%!
’ﬁa_ _,«f?? \' Politecnico

\’.llm AT u di Torino

N\ 1859 ,}'

‘\‘\.‘ *0'.‘.
Master Thesis

Master of science in Electronic Engineering/Electronic Engineering Devices and

Technologies for Integrated Electronics and Optoelectronics

Multiphysics optimization of waveguide
photodetectors for Silicon Photonics

integrated circuits

Candidate:
Amin Shafiee

Supervisors
Prof. Michele GOANO, Advisor
Prof.Giovanni GHIONE, Co-Advisor
Dr. Alberto TIBALDI, Co-Advisor
Dr. Marco VALLONE, Co-Advisor

Politecnico di Torino
April 2021






Contents

List of Figures vi
1 Photodetectors: An introduction to theory and state-of-art of the design
approaches 1
1.1 Photodetectors . . . . . ... ... ... L oo 1
1.1.1 Photodetector structures . . . . . .. ... .. ... .. ..., 3
1.1.2  Optical generation and absorption rates in detectors . . . . . 6
1.1.3 Photodetectos Parameters . . . . . ... ... ......... 7
1.1.4 Photodetector DC response: Photo current and Dark current 8
115 Responsivity . . ... ... ... ... ... . L. 9
1.1.6  Photodetector modulation bandwidth . . . . ... ... ... 12
1.1.7  From PN photodetectors to PiN photodetectors . . . . . .. 14
1.1.8 Waveguide Photodetectors (WPD) . . . ... ... ... ... 17
1.1.9  Avalanche waveguide photodetectors . . . . ... ... ... 19
1.2 State-of-art of GeSi PiN waveguide photodetectors and design ap-
proaches . . . . . . ... 22
121 Modifying the PD geometries . . . . . ... ... ... .... 23
1.2.2  Exploiting Optimized distributed bragg reflectors (DBR)
loactioninthe WPDs . . . ... ................ 25
1.2.3 Exploiting photonic band gap crystals . . . ... ...... 27
124  Si-LPiN based photodetectors . . . .. ... ... ... ... 28
12,5 Germanium wrap-around solution and changing the

waveguide (coupler) position . . .. ... ..o L. 32

i



Contents

1.2.6  WPDs with different vertical position of the waveguide . . . 33
1.2.7 Exploiting advanced metallization technologies for contacts 34
1.2.8 Dual injection Ge-on-Si waveguide photodetectors . . . . . 35

1.2.9 Exploiting plasmonic effect in WPD performance enhance-

ment . . ... 37
1.3 Summary . . ... ... .. 39
1.4 State-of-art of the design approaches of waveguide avalanche pho-
todetectors . . . . ... ..o 40
141 State Key Laboratory design, 2016 . . . ... ......... 41
1.42  Avalanche photodetectors utilising Ge graded layer . . . . . 42
143 Tunneling avalanche photdetectors (TAPD) . . . . ... ... 43
1.4.4 separated vertical Ge absorption, lateral Si charge and mul-
tiplication APDs . . . ... ... ... .. ... ... . ... 44
1.4.5 Lateral Si-Ge-Si p-i-n heterojunctions APDs . . . . ... .. 45
2 Models for carriers transport and FDTD method 48
2.1 Physics and properties of semiconductors . . . ... ... ... ... 48
211 Energybands ... ......... ... .. .. ... 49
2.1.2 Carrier concentration. . . . ... ... ... ... . ..., 50
2.1.3 Carrier transport parameters . . . . . ... ... ... .. .. 54
2.2 Basic equations for Semiconductor-Device operation . . . . . . . .. 55
221 Maxwell equations for homogeneous and isotropic materials 55
222 Current density equations . . . . . .. ... .. ... ... .. 57
223 Continuityequations . . . . . ... ... ... ... .. ... 58
2.3 Finite Difference Time Domain formulation (FDTD) . ... ... .. 59
2.3.1 Dispersion less Yee implantation of ID FDTD . . ... ... 62
2.3.2 Stability criterion . . . . ... oo 65
233 Materiallosses . .. ... .. ... ... ... .. ... 65
2.34 Boundary conditions in 1D - Absorbing boundary condition 66
2.4 Multiphysics and numerical simulations of semiconductor devices 67

24.1 Structure Generation . . . . . . . . . ... 67
242 Optical simulation . .. ... .................. 67
2.4.3 Electrical Simulation . . . . . . . . . ... .. 68

ii



Contents

3 Ge-on-Si mode evolution PiN waveguide photodetectors 70
3.1 Design parameters and geometry . . . . ... ... ... ... .. .. 71
3.2 Simulation and analysis approach . . .. ... ... .. ... .... 75
3.3 Simulation results- Butt-coupled waveguide photodetector . . . . . 77
3.4 Mode Evolution waveguide photodetectors simulation results . . . 79
35 Conclusion . . .. ... ... L 82

Bibliography 90

iii



Contents




Introduction

The photodetector is the essential device in the front end of an optical receiver
that converts the incoming optical signal into an electrical signal in communica-
tion systems, known as O/E converter. Semiconductor photodetectors are the
prevalent types of photodetectors used in optical communication systems be-
cause of their small size, fast detection speed, and high detection efficiency. Sim-
ilar to the structures of diodes, photodiodes are also based on the PN junctions.
However, unlike a laser diode in which the PN junction is forward biased, the PN
junction of a photodetector is reversely biased so that only a very small reverse
saturation current flows through the diode without an input optical signal. Al-
though the basic structure of a photodiode can be a simple PN junction, practical
photodiodes can have various device structures to enhance quantum efficiency.
For example, the popular PIN structure has an intrinsic layer sandwiched be-
tween the p- and n-type layers, and that is why a semiconductor photodetector is
also known as a PIN diode. An avalanche photodiode (APD) is another type of
often used detector that can introduce significant photon amplification through

avalanche gain when the bias voltage is high enough.

The need for detectors with higher speed is more obvious these days since
great advancements have been made in SiPh technologies and communication
systems. To this end, many structures have been proposed for this goal. One
of the many quantities that make those devices different from each other is the
position of the Si waveguide since we have some major drawbacks in different
coupling methods such as having a large amount of mismatch between the sil-

icon bus waveguide and Ge-on-Si structure and having a significant absorption
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of the incident light in the first few micrometer of the detector as well as consid-
erable amount of coupling loss and power reflection. The mentioned issues can
lead to major problems such as saturation in DC and compression in RF current
generation under high power illumination, in other words, the cut-off frequency
and bandwidth of the device deteriorates as the power of the incident light in-
creases and this makes the PD to have a slow response.

