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1 Introduction 

Photonics is the generation, manipulation, transport, detection, and use of light information 

and energy whose fundamental particle is the photon. It is the science and technology of 

light. The term photonics was coined in mid-1970s. This technology can be used in 

computers, communication and information technology, transportation, environment, 

medicine and many more fields [1], [2]. 

In a device, the electronics describes the flow of electrons whereas photonics deals with the 

control of photons. These two fields can overlap in many applications. In detectors, photons 

can control the flow of electrons and in electro-optic modulators and lasers, electrons can 

determine the properties of light propagation [3].  

Silicon material is compatible with photonics. Active components like heaters, electro-optic 

modulators etc. usually made of silicon require external source to introduce energy or 

particles, but passive components like waveguide, gratings do not require source in 

photonics. Photonics components are passive as well as active [4] and silicon is used to 

manufacture the microelectronic chips. It is cheap, easy to mass- fabricate, has a high index 

contrast with oxide (3.48 ∶ 1.44 at 1.55 µ𝑚)  and is compact integrated [5]. It is transparent 

in the communication wavelengths 1.31 µ𝑚 and 1.55 µ𝑚 and has low absorption at these 

wavelengths. It has higher thermo-optic coefficient (TO) as compared to SiO2 (TOSi = 

1.86 𝑥 10−4 𝐾−1, TOSiO2 =  1.0 𝑥 10−5 𝐾−1) [6]. The researchers have attempted to create the 

silicon-based photonics optical devices which are compatible with electronics [7].  

 

1.1 Silicon Photonics 

Silicon photonics is the generation, guidance, control and detection of light to communicate 

information over a long or short distance. This technology is based on silicon material [8]. 
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Silicon photonics technology provides a compact photonic integration platform with large-

scale integration density, mass-producibility, and cost-effective performance. This 

technology can be used to integrate various photonic functions on the Si-substrate [9]. The 

researchers have tried to integrate both silicon photonics and electronics on the same chip. 

Silicon photonic technology is energy efficient [10] and cost friendly. Therefore, it is used in 

many applications. The complementary metal-oxide-semiconductor (CMOS) technology is 

used to fabricate and integrate the photonic circuit on silicon chips. The low-cost fabrication 

is the main advantage of CMOS technology. 

Silicon photonics is based on silicon-on-insulator (SOI) platform. The buried silicon dioxide 

layer box is sandwiched between the silicon substrate and thin layer of silicon. This thin layer 

of Si on top of SiO2 is the core of silicon photonics devices. Silicon has low absorption of the 

communication wavelengths 1.31 µ𝑚 and 1.55 µ𝑚 due to its indirect band gap (1.12 eV). 

The high refractive index contrast between silicon and SiO2 (3.48 ∶ 1.44 at 1.55 µ𝑚)  

strongly confines the light in the silicon and compacts the device footprint. In these 

applications, the SOI wafers diameter is 8-inch (200 𝑚𝑚), with mostly 220 𝑛𝑚 thick silicon 

layer on top of 2 µ𝑚 buried SiO2 box [5], [11], [12]. 

The SOI silicon photonic devices are produced in the environment of CMOS due to its 

compatibility. SOI provides the platform of dense on-chip integration of photonic circuits. 

CMOS technology not only increases the performance of SOI based photonic device but also 

decreases the cost and reduces its size [13], [14]. 

Many foundries in the world like IHP (Germany), CEA-Leti (France), and IMEC (Belgium) 

are playing an important role in the development of silicon photonics technology. Various 

semiconductor and computer companies like Intel, IBM, Cisco, Luxtera have pushed the 

photonic technology to commercialization [5], [12]. 

 

1.2 Photonics building blocks 

The smallest element or component in the silicon photonic device is called the building 

block. The beam splitters or multi-mode interferometers (MMI), gratings, waveguide, 

heaters, couplers, phase shifters, node-matched-diode and detectors are some of the photonics 

building blocks in an optical device [3]. The splitters or MMI, gratings, waveguide, couplers, 

and filters are the passive silicon photonics components. The active components of silicon 

photonics are the heaters, sources (lasers), switches, phase shifters, modulators, detectors and 
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many more. All the active and passive components of silicon photonics are not the building 

blocks. Silicon waveguide is an important component of silicon photonics through which the 

light propagates in a medium [15]. In silicon photonics, the researchers have tried to connect 

different parts of modulators or interferometer optically, electrically and thermally with 

silicon waveguide for maximum extinction ratio, large bandwidth or high thermal efficiency 

of heaters. 

 

1.3 Photonics integrated circuits 

Photonic integrated circuits (PICs) are the optical devices on which several optical elements 

or components (splitters, waveguide, interferometer, heaters, etc.) are integrated by using 

silicon, indium phosphide, gallium arsenide and many more materials. The optical 

components made of silicon are usually integrated through CMOS or BiCMOS technology.  

The basic idea behind the use of photonic integrated circuits is its high frequency of light of 

200 THz.  The large bandwidth of light can be used for transferring and controlling huge 

amount of data. In case of propagating electrical signals through conductors with high 

frequency, its impedance increases, and its propagating feature is less favorable. The 

electrical signals need coaxial cable at frequencies above 10 MHz. The attenuation depends 

on the function of the modulation frequency of electrical signal. The attenuation of electrical 

signal is high (~ 5 dB/Km) for high transmission rate (~ 100 MHz). High frequencies 

electrical signals are suitable for short distances (tens of meters). But for several kilometers 

distances the attenuation of signal is high [3]. Moreover, copper-based electronics do not 

fulfil the conditions of bandwidth and distance in future [16].   

These circuits are fabricated on SOI wafer scale technology by using CMOS technology. 

Silicon photonic integrated circuits contain large number of same or different optical 

components, integrated on silicon chip. The photonic integrated circuits are complex 

structures. 

Nowadays, it is possible to fabricate and integrate both photonic and electronic components 

(drivers, amplifiers, etc.) side-by-side on the same silicon chip. In different applications, the 

photonic integrated circuits use most of the space of chip as compared to electronic integrated 

circuits and vice versa. The fabrication cost per area of PICs on chip is less as compared to 

electronic integrated circuits. The electronic and photonic integrated circuits on a single chip 

are called electronic photonic integrated circuits (EPIC) [17]. 
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1.4 Motivation 

The integrated photonic modulators are temperature sensitive. A small variation in 

temperature shifts the wavelength of working point of modulator. This work is focused on the 

control of temperature, stabilization and tuning of optical modulated signals in silicon 

integrated Mach-Zehnder and node-matched-diode Fabry-Pérot (FP) modulators. These two 

modulators are designed separately. The wavelength changes per power consumption of FP-

resonator, 1.9 𝑛𝑚/𝑚𝑊, is high as compared to ring resonator, 0.54 𝑛𝑚/𝑚𝑊. Silicon ring 

resonators are not used due to their high temperature sensitivity, 1.3045 𝑛𝑚/o
C, and small 

tuning range [6], [18] .  

Integrated heaters are used as active building blocks in these modulators to control the 

fluctuation and temperature sensitivity. Heaters based on thermo-optic effect, use thermal 

simulation to control the optical properties of modulators or interferometer. For this purpose, 

the metal and novel silicon heaters are investigated. The silicon heaters are appropriate to 

control the temperature of modulators or interferometers due to their qualities of consuming 

less power, possessing high thermal efficiency, and thus producing less temperature in the 

photonic chip. Hence, these novel silicon heaters can stabilize and tune the optical spectrum 

in the operating range.   

 

1.5 Layout of thesis 

In this work, silicon integrated heaters in Mach-Zehnder and node-matched-diode FP- 

modulators are designed and simulated separately. The main objective of this work is the use 

of thermal simulations for integrated heaters to tune and stabilize the optical spectrum of 

modulators or interferometers in operating range. Moreover, the fabricated heaters whose 

design is based on the simulations are used to control the temperature of optical devices.  

This chapter contains the introduction of silicon photonics, photonics building block, 

photonic integrated circuits, and some uses of photonic integrated circuits. 

Chapter 2 explains the thermo-optic and electro-optic effect. Thermo-optic effect is the 

change of the refractive index of material with temperature. Plasma dispersion effect is an 

electro-optic effect. Briefly, three tools of Synopsys sentaurus software used in the thermal 

simulation are explained. Furthermore, the thermodynamic models for lattice temperature or 

heat equation, Shockley-Read-Hall recombination and mobility models are explained in this 

chapter. 
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Chapter 3 includes the building blocks of silicon and aluminum integrated heaters. These are 

used to control the temperature in Mach-Zehnder modulator (MZM) or interferometer. The 

design and description of both types of integrated heaters are discussed. The thermal 

simulated values of metal and silicon heaters are compared. The simulated values of silicon 

heaters are verified with experimental results. Phase shifter is used to control the phase shift 

between two optical beams in MZM. The thermal simulation analysis used in thermo-optic 

phase shifter to compute 𝜋-radian phase shift is discussed. Furthermore, the comparison of 

simulated values and experimental results of phase shifter are verified.    

The stabilization and tuning of optical modulated spectrum in node-matched-diode (NMD) 

Fabry Pérot (FP) modulator have been numerically computed in chapter 4. The design, and 

description of NMD, aluminum and silicon L- and U-shaped n-doped integrated heaters in 

FP-modulator are discussed. The electrical and thermal properties of integrated metal and 

silicon heaters are analyzed.  The thermal efficiency and thermo-optic effect of both heaters 

are investigated. The influence of charge carriers on thermal and optical properties due to 

NMD has been computed. Furthermore, the combined thermal effects of NMD and silicon 

heaters are determined in this chapter. The comparison of numerical values of integrated 

metal and silicon heaters are verified with the experimental measurement results.  

In the last chapter, the conclusions of this work and some suggestive remarks of future 

direction of active research area are presented.  
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2 Theory and Modelling Tools 

2.1 Introduction 

The theory and modelling tools used for thermal simulation in optical devices will be 

discussed in this chapter. This work is based upon thermo-optic and electro-optic effects of 

optical devices e.g. interferometer, modulator, and resonator etc. The first part is a brief 

discussion about thermo-optic and electro-optic effects. The stabilization of optical signal is 

controlled by thermo-optic effect. This effect reduces the fluctuation in spectrum of devices. 

The electro-optic effect is used for amplitude, phase and high-speed frequency modulations. 

The second section deals with the software tools used for thermal simulation. The Synopsys 

Sentaurus software was used for simulation. The Sentaurus Structure editor, Sentaurus device 

and Sentaurus visual are the tools of Synopsys software which were used for thermal 

simulations. The structure designing, doping, and meshing was done in structure editor. The 

position of thermal and electrical boundary conditions was assigned to the structure in 

structure editor tool. The thermal and electrical boundary conditions were applied in 

sentaurus device (s-device) for thermal simulations. The different physical models were used 

to solve various equations and compute the different variables in s-device. The sentaurus 

visual tool was used for the analysis of thermal simulation. The graph of different quantities 

was plotted in this tool. 

In the last section of this chapter, the three physical models; the thermodynamic model for 

lattice temperature, Shockley-Read-Hall (SRH) recombination and mobility models are 

presented. These are used to solve the Poisson equation, temperature, and charge carrier’s 

continuity equations. These physical models are also used to compute the temperature of 

different components of device, charge carrier’s density, carrier’s concentration, mobility of 

carriers, and recombination rates in s-device. 



2. Theory and Modelling Tools 

7 
 

2.2 Thermo-optic effect 

Phase velocity of electromagnetic wave in a medium (transparent homogenous) is decreased 

because the electric and magnetic part of wave produces disturbance of charges (electron 

clouds) in atom. The electric and magnetic field of electromagnetic wave drive the electron 

clouds into oscillation. The atomic transition is not possible because photons has small 

energy. The electron clouds oscillate slightly with same frequency of incident wave. These 

electronic clouds vibrate with respect to nucleus and produce oscillating dipole [19]. These 

clouds radiate electromagnetic waves at the same frequency but phase delay. The charges 

oscillate with different phase due to driving force. The resultant wave propagating in medium 

is the superposition of incident wave and wave generated by the oscillation of charges. The 

resultant wave has shorter wavelength but same frequency result in the decrease of phase 

velocity. Refractive index of a material is the ratio of velocity of light in vacuum to the phase 

velocity of light in a medium. It has no units. It is one of the important optical properties of 

material.  

 

𝑛 =  
𝑐

𝑣
 2.1 

 

where “c” is velocity of light in vacuum and “v” represent phase velocity of light in medium. 

Refractive index depends on the strength of applied electric field, intensity of incident light 

beam, number of charge carriers injected or depleted in material, and temperature etc. The 

materials usually used in optical devices (modulator, interferometer, and switches, etc.) are 

semiconductors, glasses, and polymers. 

 

2.2.1 Dispersion 

Dispersion is a measure of variation in refractive index of material with wavelength (or 

frequency). For normal dispersion, the refractive index of material decreases as the 

wavelength of light increases. The rate of change of refractive index with wavelength is 

higher near shorter wavelength. High refractive index materials have high rate of change. The 

dispersion relation is calculated by using Cauchy`s equation [20]. 
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𝑛 = 𝐴 + 
𝐵

𝜆2
+ 

𝐶

𝜆4
 2.2 

 

where 𝑛 represents refractive index of medium, A, B, and C are constants whose values 

depend on the nature of material, and 𝜆 is the wavelength.  

Neglect third term as 1 / 𝜆4 is small and differentiate eq. 2.2. After simplification above 

equation can be written as [20]: 

 

𝑑𝑛

𝑑𝜆
=  − 

2 𝐵

𝜆3
 2.3 

 

where 
𝑑𝑛

𝑑𝜆
 represents the rate of change of refractive index with wavelength (dispersion). It 

varies with the cube of wavelength and minus sign indicates negative slope of curve. 

 

2.2.2 Absorption 

Electromagnetic waves propagated in medium, transfer some energy to atom, the absorbed 

energy greater than the energy band gap. The transmitted waves have lesser energy to the 

incident. The energy absorbed by atom appears in the form of thermal energy. The absorption 

of particles changes the refractive index of material [21]. 

 

𝑛𝑐 = 𝑛 +  𝑖𝑘 2.4 

 

where 𝑛𝑐 represents the complex refractive index of material, 𝑛 is real part of refractive 

index, 𝑖𝑘 indicates the imaginary part of index, and 𝑘 is called the absorption coefficient or 

extinction coefficient or wave vector. 

The dispersion relation or relation between refractive index, frequency and absorption 

coefficient is given as [19]: 
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𝑛2(𝜔) = 1 + 
𝑁𝑞𝑒

2

𝜀0𝑚𝑒
 ∑

𝑓𝑗

𝜔0𝑗
2 − 𝜔2 + 𝑖𝛾𝑗𝜔

𝑗

 
2.5 

where n(𝜔) represents frequency dependent refractive index, N is number of molecules per 

unit volume,  𝑞𝑒 indicates the charge on electron, 𝑚𝑒 represents mass of electron, 𝜔0𝑗 is the 

frequency of oscillating atoms, ω indicates the frequency of electromagnetic waves, 𝛾𝑗 is the 

absorption coefficient and 𝑓𝑗 represents oscillators whose frequencies 𝜔0𝑗.  

If 𝜔0𝑗
2  >> 𝜔2, and ω approaches to 𝜔0, (𝜔0𝑗

2 − 𝜔2) decrease, then frequency dependent 

refractive index increase. The dispersion is normal dispersion. 

If ω = 𝜔0𝑗, the frequency of incident waves approaches to natural frequency, resonance 

occurs and 𝛾𝑗 absorption term becomes dominant. The atoms absorb most of radiations. 

If 𝜔0𝑗
2  << 𝜔2, then refractive index decreases (n < 1). For example, if X-rays beam incident 

on glass plate [19]. 

 

2.2.3 Polarization 

Polarization occurs when the external electric field slightly shifts the positive and negative 

parts of atom in material. Polarization is described below in terms of susceptibility and 

polarizability. 

 

2.2.3.1 Susceptibility 

Electric susceptibility is the ability of a material to become polarized. It describes the 

interaction of light with material. Its value is zero in vacuum. When medium is isotropic the 

electric polarization is proportional to the electric field [22]. 

 

𝑷 = 𝜀0 𝜒 𝑬 2.6 

 

where 𝑃 represents polarization, 𝜀0 indicates the permittivity of free space, 𝐸 is the strength 

of electric field and 𝜒 represents the electric susceptibility. This susceptibility relates to linear 

case and reduces to scalar for isotropic medium. Otherwise susceptibility is a tensor.  
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The above equation shows that polarization is proportional to strength of electric field and 

susceptibility. This equation is valid when electrons vibrate at the same frequency of electric 

field. If strength of electric field is a function of time E (t), and susceptibility 𝜒 (ω) is 

function of frequency of electric field then polarization is a convolution of Fourier transform 

of 𝜒 (ω) with E (t). The relation between susceptibility and relative permittivity of material is 

given as [22]: 

 

𝜀 = 1 +  𝜒 2.7 

 

𝜀 represents permittivity of a material. Light travel slowly in material which have high value 

of dielectric constant or refractive index. The permittivity (𝜀 = 𝑛2) of material changes the 

optical signal which move through the material. 

 

2.2.3.2 Polarizability 

Polarizability is the ability of the material to produce instantaneous dipole. It describes the 

dynamical behavior of bound system due to external fields. The relation between dipole 

moment, polarizability and strength of electric field is given as: 

 

𝑷 =  𝛼 𝑬 2.8 

 

𝛼 represents the polarizability of material. Polarizability depends on the electron density, 

atomic radii, and orientation of molecules [23]. 

1. The polarizability is high if large number of electrons exists in atom. It is because        

nucleus has less control on charge distribution of atom. 

2. The large distance between nuclear charge and electrons in an atom results in an 

increase in polarizability. 

3. The polarizability increases if the molecules are arranged parallel to the electric field. 

The polarizability in terms of refractive index can be written by using last three equations: 
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𝑛2 = 1 + 
𝛼

𝜀0
 2.9 

 

The refractive index of a material depends upon the polarizability of the material. The 

materials with low polarizability and low refractive index have high speed of electromagnetic 

wave.  

 

2.2.4 Temperature dependence refractive index 

The thermo-optic (TO) effect is the change of the refractive index of material with 

temperature [24], [25]. The TO effect is useful in several applications such as TO wavelength 

tuning and TO switching. Precise temperature control is usually necessary for stable 

functioning of wavelength filters like ring resonator and Fabry-Perot resonator. The resonator 

with temperature dependent wavelength shift (TDWS) can be used precisely if the 

environment temperature is accurately controlled. The TDWS is computed by using 

following equation [26]. 

 

𝑑𝜆

𝑑𝑇
=  

𝜆

𝑛𝑒𝑓𝑓 −  𝜆 
𝜕𝑛𝑒𝑓𝑓

𝜕𝑇

(
𝜕𝑛𝑒𝑓𝑓

𝜕𝑇
+ 𝑛𝑒𝑓𝑓

1

𝐿

𝑑𝐿

𝑑𝑇
), 

=
𝜆

𝑛𝑔
(
𝜕𝑛𝑒𝑓𝑓

𝜕𝑇
+ 𝑛𝑒𝑓𝑓 𝛼) 

 

2.10 

where 𝜆 represents the wavelength of light (considering refractive index dispersion of 

waveguide), 𝑛𝑒𝑓𝑓 is the effective index of waveguide and is function of temperature 

(assuming TO coefficient of material), L is the length of the resonator and is function of 

temperature T (thermal expansion of material), 𝑛𝑔 indicates group index of resonator and 𝛼 is 

the coefficient of thermal expansion.
 

The thermal expansion coefficient of silicon is 2 𝑥 10−6 (
o
C)

-1
 which is smaller than thermal 

optic coefficient of silicon 1.86 𝑥 10−4  (
o
C)

-1
. The influence of coefficient of thermal 

expansion is weak as compared to TO coefficient and can be neglected. So, the wavelength 

shift is controlled by temperature dependence of the effective index [26]. 
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The TO coefficient of material is a sum of electronic and lattice contribution which are given 

as [26], [27]. 

 

𝑑𝑛

𝑑𝑇
=  (

𝑑𝑛

𝑑𝑇
)𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐  +  (

𝑑𝑛

𝑑𝑇
)𝐿𝑎𝑡𝑡𝑖𝑐𝑒 

 

2.11 

 

 The electronic part of TO effect is related to energy band of the material and lattice part 

contribute to thermal expansion of the material. Some semiconductors materials like Si have 

negative temperature dependent energy band gap and produce positive TO effect because the 

increase in temperature decrease the width of energy band gap [26]. Table 2.1 describes 

refractive index, thermo-optic coefficient (TOC) and coefficient of thermal expansion (CTE) 

of semiconductor, glass, and polymer [26]. 

Table 2.1. Properties of semiconductor, glass and polymer. 

Materials Refractive index 

(at 1550 nm) 

TOC 

(x 10
-4

 / 
o
C) 

CTE 

(x 10
-6

 / 
o
C) 

Si 3.47 1.8 2.6 

Si3N4 1.98 0.24 3.0 

SiO2 1.44 0.1 0.38 

Polymer 1.3 ~ 1.6 -1.0 ~ -4.5 40 ~ 200 

 

Many materials like Si, SiO2, Si3N4 etc have positive coefficient of thermal expansion (CTE) 

and TO coefficient (TOC), as shown in table. But polymers have positive CTE and negative 

TO coefficient depending on their composition. CTE is dominant to TOC in polymers and 

cannot be neglected in polymers. But in Si TOC is dominant to CTE and CTE can be 

neglected. The lattice contribution of  (
𝑑𝑛

𝑑𝑇
)𝐿𝑎𝑡𝑡𝑖𝑐𝑒 of semiconductor is small as compared to 

electronic part [27]. The value of thermo-optic coefficient of silicon is given by [28]. 

 

𝑑𝑛

𝑑𝑇
= 1.86 𝑥 10−4 𝐾−1 2.12 
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𝑑𝑛 refers the change in refractive index of silicon and 𝑑𝑇 is the change in temperature of 

silicon. The value of change in refractive index increases (positive) due to rise of temperature 

in material [29].  

Heaters based on thermo-optic effect has thermal speed in the range of several KHz in Mach-

Zehnder interferometer (130 KHz) [30] and Fabry-Perot modulator (700 KHz) [31]. This 

effect can also be applied thermal switching [32] in telecommunication applications. The 

thermo-optic phase shifter (heater) is a device used to reduce the phase difference between 

the optical beams in the arms of Mach-Zehnder Interferometer. The change in phase is a 

function of temperature [30] and current density of charge carriers [33]. The temperature 

dependent change in phase is computed by using following equation [30]: 

 

𝛥𝜑 =
2𝜋𝐿

𝜆0

𝑑𝑛

𝑑𝑇
𝛥𝑇 

2.13 

 

𝛥𝜑 indicates the phase difference between optical beams in two arms of MZI, L represents 

the length of phase shifter, 𝜆0 is the free-space wavelength (1550 nm), 
𝑑𝑛

𝑑𝑇
  is the thermo-optic 

coefficient of silicon, 𝛥𝑇 indicates the temperature difference between heat sink and 

waveguide. The power consumed for 𝛥𝜑 is computed from simulator and then use 

mathematical steps to calculate 𝜋-radian phase shift of thermo-optic phase shifter. 

  

2.3 Electro-optic effect 

The electro-optic effect is an important effect for changing charge carrier concentration, 

temperature, absorption of spectrum, and refractive index of a material for modulation in 

modulators. The optical modulators are used in high speed communication system. The 

optical field varies with the strength of electric field that leads to change in refractive index of 

material.  

 

2.3.1  Carrier Plasma dispersion effect 

The plasma dispersion effect is the change of refractive index and optical absorption 

coefficient by injecting and depleting of charge carriers from semiconductors. During the 
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injection or depletion of charge carriers in Si, changes are produced in the refractive index 

(Δn) and in optical absorption coefficient (Δα). This effect was described by Soref and Benett 

[33]. They compared their results of Δn and Δα in Si due to charge carriers with Drude-

Lorenz model. The change in refractive index and in absorption of semiconductors can be 

described by Drude-Lorenz equations [24], [33]:  

 

Δn =  −(
e2λo

2

8π2c2εon
)(

ΔNe

mce
∗

+ 
ΔNh

mch
∗ ) 2.14 

 

𝛥𝛼 = (
𝑒3𝜆𝑜

2

4𝜋2𝑐3𝜀𝑜𝑛
)(

𝛥𝑁𝑒

(𝑚𝑐𝑒
∗ )2µ𝑒

+ 
𝛥𝑁ℎ

(𝑚𝑐ℎ
∗ )2µℎ

) 2.15 

                                                                                        

where negative sign shows the decrease in refractive index, e is the electronic charge, 𝜆𝑜 

represents the wavelength of light in free space, n is the refractive index of Si, 𝜀𝑜 indicates 

the permittivity of free space, c represents the speed of light, Δ𝑁𝑒 and Δ𝑁ℎ are the change in 

free electron and hole concentration respectively, Δµ𝑒 and Δµℎ are the electron and hole 

mobility respectively, 𝑚𝑐𝑒
∗  and 𝑚𝑐ℎ

∗  are the conductivity effective mass of electron and holes 

respectively. 

