainly on exploiting the distinct properties of the TM and TE
polarizations. In contrast to all-dielectric waveguides that sup-
port only dielectric modes, the HPWG shown in Fig. 1 supports
hybrid TM modes as well as lossy TE modes. The hybrid TM
modes arise from the coupling of the dielectric TM modes,
which are originally guided in Si core, with the surface plasmons
that exist at the Ag–spacer interface, resulting in optical power
spreading through the dielectric spacer medium. On the other
hand, the lossy TE modes cannot be coupled with the surface
plasmons because of their boundary conditions; consequently,
these modes remain concentrated in the Si core and suffer from
less absorptive loss induced by the Ag film.

To illustrate the difference in nature between the two types of
modes, we employ Eqs. (4) and (5) to obtain the profiles of the
principal electric field components E y (y ) and E x (y ) of TM0

and TE0, respectively, which are displayed in Fig. 2. For the
sake of simulation, we assume t1, t2, and t3 are 220 nm, 80 nm,
and 15 nm, respectively, and λ= λc. Obviously, the TM0 main
lobe is shared between the Si core and spacer, whereas TE0 is
mainly confined inside the Si core. This feature is referred to
as polarization spatial diversity in HPWGs, which allows us to
control the characteristics of each polarization separately with
more flexibility. As a validation of our proposed mathematical
model, we use the same waveguide parameters in the Lumerical
MODE solver to derive the profiles numerically. It is worth
noticing the fair agreement between both the numerical and
analytical simulations.

In what follows, we use an analytical approach, based on
the presented mathematical model, because it provides
accurate solutions for electromagnetic wave propagation in
one-dimensional HPWGs. Meanwhile, the analytical-based
solution offers one more advantage: the relative simplicity in
tuning simulation parameters to help us investigate various
factors in a reasonably comprehensive manner, to achieve the
best performance of the proposed interferometer. We start our
investigation of the HPWG difference interferometer with a
single-wavelength interrogation at λc = 1550 nm, which is

Fig. 2. Principal electric field components of hybrid mode TM0 and
lossy mode TE0 derived analytically and numerically.

assumed to be the central operating wavelength in this work.
However, by the end of this work, we expand our analysis to the
broadband HPWG difference interferometer.

A. Effect of Ag Film Thickness on Modal
Characteristics

As shown by Eq. (1), the sensitivity of the proposed interfer-
ometer ∂1φ

∂ns
is linearly proportional to the sensing interactive

length L that should not exceed either propagation length
of TM0 (Lp,TM0 ) or TE0 (Lp,TE0 ) to maintain a sufficiently
detectable power level. Generally, the mode propagation length
can be increased by reducing the propagation loss that mainly
arises from the existence of metals in waveguiding structures.
Accordingly, we aim to investigate the influence of the Ag film
thickness t3 on the electromagnetic fields as well as the associated
modal characteristics of TM0 and TE0.

First, Eqs. (4) and (5) are employed to plot E y (y ) and E x (y )
of the two modes, respectively, at different values of t3 in Fig. 3,
keeping the propagating power of each mode normalized at
1 W/m using Eq. (11). For the sake of simulation, t1 and t2 are
set to 220 nm and 80 nm, respectively. It can be noticed that,
owing to the orthogonality of the TM0 principal electric field
component E y on Ag film, this mode can excite surface plas-
mons that induce field intensity peaks at both film interfaces,
in contrast to TE0. Moreover, because of the electromagnetic
power dissipation in Ag film, the electric field decays rapidly
across it. Accordingly, as the Ag film thickness increases, a less
evanescent field of TM0 penetrates to be coupled with surface
plasmons at the Ag-SiO2 cladding interface. As a result, the field
becomes less bound to the Ag film, as can be readily seen from
Fig. 3(a) by noticing the decreasing electric field amplitudes
at both Ag film interfaces when increasing its thickness. In
this context, we point out that the hybrid mode TM0 behaves
like SPP even modes excited in insulator–metal–insulator
heterostructures, in which a thin metallic layer is sandwiched
between two thick dielectric claddings. In such structures,
SPP even modes are less confined to metallic layers of a greater
thickness [6].