This thesis is dedicated to tackle the above issues and address the challenges
we face when designing the PDs. Many solutions have been proposed by differ-
ent research groups, one of them is to re-engineer the device with respect to the
structure and position of the waveguide (coupler) so we can reach more effective
illumination of the germanium region of a single waveguide-coupled photode-
tector approach. This can be done by using Si side coupled waveguide and this
results in transferring the light from silicon waveguide into the detector gradually
and effectively and eliminates the modal interference that causes the absorption
peak and lead to have a uniform absorption throughout the device. Another ad-
vantage of the approach which can be addressed is that this method makes the
device more broadband and it has a better response in high power illuminations
in comparison of its counterparts. This method initially introduced by Research
Laboratory of Electronics, Massachusetts Institute of Technology, USA in 2017. This
thesis is comprised from below chapters each address a challenge in designing

the Ge-on-Si PiN waveguide photodetectors and their optimisations:

¢ The first chapter is dedicated to a brief introduction to the theory of the
photodetectors as a specific category of photonic devices and their working
principles, fundamentals and their state of art in design approaches intro-
duced so far by different research groups and related figure of merits. We
introduce Ge-on-Si PiN waveguide photodetectors and their different struc-
tures and the differences comparing to each other. In the second part of
this chapter, an introductory theory on avalanche photodetectors has been
presented followed by state of the art of designing them based on recent

research papers that are published.

¢ In the second chapter of the chapter one we present the details of numerical

and multiphysics approaches that commercials tools like Synopsys Tools ex-

ii
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ploit. A 3D finite-difference-time-domain (FDTD) is being adopted to solve
the Maxwell’s equations for multiphysics simulation of the device. Then the
Sentaurus Device has been used in order to electrically simulate the device by
solving the Poisson drift-diffusion system with a finite-box method based
on the Scharfetter-Gummel discretization of the drift-diffusion relations. In
addition, the coupling of Maxwell equations and continuity equations to

simulate a device has been explained.

In the third chapter, the numerical and finite-difference-time-domain
(FDTD) simulations for O-band and C-Band have been carried out by Syn-
opsys Tools for a particular type of Ge-on-Si PIN waveguide photodetectors.
Tools such as Sentaurus Device Editor have been exploited for defining the
geometry of the device, Synopsys Rsoft FullWave Tool has been utilized for
FDTD simulation of the device to obtain the absorption profile of the de-
vices and at last, Sentaurus Device has been utilized to electrical simulation
of the device to obtain the dark current, photo current, responsivity and
electrooptical response of the device. Moreover, the intensive comparison
have been made with its butt-coupled Ge-on-5i PIN waveguide photodetec-
tors counterpart to see the merits of the proposed structure with respect to
the their corresponding optical generation rates, Frequency response, dark
and photo current and responsivity. In addition to adding strain to the Ge
layer has been studied for both structures. The results of these simulations
campaigns are supporting prototyping iterations carried out by an indus-

trial partner (Cisco Systems).
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Symbol list

e PD, Photodetector,

e WPD, Waveguide photodetector,

* R, Responsivity,

* ¢, electron charge,

¢ ), Plank’s constant,

¢ kg, Boltzmann’s constant,

* [, energy gap of the band structure describing a semiconductor,
e T, temperature expressed in K,

* n, electrons density, expressed in cm™!,

* p, holes density, expressed in cm™?,

* N, conduction band density of states, expressed in cm™?,

* N,, valence band density of states, expressed in cm ™,

* E,, energy level corresponding to the minimum of the conduction band,
* F,, energy level corresponding to the maximum of the valence band

* m*, effective mass of a particle

* Ep;, the Fermi level for and intrinsic semiconductor

e Fr, the Fermi level

* E,, energy of a photon

* ¢, electrostatic potential

¢ U, free space energy in a semiconductor

* (,, optical generation rate

iv
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* G,,, generation rate in the mathematical model for electrons or holes re-

spectively

* R,, recombination rate in the mathematical model for electrons or holes

respectively

* w, angular velocity of the modulated optical signal, with corresponding fre-

quency f = w/(2m)
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Chapter 1

Photodetectors: An introduction to

theory and state-of-art of the design

approaches

1.1 Photodetectors

Photodetectors are one of the most common types of optoelectronic technology
in use today. Examples range from the simple devices that automatically open
supermarket doors and respond to TV and video-cassette-recorder (VCR) remote
controls to photodiodes in fiberoptic connections, charge-coupled devices (CCDs)
in video cameras, sensitive cameras used in medical imaging (see Fig. 1), and
enormous arrays used by astronomers to detect radiation from the other side of
the universe. Photodetectors are present in a variety of devices used in commerce,
industry, entertainment, and research. The field of photodetector design and use

has grown to the point that few practitioners have a complete overview.

Photodetectors (PDs) are the first subsystem in the communication system re-
ceiver chain. They surve the purpose of conversion an optical (analog or digital)
signal into an electrical signal, typically a current (called the photocurrent, il ).
The physical mechanism behind these kind of semiconductor detectors is the op-
tical generation of electron-hole (e-h) pairs through the absorption of incident
photons. Photogenerated e-h pairs are then separated and collected to the exter-

nal circuit by an electric field Such a collecting field can be induced by an external

1



1. Photodetectors: An introduction to theory and state-of-art of the design approaches

voltage bias,typically a reversed bias voltage applied to the device.

In some cases, a third step (after photogeneration and collection) is present: the
photocurrent is amplified through external or built-in gain processes (APDs).
There are a number of performance metrics, also called figures of merit, by which

photodetectors are characterized and compared:

* Spectral response (Frequency Response): The response of a photodetector

as a function of photon frequency.

* Quantum efficiency: The number of carriers (electrons or holes) generated

per photon.

¢ Responsivity: The output current divided by total light power falling upon
the photodetector

* Noise-equivalent power: The amount of light power needed to generate a

signal comparable in size to the noise of the device.

¢ Detectivity: The square root of the detector area divided by the noise equiv-

alent power.

* Gain: The output current of a photodetector divided by the current directly
produced by the photons incident on the detectors, i.e., the built-in current

gain.

¢ Dark current: The current flowing through a photodetector even in the ab-

sence of light.

* Response time: The time needed for a photodetector to go from 10% to 90%

of final output.

* Noise spectrum: The intrinsic noise voltage or current as a function of fre-

quency. This can be represented in the form of a noise spectral density.

¢ Nonlinearity: The RF-output is limited by the nonlinearity of the photode-

tector.



1.1. Photodetectors

1.1.1 Photodetector structures

According to the working principles of photodetectors, possible semiconductor

base detectors can be:
¢ Bulk detectors like Photoresistors (photoconductors)

¢ Junction based photodetectors like : PN photodetectors, PiN photodetec-

tors, avalanche photodetectors and photoresistors.

