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Abstract
A phase shift electro-optic semiconductor structure that features a Mach-Zehnder Interferometer (MZI) is numerically
analyzed. The interferometer structure considers a highly-doped Si-based waveguide that can control the phase shift by
varying the refractive index through the carrier concentration while applying a control voltage. To analyze the structure,
Kramers-Kronig dispersion relations, the effective index method and the Drude model are implemented within a ﬁnite
element software. As a result, for an optical waveguide structure with a 9 mm length and 10 V, it is possible to obtain a
phase shift by Df ¼ p that allows, at the output of the MZI, total interference that is required to modulate an optical
communication link.
Keywords: Electro-optical devices, Integrated optic devices, Optoelectronics, Modulators, Semiconductors, Kramerskronig relationships, Drude model

1. Introduction

A

n integrated electronic circuit encompasses a
set of passive and active electronic devices in
order to improve key characteristics such as power
consumption, switching speed, signal integrity or to
develop new functionalities within complex systems
such as portable video games, mobile phones or
cars. The technology developed to integrate each
time more devices in order to improve such capabilities is reaching a turmoil point in which a few
key features in the semiconductor industry is
reaching an impasse due to the scaling issue as well
as for the processing speeds cannot go further. A

*

possible solution is to develop optical integrated
circuits [1e7].
An optical integrated circuit is designed to cointegrate several optic-based devices within a common substrate that includes passive and active
components such as waveguides, beam and powersplitters, gratings, solid-state laser diodes, electrooptic switches, electro-optic modulators, among
many others [4,7e11]. The co-integrating process
has been a challenge. Each device mentioned elsewhere has been developed individually by using a
set of substrates to later link them by using either
optic ﬁber or lasers. In order to go further and to
develop such optical circuits, a material in which
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several of those devices can be fabricated, tailored
and co-integrated is foreseen. It does open an opportunity window for the broadly used material in
the semiconductor industry, Silicon. Silicon can be
tailored for a particular set of applications by doping
it accordingly in order to obtain key characteristics
as well as to behave as desired. According to literature, Si shows several features that can cope with
faster III-V-based devices as well as with electrooptic materials such as lithium niobate (LiNbO3)
[4,12]. The electronic and optical characteristics that
Si has to offer, allows us to consider it as a key
element to co-integrate electronic and optical-based
devices within the same dye [9,13e18].
Silicon is the material in which phase change
devices can be developed for a wide variety of applications such as for high-speed optical communications. The electro-optic interaction is a key
parameter that must be considered. It occurs due to
the variation of the refractive index (Dn) through the
free carrier dispersion effect as a function of the
applied voltage across the electrodes. In this paper,
we propose to analyze a novel optical Si-based
waveguide that aims to work as an electro-optic
modulator within the Mach-Zehnder Interferometer
in order to take advantage of such characteristic
[12,15,19].

2. Mach-Zehnder Interferometer
The Mach-Zehnder Interferometer (MZI) is an
optical device that allows us to perform an interference effect while a phase shift is created [4,12,20].
Typically, the MZI features a power splitter, two
arms with equidistant lengths and a power
combiner. By considering silicon as a substrate, we
propose the implementation of the MZI-like structure as shown in Fig. 1.
The arms of the MZI are deﬁned as optical
waveguides to propagate the input signal. The input
signal (Iin) is split at the ﬁrst stage by 50%. Over the
lower arm, the optical signal will be propagated
without any issue. While for the upper arm, when a
voltage is applied on the optical waveguide, it will

Fig. 1. Schematic diagram of a Si-based Mach-Zehnder Interferometer
featuring a semiconductor optical waveguides. One of those waveguides
is a structure capable to modify the refractive index according to the
applied voltage.
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vary its inner carrier concentration and as a consequence, the refractive index. As a result of such
variation, the optical wave at the MZI output (Iout)
will present either constructive or destructive
interference as a function of the applied voltage on
the waveguide as stated by:


1
ð1Þ
I out ¼ I in cos2 Df
2
where Iin and Iout are the input and output signals,
respectively and Df is the phase change.