Soref and Benett focused on the communication wavelengths 1.31 µ𝑚 and 1.55 µ𝑚. They 

computed the change in refractive index and in absorption at these wavelengths. They fit their 

numerical results with measurement results. They calculated the following empirical 

formulas of refractive index change and absorption coefficient change due to injection or 

depletion of charge carriers in silicon [24], [25], [33].  

At 𝜆0 = 1.31 µ𝑚 

 

∆n =  ∆ne + ∆nh = − [6.2 x 10−22 x ∆Ne + 6.0 x 10−18 x (∆Nh)
0.8] 2.16 

 

∆𝛼 =  ∆𝛼𝑒 + ∆𝛼ℎ =   6.0 𝑥 10−18 𝑥 𝛥𝑁𝑒 + 4.0 𝑥 10−18𝑥 𝛥𝑁ℎ 2.17 

      

At 𝜆0 = 1.55 µ𝑚 
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∆𝑛 =  ∆𝑛𝑒 + ∆𝑛ℎ = − [8.8 𝑥 10−22 𝑥 ∆𝑁𝑒 + 8.5 𝑥 10−18 𝑥 (∆𝑁ℎ)
0.8] 2.18 

 

∆𝛼 =  ∆𝛼𝑒 + ∆𝛼ℎ =   8.5 𝑥 10−18 𝑥 𝛥𝑁𝑒 + 6.0 𝑥 10−18𝑥 𝛥𝑁ℎ  2.19 

 

where ∆ne and ∆nh are the change in refractive index due to electron and holes respectively, 

∆αe and ∆αh represent the change in absorption because of electrons and holes respectively, 

∆Ne and ∆Nh indicate the change in carrier concentration of electrons and holes respectively. 

The results of above equations 2.16 - 2.19 did not fit with Drude model [33]. The difference 

was the change in refractive index due to change in holes concentration 𝛥𝑁ℎ
0.8. This was 

known before that the refractive index of material decreases when carriers are injected in the 

material. Contrarily, the index of material increases when carriers are depleted from the 

materials [33]. The change of carrier concentration of electron is positive when carrier will be 

injected in semiconductor material and vice-versa. This plasma dispersion effect can be used 

in semiconductor or Si- modulators for modulations (12.5 𝐺𝑏/𝑠) [34]. It can be used in phase 

modulation, amplitude modulation etc. for high quality signal. 

In this work, two types of modulators are used for modulations. The control of temperature in 

silicon Mach-Zehnder interferometer and modulator will be discussed in chapter 3. The 

temperature in these devices is controlled by using doped silicon integrated heaters. The 

second type of modulator is silicon node-matched-diode (NMD) Fabry-Perot (FP) modulator. 

It is explained in chapter 4. Silicon L- and U-shaped doped heaters are used for tuning and 

stabilization of modulated optical spectrum in NMD FP-modulator. The plasma dispersion 

effect is used to compute the thermal influence of carriers in NMD FP-modulator. The trade-

off refractive index change between plasma dispersion effect and thermo-optic effect are 

presented. 

 

2.4 Physical Models for thermal simulation 

The thermodynamic model for lattice temperature, Shockley-Read-Hall Recombination 

doping and temperature dependence, and mobility models have been used to calculate the 

average temperature, recombination rate, charge carrier current density, and mobility in 

different components of heater. These models are also used to solve the charge carrier’s 

continuity, Poisson, and temperature continuity equations. 
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2.4.1 Thermodynamic model for lattice temperature 

The lattice temperature describes the vibrational states of the crystal. The lattice temperature 

can be determined by using thermodynamic model. The thermal boundary condition is 

necessary to determine the lattice temperature. The thermodynamic model for lattice 

temperature was applied to compute the temperature of different components of device, and 

current densities of electron and hole.    

With the thermodynamic model, the following heat equation computes the lattice temperature 

[21]. 

 

𝜕

𝜕𝑡
𝑐𝐿𝑇 − ∇. 𝑘∇𝑇  =  −∇. [(𝑃𝑛𝑇 + ∅𝑛) 𝐽𝑛 

⃗⃗⃗⃗ + (𝑃𝑝𝑇 + ∅𝑝) 𝐽𝑝 
⃗⃗⃗⃗ ] − (𝐸𝑐 +

3

2
𝑘𝑇)∇. 𝐽𝑛 

⃗⃗⃗⃗  

                                  − (𝐸𝑣 −
3

2
𝑘𝑇)𝛻. 𝐽𝑝⃗⃗  ⃗ +  𝑞𝑅𝑛𝑒𝑡(𝐸𝑐 − 𝐸𝑣 + 3𝑘𝑇) + ℏ𝜔𝐺𝑜𝑝𝑡 

2.20 

 

k and 𝑐𝐿 are the thermal conductivity and the lattice heat capacity respectively, 𝐸𝑐 and 𝐸𝑣 are 

the conduction and valence band energies respectively, 𝐺𝑜𝑝𝑡 is the optical generation rate 

from photons with frequency 𝜔, 𝑅𝑛𝑒𝑡 is the recombination rate (without contributions from 

𝐺𝑜𝑝𝑡), 𝐽𝑛 and 𝐽𝑝 are the electron and hole current densities, ∅𝑛 and ∅𝑝 are the electron and 

hole quasi-Fermi potential respectively, 𝑃𝑛 and 𝑃𝑝 are the absolute thermoelectric powers of 

charge carriers [21]. 

The first term 
𝜕

𝜕𝑡
𝑐𝐿𝑇 in the left-hand side of equation is the rate of heat change with respect to 

time, the second term (−∇. 𝑘∇𝑇) represents the divergence of heat flow vector and minus 

indicates that heat flows in the direction of decreasing temperature.  

In the right-hand side of above transport model, ∇. 𝐽𝑛 
⃗⃗⃗⃗  and ∇. 𝐽𝑝⃗⃗  ⃗ are the divergence of electron 

and hole current densities. These describe the conservation of charge. A temperature gradient 

is appended to the current flux density. 

In the above transport model, the term 
𝜕

𝜕𝑡
𝑐𝐿𝑇 is not required for steady-state thermal 

simulation but for transient simulation.  
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Three steps are important to compute the lattice temperature of thermodynamic model. These 

are: 

1. A thermode or thermal boundary condition is defined as a heat sink in the structure. 

Dirichlet boundary condition is applied to the surfaces of different components of 

device as a fixed heat sink temperature. The basic function of this condition is to 

transfer the heat from source to heat sink. This condition is set in electrodes and 

substrate in the structure editor and sentaurus device.  

2. The keyword “thermodynamic” is written in Physics section to include 

thermodynamic model for lattice temperature in simulation. 

3. In the Solve section, the keyword “temperature” is added in the Coupled statement. 

This adds the lattice temperature equation to the Newton system to be solved 

iteratively [21]. 

 

2.4.2 Shockley-Read-Hall (SRH) Recombination 

Generation-recombination processes exchange carriers between conduction and valence 

band. Recombination through deep defect levels in the gap is usually labeled Shockley-Read-

Hall (SRH) recombination. A deep defect level is the energy level positioned near the center 

of band gap. These levels are created by atoms other than acceptors and donors or by crystal 

defects like dislocations [35]. The deep defect levels are located deeper in the band gap as 

compared to dopants levels (n-doped or p-doped). These are called traps, recombination 

centers, or generation centers. These trapes bound charge carriers in compact and localized 

states. In Sentaurus Device, the following form is implemented: 

 

Rnet
SRH = 

np − ni,eff
2

τp(n + n1) + τn(p + p1)
 2.21 

                                                                       

𝑅𝑛𝑒𝑡
𝑆𝑅𝐻 represents the net Shockley-Read-Hall (SRH) recombination rate. The unit of 

recombination rate is 𝑐𝑚−3 𝑠−1. 𝜏𝑛 and 𝜏𝑝 are recombination life times for electrons and 

holes respectively, 𝑛 and 𝑝  describe the electron and hole density, and 𝑛𝑖,𝑒𝑓𝑓 effective 

intrinsic density (including doping dependent bandgap narrowing), 𝑛1 and 𝑝1 electron and 

hole density (𝑐𝑚−3) of a nondegenerate  semi-conductor respectively, the Fermi level 

coincides with the trap (apart from a degeneracy factor) level [36], [37].  
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The recombination life times for electrons and holes can be calculated by the following 

equations: 

 

𝜏𝑛(𝑥) = [𝑐𝑛(𝑥)𝑁𝑡(𝑥)]−1 2.22 

 

𝜏𝑝(𝑥) = [𝑐𝑝(𝑥)𝑁𝑡(𝑥)]−1 2.23 

 

where 𝑁𝑡(𝑥) represents the concentration profile of the recombination centers or defects 

concentration in (𝑐𝑚−3). Apart from the density of recombination centers they depend on the 

capture rates 𝑐𝑛,𝑝(𝑥). The whole information about field and temperature dependence of the 

lifetimes is contained in these capture rates (𝑐𝑚3 𝑠−1) [36].  

These capture rates can be expressed as: 

 

cn(x) =  σnvth 2.24 

            

𝑐𝑝(𝑥) =  𝜎𝑝𝑣𝑡ℎ 2.25 

 

where 𝜎𝑛 and 𝜎𝑝 represent the capture cross-sections (𝑐𝑚2) for electron and hole 

respectively, 𝑣𝑡ℎ is the thermal velocity of charge carriers. The capture rate of charge carriers 

depends on the temperature and nature of defects [37].  

The electron and hole density of a nondegenerate semiconductor can be computed as [21]: 

 

n1 = ni,effexp (
Etrap

kT
) 2.26 

 

𝑝1 = 𝑛𝑖,𝑒𝑓𝑓𝑒𝑥𝑝 (
−𝐸𝑡𝑟𝑎𝑝

𝑘𝑇
) 2.27 

                                                            

k is Boltzmann´s constant, 𝐸𝑡𝑟𝑎𝑝 is the difference between the defect level and intrinsic level.  
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The SRH doping dependence and temperature dependence are two types of SRH 

recombination used in Sentaurus Device simulation. The lifetime of charge carrier depends 

on temperature and doping dependence. The carrier lifetime SRH temperature and doping 

dependence were used to determine the total recombination rate and will be explained in the 

following paragraphs. 

 

1.  Carrier lifetime SRH Temperature Dependence 

The variation in life time of charge carrier depends on the temperature of device. For high 

temperature approximation the life time of carrier in the heater device increases with the 

temperature. For low-temperature approach the life time of carrier can be computed as: 

 

τSRH(T) =  τSRH(300K). ( 
T

300K
)
α

 2.28 

 

where 𝛼 is 
−3

2
. This shows that decrease in temperature increases the life time of carrier and 

decreases the probability of capture cross-section and vice-versa [21], [36].  

The lifetime of carrier is thermally activated at high-temperature approximation. But at low-

temperature approach the effect is weak. The power law 𝑇
3

2 in low-temperature 

approximation was more feasible than activated law at high-temperature. This power law 

model was activated in Sentaurus Device [21], [36]. 

  

2.  Carrier lifetime SRH doping dependence 

Another factor which affects the lifetimes of carrier is SRH doping dependence. In Sentaurus 

Device the lifetime of carrier SRH doping dependence can be computed by using Scharfetter 

relation [21]: 

τdop(NA,0 + ND,0) =  τmin + 
τmax − τmin

1 + (
NA,0 + ND,0

Nref
)
γ 

2.29 
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ND,0 and NA,0 represent the donor and acceptor concentrations. 

The above equation shows that the carrier life time decreases when the doping increases [38]. 

This decrease in life time increases the capture rates. In Sentaurus Device, this model is 

activated to evaluate SRH lifetimes by specifying “Doping Dependence” for “SRH” keyword 

in the “Recombination” statement.  

In Sentaurus Device, the above two models are activated to evaluate SRH lifetimes and SRH 

rate by specifying “Doping Dependence Temp Dependence” for “SRH” keyword in the 

“Recombination” statement. 

 

2.4.3 Mobility model 

The mobility of charge carriers depends upon temperature of device, doping and electric 

field. In Sentaurus Device, the mobility doping dependence and electric field dependence 

models were used for thermal simulation. The electron mobility, hole mobility, electron 

density, hole density, electron velocity, hole velocity, and electric field were calculated by 

applying mobility model.  

 

1. Mobility doping dependence model 

The Sentaurus device uses Masetti Model to simulate doping-dependent mobility in silicon. 

This model is applied to highly n-doped (Arsenic or Phosphorous) and p-doped (Boron) 

material. Arsenic is preferred because it has lower diffusion coefficient. Due to low dopant 

diffusion its atom remains at the lattice position where it was doped [39]. The doping level of 

these materials in silicon are in the range of 1𝑥 1020𝑐𝑚−3. The following equation is used to 

compute the mobility doping of charge carriers [21], [40].  

µdop = µmin1 exp (−
Pc

NA,0 + ND,0
) + 

µconst − µmin2

1 + (
NA,0 + ND,0

Cr
)α

− 
µ1

1 + (
Cs

(NA,0 + ND,0)
)
β
 

2.30 

         

µ𝑚𝑖𝑛1, µ𝑚𝑖𝑛2, and µ1are the reference mobilities, 𝑃𝑐, 𝐶𝑟, and 𝐶𝑠 represents the reference 

doping concentration, 𝛼 and 𝛽 are the parameters of above equation, ND,0 and NA,0 represent 
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the donor and acceptor concentrations respectively [21], [40]. The constant mobility µ𝑐𝑜𝑛𝑠𝑡 

depends on lattice temperature. It is activated by default. 

The doping-dependent mobility depends on electron, and hole carrier density. The increase in 

the concentration of charge carriers decreases the mobility of carriers and vice versa [40]. 

Moreover, the charge carrier mobility is a function of temperature. The increase in 

temperature of the carriers decreases their mobility [41].   

 

2. Mobility high electric field saturation 

In mobility model, the drift velocity of carriers is not proportional to high electric field. This 

model is applied in Sentaurus device to compute the charge carrier’s mobility, velocity of 

electrons and holes and strength of electric field. The velocity is proportional to low strength 

of electric field. But when the field strength becomes high the velocity can no longer increase 

and becomes saturated [21], [42]. 

 

2.5 Synopsys sentaurus software simulation tools 

Synopsys Sentaurus TCAD (Technology Computer-Aided Design) is a software of 2-D/3-D 

numerical simulator. TCAD simulations are generally used in semiconductor industry. The 

semiconductor industry which relies on TCAD is used to reduce cost and speed up the 

research and development process. The process simulation and device simulations are two 

main branches of TCAD. The process simulation based on physical equations, various 

processing steps such as etching, deposition, ion implantation, thermal annealing and 

oxidation are simulated. The process simulation is not explained here because it is beyond the 

scope of this thesis. The device simulation is used in this research work. Three tools, 

sentaurus structure editor, sentaurus device, and sentaurus visual were employed for device 

simulation. The resolution of sentaurus software is 1 𝑛𝑚. The data flow for device simulation 

is shown in Fig. 2.1. The device materials, geometry, doping and contacts are defined in 

Sentaurus Structure Editor. The command-line options such as graphical user interface, load 

and executes the script file, tests the scheme syntax etc. are used in structure editor. It also 

generates input files such as TDR boundary file and mesh command file for the meshing 

engine, which produce TDR grid and data file for device structure. In Sentaurus device, the 

command file is checked for correct syntax, and the commands are executed in sequence. The 

default parameter file contains the parameters (coefficient) of all models used in Sentaurus 
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device [21], [43]. Sentaurus device is used to simulate the electrical, thermal and optical 

properties of semiconductor devices. The third tool Sentaurus visual is used to visualize the 

plot of electrical, thermal and optical characteristics. The steady-state (time independent) and 

transient simulation (time dependent) can be used in Synopsys. In this research, steady-state 

thermal simulation is employed to compute thermal influence of heaters on FP-modulator and 

MZM. 

 

Figure 2.1: Data flow with device simulation using Sentaurus Structure Editor, Sentaurus Device, and 

Sentaurus visual [21], [43], [44]. 

 

2.5.1 Sentaurus structure editor 

The 3-dimensional virtual device structures were assembled in Sentaurus structure editor. The 

dimensions and materials of each component of device were defined. The cartesian co-

ordinates system was used to describe the dimension of each component. The different 

components of semiconductor device can be doped with Arsenic, Phosphorous, and Boron. 

The parameters such as lattice heat capacity, thermal conductivity, old slot boom, mobility 

constant doping dependence, mobility constant Enormal dependence, high field dependence 

mobility, and SRH recombination temperature dependence are used in device simulation. 

These parameters depend on thermodynamic model of lattice temperature, intrinsic density, 

mobility, and Shockley-Reed-Hall recombination models. Different types of doping profiles 

such as Constant, Gaussian, Error, and Analytic can be used in the models. A separate 

“implant” command is not mandatory in constant doping as in the case of Gaussian and 

Analytic doping profiles. In this work, Constant doping profile is used in different 
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components (like heaters) of MZM and FP-modulators to control heat. The next step was to 

define the position of electrodes and thermal contacts in the structure. These contacts 

correspond to physical contacts in the real device. The last step was to generate the mesh of 

the device for simulation. The name and co-ordinates of meshing region is defined in the 

command of refinement-window. The function of mesh refinement box is that the mesh 

spacing should not exceed a given value and it stops if mesh size smaller than a given value. 

The mesh grid size is specified by using command refinement-size, in the next step. 

Maximum and minimum grid sizes are specified in the direction of axes. In last step, the grid 

size is applied to mesh region through command refinement-placement. The region name and 

grid size name are entered in this command. The dense mesh was used in those regions of 

device where high current density, electric field and charge generation were expected. The 

grid size of meshing must be small to achieve the level of accuracy [21], [43]. A predefined 

scheme resolved the overlapping of different regions. 

 

2.5.2 Sentaurus Device  

Sentaurus device numerically simulates the electrical behavior of the virtual device in a 

circuit. The device was predefined in the sentaurus structure editor. The initial conditions 

were assigned to the electrical and thermal contacts. All electrodes have voltage boundary 

conditions with the initial condition of zero bias. Similarly, the thermodes were assigned 

temperature boundary conditions with the initial condition of defined temperature used as 

heat sink. The Sentaurus device simulations solves the assigned equations to compute the 

current terminals, voltages, charge distribution and thermal effects. In the Physics section 

different physical models were applied in device simulation. The type of the model applied 

depends upon the required quantity. The plot section specifies the solution of variables. The 

Sentaurus device was able to compute only those variables which depend on the selected 

physical model in Physics section. The current plot section was used to determine and plot 

the curve of points, maximum, average, and minimum values of physical quantity of different 

regions of device. In math section, sentaurus device solves a set of partial differential 

equations self-consistently, on the discrete mesh by using Newton iterative technique. An 

error is calculated for every iteration. The small or large errors converge on a solution by 

sentaurus device. For convergence, 15 iterations are applied in this simulation. The number of 

threads can be specified in this section which represents the number of processors available 

on the execution platform. The solve section specifies a sequence of solutions to be obtained 
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by the solver. The keyword “Poisson” describes the initial solution of Poisson equation. The 

initial electrical condition was defined in the electrode section. The second step specifies the 

“Coupled command”. This activates Newton method to solve set of Poisson, electron and 

hole current continuity and temperature continuity equations [21].  

In the next step, the quasistationary command was used to ramp boundary conditions, such as 

voltages on electrodes. For maximum numeric robustness, this subsection includes voltage 

step sizes according to an internal algorithm. If the system fails to converge the error within 

the limit of iterations, the sentaurus device reduces the step size (0.05 V to 1 x 10
-5

 V) from 

its internal algorithm and continue until convergence is achieved. If the re-computation 

procedure still does not converge the error after reaching its minimum step size, then slightly 

refined initial grids (minimum element size) or large grids (maximum element size). Newton 

iterations stop when convergence criteria are fulfilled. This method converges small as well 

as large errors. The simulator works until it reaches final voltage. The set of “Goals” for one 

or more electrodes were described in this section to specify the final voltage ramp. In the last 

section of “Solve” Newton method was applied to compute Poisson, electron and hole 

continuity and temperature continuity equations. The electrostatic potential, electron and hole 

density, lattice temperature was computed from the resolution of the Poisson, electron 

continuity, hole continuity and temperature continuity equations [21]. 

 

2.5.3 Sentaurus Visual 

Sentaurus visual is important tool of Synopsys for visualizing the data from simulations. This 

tool can be used to analyze the simulation structure of one, two and three dimensions. The 

different fields, depletion regions, materials, and geometries of various structures and their 

components can be analyzed using Sentaurus visual [44]. It supplies various tools like probe, 

cutting of planes, and zoom to visualize the results of simulations. This was used to plot 

graphs. It can also generate new formulae in the system for plotting. 
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3 Temperature control in Mach-Zehnder 

Modulator 

In this chapter the design and thermal simulation of silicon and aluminum heater in Mach-

Zehnder modulator (MZM) is described. The thermal and optical properties of silicon and 

aluminum heaters are compared and investigated numerically. The simulation values are 

verified with experimental results of silicon heaters (Si-heaters). In the conclusion, the 

numerical values of high phase shifting efficiency of phase shifter in MZM are verified with 

experimental results.          

            

3.1 Introduction 

Thermo-optic effect (TOE) plays an important role for the stabilization of optical spectrum in 

resonators and modulators. In photonic integrated circuits, Mach-Zehnder interferometric 

structures and ring resonators are widely used for optical switches [45]. The thermo-optic 

(TOE) and plasma dispersion (PDE) effects are widely used in silicon based MZM and 

switches to produce broadband spectrum. The plasma dispersion effect produces strong 

electro-optic effect and is faster than TOE. The thermo-optic effect-based phase shifter has a 

large phase shift per unit length because of high thermo-optic coefficient of silicon 

(1.86 𝑥10−4 𝐾−1) [28], [45]. 

The Mach-Zehnder Interferometer (MZI) is an optical device for demonstrating interference 

[46] and variation of phase shift [24]. The two waveguide arms of MZI are connected with 

two beam splitters. The first beam splitter splits the input light in two paths which travel 

along the waveguide arms. This light is recombined at second beam splitter. If two beams are 

in phase, the output beam shows constructive interference, and if out-of-phase it shows 

destructive interference or distortion in spectrum. Integrated heaters are used to control the 

fluctuation and tune the shifted spectrum.  
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In this work, the steady state thermal simulations were performed to get detailed knowledge 

on the principles and the functionality of the integrated heaters. These integrated heaters are 

generally used to control the temperature of MZIs. In comparison with the metal heaters, the 

silicon (Si) heaters produce high stability and temperature in silicon waveguide, low power 

consumption, high thermal efficiency and do not increase the temperature of the other 

component of the device. Hence, Si-heaters can be used to stabilize the spectrum in the 

operating range. It was investigated that the temperature gradient between waveguide and Si-

heaters was small. The refractive index in the waveguide changes with the change in 

temperature of wave guide. Therefore, silicon (Si) heaters can be used to optimally tune the 

modulated spectrum in red-shift.  

These heaters are used as thermo-optic phase shifters. The heaters controlled the temperature 

at one or both arms and reduced the phase difference between the two arms of asymmetric 

MZI. In general heaters are used in symmetric Mach-Zehnder modulator but our test structure 

is asymmetric MZI to characterize heater. The low power for 𝜋-radian phase shift and phase 

shifting efficiency was computed numerically to tune the optical modulated spectrum 

numerically. Furthermore, the simulated results of Si-heaters and phase shifter were 

compared with the experimental measurement for verification.  

 

3.2 Mach-Zehnder Interferometer and Modulator 

The Mach-Zehnder Interferometer (MZI) is an important interferometer type. It can be used 

in many applications such as modulators [47], [48] and switches [49], [50] etc. The schematic 

diagram of MZI is shown in Fig. 3.1 and Fig. 3.2. The MZI comprised of input silicon 

waveguide, a splitter, two arms of waveguide, a combiner and output waveguide.  

The input wave travels in the waveguide. The splitter of MZI split the input wave into two 

even parts. The waves travel in two arms of the MZI. Both waves recombine at the combiner. 

In many applications, two splitters / combiners can be used at the two inputs and outputs of 

MZI. Each splitter has two inputs and outputs. The multimode interferometer (MMI) 

splitter’s inputs and outputs can be used as 1 x 2, 2 x 2 etc. configurations. Insensitivity to 

wavelength, low optical loss and small size are the important properties of splitters or 

couplers. These MMI splitters have free selection of power shifting ratio at the output [51].   