Below, a few possible designs of the PDs have been reported [16]:

] E~]
n-type or
o S
hf
p-type
[ NN N NN

(a) c)

Figure 1.1: Structures of (a) Photoresist, (b) PN Photodetector and (c) PiN Pho-
todetector .



1. Photodetectors: An introduction to theory and state-of-art of the design approaches

It is clear that the generation of electrons and holes will occur in neutral or
depletion region by the incident light and then the generated carriers will be col-
lected by exploiting the reverse bias condition with an anode and cathode on the

PD. The scheme of the circuit has been demonstrated as below:

Horizontal illumination

ide PD
(waveguide PDs) e
Pﬂp -1
® S
depletion =

Figure 1.2: Simplified functional scheme of waveguide photodetectors (WPDs)

One may ask about the usage of the reverse bias in the PDs, the reason is ob-
vious, as the width of the depletion or neutral region region is higher, there is
more room for light to be absorbed and consequently more carriers will be gen-
erated and collected at the end so the photocurrent will be predominant, so the
efficiency will be improved, later on, we explain that one of the main motivations
behind the fact of turning to the PiN photodetectors rather than PN photodetec-
tors is this phenomena.

Generation of electron and holes (carriers) can be done by illuminating the detec-
tor and absorption of the light (its power) according to Fig 1.2. so depending the

material we choose for the detectors, there is a absorption threshold which is [16]:

1.24pm

En,>E, — M\ <
ph g ph = E,eV

(1.1)

we can see that a wide range of the direct band gap materials such as

(GaAs,InGaAs, InP, ...) indirect band gap materials such as (Si, Ge) can be used

4



1.1. Photodetectors

for detection purposes, but direct band gap materials have higher absorption so
this leads to smaller absorption volume and higher speed of PD.

In our own structures the Ge on Si has been exploited for communication systems
and light detection, there are clear reasons behind choosing Ge, Ge is a indirect
band gap material with two band gap minima, the main one is the lower one
which is around 0.66 eV, this minimum can have an impact on transport proper-
ties of Ge while the other one which is around 0.9 eV, has an impact on optical
properties of Ge and this is the main reason we use Ge for light detection in addi-
tion to the fact that it can be used for long-haul communications (high secondary
absorption edge due to direct processes and it has a good integration with Si-
based photonic ICs. Below, the absorption coefficient of some materials are being

used in detectors have been reported [16].

Wavelength. nm
2000 1000 500
r 1 1

> DRSSP

-

__________________

Absorption, cm

£ (USNORY

b p=-—-
eri e ER
£

Photon energy. eV

Figure 1.3: Absortion coefficient of some direct and indirect band gap materials
being use in photodetectors

The optical power in the absorption region (neutral or depleted region) will

decrease exponentially according to below relation:

P(x) = P(0)e™** = P(0)exp (—x/L,) (1.2)

Where L, can be defined as Absorption length and « is the absorption coeffi-
cient of the material.

Taking a look at the mentioned equations, we can understand that the ab-

5



1. Photodetectors: An introduction to theory and state-of-art of the design approaches

sorption region in the photodetectors should be larger and the absorption length
which itself depends on the material, so some conclusions could be implied and
those are that for direct materials according to 1.3 it would be a few microns and
for indirect materials it would be around 10-50 microns which makes the transit

time high so leading to slower devices and higher capacitance of the device.

1.1.2 Optical generation and absorption rates in detectors

Optical generation rate or absorption rate is an important parameter which gives
us a numerical measurement of absorbing the incident light or generation of the
carriers in the absorption region we have in our detector. overall, we can con-

sider our detector like a black box, the incident light will enter the absorption

region with the optical power density of P,, (2%), then a portion of AP,, will be

cm?

absorbed by the detector and the rest of the power will exit the device.

Figure 1.4: Block diagram of photodetector

If we consider the length of the device in 1.4, Az, the volume of the device can
be defined as V = AAz in which A is the surface area of the detector. Now we

can write :

P, AP,
“+ op _ Po ~ op
dx Ao Az

(1.3)

Which connects the absorption coefficient. Based on the above equation we

can write :
APF,,  energy lost due to absorption

Az t-V

=aPb,, (1.4)

6



1.1. Photodetectors

Raiudd _ aP,,  Number of photons absorbed
Photon energy fiw ~ hw t-V B (1.5)
Number of carrier pairs generated
Y% = Gop

Where G,, stands for the Optical generation rate.
Now we can connect the microscopic and macroscopic picture by introducing the
expressions for gain, absorption and the optical power per unit surface and we

can imply that:

Uo(hwanap) = pphU}ch [fnfh - (1 - fn) (1 - fh)] + lecvfnfh =

Co Co ]_ P 1 V P (16)
= gpphn_r - apphn_T + VU)chfnfh = gha[; + VUJchfnfh o ah(j})

The summation of the first and second term of the right hand side of the equation
is equal to radiative stimulated and spontaneous recombination rate (emission)
term and the last term is equal to the radiative generation rate or optical genera-
tion term. Finally from the variation of power density with x due to absorption
we can write :

alP,,(z)

— a® (z) = ) = (—z/La) )
o Do(z) = Go(z) = Go(0)e L (1.7)

This equation conveys a clear message and that is: If the absorption region is
shorter that the absorption length , we have lower responsivity and absorption in
the PD since most of the input power will leave the device without any absorp-

tion.

1.1.3 Photodetectos Parameters

There are a multiple number of quantities that we can evaluate the performance
of the photodetectors and they are : Photocurrent, Dark current, Responsivity,
Electrooptical band width, external and internal quantum efficiency. In this part
of the thesis, we dedicate our effort to introduce them and provide a detailed

mathematical description for them.



1. Photodetectors: An introduction to theory and state-of-art of the design approaches

1.1.4 Photodetector DC response: Photo current and Dark cur-

rent

From electrical view of the functionality of detectors, they are like a one port de-
vice, the input is an optical power with the power of F,,(¢) and with a wavelength

of A and the output of the device is ipp(t) [16].

d

Z.PD(t) = f (pop(t)v UPD(t); Ev )‘) (18)

In which, vpp is the detector’s bias voltage, A is the wavelength of the inci-
dent optical carrier which affect the absorption coefficient of the material we are
exploiting and so the generated carriers in it.

The relationhsip is typically following a linear trend and saturates for high optical

powers. We can write the relation of the detector’s current as below:
Ipp(t) = Iy + Iy = R\ P,y(t) + I (1.9)

typically we consider the short circuit current according to the blow scheme:

P

2

PD ) .