Next, in Fig. 4, we depict the variations of effective indices
neff,TM0 and neff,TE0 as well as propagation lengths Lp,TM0 and
Lp,TE0 versus t3 by solving the modal characteristic equations, as
described above, and making use of Eq. (14). Evidently, because
of the very small real part of Ag film RI, neff,TM0 , and neff,TE0

barely decreases as t3 increases, stabilizing at 2.19 and 2.79,
respectively. Conversely, Lp,TM0 and Lp,TE0 grow gradually with
increasing t3, approaching 240 nm and 390 nm, respectively.
The shown curves of propagation lengths reflect the fact that
the propagation losses of the two modes diminish as the Ag film
gets thicker. Strictly speaking, although a greater portion of the
mode field extends through the Ag films of a greater thickness,
this portion is invariably small, because of the rapidly decaying
mode profile, to dominantly affect the mode propagation loss.
Oppositely, the amount of propagation loss is dominated by
mode field intensity adjacent to the film. The insets of Figs. 3(a)
and 3(b) show that, as t3 increases, both TM0 and TE0 exhibit
noticeably less field intensities in the upper cladding near the
film. As a result, the two modes become less affected by the Ag
film, and their propagation lengths increase.
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(a) (b)

Fig. 3. Principal electric field profiles: (a) TM0 and (b) TE0 for various Ag film thicknesses t3.

Fig. 4. Effective indices and propagation lengths of TM0 and TE0

with sweeping Ag film thickness t3.

It is worth noticing the marginal influence of changing the
Ag film thickness on both of effective indices and propagation
lengths of the two modes for t3 > 30 nm and t3 > 70 nm,
respectively. Again, this is a result of the dwindling field pen-
etration through the Ag film, which implies that any further
increase in its thickness tends to have a less-significant influence
on modes until their propagation parameters settle at their
final values. In addition, it is obvious from Fig. 4 that the maxi-
mum propagation length of TM0 is much less than that of TE0

(∼40% smaller with the given simulation parameters), and
consequently the sensing interactive length is constrained not
to exceed the former (i.e., L ≤ Lp,TM0 ). It should be mentioned
that the proposed interferometer in this work is designed with
t3 = 90 nm because we have found that this thickness is suffi-
cient to ensure that Lp,TM0 reaches a maximum regardless of
the Si core and spacer thicknesses that will be adjusted later to
achieve the desired sensitivity.

B. Effect of Modes’ Effective Indices Sensitivities on
Interferometer Sensing Capability

An insight into Eq. (1) shows that the sensitivities of TM0 and
TE0 effective indices versus RI variations in the sensing medium
(the two terms inside brackets) play a substantial role in the
function of the proposed interferometer. Overall, the HPWG
should be designed so that TM0 has a high sensitivity, as being a
sensing mode, relatively to the reference mode TE0 that is mini-
mally affected by weak RI perturbations in the sensing medium.
In this way, the difference between these two sensitivities is
extended, which helps enhance the interferometer sensitivity.

Accordingly, the influence of changing thicknesses of the Si
core and spacer on the effective indices sensitivities is explored
to examine this criterion. The modal characteristic equations
are solved over a wide thickness range of the Si core t1 and
spacer t2 to find the corresponding values of the effective indices

sensitivities defined by the derivatives
∂neff,TM0
∂ns

and
∂neff,TE0
∂ns

at the neighborhood of the unperturbed sensing medium RI
(n′s = 1.33), which are then depicted by the color maps in
Figs. 5(a) and 5(b), respectively. In this simulation, the Ag film
thickness t3 is kept fixed at 90 nm. Interestingly, we notice a sig-
nificant difference between the sensitivity levels of the effective
indices of the two modes as the Si core and spacer thicknesses
vary. Overall, TM0 exhibits a much higher sensitivity than TE0,
which is approximately fivefold. Further, since TM0 is a hybrid
mode, increasing either t1 or t2 causes the field of that mode to be
redistributed in the Si core as well as the spacer. Consequently,
the sensitivity of the TM0 effective index shown in Fig. 5(a)
varies its value according to the electromagnetic field intensity
inside and in the neighborhood of the sensing medium (spacer);
the more intense the field, the higher the sensitivity. Sensitivity
peaks (areas with reddish color) indicate the values of t1 and t2
at which the sensing mode TM0 is most affected by weak RI
perturbations in the sensing medium. However, TE0 is a lossy
mode that has most of its field inside the Si core, as illustrated
by the polarization spatial diversity concept presented in Fig. 2.
Consequently, increasing t1 provides more separation between
the sensing medium and the field of that mode since it becomes
more confined inside the Si core. Accordingly, its effective
index sensitivity declines gradually, as revealed from Fig. 5(a),
manifesting that the reference mode TE0 is less influenced by
RI variations in the sensing medium. In contrast, increasing t2
means that the sensing medium is wider, and consequently more
TE0 evanescent field extends through it, which contributes to
the marginal increase in TE0 effective index sensitivity noted on
the same figure.