3. Electro-optic structure
The electro-optic structure shown in Fig. 2 features an n-type doped (1015 cm3) Si substrate on
which a thin SiO2 layer is thermally growth (gate
oxide) of 100 nm. In order to get the optical waveguide, we deposited a highly doped Poly-Si Pþ
(1019 cm3) with a thickness of 700 nm. To isolate it
from the highly doped regions an SiO2 layer with a
900 nm thickness was thermally growth. Through
the lift-off process, the windows for the lateral
highly-doped regions (1019 cm3) are open and ﬁlled
to later on deposit both the lateral and central Al
electrodes through the chemical vapor deposition
(CVD) process. Finally, a 375 nm buried SiO2 is
growth to enclose it by Si. In order to obtain the
refractive index variation as a function of carrier
concentration, a numerical analysis in which the
effective index method, the Drude Model as well as
Kramers-Kronig
dispersion
relations
are
implemented.
3.1. Effective index method
By considering a rectangular structure with
inﬁnite planes as depicted in Fig. 3.

Fig. 2. Schematic diagram of a novel electro-optic structure used as a
waveguide. The optical waveguide is buried on a thick SiO2 layer. It is
isolated from the lateral heavily-doped Si regions and the substrate. On
top of that, metallic electrodes are deposited on each one and to avoid
leakage to the substrate. Moreover, a buried oxide layer was deposited.
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V¼

ﬃ
Tu qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2c  n2s
c

ð8Þ

where, V is deﬁned as the normalized frequency.
The asymmetric parameter is deﬁned as:
aTE ¼

Fig. 3. Schematic diagram of a rectangular waveguide structure that
considers inﬁnite planes W and T. In here ni, nc and ns are the refractive
index for the isolator, core and substrate, respectively.

n2s  n2i
n2c  n2i

ð9Þ

that shows the interaction between the refractive
indices within the waveguide. Moreover, the
refractive index modal is represented by a normalized parameter.
b¼

N 2  n2s
n2c  n2s

ð10Þ

By considering that T > W and W / ∞. According to Maxwell equations in frequency domain and
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
by considering that k ¼ m0 e0 , we get [21,22]:

Hence, the effective refractive index for TE
modes are deﬁned through V, aTE and b.

!
!
V2 E þ k2 e E ¼ 0

3.2. Drude Model

ð2Þ
2

As e ¼ eðx; yÞ ¼ ½nðx; yÞ ¼ n ðx; yÞ, then
2

!
!
E ðx; y; zÞ ¼ E ðx; yÞexpð  jbzÞ

ð3Þ

!
!
H ðx; y; zÞ ¼ H ðx; yÞexpð  jbzÞ

ð4Þ

where b is the propagation constant deﬁned as b ¼
Nk, where N is the refractive index. By using Eq. (3)
in Eq. (2) we have:
 2
!

Vt ðx; yÞ þ k2 n2 ðx; yÞ  b2 E ðx; yÞ ¼ 0
ð5Þ
The ﬁeld of the waveguide is deﬁned as
Ey ðx; yÞ ¼ Ey ðxÞEy ðyÞ

ð6Þ

By considering Eq. (6) in Eq. (5), for TE modes
we have
d2  2 2 
þ k N ðyÞ Ey ðyÞ ¼ 0
dy2

ð7Þ

According to Fig. 4, the components are
analyzed to obtain the set of equations that describe
the refractive index behavior. In here, the horizontal
schematic diagram is being analyzed. As a result, we
obtained:
8
< NI
; jyj < W=2Þ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N y ðyÞ ¼
: N II ¼ n2i  n2c  n2I ; ðW=2 < jyjÞ
The index proﬁle, polarization and the mode
order are the key elements for the refractive index
as well as for the propagation constant of the optical
waveguide. This is why, a normalized waveguide is
deﬁned as:

The technique used to modify the refractive index
within a semiconductor material as a function of
the carrier concentration and effective masses for
electrons/holes are deﬁned by the Drude model
[4,14,23].
Dn ¼ 