A constructive interference is observed at the output of the waveguide due to balanced arms 

of MZI. The path difference between two arms is zero. Then phase difference between the 

two waves is zero or integral multiple of  2𝜋  radian [25]. Conversely, if the path difference 
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between two arms of MZI is not zero or adjusted in such a way that crest of waves overlaps 

with trough of waves or has different propagation constants in the arms, then destructive 

interference is observed. The phase difference between waves is π-radians or odd integral 

multiple of π. Moreover, if two arms have same propagation constant then destructive 

interference depends on the path length difference between arms. The asymmetric MZI has 

different arm lengths. These asymmetric MZI can be used in modulators, and switches 

applications. The phase difference of waves at the output waveguide is controlled either 

electro-optically or thermo-optically, in the arms of MZI. Free spectral range (FSR) is the 

wavelength (or frequency) difference between the two consecutive minima or maxima in 

transmission spectrum (Transmission vs wavelength) of asymmetric MZI (see Fig. 3.14). One 

full FSR correspond to 2𝜋-radian phase difference between optical beam in two arms of 

asymmetric MZI. The transmission spectrum can be tuned in one full FSR. Q-factor is the 

quality of the optical communication system. High value of Q-factors means less loss in 

signal [52].    

 

3.2.1 Electro-optic Mach Zehnder modulator 

The intensity of optical beam at the output of Mach Zehnder modulator (MZM) in the form of 

maxima and minima can be controlled by employing a phase shifter at one or both arms of 

MZI, as illustrated in Fig. 3.1. 

MZM is comprised of p-n- or p-i-n-diodes. These are inserted in one or both the arms of 

MZI. The charge carriers are injected or depleted from the arms of MZI by applying voltage 

to the diodes. The carrier variation in arms, changes the refractive index of waveguide that 

leads to phase difference at the output waveguide. The refractive index change is due to 

carrier plasma dispersion effect. The length of phase shifter is in the range of ~ 100 µm to 

millimeters.  

The phase shifter is used to calculate the power consumption of π-radian phase shift between 

optical waves in both the arms. Low power consumption for π-phase shift increases the phase 

shifting efficiency (Vπ L). The voltage Vπ is the voltage required for π-phase shift and L 

represents the device length [47]. High phase shifting efficiency is the main goal of 

researchers and attractive for the communication market.  
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Figure 3.1: Schematic of electro-optic Mach Zehnder modulator. The p-i-n-diodes are operated 

as phase shifters in MZM. The heaters are also used as phase shifters to stabilize the modulated 

optical spectrum. 

Hence, the phase shifter-controlled phase difference between the optical beam in both the 

arms after recombination is due to injection or depletion of carriers in MZM. Moreover, the 

electro-optic Mach Zehnder has a high-speed frequency modulation (40 𝐺𝑏𝑖𝑡/𝑠) [47], [48].  

 

3.2.2 Thermo-optic Mach Zehnder Modulator 

The thermo-optic effect (TOE) in asymmetric MZI was used to modulate the spectrum of 

light. The thermo-optic effect was already discussed in chapter 2 section 2.2. The temperature 

in one or both arms of MZM was changed with the help of heaters. If heaters are used in only 

one arm of MZI to reduce phase difference, then maybe it consumes a lot of power. Because 

it reduces the phase difference in one direction (+Δφ). If additional pair of heaters are present 

in other arm, then it reduces same phase difference but in opposite direction (-Δφ) for lower 

power consumption. In this way power consumption of heaters can be reduced.  

The silicon waveguides have high thermo-optic coefficient [28]. The refractive index of 

waveguide was changed by varying the temperature. Due to the variation in refractive index 

the phase difference between two arms at the output waveguide were controlled by the 

heaters. These heaters were operated as thermo-optic phase shifters in MZM. The phase shift 

between two beams depends on temperature [30]. The schematic diagram of thermo-optic 

MZM is shown in Fig. 3.2.  The low power π-radian phase shift was important for phase 

MZM. The research aims at designing high phase shifting efficiency phase shifter to 
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modulate the light. These are used to stabilize and tune the optical spectrum in operating 

range. Moreover, the thermo-optic MZM is a slow speed modulator. Its speed was in few 

hundred Kilo Hertz [53].   

 

 

Figure 3.2: Schematic of a thermo-optic Mach Zehnder modulator. The n-doped heaters are 

used as phase shifters to tune the optical spectrum in operating range. 

3.3 Design and description of heaters in MZI 

The heater of modulator was designed in “Structure Editor” of Sentaurus software [43]. The 

dimensions and materials of each component of device were defined in Sentaurus Structure 

Editor. The design and description of these heaters are discussed below. 

 

3.3.1 Aluminum heater 

A silicon rib waveguide with lateral dimensions of 220 𝑥 400 𝑛𝑚2 is built in the “Structure 

Editor” of Sentaurus software. The co-ordinates system was used in structure editor to design 

3-D structure. The working of structure editor simulation tool was discussed in chapter 2.  

Two silicon slabs or trenches were designed on both sides of waveguide with 

dimension 50 𝑥 725 𝑛𝑚2. The length of Si waveguide and Si slab was 36.6 µ𝑚. Figure 3.3 

shows the cross-section view of aluminum heater.  
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Figure 3.3: Cross-sectional view of aluminum heater and Si waveguide. 

These are passivated by underlaying buried SiO2 (BOX) layer with thickness 2 µ𝑚 [54]. A 

silicon substrate of thickness 20 µ𝑚 was positioned under SiO2 (BOX). The layer of SiO2 is 

used to protect the leakage of optical power into Si-substrate [55]. Aluminum heater is 

positioned above the waveguide with area 0.36 𝑥 0.58 µ𝑚2, as shown in Fig. 3.3. The length 

of metal heater is 36.6 µ𝑚. This metal heater is connected to aluminum electrodes. The 

distance between top face of waveguide and bottom face of aluminum heater was 1.64 µ𝑚 

and filled with SiO2. The waveguide and slabs are doped with Boron (p-doped) to produce 

uniform defects. The doping level is 1𝑥1015 𝑐𝑚−3. This doping in waveguide and slab is 

called background doping.  

 

3.3.2 Semi-conductor or Si-heaters 

The structure of semi-conductor heater was designed in “Sentaurus Structure Editor”. The 

structure was different for aluminum heater. Figure 3.4 (a) shows the middle cross-section 

view of n-doped Si-heater. The cross-section area of waveguide and slab or trench was 

220 𝑥 400 𝑛𝑚2 and 50 𝑥 725 𝑛𝑚2 respectively.  

Figure 3.4 (b) indicates 3-dimensional view of integrated Si-heaters structure. The four-

squared n-doped contacts were designed next to SiO2 layer on both sides of waveguide. One 

set of two n-doped contacts were placed on both sides of waveguide. The cross-section area 

of these n-doped contacts are 0.22 𝑥 3.54 µ𝑚2. The four-squared cobalt silicide contacts 

were positioned inside n-doped contacts from top surface. The top surface of n-doped and 
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cobalt silicide contacts is at the same level. The cross-section area of these cobalt silicide 

contacts is 0.02 𝑥 3.03 µ𝑚2.  

(a) 

 

                                                                       

 

 

(b) 

 

                                                                              

Figure 3.4: (a) Cross-sectional view of integrated n-doped semiconductor heaters. (b) The 3- 

dimensional view of Si- heaters designed in Sentaurus structure editor tool. 
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The n-doped semiconductor heater stripe was sandwiched between two sets of n-doped and 

cobalt silicide contacts as shown in Fig. 3.4 (b). The two sets of Si-heaters stripes were 

employed on both sides of Si waveguide. The length of one heater stripe was 29.52 µ𝑚. The 

width and height of n-doped heater stripe was 0.76 µ𝑚 and 220 𝑛𝑚 respectively. The two 

layers of SiO2 of thickness 140 𝑛𝑚 were employed between heater and silicon slab. The 

main purpose is to prevent leakage current in the modulator diode. Also, the function of this 

layer is to block the flow of charge carrier from Si-heaters to waveguide.  

The distance between edge of heater and waveguide was 0.865 µ𝑚. The aluminum 

rectangular bars or vias were positioned on top of cobalt silicide layers. The cross-section 

area of metal via is 0.36 𝑥 0.36 µ𝑚2. The length of these vias is 1.64 µ𝑚. The cobalt silicide 

has high electrical conductivity and good match with aluminum vias.  

Four-squared aluminum blocks are designed on top of every set of vias. The two aluminum 

blocks are connected through aluminum electrodes on the opposite sides of waveguide. The 

two aluminum electrodes are connected with these four blocks, as illustrated in Fig. 3.4 (b). 

Now the two n-doped heaters are connected in parallel to each other through these electrodes. 

These are connected in parallel to reduce the total electrical resistance and deliver enough 

electrical power at lower voltage. These are positioned on buried SiO2 with thickness 2 µ𝑚 

and Si substrate, as shown in figure 3.4 (a). The length of one segment of heater structure is 

36.6 µ𝑚.  

The doping level of n-doped heaters is 1020𝑐𝑚−3. The high doping level used in heaters for 

high electrical conduction and produces high temperature in waveguide. A layer of SiO2 of 

thickness 2.0 µ𝑚 was constructed on top of aluminum layers. 

 

3.4 Physical Models for simulation  

In this work, the thermodynamic model for lattice temperature, Shockley-Read-Hall 

Recombination doping and temperature dependence, and mobility models have been used for 

thermal simulation in Sentaurus device tool. These models are used to calculate the average 

temperature, recombination rate, electric field strength, charge carrier current density, 

mobility of carriers, and number of charge carriers per unit volume in different components 

of heater structure. These thermodynamic models solved the Poisson, temperature, and 

continuity equations. The complete analysis of above quantities and refractive index change 

in waveguide are computed with Sentaurus visual simulator tools. The detail discussion about 
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the Sentaurus software tools have been done in chapter 2. Thermal simulation analysis of Al 

and Si heaters are discussed in following separate sections. 

 

3.5 Thermal simulation analysis of Aluminum heater 

The position of thermal boundary conditions (TBC) as heat sink was applied at bottom of Si 

substrate and the sides of aluminum electrodes in structure editor tool of simulator. The 

absolute error of voltage, current, and temperature in simulated results is ± 0.001 𝑉, 

± 0.001 𝐴, and  ± 0.001 𝐾 respectively. The temperature of TBC was adjusted at 308.15 𝐾 

in device tool. The electrical boundary condition of 0.500 𝑉 was applied to the side of 

electrode of aluminum heater. The percentage uncertainty for voltage is about 0.2 %.  

In the first step of simulation, the grid size of components of heater structure for meshing was 

adjusted. The meshing was completed by using structure editor tool. In the second step, the 

electrical and thermal boundary conditions were applied, and physical models were used to 

compute different variables. The simulator started the simulation and solving Poisson, 

temperature, and continuity equations in device tool. 

 

Figure 3.5: Top view of simulated aluminum heater, length 36.6 µm, width 0.36 µm, height 

0.58 µm, and applied voltage 0.5 V in steady-state condition. 
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Figure 3.5 shows the top view of aluminum heater simulation. It shows that aluminum heater 

becomes hotter in the center as compared to the edges. The heat flows from heater in the 

direction of silicon substrate and electrodes. It is because the heat sink is applied at the 

bottom of silicon substrate and at the sides of electrode. The heat flows from high to low 

temperature due to heat equation.  

The current 52.31 𝑚𝐴 was flowing through the metal heater. The percentage uncertainty in 

current is about 1.9 %. The resistance per unit area of aluminum heaters is 45.76 
𝛺

µ𝑚2. It 

shows that aluminum heater has less value of resistance. The decrease in the value of 

resistance causes a lot of current flows through the circuit. The total power consumption in 

aluminum heater was (26.16 ±  0.54 ) 𝑚𝑊. The uncertainty in the value of power is around 

2.1 %. This high-power consumption of metal heater may decrease its efficiency. 

Figure 3.6 shows the current-voltage curve of metal heater. As the voltage increases, the 

current flow in the circuit also rises. The curve is linear at the start because resistance and 

temperature of conductor does not change which shows its ohmic behavior. But after 0.1 V 

the resistance and temperature increase which shows non-ohmic behavior of aluminum 

heater.    

 

Figure 3.6: IV-Curve of metal heater. The heater supplied 0.5 V and 52.33 mA current flows 

through it. 
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The resistance of aluminum heater was computed 9.55 Ω. The resistance per unit length of 

metal heater was 0.26 
 Ω

µ𝑚
 . The low value of heater resistance produces a lot of heat in the 

structure, as illustrated in Fig. 3.5. It was found that the maximum temperature of aluminum 

heater is (610.700 ±  0.001) 𝐾. The heater heats up the waveguide and other components of 

MZI. This high temperature of metal heater may produce higher stress, melt the material, 

crack backend, and higher risk of structural damage. 

The current density in waveguide of MZI was computed by using simulator. Its value in 

waveguide was 1.8 𝑥 10−9 𝐴

µ𝑚2 or 0.18 
𝐴

𝑐𝑚2. The current density per unit voltage of heater 

was 3.6 𝑥 10−9
(

𝐴

µ𝑚2)

𝑉
 or 0.36

(
𝐴

𝑐𝑚2)

𝑉
. This value of current density per unit voltage is low. This 

is due to the complete isolation of metal heater with oxide layer. The oxide layer blocked the 

flow of charge carriers towards waveguide. This low value of current density does not affect 

the optical properties of MZI.   

It is observed from the above simulation that the middle portion of the waveguide becomes 

hotter as compared to the edges due to aluminum heater. This indicated the non-uniform 

heating in the waveguide.  

 

3.5.1 Thermal efficiency of aluminum heater  

The average temperature produced by aluminum heater in silicon waveguide was 380.91 𝐾. 

The temperature difference between aluminum heater and silicon waveguide was 229.79 𝐾. 

This temperature gradient was high. A lot of heat dissipated between aluminum heater and 

silicon waveguide due to a layer of SiO2. It is because silicon dioxide is a poor conductor of 

heat and has a small value of thermal conductivity. The high temperature gradient decreases 

the thermal efficiency of metal heater. 

The graph in Fig. 3.7 is plotted between electric power consumed by the metal heater and the 

average temperature produced by heater in silicon waveguide. The graph shows the simulated 

results of aluminum heater. The average temperature in waveguide is a function of heater 

power consumption. As the consumption of electric power in heater increases it increases the 

average temperature in waveguide. The thermal efficiency is a ratio of change in average 

temperature in waveguide to the change in electric power consumption in heater. It was found 

that the thermal efficiency of aluminum heater is 2.79 
𝐾

𝑚𝑊
. The heater consumes a lot of 
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power but produces less temperature in waveguide. This is due to the complete isolation of 

metal heater with oxide. It decreases the thermal efficiency of aluminum heater. Also, the 

aluminum heater is surrounded isotropically by SiO2 so that the heat is radiated 

homogeneously in all directions.   

 

 

Figure 3.7: Average temperature in Si waveguide versus the aluminum heater power 

consumption. The thermal efficiency of metal heater is 2.79 K/mW. 

 

3.5.2 Refractive Index Change with respect to heater power 

The temperature difference between waveguide and heat sink was 72.76 𝐾. The thermo-optic 

coefficient of silicon is used to compute the change in refractive index [28]. 

 

𝑑𝑛

𝑑𝑇
= 1.86  10−4 𝐾−1 3.1 

                                                                

 𝑑𝑛 is the change in refractive index of silicon waveguide and 𝑑𝑇 represents the temperature 

difference between heat sink and waveguide. It was found that the change of refractive index 

in waveguide is 13.53 𝑥 10−3 by using equation 3.1. This high change in refractive index 

increases the operating range of spectrum. This moves the optical spectrum to red-shift. The 



3. Temperature control in Mach-Zehnder Modulator 

37 
 

total power consumption in aluminum heater was 26.16 𝑚𝑊. The change in refractive index 

of waveguide for the red-shift of the optical spectrum per milli watt heater power was 

5.2 𝑥 10−4 1

𝑚𝑊
.  The immense change in refractive index shows that metal heater is suitable 

for long range tuner, but it consumes ~ 26.16 𝑚𝑊 power for 13.53 𝑥 10−3 change in 

refractive index to tune the spectrum in this range. This high-power consumption of metal 

heater decreases its efficiency. 

 

3.6 Thermal simulation analysis of Si-heaters 

The positions of thermal and electrical boundary conditions in Si-heaters are same as already 

discussed in aluminum heater structure. The only difference in the model is that two n-doped 

heaters are used instead of aluminum heater. The two Si-heaters were connected in parallel to 

each other and supplied 2.5 𝑉 to the electrodes. The remaining steps for meshing, applied 

physical models and solving the equations in both structures remain the same. The sentaurus 

device tool is used for steady state thermal simulation. 

 

 

Figure 3.8: Top view of simulated integrated n-doped Si-heaters. Width and height of heaters 

are 0.76 µm and 220 nm respectively. The length of heater stripes and applied voltage to the 

electrodes are 29.52 µm and 2.5 V, respectively. 
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Figure 3.8 shows the top view of one segment of Si-heaters. The lateral SiO2 are introduced 

on both sides of heaters. SiO2 is a poor conductor of heat. The function of lateral SiO2 is to 

confine the heat towards waveguide. This increases the efficiency of heaters. The heat is 

almost uniform in the middle portion of waveguide.  

It was found that total 2.56 𝑚𝐴 current flow through the heaters. Both the heaters generate 

uniform heat in the structure. It is because the two heaters are connected in parallel and the 

same current flows through the circuit. The symmetric structure of heater around the 

waveguide produces almost uniform heat in waveguide. At a voltage of 2.5 𝑉 the heaters 

consumed total 6.41 𝑚𝑊 power. The heaters consumed low power and increased its thermal 

efficiency.  

 

 

Figure 3.9: IV-curve of Si-heaters. The total resistance of Si-heaters is 975.0 Ω. 

The voltage-current curve of Si-heaters is shown in Fig. 3.9. It shows that as the voltage 

increases the current flowing through the heaters also increases. But the ratio of voltage to 

current is not constant. Hence, Si-heaters are a non-ohmic device. The total resistance of both 

heaters is 975.0 𝛺. The resistance of one heater is 1.95 𝐾𝛺. It shows that Si-heaters have 

high resistance. The resistance of heater includes the resistance of n-doped contact, cobalt 

silicide layer, aluminum vias, aluminum blocks and electrodes. The resistance of one heater 
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stripe per unit area is 11.66 
𝐾𝛺

µ𝑚2. This high value of simulated resistance per unit area 

indicates that most of the heat is produced across the heater.  

For measurement, if the heater is connected in series with the connector through connecting 

wires then most of the heat is generated across the heater due to its high resistance.  

The resistance per unit length of heater is 53.27 
 Ω

µ𝑚
. This high value of resistance per unit 

length represents that n-doped heater produces less temperature in the structure. The absolute 

error of temperature in simulated result is ± 0.001 𝐾. It was found through thermal 

simulation that maximum temperature generated by Si-heaters is 347.3 ±  0.001  𝐾. This 

temperature of Si heater may produce lower stress and lower risk of structural damage.  

The current density in waveguide of MZI due to Si-heater was computed by using simulator. 

Its value in waveguide is 3.95 𝑥 10−9 𝐴

µ𝑚2 or 0.39 
𝐴

𝑐𝑚2 at 2.5𝑉. The value of current density 

depends on applied voltage of heaters. The current density per unit voltage of heater is 

1.6 𝑥 10−9
(

𝐴

µ𝑚2)

𝑉
 or 0.16

(
𝐴

𝑐𝑚2)

𝑉
. This value of current density per unit voltage is low. It is due 

to thin oxide layer of 140 𝑛𝑚 present between Si-heaters and slab. The main purpose is to 

prevent leakage current in the modulator diode. Also, the function of this oxide layer is to 

block the flow of carriers towards waveguide.  

It is observed from the above simulation results that the heat is almost uniformly distributed 

in waveguide due to Si-heaters. The uniform heating in waveguide is suitable to stabilize the 

optical spectrum in the operating range. 

 

3.6.1 Thermal efficiency of Si-heaters 

The change of temperature in waveguide per milliwatt power consumed by Si-heaters is 

called thermal efficiency. The average temperature produced by Si-heaters in waveguide was 

330.34 𝐾. The maximum temperature of heater was 347.3 𝐾. The temperature gradient 

between Si-heaters and waveguide is 16.96 𝐾.  This low temperature gradient cannot heat up 

the other components. It indicates the low loss of heat in the structure. This is due to Si slab 

and a thin layer of SiO2 layer sandwich between waveguide and heaters.  

Silicon is a good conductor of heat and has high value of thermal conductivity as compared to 

SiO2. The low temperature gradient increases the thermal efficiency of Si-heaters. Figure 
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3.10 depicts the simulated results of n-doped heaters. The total electric power is the combined 

power consumption of both heaters. The simulation range for the Si heaters power 

(6.41 𝑚𝑊) is smaller as compared to aluminum heater (26.16 𝑚𝑊) because Si heaters have 

high resistance (975.0 𝛺) and less current (2.56 𝑚𝐴) flows through the heaters at voltage 

2.5 𝑉. The average temperature in waveguide increases as the total power consumption in the 

heaters rises. The thermal efficiency of Si-heaters was  3.47 
𝐾

𝑚𝑊
. The high efficiency of 

heaters is used to stabilize the spectrum in the operating range. Moreover, it reduces the 

distortion or fluctuation in the spectrum. The simulation result indicates that silicon heaters 

consume low power and produce a much higher temperature in waveguide to operate the 

spectrum in the range. 

 

 

Figure 3.10: Average temperature is a function of heater power. The thermal efficiency of Si-

heaters is 3.47 K/mW. 

3.6.2 Dependence of refractive index on heater power 

The average temperature produced by Si-heaters in waveguide was 330.34 𝐾. The heat sink 

temperature was 308.15 𝐾. The temperature difference between waveguide and heat sink 

was 22.19 𝐾. This increase in temperature changes the refractive index of waveguide. It is 

because of thermo-optic effect. 
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It was determined that the change of refractive index of waveguide is 4.12 𝑥 10−3 by using 

eq. 3.1. The change in refractive index moves the optical spectrum to red wavelength shift. 

The total power consumed by n-doped heaters was 6.41 𝑚𝑊. The change of refractive index 

per heater power consumed was 6.42 𝑥 10−4 (
1

𝑚𝑊
). However, the change of refractive index 

per milliwatt power of Si- heaters is high and refractive index change depends on heater 

power. These heaters consume low-power for stabilization of spectrum. Hence, low-power 

consumption of Si-heaters increases its thermal efficiency and is appropriate to stabilize the 

optical spectrum.  

 

3.7 Comparison of simulated values of aluminum and semi-conductor 

heaters 

The Mach-Zehnder Interferometer and Mach-Zehnder Modulator are used for interference 

and modulation of light, respectively. The heaters are used to stabilize the optical spectrum of 

interferometer as well as modulator in the operating range. The comparison of simulated 

values of aluminum and semi-conductor (Silicon) heaters are discussed below. 

1. The maximum temperature in aluminum and n-doped heaters were 610.7 𝐾 and 

 347.3 𝐾 respectively. The aluminum heater shows high temperature in chip. This 

high temperature can damage other components in the chip.  

2. The temperature gradient between maximum temperature of heater and average 

temperature in waveguide of aluminum and Si-heaters were 229.78 𝐾 and 16.96 𝐾. 

The aluminum heater shows a very high temperature gradient and high loss of heat. 

This loss of heat decreases the thermal efficiency of metal heater. 

3. The aluminum heater produced non-uniform heat in waveguide. In the middle region 

of waveguide, the temperature remains high as compared to the other regions of 

waveguide. This non-uniform heating is not suitable to tune the spectrum. On the 

other hand, Si-heaters produces almost uniform heat in the waveguide. 

4. The aluminum and semiconductor heaters consume power 26.16 𝑚𝑊 and 6.41 𝑚𝑊, 

respectively. The aluminum heater consumes high power as compared to 

semiconductor heaters in the device. The use of high power device in the integrated 

circuits is not appropriate. 
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5. The current density in waveguide of MZI due to metal and n-doped heaters were 

1.8 𝑥 10−9 𝐴

µ𝑚2 and 3.95 𝑥 10−9 𝐴

µ𝑚2, respectively. The low value of current density 

did not affect the optical properties of MZI and MZM. 

6. Figure 3.11 shows the comparison of thermal efficiency of metal and semiconductor 

heaters. The thermal efficiency of metal and Si-heaters was 2.79
𝐾

𝑚𝑊
 and 3.47

𝐾

𝑚𝑊
 

respectively. Thus n-doped heaters have high thermal efficiency. It is appropriate to 

stabilize the optical spectrum in the operating range. 