Figure 1.5: Simple scheme of detectors

Looking at equation 1.9, we can see that the current of the photodetectors have

a behaviour like:

IPD
I+

L sat

s

op,sat

Figure 1.6: Detector’s current



1.1. Photodetectors

I, stands for the dark current of the photodetectors, it is in fact the current
in abscence of any light, typically its value is around few A and we want this

quantity to be as low as it can be to have a better detector in terms of performance.

I;, stands for photo current and it is one of the important parameters that we
consider during the detector’s comparisons . Their relationship can be defined as

below:
ig = f (0, vpp(t); %7 )\)

(1.10)
ir = [ (pin(t),vpp(t); £, ) — i

Finally, R stands for Responsivity, we will talk about this quantity in the next parts.

1.1.5 Responsivity

The responsivity can be defined as the ration between the input optical power
and photo current, but befor we dive into the details, let’s devote some time on
how to obtain the photocurrent of a detector. photocurrent i;, can be defined as

below:

I; = q/ G, (r, Py,) dr (1.11)
v

where V is the device active volume. Now we can define the responsivity of the

device as and it is measured as (A/W):

Iy,

R —
P,

(1.12)

For high input power the responsivity decreases and then the photocurrent satu-
rates due to device-specific intrinsic effects (e.g. space-charge effects); in fact the
total photodetector current can also saturate due to the loading conditions.

Based on the above definitions, we can introduce two additional quantity called
Internal Quantum Efficiency (IQE) and External Quantum Efficiency(EQE) and

their relationship will be :

generated pairs
—IQE = 1.1
e =1Q photons reaching the active region (1.13)

9



1. Photodetectors: An introduction to theory and state-of-art of the design approaches

collected pairs I/q uw
" Q incident photons  P,,/iw ¢ = (1.14)

The external quantum efficiency can be improved by introducing internal gain in
the detector, for instance, Avalanche Photodetectors. If we consider IQE equals

to one, we can derive the responsivity of the device with below relation:

q

R = L ~ =, w>k, (1.15)

S

One may ask that why we mentioned this fact that IQE is always greater than

EQE, the reasons are:

* Some of the photons are reflected at the PD interface due to dielectric mis-
match (power reflectivity!) or, in waveguide detectors, to the imperfect in-

put coupling

¢ Some of the photons are absorbed but in regions of the device where they

do not contribute to useful device current

* photons are reflected at the PD interface due to dielectric mismatch (power

reflectivity!) or, in waveguide detectors, to the imperfect input coupling

¢ Some of the photons cross the PD without being absorbed (if the absorption
length is not >> than the diffusion length)

Below, the typical behaviour of the responsivity against energy comparing to ab-

sorption coefficient of the device has been reported:

10
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Figure 1.7: Behaviour of the responsivity compared to the absorption coefficient

We can see that for lower energies, the responsivity follows the trend of the
absorption coefficient profile and reaches a maximum which is R,,,, = Eig =
m for energies slightly above threshold and for higher energies it will deviated
from it and it has a decreasing trend:

E
R=Run—Ln, 1.16
Ephn (1.16)

and there is a clear reason behind the decrease of the responsivity with further
increase of the energy of the incident light and that is: After the threshold where
E,, > E,, if we increase the input optical power as twice as its initial value, we
still have the same electron and hole pair photogenerted, so the photocurrent will
be the same while the input opticl power has been increased so consequently the
responsivity decreases.

In conclusion, Responisivity is one of the most important parameters to be
optimised in every design approach we are going to use. it should be improved

and the higher it is, the efficient is the photodetector.

11
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1.1.6 Photodetector modulation bandwidth

If we assume that the input optical power and photocurrent have a modulation
component with frequency of f,, in addition to the DC term, The first step could
be seperation of DC and signal component of the photocurrent, input optical

power and bias voltage:
Py = Ppo+0in(t), Vpp =Vppo+0pp(t), Ipp=Ippo+iprp(t) (1.17)
Then we should proceed by writing the phasors related to above components:
Din(t) = Re (Pmejm> ,0pp(t) = Re (VpDej“t> ,ipp(t) = Re (jpDej“’mt> (1.18)

w stands for the light frequency, writing the taylor series around the PD DC

working point we can obtain:

. of(d/dt)| . of(d/dt) .
Ippo+irp(t) = f (Pin,U;‘r/PD,[bO)l_'_ —fépi/n ) Opm( ) % | opp(t) (1.19)
Ipp,o

in which the second and third terms are the small-signal photocurrent and
dark current, respectively, considering the fact that now we have a relation for

the complex responsivity as:

jL (fm) =R (fm) pop (fm) (120)

Now by utilising the phasors, we can write the small signal relation of the PD

current as :
ipp(t) = 11(t) +ta(t) = Re (%(W>Pmejwt> + Re (YPD<W)VPDeJWt) (1.21)

where Ypp is detector’s small signal admittance. then we write :

A ~

Ipp(w) = Yep(w)Vpp(w) + 11(w) (1.22)

The complex responsivity, describing the detector small-signal frequency response,

is typically a low-pass function of the modulation frequency.

12
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Figure 1.8: Behaviour of the complex responsivity responsivity [16]

To discuss the photodetector speed, we should first derive the equivalent cir-

cuit for PDs, it can be shown that the equivalent circuit is like below: Now based

e — i Ipp
PD | - E |
X
’ ol
Fi -
Vi —
A~ || = V| |A
L 4 ! |
|
- o i

Figure 1.9: Behaviour of the complex responsivity responsivity

on what we reported in 1.9 we can see that the main parameters which controls
the photodetectos speed are Extrinsic and intrinsic cut off mechanisms. The in-
trinsic cut off mechanism can be affected by the minority carrier life times, active
region transit time and internal device capacitance (admittances) and extrinsic
cut off mechanisms can be affected by the load capacitance and extrinsic para-

sitic. According to the 1.9 we can write :

Ipp(w) = [Yip(w) + YEp(w)] Vpp(w) + Ir(w) (1.23)

13
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Y}{ ) is the detector intrinsic admittance and Y}, PD is the detector parasitic (usu-
ally capacitive) admittance.Assuming that Z; = R, and Cpp is the total capaci-

tance of the detector, we can obtain the below relation:

I (w) |11(w)]

I A — = 1.24
R, (W) 1+ jwR.Cpp s ()] 1+ w?R2C%, ( )
Taking into the account 1.20,we can write :
R
R (w)] = — (1.25)
V1+w?RiC% )
[—— (1.26)
3dB QWRLCPD .