Nq2 l2
8p2 30 nc2 m*

ð11Þ

where N is the carrier concentration, m* is
deﬁned as the effective mass, q is the electron
charge, c is the speed of light and e0 is the vacuum permittivity. In Eq. (11), the effective mass
as well as electrons and holes concentration are
speciﬁed by:


q2 l2
DN e DN h
Dn ¼  2
þ *
ð12Þ
8p e0 nc2 m*ce
mch
where, DN e and DN h are the carrier concentration
and m*ce and m*ch are deﬁned as the effective masses
of electrons and holes, respectively.
3.3. Kramers-Kronig analysis
In order to have a phase shift on the optical
waveguide, it is required to apply a voltage on the
semiconductor structure to generate a refractive
index change (Dn) in it. According to the carrier
concentration due to the electrons/holes movement,
the phase change is analyzed by using the refractive
index variation through the Kramers-Kronig analysis for free carriers in silicon by using the Soref and
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Fig. 4. Decomposition of the rectangular waveguide into its components where a) shows the optical waveguide, b) represents the vertical section and c)
shows the horizontal section with inﬁnite plane.

Bennet equations [3,24]. The refractive index variation for electrons/holes at 1550 nm is deﬁned by:
Dne ¼  8:8  1022 DN e
Dnh ¼  8:5  1018 ðDN h Þ

ð13Þ
0:8

ð14Þ

where, DNe and DNh are the electrons and holes
carrier densities, respectively. The concentrations
mentioned elsewhere are related to the applied
voltages [15]. By considering that the electro-optic
structure mimics a MOS capacitor, the carrier

densities for both electrons and holes are analyzed
through:


er e0
DN e ¼
ð15Þ
ðV D  V FB Þ
qt tox t
where, tox is the thickness of the buried oxide, t is
deﬁned as the thickness of the effective charge layer,
q is the electron charge, er is deﬁned as the silicon
permittivity, e0 is the vacuum permittivity, VD is the
applied voltage and VFB is deﬁned as the ﬂat-band
voltage. The refractive index variation allows a
phase shift Df that is driven by Eq. (16).

Fig. 5. Phase shift as a function of the length according to Eq. (16). In here, it is possible to obtain a full phase change while the length of the
waveguide is 9 mm at 10 V Df ¼ p.
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Fig. 6. Electric ﬁeld distribution across the optical waveguide by considering the interaction of carriers within the optical waveguide while a bias
voltage is applied at the central electrode.

concentrations are modiﬁed to cause a refractive
index change and therefore a phase shift. Fig. 5
shows the phase shift as a function of the waveguide
length as stated by Eq. (16).

4. Numerical analysis

Fig. 7. Applied voltage distribution across the optical waveguide at
different depths.

Df ¼

2pDneff L
l

ð16Þ

where L is the effective modulator length, l is the
wavelength at free space and Dneff ¼ Dne þ Dnh is
deﬁned as the effective index.
According to the Kramers-Kronig dispersion relations, the Drude model and the effective refractive
index method work at 1550 nm. When a bias voltage
is applied at the waveguide structure, the carrier

By using the aforementioned set of equations and
the dimensions of the optical waveguide
(9 mm  700 nm, length and thickness, respectively), a numerical analysis was performed by using
the ﬁnite element method [25e27]. The numerical
simulation is based on the permittivities for each
material and these are er ¼ 11.7 for the silicon substrate, eAl ¼ 106 for the aluminum electrodes and
eox ¼ 3.9 for the oxide layer. By applying a bias
voltage (5 V) on the central electrode, the interaction
that occurs between the optical waveguide and the
applied voltage that allows us to control the carrier
concentration is shown in Fig. 6.
To complement the analysis, the interaction between the applied voltage and the carriers within
the optical waveguide at different depths is depicted
in Fig. 7.
As a result of the analysis, it was found that the
key interaction within the waveguide statistically
occurs between 500 and 700 nm as shown in Fig. 7.

Fig. 8. Electric ﬁeld interaction across the electro-optic device. In here, the ﬁeld lines have a key interaction at the waveguide that allows to modify the
carrier concentration as a function of the applied voltage.
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5. Conclusions
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Interferometer was successfully analyzed. The
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Si-based waveguide that can control the phase shift
by varying the refractive index through the carrier
concentration while applying a control voltage. To
analyze the structure, the Kramers-Kronig dispersion relations, the effective index method and the
Drude model were implemented within a ﬁnite
element software. As a result, for an optical waveguide structure with a 9 mm length and 10 V, it was
possible to obtain a phase shift by Df ¼ p that allows, at the output of the MZI, total interference that
is required to modulate an optical communication
link.
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