 

 

Figure 3.11: The left scale is the average temperature in waveguide versus heater power 

consumption. The graph shows the simulated results of aluminum and Si-heaters. The red curve 

shows the result of aluminum heater and blue curve the result of Si-heaters. The voltage 0.5 V 

was supplied to aluminum heaters and 2.5 V to Si-heaters. The efficiency of aluminum and Si- 

heaters was 2.79𝐾/𝑚𝑊  and 3.47𝐾/𝑚𝑊 respectively. The right scale shows that refractive 

index change of waveguide is a function of aluminum and Si-heaters power. Both the curves of 

average temperature vs power and refractive index change vs power overlap with each other. 
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7. Figure 3.11 also shows the comparison of refractive index change per milliwatt power 

of Si- and metal heaters. The red and blue curve shows the simulated results of 

aluminum and Si-heaters. It was found that the slope of refractive index changes per 

heater power of n-doped heater 6.42 𝑥 10−4 (
1

𝑚𝑊
) is high as compared to metal heater 

5.2 𝑥 10−4 (
1

𝑚𝑊
). So, semiconductor heaters stabilize the signal more efficiently. 

8. For measurement, metal heater was connected in series with the wires of connector. 

Some heat was generated within the aluminum heater and some heat was generated 

across wires due to its low resistance. The heat dissipation across the connecting wires 

decreases the efficiency of metal heaters [56]. However, Si-heaters have high 

resistance and generate more heat in comparison with heat generated across wires. In 

this way the efficiency of aluminum heater decreases, and Si-heater increases.  

Hence, above result shows that semi-conductor heater was more efficient in comparison with 

the metal heater. The aluminum heater did not produce uniform heat in the waveguide. But n-

doped heaters produced almost uniform heat and consumed less power. The silicon heaters 

can be used in MZI or MZM due to its overall low temperature, high refractive index change 

per milliwatt power, low current density in waveguide, uniform heating, low power 

consumption and high thermal efficiency. These Si-heaters control the temperature and are 

appropriate to stabilize the output optical spectrum in operating range in MZM. 

In the next section, the first step is to calibrate temperature with respect to dip wavelength 

shift per difference in arm lengths of MZI. In the second step the delta temperature in 

waveguide is measured by using wavelength shift due to Si-heater temperature. A 

comparison of simulation values and estimated measurement results of thermal efficiency are 

investigated in third step. Moreover, IV-curve and resistance per temperature of measurement 

and simulation results of Si-heaters are verified.  

 

3.8 Fabrication 

The photonic structures based SOI like Mach-Zehnder Interferometer and Si-heaters were 

fabricated using a 0.13 µ𝑚  SiGe BiCMOS (Bipolar Complementary Metal Oxide 

Semiconductor) environment at IHP GmbH, Frankfurt (Oder), Germany [57]. BiCMOS is an 

evolved semiconductor technology combining both the bipolar junction transistor and the 

CMOS transistor in single integrated circuit devices. Bipolar junction transistors offer high 

http://en.wikipedia.org/wiki/Bipolar_junction_transistor
http://en.wikipedia.org/wiki/CMOS
http://en.wikipedia.org/wiki/Integrated_circuit
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speed and low output resistance, which are excellent preconditions for high-frequency 

applications, whereas CMOS technology offers high input resistance for the construction of 

simple and low-power consumption devices [58], [59].  

The photonic devices were fabricated on 200 𝑚𝑚 SOI wafers using 248 𝑛𝑚 deep ultra violet 

DUV lithography. Waveguides as well as photonic crystal microcavities are designed to use a 

single mask and are fabricated in a shallow trench process.  

The SOI wafer consists of 2 µ𝑚 thick buried SiO2 layer. A layer of 220 𝑛𝑚 of Si is 

fabricated on top of SiO2. A photoresist layer is formed on top of this Si-layer. The hard mask 

consists of thermo-oxide and SiN layer is placed between UV light source and photoresist. 

The photoresist is exposed from middle with UV. The photoresist is clean through acid from 

sides and etched down Si layer up to 170 𝑛𝑚 by chemical etching process. A waveguide of 

height 220 𝑛𝑚 is obtained. Ultraviolet or deep ultraviolet (DUV) source of light are used for 

this purpose. The wavelength of light used for this purpose is 248 𝑛𝑚. Etching is the process 

to remove unprotected layer. The waveguide produced by etching the area around to reach 

slab of 50 𝑛𝑚. Then, growing up SiO2 over the Si layer and polishing the surface. Doping 

area introduced by etching down the SiO2 and implement highly n-doped Arsenic and p-

doped Boron with concentration of 1 𝑥 1020𝑐𝑚−3 on both sides of waveguide in separate 

process steps. The two doping profiles implant in each doped region are perpendicular to the 

wafer axis. The thickness of n-doped layer is 220 𝑛𝑚. Silicide layer is implanted on the 

specified areas above the highly n-doped region. The layer of silicide is used as high ohmic 

contact between n-doped and metal contact. From the top whole stack of Silicide layers are 

connected with metal pad. Finally, a metal layer is deposited and whole wafer is passivated 

with SiN.  

 

3.9 Experimental results and verification of simulation values of heaters 

The SOI photonic structures like Mach-Zehnder Interferometer and Si-heaters etc were 

fabricated in BiCMOS environment at a high-performance foundry IHP, Frankfurt (Oder), 

Germany. The broad band optical spectrum analyzer was used to observe the optical 

spectrum.  

The symmetric MZI has same arm lengths. They can be used in filters and modulator 

application because they have infinite (theoretical) free spectral range (FSR). The symmetric 

MZI does not suffer so much from temperature sensitivity [60] but depends on gradient.  

http://en.wikipedia.org/wiki/Electrical_resistance
http://en.wikipedia.org/w/index.php?title=Analog_amplifier&action=edit&redlink=1
http://en.wikipedia.org/wiki/Input_resistance
http://en.wikipedia.org/wiki/Electric_power
http://en.wikipedia.org/wiki/Logic_gate
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In general heaters are used in symmetric Mach-Zehnder modulator but our test structure is 

asymmetric MZI to characterize heater. The length of one arm of asymmetric MZI was 

222 µ𝑚. The difference between two arm lengths of MZI was 17.6 µ𝑚. The difference in 

arm length depends on group index, and the group index depends on effective refractive 

index. The value of effective refractive index of silicon waveguide calculated from 

measurement is 2.63 [54].  

The two sets of six segments of Si-heaters were introduced in both arms of MZI. In each arm, 

these six segments were connected in parallel to reduce the total electrical resistance and 

deliver enough electrical power at lower voltage [61]. The width of n-doped heater and 

waveguide was 0.76 µ𝑚 and 0.40 µ𝑚 respectively. The length of one segment of heater 

structure is 36.6 µ𝑚. The distance between two consecutive heaters segment is 0.4 µ𝑚. The 

total length of six segments of heater was 222 µ𝑚.  

The relative and absolute part of error in voltage is 0.02 % and 2.4 𝑚𝑉 respectively. The 

relative and absolute part of error in current is 0.055 % and 6 µ𝐴 respectively. The relative 

error in wavelength is ±10 𝑝𝑚 respectively. The error in measured temperature is ± 3.0 
o
C. 

The relative error in measured transmission result is ± 0.5 𝑑𝐵.  These errors are used in the 

following sections. 

 

3.9.1 Calibration of temperature 

The optical beam was propagated in the input waveguide of MZI. The first beam splitter 

divided the beam in two arms of MZI. The combiner combined the optical beam in the output 

waveguide. The constructive or destructive interference was observed at the output of MZI. 

The dip wavelengths of optical spectrum were detected due to destructive interference.  

The photonic chip was placed over the metal plate. The temperature of metal plate was 

changed through Peltier effect. Peltier effect describes the temperature gradient at the 

junction of two different conducting materials when electric current flows them. The dip in 

the transmission peak of different wavelengths was measured at various temperatures. 
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Figure 3.12: Measured and calibrated wavelength shift of optical spectrum at various 

temperatures. 

Figure 3.12 depicts the black, red, and blue curves at temperatures 40 𝑜𝐶, 60 𝑜𝐶 and 75 𝑜𝐶 

respectively. The dip wavelength of optical spectrum was observed due to destructive 

interference at different temperature. The dip of spectrum shifts to longer wavelength region 

as the temperature increases.  

 

Figure 3.13: Dip wavelength of estimated measured optical spectrum as a function of 

temperature. The error in measured temperature is ± 3.0 
o
C. The difference in both arm lengths 

of MZI was 17.6 µm and slope 0.0859 nm/K.   
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Figure 3.13 is the graph between shifted dip wavelength of measured optical spectrum and 

temperature in waveguide. The graph describes that the rise in temperature (25 𝑜𝐶 to 80 𝑜𝐶) 

of waveguide due to metal plate under chip increases the shifted dip wavelength of spectrum. 

The error bar shows that error in measured temperature is ~ ± 3.0 
o
C and this temperature 

fluctuate with respect to time. The dip wavelength shift per temperature is 0.0859 
nm

K
, as 

illustrated in Fig. 3.13. The wavelength dip shift with respect to temperature per difference in 

arm’s length of MZI or temperature calibration factor is 0.0049 
𝑛𝑚

𝐾

µ𝑚
.  

For calibration, the dip wavelength shift with respect to temperature is given below. 

 

∆𝜆

∆𝑇
= 0.0859 

𝑛𝑚

𝐾
 3.2 

                  

The wavelength shift with respect to temperature per difference in arm’s length of MZI or 

temperature calibration factor is given below. 

 

∆𝜆
∆𝑇
∆𝐿

= 0.0049 

𝑛𝑚
𝐾
µ𝑚

 3.3 

 

The eq. 3.3 shows the temperature calibration factor of MZI. This factor can be used to 

measure the actual wavelength shift due to temperature of heaters.  

In the next step, the voltage is supplied to the heaters. The temperature of heaters is 

controlled by the applied voltage. The heaters raise the temperature of waveguide. The shift 

in wavelength dip of optical spectrum is measured at different voltages, as shown in Fig. 3.14 

(a). The black, red, and blue curve depicts that the spectrum moves to longer wavelength at 

voltage (1.0 𝑉 ± 2.6 𝑚𝑉), (2.0 𝑉 ± 2.8 𝑚𝑉), and (3.0 𝑉 ± 3.0 𝑚𝑉) respectively, as 

illustrated in Fig. 3.15 (a). The shift in the dip of wavelength from 0 𝑉 to 1.0 𝑉 is (2.7 ±

0.01) 𝑛𝑚, 1.0 𝑉 to 2.0 𝑉 is (8.0 ± 0.01) 𝑛𝑚, and 2.0 𝑉 to 3.0 𝑉 is (12.5 ± 0.01) 𝑛𝑚. The 

shift in the dip of wavelength from 0 𝑉 to 3 𝑉 is (23.18 ± 0.01) 𝑛𝑚. The results show that 

increase in voltage shifted the optical spectrum to the red-shift. 
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Figure 3.14 (b) indicates that the shift in dip wavelength of optical spectrum is a function of 

six segments of Si- heater power consumption. The heater power shifted the dip wavelength 

of optical spectrum in the range of 23.2 𝑛𝑚 in MZI. The total power consumed by six 

segments of Si-heaters was 47.8 𝑚𝑊. Therefore, applying power of 1.0 𝑚𝑊 in a Si-heater 

leads to a red-shift of the wavelength spectrum of 0.48 𝑛𝑚, as illustrated in Fig. 3.14 (b).  

(a) 

                                       

 

(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: (a) Measured optical spectrum in MZI at different voltages. (b) Dip wavelength as 

a function of heater power of six segments of integrated silicon heaters. 
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The shift in the wavelength dip is due to the variation of temperature in waveguide. After the 

measurement of wavelength shift of spectrum, the following equation is used to measure the 

delta or change of temperature in waveguide. 

 

∆λ = 0.0049 

nm
K

µm
 x ∆T x 𝐿ℎ𝑒𝑎𝑡  3.4 

 

∆λ represents the dip wavelength shift of optical spectrum, ΔT (delta temperature) is the 

change of temperature in waveguide, and 𝐿ℎ𝑒𝑎𝑡 (222 µ𝑚) is the length of six segments of 

heaters. The change of the temperature was measured from the shift of the wavelength of 

spectrum and heaters length of six segments from eq. 3.4.   

Table 3.1: The complete data of voltage, current, heater power, wavelength, wavelength shift, 

and delta temperature were measured from analyzer. It is shown in below Table 3.1. The 

wavelength shift and delta temperature were computed from eq. 3.4. 

Voltage 

 

 

U 

Error in 

Voltage 

 

±∆U 

Current 

 

 

I 

Error in 

Current 

 

±∆I 

Heater 

Power 

 

Pheat 

Error in 

heater 

power 

±∆P 

Wavelength 

 

 

λ ±0.01 nm 

Wavelength 

Shift 

 

∆λ 

Delta 

temperature 

 

∆T 

V mV mA µ𝐴 mW mW nm nm oC 

0 0 0 0 0 0 1310.05 0 0 

0.25 2.45 1.43 6.78 0.35 0.01 1310.13 0.09 0.082 

0.5 2.50 2.85 7.56 1.42 0.01 1310.72 0.67 0.62 

0.75 2.55 4.41 8.42 3.42 0.02 1311.49 1.44 1.33 

1.0 2.60 5.67 9.11 5.67 0.02 1312.73 2.68 2.47 

1.25 2.65 7.05 9.87 8.82 0.03 1314.21 4.16 3.83 

1.5 2.70 8.41 10.62 12.62 0.04 1316.05 6.0 5.52 

1.75 2.75 9.75 11.36 17.06 0.04 1318.21 8.16 7.51 

2.0 2.80 11.05 12.07 22.11 0.05 1320.72 10.67 9.81 

2.25 2.85 12.32 12.77 27.73 0.06 1323.53 13.48 12.40 

2.5 2.90 13.56 13.45 33.91 0.07 1326.58 16.53 15.20 

2.75 2.95 14.76 14.11 40.61 0.08 1329.79 19.74 18.15 

3.0 3.0 15.93 14.76 47.80 0.09 1333.23 23.18 21.31 
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In the third step a comparison is made between estimated measurement results and simulation 

values of thermal efficiency. One long segment (222 µ𝑚) of Si-heater cannot be designed 

because it has high resistance and consume low power. This produces less heat in waveguide. 

The heat produced by heater in waveguide is not sufficient to shift optical spectrum at 2.5 V.  

For this, six segments of Si-heaters were designed in software. The total length of six 

segments of heaters was 222 µ𝑚. The voltage 2.5 𝑉 was supplied to the electrodes of heaters. 

All six segments were connected in parallel to deliver enough power at lower voltage and 

reduce the total electrical resistance. The total power consumed by six segments of heaters 

was 37.52 𝑚𝑊. Figure 3.15 (a) shows the simulated results of six parallel segments of 

heaters. The average temperature 330.75 𝐾 was found in the waveguide. The temperature 

difference between heat sink and waveguide was 22.6 𝐾. The results of measurement and 

simulation are plotted in Fig. 3.15 (b). 

   (a)                                                                                  (b) 

 

Figure 3.15: (a) The steady state thermal simulation of six-segments of silicon integrated 

heaters. The voltage 2.5 𝑉 is applied to electrodes. (b) Measured and simulated delta 

temperature is a function of heater power for six segments of Si-heaters. The voltage 3.0 𝑉 was 

applied to the real heaters. 
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Figure 3.15 (b) depicts the comparison of thermal efficiency of simulated and estimated 

measurement results of heaters. The red and black curves are the thermal efficiencies of real 

and simulated heaters. The efficiency of n-doped six segments of Si-heaters of simulated and 

measured were 0.60 
𝐾

𝑚𝑊
  and 0.45 

𝐾

𝑚𝑊
, respectively. The difference in efficiency of 

simulated and measurement is 0.15 
𝐾

𝑚𝑊
. It depicts that simulated heaters are 25 % more 

efficient than real heaters. The difference in efficiencies of both heaters may be due to the 

measurement heaters connection with long connecting wires to the connector [56] or the 

difference in doping level of heaters during fabrication. It may also be due to change of 

heater width during fabrication. But both the curves in Fig. 3.15 (b) show the same trend.  It 

shows that the simulated results are in good agreement with measured results. 

(a)                                                                         (b)  

 

Figure 3.16: (a) Measured and simulated I-V Curves. The voltage 3.0 𝑉 applied to real heaters 

and 2.5 𝑉 to simulated heaters. (b) Measured and simulated total resistance of six parallel 

segments of n-doped heaters as a function of delta temperature in waveguide.  

In the end, IV-curve, and resistance per temperature of measurement and simulation results of 

Si-heaters are compared. Figure 3.16 (a) is the I-V curve of six parallel segments of heaters of 



3. Temperature control in Mach-Zehnder Modulator 

 

52 
 

measured and simulated results. The constant of current per voltage for simulated and 

measured heaters were 6.0 
𝑚𝐴

𝑉
 and 5.31 

𝑚𝐴

𝑉
 respectively. The measurement and simulated 

heaters resistance are 188.25 𝛺 and 166.55 𝛺 respectively. Moreover, it indicates that 

measured heaters have higher resistance as compared to simulated values.  

Figure 3.16 (b) shows the graph of measurement and simulation results of total resistance of 

heaters and delta temperature in waveguide. The delta temperature is temperature difference 

between waveguide and heat sink. The off-set in resistance is due to slow flow of heat from 

heater to waveguide. The result shows that as the temperature in waveguide increases the 

resistance of heaters also increases. The total resistance of heater per delta temperature in 

waveguide for measurement and simulation are 0.63
Ω

𝐾
 and 0.31

Ω

𝐾
 respectively. This indicates 

measurement requires more resistance to raise temperature in waveguide. The measured and 

simulated curves show the same trend. The high thermal efficiency of fabricated heaters is in 

good agreement with the simulated heaters. It was found that highly thermal efficient heaters 

are designed and fabricated to stabilize and tune the spectrum in the operating range. 

 

3.10 Phase shifter 

The phase shifter device is used to control the phase shift between two optical beams in both 

the arms of MZI. The reduction of phase difference increases the intensity amplitude and 

reduces the distortion of resultant signal. Electro-optic and thermo-optic are two types of 

phase shifter used for tuning and stabilizing the signal. 

 

3.10.1 Electro-optic phase shifter 

The structure of phase shifter is based on PIN diode. The PIN-diode was either placed 

parallel outside close to the waveguide or inside like NMD [62].  The switched-on state of 

PIN-diode injected the charge carrier in waveguide. Moreover, the phase difference between 

two beams can be calculated by using the following equation [24].  

 

Δφ = 2π
Δn L

λo
 3.5 
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Δφ is the phase difference between two optical beams, 𝛥𝑛 represents the refractive index 

change in waveguide, L is the length of active region of modulator. The continuous wave 

input is used in electro-optic phase shifter.  

 

3.10.2 Thermo-optic phase shifter 

Thermo-optic phase shifter is a device to control the phase of spectrum of light in MZI 

through heating. The integrated heaters are used as thermo-optic phase shifter in MZI. These 

are implemented simply and have compact structure [63]. The structure of phase shifter is the 

same as Si-heaters. The structure is described in sections 3.3.2 and 3.8.  

The phase shifter changes the refractive index of waveguide due to heating. The phase 

changes between waves in two arms are reduced by these phase shifters. The decrease in the 

phase shift leads to an increase in the amplitude modulation at the output of MZI. The 

temperature of phase shifter controlled the phase shift of optical beam in MZI [61].  It is the 

function of temperature.  

These phase shifters can be used in both the arms of MZI to reduce power consumption for π-

phase shift to tune the optical spectrum in operating range. The phase shifter present in one 

arm reduces the phase shift (+Δφ) in one direction. Sometimes phase shifter consumed a lot 

of power to reduce the phase difference. For power reduction, additional pair of phase shifter 

is required in second arm of MZI. Now switched off first pair of phase shifter and switched 

on second phase shifter. It reduces the phase difference of same output but in opposite 

direction (−Δφ).  Both the phase shifter in both arms of MZI did not operate at the same time 

but when they operate separately their effect on the output beam are 𝜋-radian phase shift to 

each other. 

In the next section, the simulated results are used to compute the phase difference between 

two optical beams. It is also used to calculate power for 𝜋-phase shift.  

 

3.11 Computed power for π-radian phase shift 

The phase difference between optical beams is controlled by temperature of heater. The 

simulated results of six segments of heaters as a phase shifter are used from section 3.8. The 

power for π-radian phase shift is computed to reach operating point where constructive or 

destructive interference of waves from 0 to π-radian is achieved.  
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If operating point is not available between 0 to π-radian then the phase shifter of second arm 

is switched-on and first arm switched-off. These phase shifters of second arm operate in the 

opposite phase to achieve operating point at lesser power consumption. It is the advantage of 

the phase shifters used in both the arms. But if these are used in only one arm of MZI then 

they require a lot of power to reach the operating point to tune and stabilize the signal. Hence, 

power for π-phase shift and use of phase shifter in both the arms of MZI are important to 

avoid high-power consumption. 

The phase shift between waves is computed by using following formula [30], [64]. 

 

∆∅ =  
2𝜋𝐿

𝜆0
 
𝑑𝑛

𝑑𝑇
∆𝑇 3.6 

                                                                                        

𝐿 is the length of phase shifter, 𝜆0 represents the wavelength of light in free space, 
𝑑𝑛

𝑑𝑇
 is the 

thermo-optic coefficient of silicon shown in equation 3.1, and ∆𝑇 represents the temperature 

difference between heat sink and waveguide.  

The length of phase shifter is 222 µ𝑚, 1310.05 𝑛𝑚 indicates the wavelength of light in 

vacuum, and temperature gradient between waveguide and heat sink is 22.6 𝐾. It was found 

that the shift in the phase is 1.42 𝜋 rad. It is the phase difference of light between two arms of 

MZI. The power computed for 1.42 𝜋 rad phase shift is 37.52 𝑚𝑊. The power (𝑃𝜋) required 

to shift the π-radian phase is 26.42 𝑚𝑊. The phase-shifting efficiency [30] of a phase shifter 

is the power required for 1 radian phase shift. It is represented by 
𝑃𝜋

𝜋
. Its phase-shifting 

efficiency is 26.42
 𝑚𝑊

𝜋
. Hence, thermo-optic phase shifters based on these heater designs 

consumed low power for π-radian phase shift. 
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3.12 Comparison of measurement and simulation results of phase shifter 

In this section a comparison of measurement and simulated results of thermo-optic phase 

shifter are presented.   

The experimental measurement results of Si-heaters in section 3.8 were used in phase 

shifters. The wavelength of light 1310.05 𝑛𝑚 was used in analyzer due to 400 𝑛𝑚 width of 

waveguide to get maximum transmission and lesser optical loss. The voltage 3.0 𝑉 was 

applied to six segments of real Si-heaters. The value of heater power was gradually increased. 

It resulted in an increase in temperature of waveguide. The corresponding values of 

transmission of optical spectrum were measured. It depends on the temperature of waveguide. 

The transmission of optical spectrum depends on heater power. The transmission values are 

normalized. Figure 3.17 depicts the graph between heater power and normalized transmission 

of optical spectrum. The black squares represent the measurement results and red curve fit to 

measurement. The error bars show that relative error in measured results of transmission is ~ 

± 0.5 𝑑𝐵. Fitting in curve is used to calculate heater power for π-radian phase shift. Phase of 

wave in one arm is constant and phase in other arm changes with applied heater power. For 

superposition of two waves we need sine function for interference. The constructive 

interference shows maximum transmission and for destructive interference it shows minimum 

transmission. And output beam is sinusoidal wave. The sine function is used for fitting and it 

determines π-radian phase shift. The equation of sine function is given below: 

 

𝑦 =  𝑦𝑜 + 𝐴 sin {
𝜋 (𝑥 − 𝑥𝑐)

𝜔
} 3.7 

A is amplitude of wave, 𝑦𝑜 represents the off-set,  𝑥𝑐 is phase shift, 𝜔 is the period of curve, 

𝑥 and 𝑦 are independent and dependent variables respectively. A, 𝑦𝑜, 𝑥𝑐, and 𝜔 are the 

parameters of equation. 
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Figure 3.17: Measured normalized transmission versus power consumption for a thermo-optic 

phase shifter. The black squares are the measured values and red line depicts the fit to the 

measurement. The relative errors in measured transmission results are ± 0.5 𝑑𝐵. The phase-

shifting efficiency of measured results is 24.07 (mW) / π. 

The phase shifters consumed power for 2𝜋 radian phase shift was 48.14 𝑚𝑊. This 

corresponds to heater power 24.07 𝑚𝑊 for π-radian phase shift. The phase-shifting 

efficiency of real and simulated phase shifter was 24.07
𝑚𝑊

𝜋
 and 26.42

 𝑚𝑊

𝜋
, respectively. The 

real phase shifter has slightly high phase-shifting efficiency as compared to simulated phase 

shifter. Moreover, measurement results need less power for π-radian phase shift as compared 

to simulated values. The measurement result of phase shifter shows that 𝑃𝜋 is slightly low and 

high phase-shifting efficiency as compared to the results already measured [30]. 