1.1.7 From PN photodetectors to PiN photodetectors

A pn photodiode can be constructed by putting a highly doped p-type layer on
the device surface followed by n-type layer but less doped substrate. this struc-
ture has a major disadvantage and that would be Photons are absorbed not only
in the (small) depletion region, but also in the (larger) diffusion regions, we can

define diffusion length as:

L, =\/D.7» (1.27)

for each side of the detector.

ptoside n side

/""‘N,,_,/

” a §"=-—1-_,,‘_‘__hh
A /;}-‘ Junction plane
v !
p-Diffusion — | :’,
region, low field i
Depletion region, : iffusi
1 Tegl e e w n-Diffusion
high field Ly, W Lin region, low field

Figure 1.10: The structure of the PN photodetector

And the total current would be :

I = qA/ Godx + I, + Iy = qAG, (W + Ly, + L) (1.28)
w

14
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At first glance, we may say that the generated carriers in the diffusion region may

increase the responsivity, but small signal frequency domain shows that :

~ L -

T T n, L n
1(w) = GAG, (W + Loy + Lin ), Lup = T Lm= e 29)

Finally the additional response will die out with cut off frequency of order of

transit time and the whole response has two cut off frequency.

A R(f)

> f

lifetime cutoff fransit time - RC cutoff
(~MHz range) (~GHz range)

Figure 1.11: Frequency reponse of the PN photodetectors

In order to improve the frequency response and efficiency of the device ,deple-
tion region has to be made larger than the diffusion regions and the absorption
length we can either have a really high reverse bias which is unpractical or in-
crease the width of the depletion region. To this aim, we can increase the width
of the depletion region with a lightly dope intrinsic material and this will lead us

to have PiN photodetector.

15



1. Photodetectors: An introduction to theory and state-of-art of the design approaches

Vg<0

Figure 1.12: PiN photodetector’s structure

Exploiting the relation 1.11 we can write the photocurrent of PiN detectors as
[16]:

I = 0-L P (1 — R)e—oW e (1.30)
L=y phn 1+ aLln, '

From the 1.30 both quantum efficiencies and responsivity can be calculated.
Turning to the frequency response of the PiN detectors, there are four main mech-
anisms which affect the speed of the PiN photodetectors under a dynamic excita-

tion.

¢ the effect of the total capacitance of the device which has the relation of:

€A

C =~
%%

(1.31)
¢ the transit time of the carriers across the depletion region, Due to the large
absorption region width W the transit time of photogenerated carriers is not

negligible, Approximations to the 3dB transit-time limited bandwidth can
be derived:

1
MQQM%:QM— (1.32)

Ttr
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1.1. Photodetectors

where v is the electron velocity (large W ) or an average effective speed of

electrons and holes (small W ).

¢ the diffusion time of carriers generated outside the undepleted regions

(mainly in homojunction devices)
¢ the charge trapping at heterojunctions (in heterojunction devices).

Eventually, the RC limited bandwidth and The total bandwidth can be approxi-

mated by: )
— 1.33
fro = 5 RiC (1.33)
1
faap ~ ———— (1.34)
e T

The above relations vehicle a clear message, the frequency rsponse of the PiN

PDs is some kind of speed-efficiency trade-off since:
1
fRC X W> ftr X W? Ny X w (135)

This trade-off will be consider as a minus point in PiN photodetectors and the
main motivation of introduction of waveguide photodetectors (WPDs) is elimi-

nation of this limit.

1.1.8 Waveguide Photodetectors (WPD)

In waveguide photodiodes, the photon flux and the photocarriers” motion are
orthogonal. Light is guided by an optical waveguide made of an intrinsic nar-
rowgap semiconductor layer, sandwiched between two highly doped widegap
layers [16]. As we mentioned before, the need of elimination of the speed- ef-
ficiency trade-off in photodetectors made researchers to turn their attention to
a innovative kind of the photodetectors called Waveguide PiN photodetectors
(WPD), other than the aforementioned previlage, there are some other advan-
tages we can mention. below a simplified structure of a waveguide photodetector

has been reported:

17
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Figure 1.13: Simplified waveguide photodetector’s scheme

As we can see, by applying a reverese bias voltage, the photogenerated carri-
ers will be collected by the doped layers with a very short transit time, in addition,
we can design the length of the waveguide coupled to the detector long enough
so the majority of the photons will be absorbed.W can be made as large as needed
to achieve 100% efficiency and Since d is small the transit time is not a bottleneck,
The capacitance is low despite the small d because of the small a and this fact
leads to elimination of the RC limits, The dark current is drastically reduced due
to the small Wa, but coupling between the waveguide and detector is a critical
factor to be considered in our designs later on. Overall, we can summarise the

given information as below:

d 1

fRC X mv ftr X C_Z7 Ny X w (136)
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1.1.9 Avalanche waveguide photodetectors

Avalanche photodetectors or (APDs) are a subcathegory of photodetecotors
which utilise the avalanche multiplications by Impact ionization mechanism [16]
to amplify the photocurrent of the device.This kind of structures offers higher re-
sponsivity, higher photocurrent and better sensivity integrated with higher noise
and lower speed. In any APD structure, there are two regions which is included
and they are Generation region and Multiplication region. In conventional APDs
the two regions are integrated with each other but recently in order to reduce the
noise of the device a new structure based on the conventional APDs has been of-
fered and they are called SAM-APD which stands for separated absorption and
multiplication avalanche photodetectors, below, the structure of the two devices

with their electrical profile have been reported:

hf )
(  JW)=0

| >
@ clectron

@ hole

Figure 1.14: Scheme of a conventional avalanche photodetetors [16]
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X= Wyt Wop %

T =
i

@ electron

@ hole

Figure 1.15: Scheme of a Separated absorption and multiplication avalanche pho-
todetetors (SAM-APDs) [16]

Solving continuity equations [16] for APDs we can obtain that the APDs pho-
tocurrent is exactly like PiN photodetectors but with a multiplication coefficient
known as gain.

P

I, = My L = My % gAW o0 (1.37)

In which M,, can be defined as the avalanche ionization coefficient and can be

derived as below:

1
M, = - (1.38)
1— [ a(B)e i B8 gy
Or
1
M, ~ (1.39)

- ()
As an emprical expression for APDs ionization coefficient. we can also imply
that the responsivity of APDs is higher than PiN photodetectors by the ionization
coefficient.

Taking into the account what has been explained so far, we can conclude the
APDs as below:

* Turning to the speed of APDs, they are slower than PiN counterparts, the
reason is that we should add to the intrinsic transit time the avalanche
build-up time and an additional transit timeof non-avalanche triggering

carriers through the avalanche region and this makes the device slower.
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¢ the noise or current fluctuations is higher than PiN photodetectors and this
parameter along with the avalanche build-up time can be minimized if the

avalanche coefficients are very different.

¢ To make a fast and not too noisy device we have however to accept a reduc-

tion of avalanche gain typically lower than 10.