One might suggest that extending the sensitivity difference
between the effective indices of the two modes to the maximum
limit is sufficient to achieve the ultimate sensing capability;
however, the sensing interactive length also should be taken
into account. Here, our calculations are carried out with the
assumption that L = Lp,TM0 . Thus, it is reasonable to state that
L increases by increasing either t1 or t2 because the hybrid mode
TM0 is tending to be less influenced by the Ag film, and, conse-
quently, has a more dielectric nature. Meanwhile, this comes at
the expense of reducing the difference between the sensitivities
of the two modes, as can be observed by comparing Figs. 5(a)
and 5(b).

Accordingly, to design the interferometer with an appropriate

sensitivity, we multiply L by
(
∂neff,TM0
∂ns

−
∂neff,TE0
∂ns

)
and plot the

product that represents the figure of merit (FOM), indicating
the interferometer sensitivity according to Eq. (1), over a wide
range of t1 and t2 in Fig. 6. Surprisingly, it is obvious that the
interferometer sensitivity changes are dominated by L rather
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Fig. 5. Effective index sensitivity with sweeping Si core thickness t1 and spacer thickness t2 for (a) TM0 and (b) TE0.

Fig. 6. Interferometer FOM with sweeping Si core thickness t1 and
spacer thickness t2.

Table 1. Propagation Parameters of Modes in the
HPWG Difference Interferometer

Mode β [rad/µm] 0 [dB/µm] Lp [µm] ∂neff
∂ns

TM0 8.248 + j3.582× 10−4 3.111× 10−3 1396 0.466
TE0 11.500+ j6.937× 10−5 6.025× 10−4 7208 0.040

than
(
∂neff,TM0
∂ns

−
∂neff,TE0
∂ns

)
because it follows the same tendency

of the former; the thicker the Si core and the spacer, the higher
the interferometer sensitivity. Thus, one can conclude that
∂neff,TM0
∂ns

and
∂neff,TE0
∂ns

have little fluctuations over the t1t2 plane
with respect to L . That is why the areas of a high FOM shown
in Fig. 6 do not coincide with those of remarkable difference
between Figs. 5(a) and 5(b). Here, we assume an equal thickness
of 220 nm for both t1 and t2 as a compromise between the high
sensitivity and the short sensing interactive length, as will be
shown through the following results. In addition, this value
is typically provided for the Si core in standard SOI wafers.
Indeed, higher interferometer sensitivities are still achievable by
further thickening both the Si core and spacer to increase TM0

propagation length, as discussed above. But this comes at the
expense of increasing the sensing interactive length.

To summarize, Table 1 provides the calculated modal propa-
gation parameters for the proposed design of the HPWG differ-
ence interferometer.

C. Evaluating Interferometer Sensitivity

Considering the aforementioned design, we examine the per-
formance of the proposed interferometer. By introducing weak
perturbations into the RI of the sensing medium, the generated
phase shift of each polarization, along with the resulting shift

Fig. 7. TM0 and TE0 phase shifts; shift in their phase difference ver-
sus sensing medium RI ns.

in their phase difference, are calculated through Eq. (1) and
displayed in Fig. 7. It is evident that, in spite of the significant
phase shift of TM0 that varies linearly versus ns with a gradient
of about 826.9π rad/RIU (the blue line), the TE0 phase shift
is relatively small with a gradient of only 70.6π rad/RIU (the
red line), which is less than one-tenth of the former. Thus,
the primary functional requirement of the HPWG differ-
ence interferometer is met. By calculating the gradient of the
phase difference shift shown in Fig. 7 (the green line), the
interferometer sensitivity is obtained to be 756.2π rad/RIU.
The LOD can also be determined according to the mini-
mum phase difference that can be measured experimentally.
Considering a measurement precision of 2π × 5× 10−4 rad
[23], the LOD of the proposed interferometer is calculated to be
1.32× 10−6 RIU.