The above differences in measurement results and simulation values of phase shifters are due 

to difference in doping level during fabrication or slightly small variation in the width of 

measured and simulated heaters. On the other hand, the measured and simulated results of 

thermo-optic phase shifter are close to each other. Hence, high phase-shifting efficiency 

24.07
𝑚𝑊

𝜋
 with very good agreement to simulated results 26.42

 𝑚𝑊

𝜋
 were found.  

 



3. Temperature control in Mach-Zehnder Modulator 

57 
 

3.13 Summary 

The Sentaurus TCAD software was used for steady state thermal simulation of silicon and 

aluminum heaters in Mach-Zehnder modulator. The thermodynamic model for lattice 

temperature, Shockley-Read-Hall Recombination, and mobility models were used in the 

software for thermal simulation. The silicon and aluminum heaters were designed in MZI 

separately using structure editor of software. It was found that Si-heaters produce almost 

uniform heat in waveguide, have high thermal efficiency, generate less temperature in chip, 

produce less temperature gradient between waveguide and heaters, consume low power, and 

produce high refractive index change per milliwatt power as compared to aluminum heater. 

In the next section, a comparison was made of the estimated measurement results and 

verification of simulated values of Si-heaters. The calibration of temperature with respect to 

dip wavelength of optical spectrum per difference of arm’s length of MZI was determined. 

Then verification of measurement and simulated results of thermal efficiency, IV-curve, and 

total resistance per change in temperature of Si-heaters was determined. It was found that 

thermal efficiency of simulated Si-heaters is slightly high as compared to real Si-heaters. It 

was found that resistance, and total resistance per change of temperature in waveguide of 

simulated values is low than measurement results. The results are close to each other. The 

curves show the same trend of simulated and measurement results. The measurement results 

verified the values of simulations.  

In the last section, the thermo-optic phase shifter is used to calculate the phase shift of optical 

spectrum between the two arms of MZI. The low power consumption of phase shifter for π-

radian phase shift and high phase-shifting efficiency was computed by using simulator. The 

high phase-shifting efficiency of measurement with very good agreement to simulated results 

was determined. Consequently, Si-heaters are appropriate to control the temperature and 

stabilize the optical spectrum in the operating range of MZI. 
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4 Stabilization and Tuning of optical spectrum in 

NMD Fabry-Pérot modulator 

In this chapter, the novel design of L- and U-shaped silicon (Si) and aluminum heaters are 

described in node-matched-diode (NMD) Fabry-Pérot (FP) modulator. The thermal influence 

of Si- and metal heaters on optics is investigated numerically by using thermal simulation. 

Then, carrier plasma dispersion effects are examined by injecting of charge carrier in Fabry-

Pérot resonator. At the end, the trade-off between thermo-optic and plasma dispersion effect 

of Si-heaters and NMD are investigated in the modulator. 

 

4.1 Introduction 

The basic requirement for high speed modulation of optical data transfer is the ability to 

control the properties of light. The electrical and optical signals can be modulated rapidly 

through an electro-optical modulator. Different types of modulators like Mach-Zehnder [65], 

Fabry-Pérot [66] and Ring [67] are used for phase and amplitude modulation. In silicon 

photonic integrated circuits these modulators are used for fast optical data transmission.  

In electro-optic Fabry-Pérot (FP) modulator, the p-i-n diode has p- and n- doped regions 

across the cavity [18], [68]. The cavity is the region between the opposite pair of holes 

formed in waveguide of FP-modulator. The charge carriers are injected or depleted from p-i-n 

diode into the cavity for optical modulation. Although in this modulator there is a decrease in 

optical loss and absorption of guided mode, but it is not an ideal form of modulator due to its 

low speed of data transfer.  

Meister et al (2015, pp. 878) demonstrated not only faster but also smaller electro-optical 

modulator in a Fabry- Pérot structure [62]. The alternating comb-shaped p- and n-doped 

regions are positioned at the nodes of the optical standing waves. The carriers emitted by 

NMD overlap at anti-nodes of waves, where the optical field strength is maximal [62]. With 
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the help of this construction modulators overcome the limitation of speed, consume low 

energy, and increase the modulation bandwidth [62], [69], [70]. 

One of the most significant current discussions in silicon photonics is to control the 

temperature and tune the optical spectrum in modulators and resonators. The thermo-optic 

effect describes the change of refractive index of resonator or Si-waveguide with temperature 

[24], [26] that leads to introduces shift in central wavelength [18]. For this, metal heaters, n- 

and p-doped Si-heaters as thermal tuners based on TOE are used to shift wavelength and tune 

the optical spectrum [55], [71]. 

This chapter is divided into three parts. In the first part, node-matched-diode (NMD) Fabry-

Pérot (FP)-modulator is designed in Sentaurus software. For the tuning of optical spectrum, 

aluminum and Si-heaters are constructed separately in NMD FP-modulators. The structure of 

Si-heaters in Mach-Zehnder (see Fig. 3.8) and NMD FP-modulators (see Fig. 4.11) are 

completely different. In MZM, Si-heaters are in the form of stripe. But in NMD FP-

modulator the shape of Si-heaters is in the form of L- and U-shaped. Thermal simulation 

analysis of metal and Si-heaters of NMD FP-modulators are compared. It was found from the 

simulated results that the novel Si-heaters produce less maximum temperature, low power 

consumption, and uniform temperature in FP-modulator as compared to metal heater.  

The second part deals with the injection of charge carrier in silicon waveguide of FP-

resonator through node-matched-diode. In this case heaters are switched-off. It was computed 

that cavities temperature of resonator are almost same which shows symmetric structure of 

NMD FP-modulator. The charge carrier’s mobility, current density, carrier’s concentration, 

and refractive index change in resonator is computed from simulator. The wavelength shift of 

optical spectrum because of injection of charge carriers in resonator is calculated.   

In the third section of the chapter, a comparison is made between the switched-on state of Si-

heaters and NMD. The thermal efficiency of Si-heaters is calculated while it is on-state of 

NMD. Then the comparison of thermal efficiency of Si-heaters due to on- and off-state of 

NMD is determined. Moreover, a comparison of tuning efficiency of Si-heaters is computed 

because of on- and off-state of NMD. Therefore, we can use Si-heaters to tune the spectrum. 

The trade-off between thermo-optic and electro-optic effect is ideally achieved. The trade-off 

describes the act of balancing two effects that are opposed to each other. At the end of this 

section, a comparison of resistance, thermal and tuning efficiencies of simulated and 

measurement results of heaters are calculated because of switched-off state of NMD. 
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4.2 Node-matched-diode Fabry- Pérot (FP) modulator 

Electro-optic effect is widely used in high frequency optical modulation. The electro-optic 

effect depends on p-i-n diode. A thin layer of silicon waveguide is sandwiched between p- 

and n- regions of diode to form p-i-n diode. The charge carriers are injected inside the 

waveguide for forward biased [72] and deplete the carrier for reverse biased operation [73]. 

The refractive index of waveguide decreases for the injection of charge carrier [74] and 

increases for the depletion of carriers. These p- and n- diode were positioned around the 

waveguide. The optical loss will be high if diode is positioned inside the waveguide.  But on 

the other side the speed of modulation is low due to the wide width of waveguide between 

two diodes and the slow recombination dynamics of minority carriers [72].  

The silicon node-matched-diode (NMD) comprises of waveguide, n- and p- comb shaped 

diode. The basic principle of silicon node-matched-diode (NMD) is based on p-i-n diode. In 

NMD a thin intrinsic layer of silicon waveguide is sandwiched between p- and n-diode. Small 

portions of n- and p-comb shaped diode are designed inside the waveguide across three 

cavities of Fabry-Pérot (FP) modulator. The two combs of n- and p-diode are positioned to 

face each other. These n- and p-diode are positioned alternatively in the waveguide.  

The node-matched-diode (NMD) Fabry-Perot (FP) modulator is used for high speed 

modulation [70], small size [62] and low optical loss. The standing waves are generated in 

FP-resonator. These waves comprise of alternating nodes and antinodes. These nodes and 

antinodes have low and high intensities of light respectively [54]. The comb shaped p- and n-

doped regions or node-matched-diode (NMD) designed alternatively inside the waveguide. 

The diode is highly doped 10
20

 cm
-3

 for strong electro-optic effect. These p- and n-doped 

regions are positioned at the nodes of optical standing waves where the optical field is 

minimal. The free charge carriers are injected into the waveguide at the nodes during forward 

biased [62]. These free carriers move between p- and n-doped regions and overlap with the 

antinodes of standing waves. The maximum optical field is at the antinodes. These carriers 

affect the optical field at antinodes. The charge carrier density in resonator is controlled by 

the supply voltage applied to the NMD by the electronic driver circuit. Figure 4.1 describe 

the transmission spectra of NMD FP-modulator. The black curve depicts the electronic driver 

on-state spectrum and off-state spectrum as illustrated in Fig. 4.1. The spectrum at 1537 nm 

wavelength represents the high-state of driver at voltage of 1.6 V. The peak position of 

optical spectrum at 1546 nm represents the low-state of driver at voltage of 0 V. A 9 nm shift 
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in wavelength between two states has been observed. The on-state of driver shifts the 

spectrum to blue and off-state moves to red-shift. During the transport of charge carriers heat 

was also generated. It moves the spectrum to red-shift, but flow of heat is in the range of 

microsecond. The grey line represents the unmodulated spectrum without voltage. The heat 

from heaters used to tune this unmodulated spectrum. It shifts the transmission spectral to 

6nm to red-shift. This red-shift can be assumed as quasi uniform spectral shift during 

modulation [54], [58].  

 

Figure 4.1: Transmission spectra of node-matched-diode Fabry-Perot modulator. The grey line 

represents the unmodulated spectrum around 1540 nm. The black line depicts the transmission 

spectrum integrated sum of low and high state of driver voltage. The red dotted line indicates 

modulated spectrum due to the on state of driver [54], [58]. 

The width of intrinsic region in waveguide reduces due to the position of these NMD. The 

reduction in width of intrinsic region and rise of the electric field because only during 

depletion and finally achievable bandwidth [54]. Hence, NMD-modulator is suitable for high 

speed modulation, reduces size of the device, and consumes low power [54], [62], [69], [70].  
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4.3 Method for thermal simulation 

In this work, thermal simulation of node-matched-diode, aluminum heater, and Si-heaters 

were conducted at Technische Universität Berlin by using Sentaurus software [21]. The 

resolution of Sentaurus software is 1 𝑛𝑚. The condition of steady state thermal simulation 

was used. The thermodynamic model for lattice temperature (heat equation), Shockley-Read-

Hall Recombination doping and temperature dependence, and mobility models have been 

used to calculate the average temperature, electron, and hole current density and mobility in 

waveguide [21], [36]. The complete explanation of modelling tools and physical models are 

already discussed in chapter 2. 

 

4.4 Design of node-matched-diode and Si-heaters in NMD FP-modulator 

The structure of heaters was designed in “Structure Editor” of software [43]. The dimensions 

and materials of each component of heater were defined. A rib silicon waveguide with lateral 

dimensions of 220 𝑥 450 𝑛𝑚2 was built in node-matched-diode Fabry-Pérot modulator [62]. 

Two silicon slabs were designed on both sides of waveguide with cross-sectional area 

50 𝑥 725 𝑛𝑚2. The Si waveguide and Si slab are called device layer [72]. This layer is doped 

with p-type background doping to produce uniform defects. Its doping concentration is 

1015 𝑐𝑚−3.  The two thin layers of SiO2 of area 140 𝑥 220 𝑛𝑚2 were constructed next to the 

silicon slabs. The function of these layers of SiO2 is to block the flow of charge carriers 

towards waveguide. The main purpose is to prevent leakage current in the modulator diode. 

These charge carriers may also affect the optical field. The length of waveguide or resonator 

and silicon slab was 43.93 µ𝑚. These are passivated by underlying BOX layer of SiO2 with a 

thickness of 2 µ𝑚 [54]. A silicon substrate of thickness 20 µ𝑚 is positioned under SiO2 

BOX. The layer of SiO2 is used to confine the mode inside the waveguide. The mode is 

confined inside the waveguide because high index contrast between silicon waveguide and 

oxide layer [55]. 

 

4.4.1 Node-Matched-Diode 

The node-matched-diodes inject and deplete the charge carrier inside waveguide. The width 

and pitch of these node-matched-diode regions were 130 𝑛𝑚 and 630 𝑛𝑚 respectively. The 

width and pitch of NMD are adjusted in such a way that the comb p- and n-doped regions are 

designed at the nodes of stationary waves [62]. The function of these cavities was to increase 
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the slope (steepness) of the optical spectrum. This increase in steepness, produced high 

modulation, increased the resonance, and generated high extinction ratio of the modulator.  

The length of each cavity was 8.89 µ𝑚. Each cavity or NMD region comprises of combined 

26 n- and p-doped comb regions. These NMD were connected with n- and p-doped 

modulator contacts. The dimensions of these contacts were 4.29 µ𝑚 𝑥 8.89 µ𝑚. The height 

of the contacts was 220 𝑛𝑚.  

 

 

Figure 4.2: Design layout of L- and U-shaped Si-heaters of node-matched-diode Fabry-Perot 

modulator. 

Figure 4.2 depicts the design layout of L- and U-shaped n-doped heaters of NMD FP-

modulator. The layers of cobalt silicide of thickness 20 𝑛𝑚 were embedded on top of each n- 

and p-doped modulator contacts as shown in Fig. 4.2. The thickness of cobalt silicide layer 

throughout the structure remains constant. The cobalt silicide layer is used in the structure 

due to its high conductivity and low resistance. These were connected with metal blocks 

through aluminum vias in a height of  1.64 µ𝑚. The cross-section area of aluminum vias in 

the structure was 0.36 µ𝑚 𝑥 0.36 µ𝑚. These metal blocks can be used as electrodes of NMD. 

The minimum space between n- and p-doped regions of NMD in resonator were 431.65 𝑛𝑚. 

This distance is less than the width of waveguide. The height of these comb shaped diodes 
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inside waveguide was 220 𝑛𝑚 and outside it was 50 𝑛𝑚. The doping level of n- and p- 

doped regions was 1020𝑐𝑚−3. This high doping results in strong electro-optic effects [72].
 

The free carrier distribution overlaps at the antinodes of waves [69]. 

The width and height of one n- or p-doped comb region or finger inside waveguide is 

0.13 µ𝑚 𝑥 0.22 µ𝑚. The finger extended 0.03 µ𝑚 inside waveguide. The volume of one n- 

or p-doped finger is 8.58 𝑥 10−4 µ𝑚3. The NMD Fabry-Perot resonator comprises 78 n- or 

p-doped fingers. The total volume of all these n-or p-doped comb regions inside waveguide is 

66.92 𝑥 10−3  µ𝑚3.  The volume of Si waveguide is 4.34 µ𝑚3. The effective volume of Si 

waveguide is 4.28 µ𝑚3. It is obtained by subtracting the volume of n- or p-doped comb 

regions from waveguide. This effective volume of waveguide is used for computation of 

different quantities. 

 

4.4.2 Design of novel L- and U-shaped Si-heaters  

Two sets of U- and L-shaped n-doped heaters were designed to be fit on both sides of silicon 

waveguide or resonator. The length of L-shaped heater on one side of silicon waveguide is 

4.385 µ𝑚. The width and height of one L-shaped heater are 0.57 µ𝑚 and 0.22 µ𝑚 

respectively. The cross-section area of L-heater is 0.13 µ𝑚2. The heaters connected with n-

doped rectangular small contacts have dimensions 2.04 µ𝑚 𝑥 3.54 µ𝑚 and 

6.45 µ𝑚 𝑥 1.2 µ𝑚. The n-doped layer of area 0.05 µ𝑚 𝑥 0.06 µ𝑚 are attached with L-heater 

and n-doped contacts in the direction of waveguide. The length of this layer was 6.21 µ𝑚. 

The length and width of L-heaters are adjusted in such a way to produce uniform heat in the 

cavities. 

The cobalt silicide layers were embedded on these n-doped rectangular blocks contact. These 

were connected with metal blocks through aluminum vias. The vertical distance between top 

of cobalt silicide and bottom of aluminum block is 1.64 µ𝑚. This distance remains fixed in 

the structure. The thickness of aluminum blocks was 0.58 µ𝑚. A layer of SiO2 of width 

0.14 µ𝑚 was sandwiched between L-heaters and Si slab. The flow of charge carriers between 

n-doped blocks and L-heaters obstructed with this thin SiO2 layer. Figure 4.3 depicts 3-

dimensional view of NMD, Si-heaters and electrical connections of heaters and NMD. 
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Figure 4.3: The 3- dimensional view of L- and U- heaters designed in structure editor. The thin 

blue wires depict the electrical connections of Si-heaters. 

The length and height of one U-shaped heater is 9.92 µ𝑚 and 220 𝑛𝑚 respectively. The 

width of U-shaped heater is 0.5 µ𝑚. The cross-section area of U-shaped heater is 0.11 µ𝑚2. 

The n-doped layer of area 0.05 µ𝑚 𝑥 0.06 µ𝑚 is attached with U-heater. This was a small 

part of U-heater and its length was 2.0 µm. The U-heaters width and length were adjusted in 

such a way to get uniform heat in the resonator to stabilize the optical spectrum. The U-

heaters from three sides were completely isolated with SiO2 layer of width 0.14 µ𝑚.  

The fourth side was also insulated with bulk SiO2. The space between two arms of the U-

heaters were filled with SiO2 of width 1.0 µ𝑚. The function of SiO2 layer was to block the 

flow of charge carrier towards waveguide to decrease the optical losses. This isolated layer 

also blocked the flow of charge carriers between arms. The U-heaters were also connected 

with two same n-doped small contacts having each dimension of 6.45 µ𝑚 𝑥 1.2 µ𝑚.  The 

cobalt silicide layers were embedded over the n-doped blocks. These connected with metal 

layer through aluminum vias. The doping level of n-doped regions of Si-heater was adjusted 

to 1020𝑐𝑚−3 for high electric conduction. A layer of SiO2 of thickness 2.0 µ𝑚 was 
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constructed on top of aluminum electrodes or blocks for perfect insulation. The structure was 

filled with SiO2 for complete insulation.  

 

4.4.3 Electric circuit of Si-heaters 

The uniform heating in the FP-modulator is essential for tuning the optical spectrum. For this 

purpose, Si-heaters were connected in series or parallel combination through their metal 

contacts as shown in Fig. 4.4. The resistance of L- and U-heater is represented by RL and RU 

respectively. Figure 4.4 depicts that the four U-heaters were connected in parallel to each 

other.  

The parallel connection of resistance decreased four times of the original resistance of U-

heater. The total current IU was flowing through the four parallel resistances. The two silicon 

L-heaters were connected in parallel. This decreased the equivalent resistance of these two L-

heaters. The two sets of these parallel combinations of L-heaters were connected in series. It 

increased the resistance which was equal to the resistance of one L-heater. The current IL was 

flowing through the L-heaters. The total current IT which is the sum of currents IU and IL 

flows through the circuit. 

 

 

Figure 4.4: Circuit diagram of L- and U- shaped Si-heaters. RL and RU represents the resistance 

of L- and U-heaters respectively. IL and IU currents flow through total resistances of L- and U-

heaters respectively. The applied voltage was 3.0 𝑉 and total current IT flows through the 

circuit. 
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4.5 Design of Aluminum heater in NMD FP- modulator 

In the second structure of NMD FP-modulator, aluminum heater was designed in Sentaurus 

TCAD software. The structure of Si-heaters is described in the section 4.4. The modification 

in structure is described in this section. In this structure, aluminum heater was positioned 

above the waveguide with cross-section area 0.36 𝑥 0.58 µ𝑚2. The cross-section view of 

heater is shown in figure 4.5. The thickness of aluminum heater was 0.58 µ𝑚 due to the fixed 

thickness of metal layer. Metal heaters cannot be made arbitrarily thick because of fabrication 

constraints [55]. The length of metal heater was 43.93 µ𝑚. The distance between top face of 

waveguide and bottom face of aluminum heater was 1.64 µ𝑚 and filled with SiO2. A layer of 

SiO2 of thickness 2.0 µ𝑚 was constructed on top of aluminum heater for perfect insulation. 

The heater was completely isolated so that no charge carriers migrate towards the waveguide 

and affect the optical properties. The metal heater was connected to aluminum electrodes. 

 

 

Figure 4.5: Cross-sectional view of Aluminum heater and Si waveguide. 

4.6 Thermal simulation analysis of Aluminum heater 

In this section, the thermal simulation of aluminum heaters is presented. The thermal and 

electrical boundary conditions are applied. The thermal efficiency and power consumption of 

metal heater, distribution of heat in resonator, resistance per temperature in waveguide and 

current density in waveguide of metal heater due to stabilization of optical spectrum is 

computed.  
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4.6.1 Thermal boundary condition or heat sink 

A thermode or thermal boundary condition (TBC) is designed as a heat sink in the structure. 

It is a boundary where Dirichlet condition is set for lattice temperature equation. Dirichlet 

boundary condition is applied to the surfaces of different components of device as a fixed 

heat sink temperature [21], [43].  The heat sink or thermal boundary condition is necessary in 

NMD FP-modulator to remove the heat from the modulator. It was applied at different 

positions of the structure to control the temperature of the device. This condition was applied 

at the sides of aluminum electrodes, bottom of silicon substrate, and sides of aluminum 

blocks (connected to the comb shaped diode through n- and p-doped modulator contact) at 

308.15 𝐾. The ambient temperature was set 308.15 𝐾 around the structure. 

 

4.6.2 Electrical boundary condition  

Electrodes are defined as electrical boundary condition in Sentaurus structure editor and 

Sentaurus device. It is necessary to indicate in structure editor tool which contact of device is 

to be treated as electrodes. Each electrode is specified by a name in sentaurus device that 

must be exactly the same as in existing structure file. Only those electrodes are included in 

simulation whose names are present in structure file and device file. One or more than one 

contacts can be entered in “Electrode” section as initial condition. Then in “Goal” subsection 

of “Quasitationary”, the final voltages of the contacts are included. The initial condition was 

assigned zero voltage to electrodes of Sentaurus device (sdevice) software. The final voltage 

1.0 𝑉 was applied at the sides of aluminum electrodes of aluminum heater. The node-

matched-diode was turned off. Both electrical and thermal boundary conditions were applied 

at the same sides of aluminum electrodes. The thermal and electrical conditions are discussed 

in chapter 2. 

 

4.6.3 Simulation analysis of Aluminum heater 

The thermal boundary condition was applied at bottom of Si substrate, sides of aluminum 

electrodes and sides of aluminum electrodes of n- and p-doped modulator contacts at 

temperature of (308.150 ±  0.001) 𝐾. The ambient temperature around the device was 

adjusted at 308.15 𝐾. The absolute error of voltage, current, and temperature in simulated 

results is ± 0.001 𝑉, ± 0.001 𝐴, and  ± 0.001 𝐾 respectively. The voltage of (1.000 ±
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 0.001) 𝑉 was supplied to aluminum heater. The percentage fractional uncertainty in voltage 

is  0.1 %. The NMD was switched-off. In the first step of simulation, the meshing was 

completed by using structure editor tool. In the second step, the thermal and electrical 

boundary conditions were applied, and physical models were used to compute different 

variables. The simulator started the simulation and solving Poisson, temperature, continuity 

equations in device tool.  

                               (a) 

 

(b) 

 

Figure 4.6: (a) Top view. Simulated of Aluminum heater, length 43.93 µ𝑚, width 0.36 µ𝑚, 

height 0.58 µ𝑚, and applied voltage 1.0 𝑉. (b) Cross-section view of distribution of heat in 

NMD FP-modulator due to aluminum heater. 
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The current (70.230 ±  1.0) 𝑚𝐴 flows through the aluminum heater. It heats up the heater. 

The percentage uncertainty in current is around 1.4 %. Figure 4.6 (a) depicts that aluminum 

heater has high temperature in the middle portion. Most of the heat flows towards the 

waveguide and NMD because these are designed exactly under the heater. The top of heater 

is insulated through oxide layer. Figure 4.6 (b) represents the cross-section view of aluminum 

heaters and distribution of heat in the structure. 

The simulated results indicate that maximum temperature of aluminum heater and average 

temperature in waveguide or resonator were 726.9 𝐾 and 353.4 𝐾, respectively. The 

complete isolation of metal heater with oxide raises the temperature difference between 

heater and waveguide up to 373.4 𝐾. This high temperature gradient between heater and 

waveguide may decrease its thermal efficiency. High heat dissipation produced from the 

metal heater leads to heat up of the overall system. 