* The sensivity is higher than PiN photodetectors but as it was mentioned

before, they have higher noise.

As we proceed, we also introduce some state-of-art of the design for avalanche

waveguide photodetectors too.
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1.2 State-of-art of GeSi PiN waveguide photodetec-

tors and design approaches

Throughout the history of photodetectors, many research groups along the world
devote their efforts to design a fast and optimised waveguide photodetectors.
during the design procedures, researchers and engineers encounter various
issues in terms of design parameters and they propose various solutions, some
of them and their related possible design methods have been demonstrated as

below:

Defining the Evanescent Mode evolution
COUpI.mg o Butt coupling? Evanes_cent coupling with or side
waveguide — Ge coupling? Gelsiitnary led?
detector: pert coupled:
Defining a tentative Vertical? Si-VPiN or Si-
cross section Horizontal? LPiN

B PBG or DBR
additional structures rict 5
in the device: SEELCELITES
Having some T
experimental and HeBfeei iy

numerical results to DarkCurrent
compare simulations

with... DC response? Hirzt e A

Figure 1.16: Some issues and related proposed solutions during designing the
various PDs.

This part of the thesis is dedicated to address each design approaches pro-
posed by different research groups in literature in details, their related effects on
the performance of photodetectors and their advantages and disadvantages with

respect to our own structures.
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1.2.1 Modifying the PD geometries

In 2016 , researchers in department of electronics and communications of Uni-
versity of McGill and Concordia [15], Proposed an approach in order to enhance
the performance of a conventional butt-coupled Ge-on-Si waveguide photode-
tectors. The method consisted of changing the Ge layer geometries like its width
and length and observed the results of these modifications on the PD resposiv-
ity, dark curren, photocurrent and frequency response. The method then was
proceeded by changing the geometry of metallic contacts above Ge in order to
reduce the metallic loss, the very same problem that we encountered in our own

structure.The simplified scheme of this method has been shown below:

(a)  Ge-n++ width (W, ao0ea) (b) Ge length (Ls.)
]_-_............_-_‘ - ' F‘ O Si
Ge width (W) Ge-n++ length (Lysopec) E :::s;
: o Ge
(c). H;Etﬂl Edlh I[wm} . (d) Metal length (L,.q) B Ge-n+
- —

Figure 1.17: Simplified model of this approach. [15]

During this procedure, they realised that an increase in the width of the Ge
layer will lead to increase of the dark current and decrease in the bandwidth
of the PD while the responsivity remained almost constant, In addition, they
demonstrated that with increase of the Ge length, with increase of responsivity of
the PD, the PD shows deterioration in the bandwidth and dark current which in-
creased almost linearly with the increase of length. They simulated the structure
multiple times but with different contact structures, instead of one centred metal-
lic contact, they used two off-centred contact and the investigated the behaviour
of the PD with variation of the gap between contacts, the results were significant
increase in the responsivity (greater than 1) and bandwidth and decrease of dark
current for two off-centred contact with a gap of 1.6um and the width of 1pm.

To summerize, they realised that changing the structure of the metallic contacts
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above the Ge layer could be the most viable approach in order to enhance the
performance of the detectors, Moreover, we could obtain even higher values for
the bandwidth by exploiting some additional circuits like gain induced inductors.

these final inclusions after this experiment have been obtained:

* Responsivity depends more on the length rather that width so using the

optimized length is of importance.

* The results show that a top centered aluminum (Al) contact with a width of
3.6 ym reduces the responsivity by 19% due to metal absorption compared

to the simulation result not considering the effect of metal loss.
¢ the dark current increases linearly with Ge area.

¢ Although the junction capacitor of the p-i-n PD decreases with reduced size,
the smaller width of the n doped Ge area leads to larger series resistance
reducing the bandwidth of the PD.

¢ The linear increase of the measured dark current (green line) with the length

of the photodetector shows the dominance of the bulk current.

¢ [t seems as we increase the gap between to metal contact on top of Ge could

increase the responsivity.
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1.2.2 Exploiting Optimized distributed bragg reflectors (DBR)
loaction in the WPDs

In 2017, researchers in State Key Laboratory of Advanced Optical Communication Sys-
tems and Networks, University of Peking in China, Proposed an interesting way in
order to hinder the light escape from Ge layer [11]. As we can see later, one of
the major problems leads to decay in responsivity is the fact that the electromag-
netic light will not be absorbed at first try when the device is illuminated, this
problem is more obvious in the wavelengths near 1550 nm, so they proposed a
solution and that was exploiting a distributed bragg reflector or DBR in an op-
timised location in order to prevent the ligh to escape and prepare it for second
absorption. The location and the trenches width should be optimized in order to
have maximum reflection and maximum response. The DBR is located at the end
of the silicon waveguide in conventional butt-coupled structure. In [11] it was
explained that The DBR structure in this case was constructed by etching 220 nm
deep trenches on the SOI over the course of 10 cycle for all cases.in this particular
case, the DBR showed the reflectivity of 98.7 % at 1550 nm incident light and then
the responsivity of the PD was measured for different absorption lengths of Ge
layer at the reverse bias of —1V. The reason of this modification is that since the
unbound light signal oscillates between silicon layers and Ge so we can add the

DBR location after the device on the silicon layer.
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Figure 1.18: Prototype model of this approach [11]

According the results, This approach may cause a lower size of the device with
increase BW and Responsivity and reduced dark current, however, This method
did not show a significant increase in responsivity and that was originated from
non-optimized DBR location so the location of the structure should be optimized,
Moreover, a shorter Ge-on-Si photodetector maintaining high responsivity has
a larger bandwidth and a smaller dark current by adding a location optimized
DBR. The 5 1 m long photodetector with a DBR shows good performance, with a
responsivity of 0.72 A/W, 3 dB bandwidth of 31.7 GHz, and a small dark current
of 7nA at 1550 nm.
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1.2.3 Exploiting photonic band gap crystals

Later on in 2018, researchers in Huawei Technologies Co. LTD in china proposed
a fascinating approach to cnfine the light in the Ge area. the method was based
on utilising photonic band gaps and photonic crystals (PBG and PC) on the Si
substrate [28]. In this method, the emphasis was on confining the light in the
Ge layer by adding optmise PBG on Si substrate.The main purpose of surround-
ing photonic crystal is to serve the reflection the outgoing waves back to the Ge
absorption regions so that the to-be-wasted power experiences its second absorp-
tion and third absorption, However, there is a challenge that we face in terms of
optimisation of the PCs and PBGs. One possible solution to this aim could be
The structural parameters of the PC are optimized through examining the band
diagram of a unit cell of the hexagonal PC slab, which is calculated by the plane-
wave expansion method using BandSOLVE by Rsoft Design group.