Table 2 introduces a brief comparison between our HPWG
difference interferometer and other single-path interferometers
reported in the literature. An insight shows that our results
obtained in this work outweigh those previously reported
for all-dielectric interferometers in terms of the sensitivity,
LOD, and sensing interactive length. When compared to the
SOI-based two-lateral-modes spiral waveguide interferom-
eter reported in [32], our proposed interferometer achieves an
improvement in sensitivity by about 64%, besides a reduction
in sensing interactive length by more than threefold, using a
straight HPWG. Yet, the LOD of the latter is 10 times more
precise. Furthermore, the polymer-based BiMW interferom-
eter introduced in [33] is shown to achieve less than half the
sensitivity of our device. Nevertheless, its sensing interactive
length is longer by 72%. Despite the high sensitivity attained
by the Si3N4-based BiMW interferometer in [31], its sensing
interactive length is much longer than obtained in this work
by roughly tenfold (15 mm). However, the same sensitivity
(4052π rad/RIU) can be obtained using our device by altering
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Table 2. Comparison between Various Single-Path Interferometers

L [µm] 0 [dB/µm] ∂1φ

∂ns
[rad/RIU] LOD [RIU]

Our work SOI-based HPWG difference interferometer 1396 3.11× 10−3 756.2π 1.32× 10−6

[32] SOI-based two-lateral-modes spiral waveguide interferometer 4582 (spirally folded) – 461.6π 2.2× 10−5

[33] Polymer-based BiMW interferometer 5000 – 316π –
[31] Si3N4-based BiMW interferometer 15,000 – 4052π 2.5× 10−7

[34] SOI-based surface plasmon interferometer 10 1.79 – ∼10−6

the waveguide design so that t1 = 250 nm and t2 = 300 nm. In
this case, the TM0 propagation loss is lessened from that value
mentioned in Table 1 to 3.744× 10−4 dB/µm, allowing an
increase in the sensing interactive length to be 11.6 mm, which
is still shorter by 22.7% than that reported in [31]. Indeed, this
is considered an advantage of HPWGs: the ability to flexibly
tune the sensing interactive length to achieve the desired sensi-
tivity while maintaining an invariably low propagation loss as
the condition L = Lp,TM0 is preserved.

On the other hand, the surface plasmon interferom-
eter proposed in [34] is designed with a very short length
(10 µm), achieving a LOD comparable to that of our device
(∼10−6 RIU). However, because of the strong electromagnetic
power dissipation in plasmonic devices, it suffers from an exces-
sive propagation loss (1.79 dB/µm) that exceeds the calculated
loss in this work by more than 5× 102 times. Indeed, the higher
the propagation loss, the lower the power level to be detected.
When this happens, special optical detectors of a higher preci-
sion are subsequently required. Based on the presented figures of
the sensing interactive lengths as well as the propagation losses,
and assuming an input power level of 0 dBm, we can estimate
the output power level of our HPWG difference interferometer
to be −4.3 dBm, compared to 17.9 dBm using the previously
reported surface plasmon interferometer.

The light interference intensity I (λc) is obtained by evalu-
ating Eq. (11) at a fixed wavelength λc over the range of ns

introduced in Fig. 7. In Fig. 8, we illustrate the normalized
intensity In(λc), where In(λc)= I (λc)/I0(λc). It is obvi-
ous that the generated shift in phase difference causes light
intensity to be modulated, depending on sensing medium RI
variation. However, approaching the points of local extrema
in Fig. 8, changes in the interference intensity versus the weak
RI perturbations undergo fading as ∂ I (λc)

∂ns
→ 0; that is, small

values of δns will generate slight intensity changes δ I (λc).
Further, at these points, there is an ambiguity in determining
whether the variation in ns is positive or negative. Apparently,
the sensing functionality depends on the operating point (the
value of ns). Indeed, this restricts the dynamic range of the
interferometer [18].

The problems of fading and ambiguity can be overcome by
resolving the interferometer’s response directly through the
time-dependent phase difference 1φ. In this case, though, a
relatively complex scheme is required for proper detection, as
introduced in [24]. Alternatively, the interferometer can be
interrogated by a broadband source to have the interferometer’s
response resolved through spectral shifts in the wavelength
domain.

Fig. 8. Normalized intensity at the central operating wavelength λc

versus sensing medium RI ns.