The power consumption of metal heater and average temperature produced by the heater in 

waveguide is as shown in Fig. 4.7. The power consumed by metal heater is (70.23 ±

 1.0)  𝑚𝑊.  The percentage uncertainty in power is around 1.5 %. The thermal efficiency is 

the ratio of change of average temperature in waveguide to the change of heater power 

consumption. 

 

Figure 4.7: Average temperature in waveguide or resonator is a function of aluminum heater 

power consumption. The graph shows the simulated results of aluminum heater. The thermal 

efficiency of aluminum heater is 0.65 𝐾/𝑚𝑊.  
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The result reveals that as the power consumption of heater rises the temperature produced in 

the waveguide also increases. The aluminum heater leads to thermal efficiency of (0.65 ±

 0.04) 𝐾/𝑚𝑊. The aluminum heater produced maximum temperature of  726.9 𝐾. Due to 

this high temperature, a lot of heat is produced which can damage other components of FP-

modulator. This decreases the efficiency of the modulator. 

 

4.6.4 Distribution of heat in resonator due to aluminum heater 

The temperature produced by aluminum heater in three cavities or NMD regions in resonator 

was computed. Fig. 4.6 (a) shows that metal heater generates more heat in the middle as 

compared to the sides. It was computed that the temperature in cavities 1, 2, and 3 are 

350.28  𝐾, 353.79 𝐾 and 350.28 𝐾, respectively.  Figure 4.8 represents that temperature of 

cavities depends on the heater power consumption. 

 

 

Figure 4.8: Average temperature of cavities or node-matched-diode region in resonator vs 

aluminum heater power consumption. The length of each cavity is 8.89 µ𝑚. 

The green curve depicts the temperature in the central cavity of waveguide. The blue and red 

curve indicates the temperature on the side cavities. The slope of curves was calculated in 

different cavities of resonators, shown in Fig. 4.8. The slope of curve of cavities 1, 2, and 3 
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are 0.60 𝐾/𝑚𝑊, 0.65 𝐾/𝑚𝑊 and 0.60 𝐾/𝑚𝑊 respectively. The slope of curve in the 

middle cavity (cavity 2) was high as compared to the other cavities (cavity 1 and 3). It is 

observed that the slope of curve of cavity 1 and cavity 3 remains same. The NMD region 2 

has higher temperature (353.79 𝐾) as compared to NMD regions 1 and 3 (350.28 𝐾). The 

temperature difference in the cavities was about 3.51 𝐾 for whole power consumption of 

aluminum heater.  

 In FP-resonator, the sharp peak of resonance spectrum (Transmission vs Wavelength) cannot 

be obtained with non-uniform temperature in cavities. The non-uniform temperature can 

produce one dip in the top of resonance spectrum as shown in Fig. 4.9. A dip in spectrum can 

be obtained because cavity 1 and 3 has same temperature but cavity 2 has different 

temperature. The peaks of spectrum are shifted to longer wavelength by increasing 

temperature. The spectrum cannot be tuned with laser wavelength because of non-uniform 

temperature in cavities. It is mandatory for stabilization of resonator that the temperature in 

different regions of resonator should be same. The result indicates that this non-uniform 

heating is not suitable to efficiently tune the optical spectrum of resonator.          

(a)                                                                  (b) 

 

Figure 4.9: (a) Transmission spectrum of FP-resonator. Line represents position of laser 

wavelength. (b) Transmission spectrum of NMD FP-resonator. Simulation of integrated 

aluminum heater produces a dip in the transmission spectrum of resonator. 
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4.6.5 Resistance of metal heater and temperature in waveguide 

The applied voltage 1.0 𝑉 to aluminum heater produces 70.23 𝑚𝐴 current. Fig. 4.10 (a) 

represents IV-curve of metal heater. The resistance of metal heater was computed 14.23 𝛺 

from the simulator at 1.0 𝑉. The high current was flowing through the heater due to low value 

of resistance. 

(a)                                                                       (b)  

      

Figure 4.10: (a) IV-Curve of aluminum heater and its resistance was 14.23 𝛺.  (b) Resistance of 

aluminum heater vs average temperature in waveguide for voltage 1.0 𝑉.  

The ratio of resistance of heater and average temperature in waveguide was calculated as 

shown in Fig. 4.10 (b). It presents that as the resistance of metal heater increases the average 

temperature in waveguide rises. The slope of the curve is 0.18 𝛺/𝐾. The ratio of temperature 

in resonator to resistance of heater is 5.56 𝐾/𝛺. In aluminum heater, 70.23 𝑚𝐴 current 

produces 45.25 𝐾 change of average temperature in Si waveguide. The average temperature 

in waveguide per current of aluminum heater was  0.64 𝐾/𝑚𝐴 in resonator. The metal heater 

produces less temperature per current. This low value of temperature to current ratio reveals 

that metal heater was not efficient. 
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4.6.6 Effect of Aluminum heater on current density in resonator  

The main purpose is to prevent leakage current in resonator. For this, the metal heater is 

completely isolated with oxide layer. The layer of SiO2 of thickness 1.64 µ𝑚 between metal 

heater and resonator is used to block the flow of carriers from heater to resonator. The current 

density in waveguide is computed by operating simulator. 

 

Figure 4.11: The current density in waveguide is a function of aluminum heater power. The 

slope of curve is 0.106 (A/cm
2
) / mW.  

Figure 4.11 represents that the current density in resonator depends on the consumption of 

heater power. It shows that as the power increases the current density rises. The ratio of 

current density in waveguide to heater power was 0.106 (𝐴/𝑐𝑚2)/𝑚𝑊. The low value of 

slope depicts that it has minor effect on the optical properties of resonator. It was because the 

layer of SiO2 between metal heater and waveguide obstructed the charge carrier towards 

waveguide.  

The above results indicate that aluminum heater has low value of current density in 

waveguide and produces minor effect on optical spectrum. But on the other side aluminum 

heater consumes high power, generates non-uniform heat in resonator, produces high 

temperature in the modulator and creates high temperature gradient in waveguide. All these 
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factors decrease its thermal efficiency and hence metal heaters are not suitable to stabilize 

and tuning the optical spectrum.  

 

4.6.7 Effect of thickness of Si-substrate on thermal efficiency of heater 

This section describes the thermal efficiency of metal heaters. Different structures of different 

thickness of Si-substrate were constructed. The thickness of substrates 5 µ𝑚, 20 µ𝑚, 60 µ𝑚, 

and 200 µ𝑚 were designed. The thermal boundary conditions were applied at the electrodes, 

metal contact of NMD and bottom of substrate. It was observed that the thermal efficiency of 

heaters varied with the thickness of heaters as shown in Fig 4.12. 

 

Figure 4.12: Delta temperature in waveguide is a function of heater power. The thermal 

efficiencies of 5 µ𝑚, 20 µ𝑚, 60 µ𝑚, and 200 µ𝑚 are 0.67
𝐾

𝑚𝑊
, 0.65

𝐾

𝑚𝑊
, 0.55 𝐾/𝑚𝑊 and 

0.71
𝐾

𝑚𝑊
, respectively. 

The thermal efficiencies of 5 µ𝑚, 20 µ𝑚, 60 µ𝑚, and 200 µ𝑚 thick Si-substrate are 

0.67
K

mW
, 0.65

K

mW
, , 0.55

K

mW
 and 0.71

K

mW
 respectively. Figure 4.12 depicts the thermal 

efficiency of different thickness of Si-substrate. The blue, green, black, and red curves show 

the thermal efficiencies of 5 µ𝑚, 20 µ𝑚, 60 µ𝑚, and 200 µ𝑚, thick Si-substrate. The 
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thermal efficiency decreases as the thickness of substrate increases from 5 µ𝑚, 20 µ𝑚, and 

60 µ𝑚. But it increases to the maximum thickness of 200 µ𝑚. It is because the distance 

between TBC applied on bottom of Si substrate and aluminum heater is large. The thickness 

of  200 µ𝑚 is the substrate thickness for real heaters. The structure with 60 µ𝑚 thick 

substrate shows less thermal efficiency. The substrate thickness 20 µ𝑚 is more stable than 

5 µ𝑚 thick substrate. But it is less efficient than the substrate thickness 200 µ𝑚 and 5 µ𝑚. 

The percentage difference in the efficiency between 200 µ𝑚 and 20 µ𝑚 thick substrate was 

8.4 %. On the other side 20 µ𝑚 thick substrate reduces the time of simulation as compared to 

200 µ𝑚 thick. So, in next simulations, 20 µ𝑚 thick substrate was used in the structure of 

heaters to stabilize the optical spectrum. 

 

4.7 Thermal simulation analysis of L- and U- shaped Si heaters 

In this section, the thermal efficiency of Si-heater, distribution of heat in cavities, resistance 

of heaters and effect of Si-heaters on current density in resonator are numerically computed.  

 

 

Figure 4.13: Top view. Simulated L- and U- shaped n-doped Si-heaters with node-matched-

diode. Widths of U- and L-shaped heaters are 0.5 µ𝑚 and 0.57 µ𝑚 respectively. Switched on 

Si-heaters and switched off NMD, applied voltage is 3.0 𝑉. 
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Thermal boundary condition (TBC) is applied at the bottom of silicon substrate, sides of 

aluminum electrodes, and aluminum blocks at 308.15 𝐾. The pink line represents the 

position of TBC in Fig. 4.13. The ambient temperature is fixed at 308.15 𝐾 around the 

structure. The electric connections of Silicon (Si) heaters were described with black lines 

with vias as shown in Fig. 4.13. The Si-heaters were switched on and NMD turned off. The 

voltage 3.0 𝑉 applied at the electrodes of Si heaters. The current was flowing through L- and 

U- heaters. Figure 4.13 shows the distribution of heat flows due to Si-heaters in the Fabry-

Pérot resonator. Perfect thermal insulation of heaters helps in confining heat within the 

waveguide. Only a small amount of heat flows away from the heaters. 

The maximum temperature of Si- heater was 453.2 𝐾 and average temperature generated by 

heater in resonator was 344.84 𝐾. The temperature gradient between Si-heaters and 

waveguide was only 108.36 𝐾 due to the 50 𝑛𝑚 silicon slab and small oxide layer between 

heater and waveguide. The silicon slab is a good conductor of heat. It has high value of 

thermal conductivity as compared to oxide layer. The less temperature gradient between 

resonator and heater leads to increase in the efficiency of the heater.  It was found that the 

average temperature in the region between two cavities stays slightly higher as compared to 

the inner region of the cavities. The temperature (355.56 𝐾) of these two regions are same. 

This is due to the position of U-shaped Si-heaters constructed between the cavities. 

 

 

Figure 4.14: Simulated Si-heaters, average temperature in resonator depends on Si-heaters 

power consumption. 
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Figure 4.14 indicates that the consumption of heater power raises the temperature in 

waveguide. The thermal efficiency of Si-heater is 0.67 𝐾/𝑚𝑊.  The Si-heaters dissipate less 

heat in the photonic chip due to Si slab between heaters and waveguide.  

 

4.7.1 Distribution of heat in resonator due to Si-heaters 

The temperature in three cavities of NMD FP-modulator produced by Si-heaters was 

numerically calculated by using TCAD simulator. In Fig. 4.15, the red curve represents the 

temperature in the middle cavity (Cavity 2) of resonator. The blue and green curves indicate 

the temperature in cavity 1 and 3 respectively. The middle cavity has slightly higher slope as 

compared to the other two sides cavity. This small difference in temperature was due to the 

position of U-heaters. The difference in slope between cavity 2 and cavity 1 (or cavity 3) was 

only 0.02 𝐾/𝑚𝑊. The temperature difference in the cavities was less than 1.25 𝐾 for whole 

power consumption of Si-heaters. Hence, the temperature and the heat distribution in these 

cavities were almost uniform. It is due to symmetric structure of Si-heaters. These Si-heaters 

can be used to efficiently tune the optical spectrum. 

 

 

Figure 4.15: Average temperature of NMD region in resonator is a function of Si-heaters power 

consumption. The length of each cavity is 8.89 µ𝑚. The voltage 3.0 𝑉 supplied to the 

electrodes of heaters. 
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4.7.2 Resistance of Silicon heaters 

The applied voltage to Si heaters was 3.0 𝑉. The current 18.45 𝑚𝐴 flew through the circuit. 

Total power consumption of Si heaters was 55.35 𝑚𝑊. Fig. 4.16 (a) shows the IV-curve of 

silicon heaters. The total resistance of Si-heaters was computed 162.6 𝛺 numerically from 

the simulator. The connections of Si-heaters are described in section 4.4. of this chapter.  

The resistance of U-heaters was computed by turning off L-heaters. The total current 

11.47 𝑚𝐴 flows through the four U-heaters. These were connected in parallel to each other. 

The total resistance of U-heaters was computed 261.55 𝛺. The resistance of one Si U-heater 

was 1.046 𝐾𝛺. The resistance of U-heater per unit volume was 958.57 𝛺 /µ𝑚3.  

Similarly, U-heaters were turned off and L-heaters switched on. The two L-heaters were 

connected in parallel to each other. But these two heaters were connected in series with the 

other two parallel connected L-heaters. The total current 7.041 𝑚𝐴 flowed through the four 

L-heaters. The overall or single L-heaters resistance was 426.07 𝛺. The value of resistance 

was same due to electrical connections. The resistance of L-heater per unit volume was 

774.71 𝛺 /µ𝑚3. The resistance of n-doped contacts, cobalt layers, aluminum vias, aluminum 

blocks, aluminum wires and electrodes were included in L- and U-heaters.  

(a)                                                                     (b)         

    

Figure 4.16: (a) IV-Curve of silicon heaters. The total resistance of heaters was 162.6 𝛺 for 

voltage 3.0 𝑉. (b) Resistance of aluminum heater vs average temperature in resonator. The ratio 

of total resistance of silicon heaters to average temperature in resonator was 0.45 𝛺/𝐾.                                                                             
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Figure 4.16 (b) depicts the graph between resistance of silicon heater and the average 

temperature in waveguide. It represents that as the voltage increases the current does not flow 

and total resistance of Si-heaters jump up to 149.0 𝛺 and then its resistance gradually 

increase. The average temperature in waveguide increases with the rise of resistance of 

heaters. The slope of curve was 0.45 𝛺/𝐾. The current 18.45 𝑚𝐴 flows through the Si 

heaters to produce 344.84 𝐾 temperature in waveguide. The average temperature per current 

of silicon heater was  1.98 𝐾/𝑚𝐴 in resonator with power consumption of 55.35 𝑚𝑊, using 

voltage 3.0 𝑉. The silicon heaters generate high temperature per current value due to its low 

power consumption. 

 

4.7.3 Effect of Si-heaters on current density in resonator 

The L- and U-shaped heaters were completely isolated with thin layer of SiO2 of thickness 

0.14 µm. The main purpose is to prevent the resonator from leakage current. The function of 

this layer was to block the flow of charge carriers towards waveguide. The effect of Si-

heaters on current density in resonator was computed by using simulator. 

 

Figure 4.17: The current density in waveguide depends on n-doped heater power.  

Figure 4.17 is a graph between current density in resonator and n-doped heater power 

consumption. It shows that the curve is highly non-linear. It was calculated that current 
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density 17.0 (𝐴/𝑐𝑚2) in FP-resonator increases linearly upto 40.0 𝑚𝑊. The value of current 

density exponentially increases after 40.0 𝑚𝑊. Si-heaters used in Mach-Zehnder 

interferometer consumed power ~ 40.0 𝑚𝑊 in previous chapter section 3.8. For aluminum 

heater, the current density in resonator 4.1 (𝐴/𝑐𝑚2) at 40.0 𝑚𝑊 is computed. Its curve in 

Fig. 4.11 shows the linear behavior. The aluminum heater has small value of current density 

because it is separated from resonator with thick layer of oxide (1.64 µ𝑚). But Si-heaters are 

separated from resonator with thin layer of oxide (140 𝑛𝑚) and Si slab(725 𝑛𝑚). It means 

some charge carrier get enough energy to reach in the resonator and effect the optical field. 

Si-heaters are highly doped and further increase in voltage beyond 3.0 𝑉 may damage thin 

oxide layer. It depicts that Si-heaters should not operate above 3.0 𝑉, but if needs in some 

applications then increase the thickness of oxide layer. 

The above results specified that Si-heaters consume low power, produce high temperature per 

current, generate almost uniform heat in resonator, low ratio of current density to heater 

power in waveguide, create less temperature gradient in resonator and produce less 

temperature in the photonic chip as compared to metal heater. This increases its thermal 

efficiency and is suitable to stabilize and tune the modulated optical spectrum. 

 

4.8 Comparison of simulated results of Aluminum and Si-heaters  

In this section a comparison of simulated results of aluminum and Si heaters in NMD of FP-

modulator are described.  

 

4.8.1 Thermal efficiency of aluminum and Si-heaters 

The maximum temperature produced by aluminum and novel L- and U- shaped heaters were  

726.9 𝐾 and 453.2 𝐾, respectively. The maximum temperature produced by metal heater was 

high as compared to Si heater. This high temperature of metal heater may damage other 

components of photonic chip.  

Similarly, average temperature produced in resonator by metal and Si heaters were 353.4 𝐾 

and 344.84 𝐾, respectively. The temperature gradient between resonator and metal heater 

was 373.5 𝐾 and for Si-heaters it was 108.36 𝐾. High heat dissipation reduces the thermal 

efficiency of heaters. 

Figure 4.18 represents a graph between heater power and average temperature in waveguide 

to compute the efficiency of both types of heaters. The red curve shows the simulated result 
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of aluminum heater and blue curve the result of Si heaters, as illustrated in Fig. 4.18. The 

thermal efficiency of aluminum and Si-heater was 0.65 𝐾/𝑚𝑊 and 0.67 𝐾/𝑚𝑊, 

respectively. This result shows that Si heaters are slightly more efficient as compared to 

aluminum heaters due to 50 𝑛𝑚 waveguide slab and small oxide layer between waveguide 

and n-doped heater. 

The temperature difference in the cavities of metal heaters was around 3.5 𝐾 and for n-doped 

heaters it was less than 1.25 𝐾 for whole power consumption of heaters. The metal heater did 

not produce uniform temperature in the cavities but L- and U-heaters produced almost 

uniform temperature. It was due to symmetric structure of n-doped heaters. 

 

 

Figure 4.18: Average temperature in Si waveguide is a function of heater power consumption. 

The graph shows the simulated results of aluminum and silicon heaters. Supplied 1.0 𝑉 to 

aluminum heaters and 3.0 𝑉 to Si-heater. The efficiency of aluminum and Si-heater is 0.65 𝐾/

𝑚𝑊  and 0.67 𝐾/𝑚𝑊, respectively.  

The average temperature per current of Si-heaters in resonator was high as compared to metal 

heater. The ratio of temperature to current for Si and metal heaters in waveguide was 

1.98 𝐾/𝑚𝐴 and 0.64 𝐾/𝑚𝐴, respectively. The power consumption of n-doped and metal 

heaters was 55.35 𝑚𝑊 and 70.23 𝑚𝑊 by using 3.0 𝑉 and 1.0 𝑉 respectively. It shows that 

metal heaters consumed high power as compared to n-doped heaters.  
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The current density in resonator of n-doped and metal heaters was 17 (𝐴/𝑐𝑚2) and 4.1 (𝐴/

𝑐𝑚2) respectively upto 40 𝑚𝑊. It shows that metal heater has 4-times lesser value of current 

density as compared to n-doped heaters. In Si-heaters, some charge carriers get enough 

energy to reach in the resonator and affect the optical field. It is due to thin oxide layer 

present between waveguide and n-doped heaters. Hence, Si heater may affect the optical 

field.  

In the next section, the comparison of thermo-optic effect of Si- and metal heaters are 

described.     

                                                                        

4.8.2 Thermo-optic effect of Si- and metal heaters  

Thermo-optic effects were used for the tuning and stabilization of optical spectrum in 

modulator or interferometer. The detailed discussion about this effect was described in 

chapter 2 of section 2.2. In this section the change in refractive index of waveguide with 

respect to temperature was computed by using formula [28]. 

 

𝑑𝑛

𝑑𝑇
=  1.86 𝑥 10−4 𝐾−1 4.1 

 

The eq. 4.1 indicates that silicon has high thermo-optic coefficient [28] as compared to SiO2 

(1.0 𝑥 10−5 𝐾−1) [6].                                                                                   

The temperature difference between TBC and waveguide for Si- and metal heaters was 

36.69 𝐾 and 45.25 𝐾 respectively. The temperature changes the refractive index of 

waveguide [2.10]. The change in refractive index of waveguide due to Si- and metal heaters 

was 6.8 𝑥 10−3 and 8.4 𝑥 10−3 respectively. Due to increase of temperature the refractive 

index of waveguide rises (positive) [29]. The silicon photonic is temperature sensitive due to 

high value of thermo-optic coefficient of silicon [4].  

Figure 4.19 (a) shows a graph between change of refractive index in resonator and heater 

power. The blue curve represents the change of refractive index in resonator due to Si-heaters 

and red curve represents aluminum heater, as illustrated in Fig. 4.19 (a). The ratio of change 

of refractive index to heater power for n-doped and metal heater was 1.24 𝑥 10−4 (𝑚𝑊)−1 

and 1.21 𝑥 10−4 (𝑚𝑊)−1 respectively. It shows that this ratio for Si-heaters was high as 
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compared to metal heaters. Therefore, n-doped heaters need less power to change the 

refractive index of waveguide.                                                      

The tuning of optical spectrum was computed from the wavelength shift of the spectrum by 

using heaters. The change of wavelength depends on the temperature change in waveguide. 

The shift in the wavelength of optical spectrum was calculated by using following formula 

[18]. 

∆𝜆

∆𝑇
=  0.0935 

𝑛𝑚

𝐾
 4.2 

 

where “∆𝜆” represents the shift in wavelength of spectrum and “∆𝑇” is the temperature 

difference between heat sink and silicon waveguide.  

(a)                                                                    (b) 

        

Figure 4.19: (a) Change of refractive index (∆n) in resonator vs heater power. The slope of 

curve for Si- and metal heaters was 1.24 x 10
-4 (mW)

-1
 and 1.21 x 10

-4 (mW)
-1

, respectively. (b) 

The wavelength shift (∆λ) of optical spectrum changes in waveguide with respect to heater 

power. The tuning efficiency of Si- and metal heaters is 0.062 nm/𝑚𝑊 and 0.060 nm/𝑚𝑊, 

respectively. 
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The shift of transmission peak in NMD FP-resonator by using Si- and metal heaters is 3.4 𝑛𝑚 

and 4.2 𝑛𝑚, respectively. The optical spectrum can be stabilized or tuned in this range. 

Figure 4.19 (b) shows the comparison of tuning efficiency of both types of heaters. The 

wavelength shift per heater power for Si- and metal heaters is 0.062 nm/𝑚𝑊 and 0.060 

nm/𝑚𝑊, respectively. It represents that the tuning efficiency of Si-heaters are slightly large 

as compared to metal heater. The heaters shift the optical spectrum to red-shift of wavelength 

due to increase in the refractive index of waveguide or resonator. 

The Si-heaters consume low power, produce high temperature per current, create less 

temperature gradient in waveguide, generate almost uniform heat in resonator, and produce 

less temperature in the photonic chip. These factors raise the thermal efficiency of Si-heaters. 

Therefore, the novel n-doped L- and U-heaters have high thermal efficiency as compared to 

metal heaters and are suitable to stabilize the spectrum. Due to thermo-optic effect of n-doped 

heaters, these have high tuning efficiency than metal heaters to tune the spectrum. Hence, Si-

heaters are preferable with regards to spectral tuning and stabilizing. This technique was also 

used with a non-tunable laser for spectrum stabilization by short range tuning. 

 In the next section, the thermal effect of NMD on modulator is computed. For this Si-heaters 

were turned-off and NMD turned-on. It deals with the injection of charge carrier in 

waveguide due to NMD. The resistance of NMD is calculated using IV-curve. After that the 

average temperature in cavities are determined. The plasma dispersion effect reduces the 

refractive index of resonator. The reduction in refractive index and rise of temperature is 

computed. The net shift in the wavelength of modulated spectrum due to PDE and TOE to 

blue-shift is calculated. It has strong electro-optic effect for suitable modulation. 
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4.9 Thermal influence of charge carriers in NMD FP-modulator  

In order to compute the effect of heaters on the working of NMD, Si-heaters were switched-

off and NMD switched-on. The dc voltage 0.8 𝑉 was supplied to p- and −0.7 𝑉 to n-doped 

NMD through aluminum blocks electrodes.  

(a)                                                                                     (b) 

 

Figure 4.20: Top view. Simulated, switched on node-matched diode modulator, and switched 

off Si-heaters. Supplied 0.8 𝑉 to p- and −0.7 𝑉 to n-doped NMD. (a) Complete structure of 

NMD FP-modulator. (b) Middle segment of NMD. 