Figure 1.19: Prototype model of this approach [28]
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They simulated the conventional BC structure for different lengths of Ge ab-
sorption layer and monitored the behaviour of the device. The simulations show
a significant enhancement in responsivity of the device at 1550 nm, In addition,
they found out that The bandwidth is insensitive to the Ge length though the ab-
sorption length decreases from 25 ym to 5 ym. This is reasonable because, as a
matter of fact, the RC constant that limits the bandwidth has little dependence on
the length of the absorption region as well as the fact that for the PC surround-
ing case, the missing holes may also increase the series resistance to some extent.
This adverse effect may become severe if many columns of PC holes are drilled
between the absorption region and the contact regions in addition to challenge

we may face in order fabricate the device.

1.2.4 Si-LPiN based photodetectors

The most versatile and promising approach that recently used by many research
groups is turning to lateral PiN waveguide photodetectors instead of vertical PiN
photodetectors [7] [3] [2]. Many Research groups such as IMEC, CNRS and STMi-
croelectronics and universities such as University of Ghent, Belgium already worked
on this concept, proposed Devices and methods and published some papers.
Back to the previous section, we explained that the most promising PDs which
are currently being used is the ones which are based on a PN or PiN junction at
a reverse bias. before introducing lateral solution, most of the conventional PDs
including the one which we are going to present in next chapters, were based on
a vertical junctions and this design approach would have led us to have a highly
doped region on top of Ge layer followed by a metallic contact to satisfy the need
of having a enhanced and efficient ohmic contact to collect the electrons induced
by illumination. In these novel approaches then the focus is on having a lateral
PN or PiN junction instead of a vertical one and this could lead to elimination
of the metallic contact losses on top of Ge so the eradication of the metallic loss
problem we faced. The chief aim and benefit of this design methodology is since
the metal contacts on Ge and free carrier absorption in the doped regions in Ge
(for ohmic contacts) are responsible for substantial responsivity decrease we pro-

pose a WPD that does not need doping or ohmic contacts on Ge absorbing layer.
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This method exploits the lateral double Si/Ge/Si heterojunction, in fact, the in-

trinsic region of Ge is sandwiched between P- and N-type doped Si regions, lo-

cated at the end of a Si waveguide then we put both anode and cathode contacts

on Si substrate. The method was tested for several design parameters of Ge layer

and following results are obtained:

the optical power is efficiently coupled from the Si waveguide into the Ge
area. In addition, the major portion of the optical power is sufficiently con-
tined inside the Ge region, thereby avoiding the light absorption in doped

contacts

the major portion of the optical power is sufficiently confined inside the Ge

region, thereby avoiding the light absorption in doped contacts.

with the increasing width of the Ge region, the optical field confinement of
the proposed photodiode structure is enhanced, yielding a comparatively
larger portion of optical power inside the Ge region, while the smaller por-

tion of optical power belongs to side regions

low dark currents were obtained (well below 10 nA at low voltage of 1 V),
high photodiode responsivity (up to 1.16 A/W at 1550nm at 1 V), and large
3 dB opto-electrical bandwidths (over 50 GHz).

The device showed a responsivity as high as 1.16 A/W at low bias voltage
of 1V for the widest and longest device arrangement (i.e. LGe = 40 ym and
WGe =1 m). For LGe = 10 pm and WGe = 1 um, the device responsivity
was about 0.5 A/W. This value is lower than the expected one of 0.63A/W

coming from 3D-FDTD simulation

As we decrease the width and increase the length, the cut off frequency will

increase

Later on, researchers at IMEC Research centre , Belgium Proposed a new en-

hanced version of this fundamental modelling in [8]. The major modification

with respect to previous approache we just discussed is that the Ge layer is not

sandwiched between two junction, they just have contacts with n-type and p-type

Si. The simulations performed for different thickness of Ge layer and eventually
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these modification resulted in that comparing the experimental S21 curves for a
germanium layer thickness of 160 nm and 400 nm (with the same the same ger-
manium width of 500 nm). On the other hand, the modal absorption coefficient
is larger for a device with a thicker germanium layer due to the larger modal
confinement factor in the germanium layer. Therefore, the Si-LPIN GePD with a
400 nm thick germanium layer has a higher responsivity than that of the device
with a 160 nm thick germanium layer (14.2 ym long) so we can conclude that
germanium layer thickness can be designed to optimize the opto-electrical band-
width or responsivity performance of a Si-LPIN GePD device. All in all, A 67
GHz germanium waveguide p-i-n photodetector that has neither doping in nor
metal contacts on germanium operating at 1 V is reported. The device was char-
acterized in both the C-band and O-band, showing low dark current and high
responsivity. 56 Gbps on-off keying data reception is demonstrated. The opto-
electrical 3-dB bandwidth beyond 67 GHz at higher reverse bias should enable

even 100 Gbps on-off keying optical receivers.

Figure 1.20: Schematic model of this approach proposed by [8]
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The recent effort that has been made to enhance this kind of PDs based on lat-
eral junction is proposed by the “CEA-Leti” research lab, France in 2020 [27]. They
followed the same concept as we illustrated at the begining of this section, Ge
layer sandwiched between n-type and p-type Si layer, but there is a difference
and that is the main focus and goal they have. The aim of this research was to
optimise the transit time of the PD since from the literature we know that this
quantity is highly dependent on the intrinsic layer , in our case Ge, geometry,
Moreover, The Band width of the PD depends on carrier transit time and para-
sitic capacitance and resistors so In order to properly characterize the dark current
of the photo-diodes, designs with different dimensions were implemented with
a sweep over width and length and The measurements were held on 27 dies on
the wafer to allow a statistical characterization of the devices, then the width of
the Ge layer was set 1 um and 1.4 and they repeated the experiment and they
observed that as they increased the width the dark current increased and The
latter a linear dependency on the photo-diode length observed while the 1um
wide photo-diodes did not exhibit the same neat tendency given that the curves
represent median values estimated over a statistical sample of 27 dies. The fact
of the matter is that the statistics over the small cavity photo-diodes are far less
homogeneous compared to the large cavities due to the partial or total stripping
of germanium,After this they we swap the width of Ge to see the its effect on
the dark current and it was a significant increase. This method was tested on
conventional BC PiN WPDs. These structures have been characterized electri-
cally and show a low dark current contribution, i.e 5,8nA at -1V for the standard
photo-diode. statistically measured median responsivity of 0,81A/W at -1V and
presents a Bit Error Rate of 3 x 10( — 5) for a 64Gbps NRZ signal.
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1.2.5 Germanium wrap-around solution and changing the