D. Broadband HPWG Difference Interferometer

Next, we investigate our proposed HPWG difference inter-
ferometer when illuminated by a broad-spectrum light.
The waveguide layers’ thicknesses are kept at the design
values obtained above (t1, t2 = 220 nm, and t3 = 90 nm).
The wavelength-dependent RI of the Ag film n4(λ) is taken
from [35].

As shown by Eqs. (2) and (3), the broadband sensing func-
tionality is essentially influenced by the dispersion functions
βTM0(λ) and βTE0(λ). Accordingly, we solve the modal char-
acteristic equations, as described in Section 3, for a relatively
wide range of wavelengths (from 1490 to 1610 nm), assuming
that ns = n′s. The corresponding real and imaginary parts of
βTM0(λ) and βTE0(λ) are displayed in Fig. 9. Evidently, one
can notice that both <{βTM0(λ)} and <{βTE0(λ)} decline as λ
increases, indicating less confinement of the two modes in the
guiding layer (Si core) because the ratio t1/λ is getting smaller.
As a consequence, the two modes have more electromagnetic
power leakage from the Si core into the spacer, and become more
influenced by the Ag film. Accordingly, both ={βTM0(λ)} and
={βTE0(λ)} grow, resulting in more absorptive losses, and conse-
quently shorter propagation lengths, according to Eqs. (14) and
(15). However, we notice that ={βTM0(λ)} is more influenced
by changes in λ than={βTE0(λ)}. This is due to the polarization
spatial diversity feature presented in Fig. 2, which renders the
propagation loss of TM0 more sensitive to the changes in its
electromagnetic field distribution than that of TE0.

Fig. 9. Dispersion functions of TM0 and TE0.



Research Article Vol. 38, No. 4 / April 2021 / Journal of the Optical Society of America B 1413

(a) (b)

Fig. 10. (a) Dispersion difference function and (b) normalized intensity for various RI variations δns.

To demonstrate the light intensity produced by the two
interfering modes, we first depict <{1β(λ)} and ={1β(λ)} in
Fig. 10(a). Next, we make use of Eq. (2) to calculate the light
interference intensity at different values of δns (0.001, 0.002,
and 0.003). After that, we plot its normalized version In(λ)

in Fig. 10(b), where In(λ)= I (λ)/I0(λ). Here, the sensing
interactive length is kept fixed at its value obtained above for
the central operating wavelength when the sensing medium
is unperturbed (L = 1396 µm). As both Lp,TM0 and Lp,TE0

change values while sweeping the different wavelengths, it
should be remarked that the previously imposed condition that
L = Lp,TM0 no longer holds in the broadband analysis.

In Eq. (2), ∂<{1β}

∂λ
determines the pitch at which the light

interference intensity changes over wavelengths through the
cos(·) term. Accordingly, the regions that exhibit a higher gra-
dient of <{1β(λ)} in Fig. 10(a) (the blue curves) correspond
to a faster-varying intensity pattern in Fig. 10(b). In addition,
={1β(λ)} introduces a positive displacement to the whole spec-
trum through the cosh(·) term in Eq. (2). This displacement can
be easily seen by noticing the positions of the local minima of the
spectrum in Fig. 10(b), which are slightly deviated above zero.
Obviously, the deviation amount increases with increasing λ,
following ={1β(λ)} that also builds up at higher wavelengths,
as shown by Fig. 10(a) (red curves). Further, because of the
absorptive loss induced by the Ag film in the HPWG, the local
maxima of the normalized spectrum do not reach unity, which is
different from the all-dielectric broadband difference interfer-
ometers reported in [29,30]. Instead, the nonzero ={βTM0(λ)}

and ={βTE0(λ)} cause the initial intensity distributive function
I0(λ) to be attenuated monotonically by the exponential factor
in Eq. (2). It is worth noticing the agreement between the direc-
tion of increasing either ={βTM0(λ)} or ={βTE0(λ)} in Fig. 9,
and that of increasing attenuation of the normalized intensity in
Fig. 10(b).