The total current flow between p- and n- doped fingers was 83.57 𝑚𝐴. The node-matched 

diode emitted charge carrier in waveguide. The charge carriers flow between n- and p-doped 

comb-shaped diode in waveguide. Figure 4.20 (a) and (b) shows the complete simulated 

structure and the middle segment of NMD FP-modulator respectively. The recombination of 

charge carrier inside the waveguide increased its temperature. The average temperature in the 

waveguide is 398.73 𝐾. The complete distribution of heat is shown in Fig. 4.20 (a).  
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(a)                                                               (b) 

       

Figure 4.21: Switched on NMD and switched off heaters. 0.8 𝑉 to p- and −0.7 𝑉 to n-doped 

NMD in Si waveguide was supplied. (a) IV-Curve of node-matched-diode of FP-modulator. 

The total resistance of NMD is 17.94 𝛺 for voltage 1.5 𝑉. (b) Average temperature in silicon 

waveguide or cavity is a function of NMD electric power consumption. Average temperature in 

cavities was compared in on-state of NMD.  The ratio of temperature in resonator to NMD 

power in cavity 1, cavity 2, and cavity 3 are 0.93 𝐾/𝑚𝑊, 0.96 𝐾/𝑚𝑊, and 0.92 𝐾/𝑚𝑊, 

respectively. 

Figure 4.21 (a) represents IV-curve of NMD. It shows that the conduction in NMD starts 

around 0.9 𝑉. The resistance of NMD is computed 17.94 𝛺 as the low resistance of NMD 

and recombination process of carriers produces a lot of heat in waveguide. Forward biased 

injects a lot of carriers in waveguide. The electric power consumed by NMD during this 

process is 125.35 𝑚𝑊. 

The average temperature in waveguide of three NMD regions or cavities was computed by 

using simulator. The average temperature in cavity 1 (NMD region 1), cavity 2 (NMD region 

2) and cavity 3 (NMD region 3) are 423.06 𝐾, 426.50 𝐾 and 421.64 𝐾 respectively. The 

temperature in cavity 2 was slightly high because it exists in the middle of two cavities. The 

NMD of two side cavities slightly change the temperature of middle cavity. It was found that 

the average temperature in three regions of NMD or cavities was almost the same. The 

temperature was high in the cavities due to the recombination of charge carriers and collision 
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of charge carriers with atoms of waveguide. But between the two consecutive cavities the 

temperature is low due to the less availability of carriers for recombination, collisions with 

atoms in these regions, and switched off state of Si-heaters.   

Figure 4.21 (b) shows the comparison of simulated results of temperature in the cavities. The 

red curve represents the temperature in the middle cavity (cavity 2). The blue and green 

curves indicate the temperature in the cavity 1 and cavity 3 (side cavities). The ratio of 

average temperature in cavities to NMD power for side cavities are 0.93 𝐾 /𝑚𝑊 and 

0.92 𝐾 /𝑚𝑊. The ratio for middle cavity is 0.96 𝐾 /𝑚𝑊. The results are very close to each 

other due to symmetric structure of modulator. The three curves show the uniformity of heat 

in different regions of waveguide. The structure is suitable for resonance and modulation. 

The injection of charge carriers reduces the refractive index of resonator. It shifts the optical 

spectrum to blue-shift and thus modulates the spectrum. The depletion of charge carriers 

increases the refractive index and shifts the spectrum to red-shift. The next section explains 

how the plasma dispersion effect causes a change in refractive index in resonator. 

 

4.9.1 Computation of refractive index change in resonator due to carrier plasma 

dispersion effect 

The process of injection or depletion of charge carrier in resonator is called the plasma 

dispersion effect (PDE). The dc voltage 1.5 𝑉 was applied between n- and p-doped fingers of 

NMD. The non-uniform electric field exists between the n- and p-doped fingers. The non-

uniform field was due to the structure of NMD. The average strength of electric field between 

n- and p-doped comb NMD was 3.71 𝑥 102 𝑉/𝑐𝑚 computed from simulator. The doped 

fingers emit the charge carrier in resonator. These carriers collide with the atoms of Si 

waveguide or resonator and transfer some of their energy to these atoms. The amplitude of 

vibrations of these lattice atom increases, which increase the temperature of waveguide. The 

recombination of electrons and holes are also responsible to increase the temperature of 

resonator. In this process electrons and holes annihilate each other and produces heat. The 

electron and hole mobility in resonator as computed from simulator were 6.93 𝑥102 𝑐𝑚2/𝑉𝑠 

and 2.53 𝑥102 𝑐𝑚2/𝑉𝑠. The electron and hole current density inside waveguide were 

calculated from thermal simulation. They were 6.29 𝑥105 𝐴/𝑐𝑚2 and 3.07 𝑥105 𝐴/𝑐𝑚2 

respectively.  
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The change in electron concentration ∆𝑁𝑒 and hole concentration ∆𝑁ℎ in waveguide were 

calculated by using following equations [75], [76]. 

 

∆𝑁𝑒 =
𝐽𝑛

𝑞µ𝑛𝐸
 4.3 

 

∆𝑁ℎ =
𝐽ℎ

𝑞µℎ𝐸
 4.4 

                                                                                                       

where ∆𝑁𝑒 and ∆𝑁ℎ are the electron and hole concentration change measured in 𝑐𝑚−3, 𝐽𝑛 and 

𝐽ℎ are the electron and hole current densities, 𝑞 is the charge on electron or hole, µ𝑛 and µℎ 

are the mobility of electron and hole respectively, 𝐸 is the strength of electric field between 

n- and p-doped comb shaped regions.  

It was found that the changing in the concentration of electron and hole in Si waveguide were 

1.53 𝑥 1019𝑐𝑚−3 and 2.045 𝑥 1019𝑐𝑚−3 respectively. The less value of concentration of 

electron in waveguide may be due to background doping in waveguide and slab. The holes 

due to background doping recombine with electron of n-doped NMD. The injection of these 

charge carriers in the waveguide changes the refractive index of waveguide.  

The change of refractive index in Si waveguide due to plasma dispersion effect can be 

calculated as [33]. 

At 𝜆0 = 1.55 µ𝑚   

 

∆𝑛 =  ∆𝑛𝑒 + ∆𝑛ℎ = − [8.8 𝑥 10−22 𝑥 ∆𝑁𝑒 + 8.5 𝑥 10−18 𝑥 (∆𝑁ℎ)
0.8] 4.5 

     

∆𝑛𝑒 and ∆𝑛ℎ are the change in refractive index in waveguide due to electron and hole carrier 

concentration. 𝜆0 represents the wavelength of light in free space. 

The calculated values of ∆𝑁𝑒 and ∆𝑁ℎ are 1.53 𝑥 1019𝑐𝑚−3 and 2.045 𝑥 1018𝑐𝑚−3, 

respectively. The change in refractive index of waveguide, ∆n, at wavelength of 1.55 µ𝑚 was 

computed by using equations 4.5 due to injection of charge carrier in waveguide. The value 

of change in refractive index at wavelength of  1.55 µ𝑚 is −3.73 𝑥 10−2. The negative sign 

shows the decrease in refractive index. The decrease in wavelength of light decreases the less 
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refractive index. It was observed that higher injection of charge carrier in waveguide resulted 

in higher change in refractive index [24]. 

 

Figure 4.22: Refractive index of waveguide depends on applied voltage of NMD due to plasma 

dispersion effect. The change in refractive index (Δn) at 1.5 𝑉 is −0.037. 

Figure 4.22 depicts the graph between the change in refractive index of waveguide and 

voltage applied to NMD. The change in refractive index of waveguide is a function of applied 

voltage due to plasma dispersion effect. The curve represents the refractive index change in 

waveguide at wavelength 1.55 µ𝑚. The refractive index does not change up to 0.9 𝑉. It is 

due to the potential barrier between p-, intrinsic Si and n-doped comb shaped regions. After 

0.9 𝑉 the NMD starts conducting charge carriers. Now the carriers have enough energy to 

overcome this potential barrier. The injection of charge carrier decreases the refractive index 

of waveguide or resonator due to plasma dispersion effect. The change in refractive index per 

voltage at 1.5 𝑉 is −0.025 𝑉−1. The refractive index decreases as the voltage increases.  

In the previous research [54] about NMD FP-resonator (single cavity) it was observed that 

the ratio of change of refractive index per voltage change was −0.017 𝑉−1.  

The high change in refractive index leads to strong electro-optic effect. This strong electro-

optic effect is responsible for high speed and large modulation in modulators. In the next 

section the wavelength shift in spectrum will be computed by using PDE. 
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4.9.2 Influence on wavelength shift due to carrier plasma dispersion and thermo-optic 

effects  

The shift in wavelength of optical spectrum is computed by using carrier plasma dispersion 

(PDE) and thermo-optic effect (TOE). The injection of charge carriers not only reduces the 

refractive index due to PDE but also increases the refractive index of waveguide due to 

thermo-optic effect. These two effects are opposite in direction to each other. The thermo-

optic effect shifts the wavelength of optical spectrum to red-shift (longer wavelength) and 

PDE shifts the spectrum to blue-shift (shorter wavelength).  

 The relation between wavelength shift of optical spectrum and effective refractive index of 

material is given by [58]. 

 

∆𝑛𝑒𝑓𝑓

𝑛𝑒𝑓𝑓
=

∆𝜆

𝜆𝑝𝑒𝑎𝑘
 4.6 

                                                

where 𝜆𝑝𝑒𝑎𝑘 = 1550 𝑛𝑚 is the wavelength of light,  ∆𝜆 represents the wavelength shift of 

optical spectrum, ∆𝑛𝑒𝑓𝑓 is the change of effective refractive index, and 𝑛𝑒𝑓𝑓 denotes the 

effective refractive index of material, due to PDE. 

The ratio of change of refractive index and the linear refractive index of material is equal to 

the ratio of change of effective refractive index and effective refractive index. These are 

defined in the equation below [29], [58]. 

 

∆𝑛𝑒𝑓𝑓

𝑛𝑒𝑓𝑓
≈

∆𝑛

𝑛
 4.7 

 

where ∆𝑛 represents the change in linear refractive index and 𝑛 = 3.47 represents the linear 

refractive index of Si. 

Compare eq. 4.6 and 4.7 to get 

∆𝜆

𝜆𝑝𝑒𝑎𝑘
=

∆𝑛

𝑛
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∆𝜆 =
∆𝑛

𝑛
. 𝜆𝑝𝑒𝑎𝑘 4.8 

                                         

Equation 4.8 is used to compute the wavelength shift of optical spectrum due to plasma 

dispersion effect. 

The linear refractive index change ∆𝑛 (−3.73 𝑥 10−2), the linear refractive index of Si 

waveguide 𝑛 (3.47) and wavelength of optical spectrum 𝜆𝑝𝑒𝑎𝑘 were used to compute the 

wavelength shift of spectrum.  

 

 

Figure 4.23: Wavelength shift of optical spectrum as a function of applied DC voltage of NMD. 

The wavelength shift at 1.5 V due to PDE and TOE are 16.52 𝑛𝑚 and −8.46 𝑛𝑚 respectively. 

The negative sign shows that TOE is opposite to PDE. The net wavelength shift amount to be 

8.06 𝑛𝑚 to blue-shift.  

Figure 4.23 depicts the comparison of wavelength shift due to plasma dispersion effect and 

thermo-optic effect. The green curve shows the wavelength shift due to PDE and blue curve 

represents shift in wavelength of optical spectrum due to TOE. The wavelength shift due to 

PDE amounts up to 16.52 𝑛𝑚 at 1.5 𝑉. This voltage dependent wavelength shift moves to 

blue-shift or shorter wavelength. The shift in wavelength towards blue-shift starts around 

0.9 𝑉 and then gradually increases with the rise of voltage, as illustrated in Fig. 4.23.  

But on the other side TOE came into existence due to the recombination of charge carriers 

and the collision of charge carriers with atoms of waveguide. It increases the temperature of 

waveguide. This effect shifts the optical spectrum to red-shift or longer wavelength. The 

wavelength shift   was computed by using eq. 4.2 (∆𝜆/∆𝑇 =  0.0935 𝑛𝑚/𝐾). It is observed 
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that thermal effects start around 1.0 𝑉, as shown in Fig. 4.23. The temperature difference 

between waveguide and TBC amount to be 90.58 𝐾. The wavelength shift at 1.5 𝑉 was 

8.46 𝑛𝑚 due to TOE, as illustrated in Fig. 4.23. 

Hence, PDE and TOE are opposite to each other. PDE moves the spectrum to blue-shift and 

TOE moves it to the red-shift. The net wavelength shift amount to be 8.06 𝑛𝑚 to blue-shift. 

The transmission spectrum of NMD FP-modulator was discussed in section 4.2 (see Fig. 4.1). 

The on-state of driver (switched-on NMD) shift the peak of optical spectrum to 1542 𝑛𝑚 at 

1.5 𝑉. The switched-off state of NMD shifts the optical spectrum to red-shift by using 

electronic driver (see Fig. 4.1). The low-state of driver shifts the peak of optical spectrum to 

1550 𝑛𝑚. During modulation operation the peak of spectrum moves between these two 

states. The plasma dispersion effect dominates the thermo-optic effect. Therefore, applying 

voltage of 1.0 𝑉 in NMD leads to a blue-shift of the optical spectrum of 5.37 𝑛𝑚. The net 

wavelength shift per milliwatt power of NMD was 0.06 𝑛𝑚/𝑚𝑊 to blue-shift. This showed 

that higher injection of charge carrier in waveguide resulted in higher change in refractive 

index [24]. The high change in refractive index leads to strong electro-optic effects. The 

switched-on state of NMD shifted the optical spectrum to blue-shift. Hence, NMD Fabry-

Pérot modulator is suitable for strong electro-optic and high-speed modulation. 

In the next section the combined thermal effects of NMD and Si-heaters are studied. For this 

purpose, first Si-heaters are switched-off and NMD are switched-on. After completion of 

NMD simulation, Si-heaters are turned-on. The efficiency of Si-heaters is calculated during 

the on-state of NMD. The thermal efficiency of Si-heaters in on- and off-state of NMD is 

compared. At the end of this section, a comparison of tuning efficiency of Si-heaters is 

computed.   

 

4.10 Combined thermal effects of NMD and Si-heaters 

To compute the effect of heaters on the working of NMD, first Si-heaters are switched-off 

and NMD switched-on. The NMD injects the charge carriers in waveguide. Its simulation 

was already done in section 4.9. It was observed that the average temperature in the 

waveguide is 398.73 𝐾. The graph between average temperature in cavities and NMD power 

is almost linear (see Fig. 4.21 b). 

In second step, after completion of simulation of NMD, Si-heaters are switched-on. The Si- 

heaters were used to stabilize the modulated optical spectrum. The voltage supplied to heaters 
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was 3.0 𝑉. The current 18.10 𝑚𝐴  was flowing through the heaters. The heaters consumed 

power 54.30 𝑚𝑊. The total resistance of heaters was 165.74 𝛺.  

(a)  

 

(b)  

 

Figure 4.24: (a) Top view. Simulated, switched on both node-matched diode (NMD) and Si-

heaters. First supplied 1.5 𝑉 to NMD and then 3.0 𝑉 to Si-heaters. (b) The average temperature 

in waveguide is a function of heater power. The efficiency of heater is 0.75 𝐾/𝑚𝑊 and the off-

set temperature of NMD is 398.73 𝐾.  
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Heaters and NMD in the on state are as shown in Fig.4.24 (a). It shows almost uniform 

temperature in the cavities. It presents the distribution of heat in the structure and observed 

that most of the heat was confined in the resonator.  

Figure 4.24 (b) depicts that the temperature (398.73 𝐾) in waveguide was due to off-set 

temperature of NMD. Figure 4.24 (b) is the graph between average temperature in waveguide 

and heater power. Here NMD power consumption is not included in the graph. The purpose 

is to see the thermal effect of heater during the switched-on state of NMD. The heaters 

increased the average temperature of waveguide up to 439.39 𝐾. The temperature difference 

between off-set of NMD and final average temperature of waveguide due to heaters was 

40.66 𝐾. The thermal efficiency of heaters is 0.75 𝐾/𝑚𝑊. The node-matched-diode 

increased the efficiency of heaters due to thermal coupling. Also, the power consumed by 

NMD was 125.35 𝑚𝑊. This is zero reference power of Si-heaters as shown in Fig. 4.24 (b). 

Now heaters consume power 54.30 𝑚𝑊 above this reference. The total power consumed by 

NMD and Si-heaters are 179.65 𝑚𝑊.   

The change in refractive index of waveguide was computed by using 

𝑑𝑛/𝑑𝑇 = 1.86 𝑥 10−4 𝐾−1 equation 4.1. The refractive index change in resonator is 

7.56 𝑥 10−3. The increased temperature of heaters increases the refractive index of 

waveguide. The wavelength shift over temperature was computed using formula [18]  

∆𝜆/∆𝑇 =  0.0935 𝑛𝑚/𝐾 equation 4.2. and it was calculated to be 3.8 𝑛𝑚 by applying 3.0 𝑉. 

It moves the optical spectrum to red-shift to stabilize and tune the modulated optical spectrum 

in the operating range. 

In next step, the efficiency of heaters is compared between switched-off and switched-on 

state of NMD. The efficiency of Si-heaters is already computed in section 4.7 at the 

switched-off state of NMD. 

Figure 4.25 depicts the comparison of efficiencies of Si-heaters due to different states of 

NMD. The blue curve shows the switched-on state of Si-heaters and switched-off state of 

NMD at 308.15 𝐾 TBC. The average temperature produced by heaters in resonator was 

344.84 𝐾. The efficiency of Si-heaters amounts to be 0.67 𝐾/𝑚𝑊 (case 1). The red curve 

represents the switched-on state of Si-heaters and NMD at 308.15 𝐾 TBC. The off-set 

temperature due to NMD was 398.73 𝐾 and then average temperature in waveguide rises to  

439.39 𝐾 due to heaters. This leads to thermal efficiency of  0.75 𝐾/𝑚𝑊 (case 2). The green 

curve depicts the turned-off state of NMD and turned-on state of heaters at 398.73 𝐾 TBC. 
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The temperature of this TBC was selected because it was produced by NMD in previous case. 

The average temperature computed in resonator due to heaters was  435.83 𝐾 leds to thermal 

efficiency of 0.70 𝐾/𝑚𝑊 (case 3). The current 17.67 𝑚𝐴 was flowing through the Si-

heaters. The total resistance of heaters is 169.7 𝛺. The power consumed by these heaters is 

53.0 𝑚𝑊. 

 

 

Figure 4.25: Simulated, average temperature in waveguide as function of heater power 

consumption at different temperatures boundary conditions. Supplied 3.0 𝑉 to heaters and 

1.5 𝑉  to NMD. The red curve depicts the switched-on state of both heaters and NMD at 

308.15 𝐾. The blue curve represents the switched-on state of heaters and turned off state of 

NMD at 308.15 𝐾. The green curve shows the switched-on state of heaters only at TBC of 

398.73 𝐾. 

The thermal efficiencies difference between case 1 and case 2 are 0.08 𝐾/𝑚𝑊. The 

efficiency of case 2 is high due to the thermal coupling of NMD and Si-heaters. Due to this 

coupling, the resistance of heaters increases. The total resistance of heaters in case 1 and case 

2 was 162.6 𝛺 and 165.74 𝛺, respectively.  

The difference in efficiencies between case 2 and case 3 are 0.05 𝐾/𝑚𝑊. It shows that in 

case 3 as the temperature of TBC increases it increase the thermal efficiency of heaters. In 

case 3, every part of NMD Fabry-Perot resonator is adjusted at 398.73 𝐾 but in case 2 only 
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the waveguide temperature amounts to 398.73 𝐾. Also, other parts do not have at this 

temperature. In comparison with case 3, the thermal efficiency of case 2 is still high due to 

thermal coupling of NMD and Si-heaters. 

 In case 1 and case 3, every part of NMD Fabry-Perot resonator is adjusted at 308.15 𝐾 and 

398.73 𝐾 respectively. The efficiency difference between case 1 and case 3 is 0.03 𝐾/𝑚𝑊. 

Case 3 has slightly high efficiency as compared to case 1. It is due to the temperature 

difference of TBC between two cases. The resistance of Si-heaters also depends on 

temperature of TBC. The resistance of Si-heaters of case 1 and case 3 is 162.6 𝛺 and 

169.7 𝛺, respectively. The power consumed by Si-heaters in case 3 is lesser as compared to 

case 1, which increases the thermal efficiency of heaters.  

 

4.10.1 Comparison of tuning efficiency of heaters 

The tuning efficiency is the wavelength shift of modulated spectrum per milliwatt of heaters 

power. In this section the tuning efficiency of three models of heater structures have been 

determined. In the first structure NMD was in switched-off stage, in second structure both 

NMD and heaters were switched-on. The TBC in both cases was  308.15 𝐾. In third structure 

switched-off NMD and applied TBC at 398.73 𝐾 , then the tuning efficiency of heaters of all 

these three structures are compared. 

The blue curve in above Fig.4.26 depicts the turned-on state of Si-heaters and turned-off state 

of NMD at  308.15 𝐾 TBC. The tuning efficiency of Si-heaters was 0.062 𝑛𝑚/𝑚𝑊. It shifts 

the optical spectrum wavelength 3.4 𝑛𝑚 to red-shift to stabilize the spectrum. The green 

curve in Fig. 4.26 shows the switched-on state of Si-heaters and turned-off state of NMD at 

398.73 𝐾 TBC. The tuning efficiency of Si-heaters for the red-shift of the optical spectrum 

per milliwatt was 0.065 𝑛𝑚/𝑚𝑊. 

The red curve in Fig. 4.26 represents the switched-on state of NMD and heaters at TBC of 

308.15 𝐾. The maximum off-set of wavelengths shift due to TOE is 8.46 𝑛𝑚. In switched-on 

heaters, it shifts the modulated optical spectrum 3.8 𝑛𝑚 to red-shift by applying 3.0 𝑉. 

Hence, the tuning efficiency of Si-heaters in this case was 0.07 𝑛𝑚/𝑚𝑊 to tune and stabilize 

the modulated spectrum. In section 4.9.2 switched-on state of NMD, the net wavelength shift 

8.06 𝑛𝑚 to blue-shift due to PDE and TOE. But when Si-heaters were switched-on after 

turned-on NMD, it moved the spectrum 3.8 𝑛𝑚 to red-shift. However, overall wavelength 
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shift is 4.26 𝑛𝑚 in blue-shift. Hence, PDE dominates TOE [29]. This means there is trade-off 

between both the heaters and node-matched-diode. The tuning efficiency of heaters is 

increased because of thermal coupling between NMD and Si-heaters. Hence, Si-heaters tuned 

and stabilized the modulated optical spectrum in the operating range. 

 

 

Figure 4.26: Simulation results, wavelength shift of optical spectrum in resonator depends on 

heater power at different TBC due to thermo-optic effect. Supplied 3.0 𝑉 to heaters and 1.5 𝑉 

to NMD. 

4.11 Measurement results and verification of simulated values 

The NMD FP-modulator, aluminum and silicon heaters were fabricated BiCMOS foundry 

(IHP, Frankfurt (Oder), Germany). A broad band HP 70952B optical spectrum analyzer was 

used to observe the optical spectrum. Its wavelength range is 600 nm to 1700 nm. The 

accuracy of analyzer is 10 pm. The full width at half maximum (FWHM) less than 0.08 nm is 

0.065 nm ± 15%. The display resolution is 0.01 dB on logarithm scale.  

The measurement of error in voltage is ±(0.02 % + 2.4 𝑚𝑉). The relative and absolute part 

of error in voltage is 0.02 % and 2.4 𝑚𝑉 respectively. Similarly, the measurement of error in 

current is ±(0.055 % + 6 µ𝐴). The relative and absolute part of error in current is 0.055 % 

and 6 µ𝐴 respectively. The absolute and relative accuracy in wavelength is ±1 𝑛𝑚 and 
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±10 𝑝𝑚 respectively. The error in measured temperature is ± 3.0 
o
C. The relative error in 

measured transmission result is ± 0.5 𝑑𝐵.  These errors are used in the following sections. 

There are two differences between simulated and fabricated Si-heaters. In measurements, the 

part of L-heater near the slab has a width of 0.51 µ𝑚. But for simulated heater width of that 

part is 0.57 µ𝑚. Similarly, the part of U-heater close to Si-slab used in fabrication has width 

of 0.44 µ𝑚. But for simulated the width of that part of U-heater is 0.50 µ𝑚.  

The second difference is that n- and p-type doped L- and U-heaters are used in measurement 

results. On one side of waveguide n-doped L- and U-heaters are fabricated but on the other 

side p-doped heaters are used. But in simulation values, both sides of waveguide L- and U-

heaters are n-doped.  