The wavelength shift of a local extremum existing at a wave-
length λm in the spectrum is estimated through Eq. (3), for
different values of δns, and displayed in Fig. 11. The numerator
of Eq. (3) ∂<{1β}

∂ns
is a negative value, as can be remarked from

Fig. 10(a). This is because increasing spacer RI ns boosts the neff

of all guided modes in the Si core below it, specified by Eq. (13),
which leads to an increase in their corresponding real part of β,
according to Eq. (14). However, since TM0 has a greater field in
the sensing region (spacer) than TE0, as illustrated by Fig. 2, the
former has a higher sensitivity to weak RI perturbations in the
sensing medium. Accordingly, while ns increases, <{βTM0(λ)}

approaches<{βTE0(λ)}, and the difference<{1β(λ)}declines.

Fig. 11. Wavelength shift of a local extremum with sweeping wave-
length λm for various RI variations δns.

Meanwhile, the sign of the denominator ∂<{1β}

∂λ
deter-

mines the direction of wavelength shift. In other words, the
wavelengths of a positive slope in Fig. 10(a) (the blue curves)
correspond to a red-shift (δλ > 0) in Fig. 11, whereas a blue-
shift (δλ < 0) coexists with the wavelengths of a negative slope.
However, there is a certain narrow band of wavelengths at which
the shift cannot be identified properly because of the vanishing
denominator of Eq. (3). These wavelengths coincide with the
flat regions in Fig. 10(a) (the blue curves), where |δλ| exhibits a
sharp increase before undergoing a discontinuity (Fig. 11).

The broadband sensing functionality is accomplished
by tracking red- and blue-shifts in λm occurring over time.
We make use of Eq. (3) to evaluate the sensitivity | ∂λ

∂ns
| at

λc. As ∂λ
∂ns
∝

∂<{1β}

∂ns
, the sensitivity is found to be as high as

9.118× 103 nm/RIU thanks to the remarkable difference
between the effective indices sensitivities of TM0 and TE0 in
HPWGs (see Table 1).

It has been shown in [18] that the more the points of local
extrema in the spectral range of interest, the more accurately
the interference intensity signal can be statistically analyzed.
Interestingly, when compared to the all-dielectric broadband
difference interferometers reported in [29,30], the advantage
introduced by the broadband HPWG difference interferometer
is the relatively high density of local extrema in the investigated
spectral range, as evident from Fig. 10(b), despite its short
length (1396 µm). This merit of our device arises thanks to the
distinctive distribution of the dispersion difference function
<{1β(λ)} shown in Fig. 10(a), which has a greater averaged
inclination over the investigated spectral range. Indeed, this
contributes to increase the frequency at which the light inter-
ference intensity in Eq. (2) swings between local maxima and
minima, without the need to increase the sensing interactive
length.
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5. CONCLUSION

We have investigated an SOI HPWG as a difference inter-
ferometer RI sensor. A rigorous analytical model has been
provided to explore how the distinct modal features of TM and
TE polarizations in HPWGs can be exploited by the sensing
mode TM0 and the reference mode TE0 propagating through
the same waveguide to achieve the ultimate sensing capability.
Aside from its simple structure, since no vertical nor hori-
zontal discontinuous junctions are needed as in the case of
BiMW interferometers, our HPWG difference interferometer
exhibits an unprecedented combination of the high RI sen-
sitivity, the short sensing interactive length, and the low
propagation loss. Specifically, the sensitivity has been shown to
be 756.2π rad/RIU with a highly precise LOD (1.32× 10−6)
achieved at a wavelength of 1550 nm through an interactive
length as short as 1396 µm; the figures that have been found
to be premium compared with previously reported single-path
interferometers using all-dielectric waveguides. Moreover,
the propagation loss in our work has been calculated to be
3.11× 10−3 dB/µm, compared to 1.79 dB/µm using an SOI-
based surface plasmon interferometer proposed in the literature,
which makes the optical detection simpler with our interferom-
eter because of the higher level of received power. Furthermore,
we have investigated the proposed interferometer with a broad-
band illumination ranging from 1490 to 1610 nm to avoid
the problems of ambiguous detection as well as fading of the
interferometric signal, which may be faced with the single-
wavelength interrogation. Despite the short sensing interactive
length, the broadband analysis has revealed a dense allocation of
interference intensity local extrema, which is deemed an addi-
tional advantage of our device. Although we have considered
a slab HPWG in this work to provide an exact modal analysis
based on a firm mathematical model, the obtained findings may
motivate further research to extend the proposed idea to strip or
rib HPWGs, based on numerical finite-difference time-domain
simulation methods.
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