 

4.11.1 Calibration of temperature 

The NMD FP-modulator was described in section 4.2. The biasing of NMD was controlled 

by electronic driver. The low and high state of driver injected and depleted the charge carriers 

from NMD. During the operation of modulation, the high-state of driver moves the peak of 

spectrum to blue-shift and low-state moves the peak to red-shift (see Fig. 4.1).  

 

 

Figure 4.27: Aluminum heater, calibration of temperature with respect to peak position of 

spectrum. The peak position of spectrum depends on the base temperature of chip. The initial 

temperature is 25 
o
C. The slope of curve is 0.0803 𝑛𝑚/𝐾. 
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The temperature was calibrated with respect to wavelength shift of spectrum or shift in the 

peak position of spectrum. The temperature was supplied to the base of the chip because of 

Peltier effect. The wavelength shift in the spectrum was calculated. This procedure was used 

to calibrate the temperature in both types of heaters i.e. Si- and metal heaters.  

In the second step the temperature in waveguide was estimated by supplying voltage to the 

heaters. The temperature of heaters changes the peak position of spectrum. The temperature 

of waveguide is obtained by using wavelength shift in step 2 and slope of calibration 

temperature in step 1. Then the thermal and tuning efficiency is measured. The calibration in 

temperature of aluminum heater is illustrated in Fig. 4.27. 

The above graph shows the calibration of temperature with respect to peak position of optical 

spectrum. The blue curve depicts the peak position change with rise of temperature. The 

slope of curve is given below: 

∆𝜆

∆𝑇
= 0.0803 𝑛𝑚/𝐾 4.9 

                                                                                       

This slope can be used to measure the temperature in waveguide.  

The calibration in temperature of Si-heater is estimated in the following graph 4.28. 

The red curve in Fig. 4.28 depicts peak position of spectrum for Si-heaters. The calibration of 

temperature can also be measured with respect to wavelength shift of spectrum. The slope of 

curve is given below: 

∆𝜆

∆𝑇
= 0.0764 𝑛𝑚/𝐾 4.10 

 

The above two Fig. 4.27 and 4.28 show that the slope of calibration temperature of aluminum 

heater is slightly higher as compared to Si- heaters. The difference may be due to inaccuracy 

of measurement. For accurate measurement, the callibration of temperature should remain the 

same. After heating up the bottom of chip for both structures, the shift in the transmission 

peak of spectrum was calculated. 
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Figure 4.28: Si-heater, calibration of temperature with respect to peak position of spectrum. 

The peak position of spectrum is a function of the base temperature of chip. The initial 

temperature is 25 
o
C.  The slope of curves is 0.0764 𝑛𝑚/𝐾. 

4.11.2 Verification of simulated and measurement results of metal heater 

In this section the simulated values and measurement results of metal heaters were verified. 

1. IV-Curve of metal heaters 

In this section, a comparison is made between voltage and current curve as shown in Fig. 

4.29. The green curves represent the measurement results of aluminum heaters. The applied 

voltage is (0.725 ± 0.002) 𝑉. The measured resistance of aluminum heaters is (22.03 ±

0.62) 𝛺. The resistance of aluminum connecting wires and electrodes are also included in 

this resistance. 

The black curve indicates the simulated values of aluminum heater. The thermal boundary 

conditions are applied around the structure and NMD metal contacts. The resistance of heater 

is  14.23 𝛺.  

The red curve also depicts the simulated values of aluminum heater. The thermal boundary 

conditions are applied around the structure but not applied to NMD metal contacts. The 
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resistance of heater is 15.16 𝛺. Its resistance is slightly high due to the removal of TBC from 

NMD metal contacts. The increase in temperature increases the resistance of metal heater. 

The fabricated heater and connecting wires are connected in series. The fabricated heater 

resistance is high as compared to simulation values. During fabrication may be the length, 

width, and thickness of real metal heater are changed. The dimensions of real heater are not 

exactly same fabricated to the simulated heater. The resistance of connecting wires and 

connectors are also included in real heater [56]. Simulation and measurement have 

completely different characteristics. All these factors change the resistance of real heater. But 

the trend of both types of metal heaters is almost same, as illustrated in Fig. 4.29.  

 

 

Figure 4.29: Comparison of IV-curves of simulated and measurement results of aluminum 

heater. The green curve is the measurement results. The black and red curve shows the 

simulated results. 

2. Verification of thermal and tuning efficiency of simulated and measured results of 

metal heaters 

In this section verification of simulated and measurement results of metal heaters are 

described. The voltage 0.725 𝑉 was supplied to real metal heater through electrodes. The 
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current (32.90 ± 0.02) 𝑚𝐴 flowed through the real metal heater. The thermal efficiency of 

heater is required for the stabilization of spectrum.  

The wavelength shift 1.72 𝑛𝑚 in the optical spectrum was measured. The wavelength shift is 

divided by 0.0803 𝑛𝑚/𝐾 (calibration factor from Fig. 4.27) for the measurement of delta 

temperature of waveguide. The delta temperature in waveguide for metal heater was (21.5 ±

3) 𝐾. The power consumed by heater was (23.85 ± 0.67) 𝑚𝑊. The green curve represents 

the graph of measurement results of aluminum heater, as shown in Fig. 4.30. The measured 

thermal efficiency was 0.95 𝐾/𝑚𝑊. 

Figure 4.30 depicts a graph between heater power and delta temperature in waveguide to 

verify the thermal efficiency of simulated and measured results. The red curve depicts the 

simulated results when the TBC applied around the structure and no TBC was applied at 

NMD metal contacts. The delta temperature in waveguide for metal heater was 101.35 𝐾.  

Due to this TBC condition, the computed thermal efficiency of heater for stabilization of 

spectrum was 1.55 𝐾/𝑚𝑊. The red curve shows large power consumption of simulated 

heaters as compared to real heater. It is because of 1.0 𝑉 applied for simulated heater and 

0.725 𝑉 applied for real metal heater. 

 

 

Figure 4.30: Comparison of simulated and measurement results of metal heater. Delta 

temperature (∆𝑇) is a function of heater power. The delta temperature is temperature 

difference between heat sink or initial temperature and average temperature in waveguide. 
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Simulated values represent high thermal efficiency of heater as compared to measurement 

results due to the removal of TBC from NMD metal contacts. The difference in thermal 

efficiency of simulated and measurement was 0.593 𝐾/𝑚𝑊. The real metal heater was 

connected with contacts through long aluminum connecting wires for measurement. The 

heater and these wires were connected in series with each other. In this way heat was 

generated across heater as well as these connecting wires. It is because of small resistances of 

metal heater and connecting wires [56]. The generation of heat across the connecting wires 

decreases the efficiency of heater. In simulation, the connecting wires are not included in the 

structure. This increases the efficiency of simulated heaters, as represented in Fig.4.30. But 

both the curves show the same trend. 

A comparison of tuning efficiency of simulated and measured results of metal heaters is 

described in this section. The green curve in Fig. 4.31 represents the measurement results of 

tuning efficiency of metal heaters. Due to heating of waveguide the measured shift in 

spectrum was 1.72 𝑛𝑚 measured. The wave length shift per milliwatt of heater for tuning the 

optical spectrum was around 0.08 𝑛𝑚/𝑚𝑊. 

 

 

Figure 4.31: Comparison of simulated and measurement results of tuning efficiency of metal 

heaters in NMD FP-modulator. The tuning efficiency of estimated measurement is 0.08 

nm/mW. The wavelength shift (∆𝜆) per milli watt for simulated values without NMD metal 

contact are  0.14 𝑛𝑚/𝑚𝑊. 
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The red curve indicates simulation values of the tuning efficiency of metal heater without 

NMD metal contact TBC, as indicated in Fig. 4.31. The removal of TBC increases its 

efficiency. The tuning range of this type of metal heater is 9.47 𝑛𝑚. The tuning efficiency 

was 0.14 𝑛𝑚/𝑚𝑊. This numerical result has a higher tuning efficiency as compared to 

measurement results due to removal of TBC from NMD metal contacts.  

The above discussion shows that measurement results are slightly different from simulated 

values. The difference in results may be due to fabrication of metal heater as it contained the 

resistance of metal wires and electrodes in circuit, and the poor calibration of temperature 

with respect to wavelength shift. So, all these factors affect the efficiency of real heaters.  

 

4.11.3 Comparison of numerical and measurement results of Si-heaters 

In this section numerical values and estimated measurement of Si-heaters are compared.  

1. IV-Curve of Si-heaters 

The voltage 3.0 𝑉 is supplied to real Si-heaters to stabilize and tune the optical spectrum in 

NMD FP-modulator. The current 12.32 𝑚𝐴 flows through the circuits. Fig. 4.32 shows the 

IV-curve of different structures of heaters.  

The green curve of Fig. 4.32 is the measurement results of real Si-heaters. The estimated total 

resistance of heaters is 243.5 𝛺 at 3.0 𝑉. It has high value of resistance. The resistance of 

vias, cobalt silicide layers, metal layer, connecting wires and electrodes are included in it. 

The black curve is the IV-curve of simulated values of Si-heaters with NMD metal contact 

TBC. The current 18.45 𝑚𝐴 was flowing through the circuit at 3.0 𝑉. The total resistance of 

Si-heaters is 162.6 𝛺.  The simulated resistance is less as compared to measurement result.  

The red curve in Fig. 4.32 is the IV-curve of simulated Si-heaters without NMD metal 

contact TBC. The total resistance of heaters is 166.3 𝛺 and the current 18.04 𝑚𝐴 flows 

through the circuit. The removal of some TBC increases the temperature of resonator. Due to 

its increase in temperature the total resistance of Si-heaters also increases. But its total 

resistance is still less than measurement results.  

There are several factors involve for the difference in resistance between real and simulated 

heaters. The width of fabricated real Si-heaters is slightly smaller than the simulated heaters. 

One set of real heaters is p-doped which results in the increase of its resistance. During 

fabrications may be slightly increase in length and decrease in thickness of heaters raise their 
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resistance. Doping level is another factor which changes the resistance of heaters. The 

decrease in doping level due to fabrication may also raise the resistance of measurement 

heaters. The resistances of external wires and connectors are also included in the resistance of 

fabricated Si-heaters. All these factors change the resistance of real heater. But the trend of 

simulated and real Si-heaters is almost same, as illustrated in Fig. 4.32.  

 

 

Figure 4.32: IV-curve of silicon heaters. Comparison of simulated and measurement results of 

Si-heaters. The applied voltage is 3.0 𝑉.  

 

2. Verification of thermal and tuning efficiency of numerical and measured results of 

Si-heaters 

The voltage 3.0 𝑉 was supplied to the fabricated Si-heaters through connector. The current  

12.32 𝑚𝐴 flowed through the Si-heaters. The power consumed by real Si-heaters were 

36.96 𝑚𝑊. The wavelength shift 3.75 𝑛𝑚 of spectrum due to increase of temperature was 

measured.  
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The delta temperature in waveguide was measured to divide the wavelength shift by a factor  

0.0764 𝑛𝑚/𝐾 calibration of temperature w.r.t wavelength shift. The delta temperature in 

waveguide of estimated results measured 49.34 𝐾. 

 

 

Figure 4.33: Top view. Simulated L- and U- shaped n-doped Si-heaters with node-matched-

diode. Removed NMD metal contact TBC. Widths of U- and L-shaped heaters are 0.5 µ𝑚  and 

0.57 µ𝑚 respectively. Switched on Si-heaters and switched off NMD, applied voltage to 

heaters is 3.0 𝑉.  

Figure 4.33 is the top view of 3-D simulation of Si-heaters. In this structure of heaters, the 

thermal boundary conditions were applied around the structure and electrode. No TBC was 

applied at the NMD metal contacts. The voltage 3.0 𝑉 was applied to the electrode and 

current 18.04 𝑚𝐴 flowed through the heaters. The maximum temperature of Si-heaters and 

average temperature in waveguide was 496.32 𝐾 and 387.60 𝐾, respectively. The delta 

temperature in waveguide 79.45 𝐾 was numerically computed. 

Figure 4.34 is the comparison of thermal efficiency of estimated measurement and simulated 

results. The green curve shows the thermal efficiency of fabricated Si-heaters. Its thermal 
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efficiency is 1.35 𝐾/𝑚𝑊. The green curve depicts the simulated results when removed TBC 

from NMD metal contacts. The removal of TBC increases the efficiency of heaters. Its 

efficiency for stabilize the spectrum is 1.48 𝐾/𝑚𝑊. The efficiency of real heater is minor 

due to its small width, one set of p-doped heaters and decrease in the doping of heaters during 

fabrication. The real Si-heaters are also connected in series with connecting wires and 

electrodes. So, all these factors decrease the thermal efficiency of real heaters. 

 

 

Figure 4.34: A Comparison of simulated and measurement results of semi-conductor heater. 

Delta temperature (∆𝑇) is a function of heater power. The applied voltage for measured and 

simulated heaters is 3.0 V. 

A comparison of tuning efficiency of numerical values and experimental estimated 

measurement will be made. The results are shown in Fig. 4.35. 

The green curve in Fig. 4.35 is the estimated measurement results of tuning efficiency of Si-

heaters. The tuning range of fabricated heater is 3.75 𝑛𝑚.  The tuning efficiency of heaters is 

0.10 𝑛𝑚/𝑚𝑊. The heater power increases the temperature of resonator. It moves the 

spectrum to red shift or longer wavelength. 
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The red curve is the simulated tuning efficiency of Si-heaters. The thermal boundary 

conditions are removed from the metal contacts of NMD. The power consumed by simulated 

heater is 54.12 𝑚𝑊. The tuning range of heater is 7.42 𝑛𝑚. The tuning efficiency of 

simulated heaters computed to tune the spectrum is 0.14 𝑛𝑚/𝑚𝑊. To compare simulated 

heaters values with measurement results the tuning range at 36.97 𝑚𝑊 was 5.17 𝑛𝑚.  

 

 

Figure 4.35: Wavelength shift (∆𝜆) optical spectrum is a function of heater power. Comparison 

of simulated and measurement results of Si-heaters in NMD FP-modulator. 

The wavelength shift per milli watt and tuning range of simulated heaters were higher as 

compared to real Si-heaters. It is because in measurement the long connecting wires 

dissipated some power. But in simulation these long wires were not included. Moreover, in 

real heaters use of one set of p-doped heaters, width difference of heaters and may be change 

in the doping level during fabrication, cause in the decrease of tuning efficiency and its range. 

The simulated and estimated results are almost similar to each other and show almost the 

same trend.  

From the above discussion it can be derived that Si-heaters produce low power consumption, 

generate less temperature in chip, produce less heat across connecting wires, generate 
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uniform heat in resonator, high thermal and tuning efficiency as compared to aluminum 

heater. Hence, Si-heaters are suitable to stabilize and tune the optical spectrum in the 

operating range of NMD FP-modulator. 

4.12 Summary 

The Sentaurus TCAD software was used for thermal simulation of silicon and aluminum 

heaters in NMD FP-modulator. The thermodynamic model for lattice temperature, Shockley-

Read-Hall Recombination, and mobility models were used in the software for thermal 

simulation. The silicon and aluminum heaters were designed in NMD FP-modulator 

separately using structure editor of software. It was observed that Si-heaters have high 

thermal efficiency, produce uniform heat in resonator, generate less temperature in 

modulator, create high current density and large tuning efficiency in resonator as compared to 

aluminum heater.  

As a further step the change of refractive index in resonator produced by NMD due to PDE 

was computed. The TOE produced by PDE was determined. It was found that the net 

wavelength of optical spectrum moves to the blue-shift. A comparison of thermal and tuning 

efficiency of Si-heaters in off- and on-state of NMD was made. The trade-off spectrum due to 

switched-on state of NMD and Si-heaters was determined.  

In the end, the estimated measurement results and verification of simulated values of heaters 

was done. It was obtained by calibration of temperature with respect to wavelength shifts of 

aluminum and Si-heaters. The measurement and simulated results of thermal and tuning 

efficiency of metal heaters was determined. Thermal and tuning efficiency of the simulated 

and measurement results of Si-heaters were compared. The results are similar. The curves 

show the same trend of simulated and measurement results. Hence, a stabilized and tuned 

optical spectrum in NMD Fabry-Perot modulator was obtained. 
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5 Summary and future work 

The steady state simulation of building blocks for silicon photonic integrated circuits have 

been computed. The main object of this work was to stabilize and tune the optical modulated 

spectrum of integrated modulator and interferometers in the operating range. The high-quality 

modulated optical spectrum increases the efficiency of optical devices. Moreover, novel 

building blocks integrated silicon heaters controlled the temperature of MZI or MZM and 

NMD FP-modulators. 

The theory of this work was based on thermo-optic and electro-optic effect. The thermo-optic 

effect was used in stabilization and tuning the spectrum in Mach-Zehnder interferometer and 

node-matched-diode Fabry-Perot modulator separately. The electro-optic effect, carrier’s 

plasma dispersion effect is more efficient and stronger as compared to the Pockels effect, the 

Kerr effect, and the Franz Keldysh effect in Si material. The carrier plasma dispersion effect 

determined the influence of charge carriers in NMD FP-modulator.  

The three tools sentaurus structure editor, sentaurus device and sentaurus visual of synopsys 

software are used to design the integrated circuits, perform simulation and analyze the results 

of thermal simulation. The three physical models, the thermodynamic model for lattice 

temperature or heat equation, Shockley-Read-Hall recombination, and mobility are used to 

compute temperature of different components of device, carrier’s concentration, carrier’s 

current density, mobility of carriers, refractive index change, wavelength shifts over 

temperature in waveguide, phase shifting efficiency, and tuning efficiency.   

The steady state thermal simulation of Si- and aluminum heaters in Mach-Zehder modualtor 

or interferometer has been conducted using Sentaurus TCAD software [21]. The comparison 

of thermal efficiency of Si- and aluminum heaters in Mach-Zehnder modulator has been 

investigated. It was found that Si-heaters (3.47
𝐾

𝑚𝑊
) are more efficient than aluminum heaters 

(2.79
𝐾

𝑚𝑊
) in MZI. It was computed that the current density of Si-heaters (3.95 𝑥 10−9 𝐴

µ𝑚2) 
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in waveguide is high as compared to aluminum heater (1.8 𝑥 10−9 𝐴

µ𝑚2) due to the geometry 

of Si-heaters. But the less value of current density did not affect the optical properties. It has 

been shown that the current density in waveguide per voltage of Si-heater (0.16
(

𝐴

𝑐𝑚2)

𝑉
) is low 

as compared to aluminum heater (0.36
(

𝐴

𝑐𝑚2)

𝑉
). Si-heaters consumed low power, produced 

almost uniform temperature in waveguide, generated less temperature, and produced less 

temperature gradient between heater and waveguide in the device. It was determined that 

novel n-doped heaters of MZI have high refractive index change per milli watt 6.42 𝑥 10−4 

(
1

𝑚𝑊
) in waveguide as compared to metal heater 5.2 𝑥 10−4 (

1

𝑚𝑊
).  

The simulated results of Si-heaters of MZI were verified with estimated measurement results. 

The temperature calibration factor or the wavelength dip shift with respect to temperature per 

difference in arm’s length of MZI 0.0049 
𝑛𝑚

𝐾

µ𝑚
 was measured.  The temperature calibration 

factor is used to determine the estimated temperature in waveguide. The six-segment real 

heater power shifted the dip wavelength of optical spectrum of MZI in the long range of  

23.10 𝑛𝑚 to red-shift. It has been shown that the dip wavelength shift per real heater power 

was 0.48 
𝑛𝑚

𝑚𝑊
. The high thermal efficiency of n-doped six segments of Si-heaters of 

simulated and measured 0.60 
𝐾

𝑚𝑊
  and 0.45 

𝐾

𝑚𝑊
 respectively, were obtained. The difference 

in efficiencies of both results may be due to the difference in width or doping level of heaters 

during fabrication. It was found that the results of simulated heaters are close with the real 

heaters in MZI. 

The power for π-radian phase shift of thermo-optic phase shifter of simulated and 

measurement results have been verified. It was shown that low power (𝑃𝜋) of 26.42 𝑚𝑊 and 

24.07 𝑚𝑊 for the simulated and real thermo-optic phase shifter to operate the signal in the 

operating range is required respectively. Furthermore, the high phase-shifting efficiency of 

simulated 26.42
 𝑚𝑊

𝜋
 and real 24.07

𝑚𝑊

𝜋
 phase shifter was determined. Consequently, 

simulated values of phase shifters were in good agreement with experimental results of 

Mach-Zehnder modulator. 

Hence, highly efficient novel silicon heaters and phase shifters are suitable to stabilize the 

optical spectrum and control the temperature in Mach-Zehnder Interferometer or Mach-

Zehnder modulators. 
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The steady state thermal simulation of aluminum and novel n-doped L- and U-shaped heaters 

were conducted in NMD FP-modulator using Synopsys Sentaurus software [21]. The 

comparison of thermal efficiency of aluminum and L- and U-shaped n-doped Si-heaters in 

NMD FP-modulator were investigated. It was shown that Si-heaters (0.67 𝐾/𝑚𝑊) are more 

thermal efficient than aluminum heaters (0.65 𝐾/𝑚𝑊). It was shown that Si-heaters (0.062 

nm/𝑚𝑊)  have high tuning efficiency as compared to metal heaters (0.060 nm/𝑚𝑊). It 

shifts the spectrum (3.4 𝑛𝑚) to red-shift due to TOE. Si-heaters consume low power, 

generate high temperature per current, produce almost uniform temperature in waveguide and 

generate less temperature in device. 

The refractive index change of waveguide was computed in switched-on state of NMD. The 

influence on wavelength shift due to carrier PDE and TOE was determined. The net 

wavelength shift amount to be 8.06 𝑛𝑚 to blue-shift.  

The combined thermal effects of NMD and Si-heaters were investigated. The node-matched-

diode shift the modulated spectrum to blue-shift (8.06 𝑛𝑚) due to PDE and Si-heaters moves 

the spectrum to red-shift (3.8 𝑛𝑚) due to TOE. However, net wavelength shift is 4.26 𝑛𝑚 in 

blue-shift. This means there is trade-off between both the heaters and node-matched-diode. It 

was found that the tuning efficiency of Si-heaters with on-state (0.07 𝑛𝑚/𝑚𝑊) of NMD is 

high as compared to off-state (0.062 𝑛𝑚/𝑚𝑊) of NMD. Thus, stabilized and tuned 

modulated spectrum was obtained in NMD Fabry-Perot modulator. 

The simulated results of metal and Si-heaters were verified by the estimated measurement 

results. The calibration of temperature with respect to wavelength shift of metal and semi-

conductor heaters were performed. The thermal efficiency of simulated and real metal heaters 

1.55 𝐾/𝑚𝑊 and 0.95 𝐾/𝑚𝑊 were compared. The efficiency of real heater was low due to 

metal wires connecting in series with the heaters [56]. A lot of heat was generated across 

these wires. It reduced the efficiency of heaters. The tuning efficiency of simulated and real 

heaters are 0.14 𝑛𝑚/𝑚𝑊 and 0.08 𝑛𝑚/𝑚𝑊.  

Moreover, the thermal efficiency of simulated and fabricated Si-heaters was 1.48 𝐾/𝑚𝑊 and 

1.35 𝐾/𝑚𝑊, respectively. It was found that real Si-heater has less efficiency due to its one 

set of p-doped heater and slightly smaller width of heaters as compared to simulated heaters. 

The tuning efficiency of simulated and real Si-heaters were 0.14 𝑛𝑚/𝑚𝑊 and 0.10 𝑛𝑚/

𝑚𝑊, respectively. It was determined that simulated results were close with measurement 
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results when removed TBC from the metal contacts of NMD. The remaining TBC were still 

present in the structure.  

Hence, due to its high thermal and tuning efficiency, they produced less temperature in the 

chip and consumed less power. The n-doped Si-heaters are suitable to tune the optical 

spectrum in node-matched-diode Fabry-Pérot modulator.   

 

5.1 Future direction and challenges 

Integrated building blocks Si-heaters in photonic chip were designed. They exhibited very 

high performance and consumed less power as compared to integrate metal heaters. These 

integrated Si-heaters are used in Mach-Zehnder interferometer or modulator and NMD 

Fabry-Pérot modulator or resonator to stabilize and tune the spectrum. The geometry of 

heaters is smallest possible, close to the waveguide and resonator to reduce the thermal 

gradient, and optical losses. 

These heaters are integrated for better performance, but they still need improvement. For the 

technology development, these require many changes especially in geometry and doping. 

Moreover, heaters geometry is based on the design or geometry of MZI, MZM or NMD FP-

modulators. So, for fast modulation the modulators geometry will also change effects on 

heaters. 

In future, the communication technology may be so developed that the present technology 

switches from nanometer scale to atomic level. A lot of development is required in this area.  
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