waveguide (coupler) position

This method, which was proposed at University of California, Berkeley, Department
of Electrical Engineering and Computer Sciences in 2015 [17] as a modification to the
previously mentioned LPiN photodetectors. Other research group tested differ-
ent geometries such as Ge snadwiched between Si or just having a contact with
them, but the major difference of this case with respect to others is that the intrin-
sic region which is Ge is “‘wrapped’ around a single mode laterally doped silicon
waveguide and germanium will absorb the light from the waveguide evanes-
cently over its length, and by moving the contacts away from the optical mode
and this will lead to improvement of quantum efficiency and responisivity of
WPD. However, at the end, researchers found out that there is a trade-off natu-
rally for increasing the speed in this model, which is that because the i-Ge region
is narrower, the responsivity is reduced. The results also showed the average re-
sponsivity values for several devices of a given i-Ge width. However, because of
the specific optical mode profile the drop in responsivity is not proportional to
the reduction in i-Ge width, and so a trade-off can be made between responsivity
and desired bandwidth.

1.7 pm
[b) i-Ge Width
0.5-1.1 ym
[ TilAl | [ I
b LTO
----- +
i-Ge
p+ Si WG n+
WL1 80 nm I I
\ ' + Box (3 pm)
210 nm v
500 T * Thermal Oxide (20 nm)

(c)

Figure 1.21: Schematic model of this approach proposed by [17]
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1.2.6 WPDs with different vertical position of the waveguide

This design approach was proposed by VIT Technical Research Centre of Finland in
2020 based on conventioal BC PiN waveguide photodetectors [23] and the pre-
vious method that was explained in [17] but with a difference and that is the Ge
layer Is not wrapped around wave guide but they are geometrically matched at
the end of the waveguide and beginning of the Ge so the speed of a PiN detector
is limited by either the capacitance or the carrier transit time over the i-region (Ge

layer). This design which is introduced in [23] has below specifications:

* The sidewalls are doped and therefore the i-region is only about 700nm

wide

¢ There is a 200nm thick silicon slab under the Ge and the incoming silicon

waveguide.

¢ At the Ge PD end of the Si waveguide, the waveguide geometry in Si and

Ge waveguides are matched to each other.

* At the other end of the Si waveguide, the waveguide width is 3.0um and
the slab thickness is 1.5um and the tapering of the Si waveguide has been

designed so that an adiabatic mode field conversion is ensured

Evenetually, the simulation results showed that having at least 90% of absorp-
tion of the incoming light at the wavelength of 1550nm we need 9 um length Ge
and in order to achieve a fast detector the capacitance must be minimized so the
detector length should be as short as possible.The responsivity is about 1 A/W
over a large range of optical input power at 1550 nm and as it was seen from the
results, the photocurrent did not increase with the increasing bias, which sug-
gested that the carrier lifetimes were high.

To recapitulate, According to previously done research works we can see that
an enhancement in the device parameters can be achieved with the lowest cost
and modifications in Si-LPIN based photodetectors as well as modifying the con-
tact sets could help to mitigate the metallic loss and responsivity reduction effect
due to metal, we can also use rectangle pillars instead of one metal above Ge

layer.
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Using the DBR structure did not show a significant enhancement in the photode-
tector performance and it doesn’t look promising with the Ge length above 20 um
so it is not a good choice while PBG could be helpful after all in the size reduction

of the device for integrated photonic circuits.

1.2.7 Exploiting advanced metallization technologies for con-

tacts

This method is the most recent method which is proposed in 2020 by 1Department
of Electronic Engineering, Gachon University, korea, this approach mostly concerns
about BEOL of the process and methods to be used to enhance the responsivity

of the photodetectors. a simplified scheme of the method has been shown below

[9]:

Passivation

IMD
ILD Via-1

Light-in ==

Pad b
Passivation
IMD Via-2
ILD Via-1

Light-in = Si Waveguide
Buried Oxide
(b)

Figure 1.22: Simplified idea of this approach [9].
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Three kind of structures depending on the number of vias in each metallic
layer in cathod, anode and metal-2 have been simulated at the 1550 nm wave-
length : BMC which stands for bulk metallic contact which is the conventional
type of the contact we had before in the butt-coupled and mode-evolution struc-
tures, SLC: single layer contact which is described by connecting the anode and
cathode to the metal-1 by 42 and 17 pillar vias respectively and lastly DLC: dou-
bled layer contact which is descirbed by connecting the Si and Ge active regions
to the metal-1 contacts by 22 and 9 pillar vias respectively and connecting the
metal-1 to metal-2 by 20 and 8 pillar vias respectively. at the end the results were
interesting, Under the reversed bias voltage of 1V, the dark current for SLC and
DLC were significantly lower compared to BMC while the photocurrent corre-
sponding to the DLC was highest followed by SLC and BMC and eventually,
turning to the responsivity, the highest one (around 0.75 A/W) corresponded to
the DLC followed by SLC and BMC, it should be mentioned that the enhance-
ment in responsivity was not significant but overall, we can conlude that as we
increase the number of the pillars (small contacts) on the active regions and the
more accessible the metallic contacts, it will lead to plummeting of dark current

followed by the enhancment in the responsivity.

1.2.8 Dual injection Ge-on-Si waveguide photodetectors

One possible solution to achieve a high saturation power is to optimise and ma-
nipulate the light field distribution as it was indicated in [10] and proposed by
School of Information Engineering, Sanming University, China.

A schematic diagram of approach and its comparison with conventional sin-
gle injection WPDs has been depicted below, we can see that the waveguide struc-
ture, the incident light is split into two beams by a 3 dB beam splitter and trans-

mits to the photodetection region from both ends.
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(a) (b) W Ssilicon
I Germanium

Electrode

Beam splitter
—
Incident light

Figure 1.23: schematic diagram of dual injection (a) and its comparison with con-
ventional single injection WPDs (b) [10].

Based on the light transmission characteristics, the light injected from one end
would distribute periodically in the germanium absorption layer. An optimum
absorption length is obtained depends on the light field distribution.

The FDTD simulation of these kind of devices showed that:

* The responsivity of the 6 m photodetector is 1.07 A/W and 1.13 A/W for
the 10 m length device at first stage. Although a 6 um photodetector has
a larger light field distribution area, its responsivity at lower incident light

power is lower than 10 ym length device

* When the incident optical power exceeds the saturation optical power of the
first stage, the responsivity decreases with the increasing incident optical

power.

¢ Turinin to the BW, the 6 ;um device showed higher 3 dB cut off frequency in
both high saturation input optical power and low optical power in compar-

ision with the 10 pm device.

¢ Dark current registered higher values for the 10 jzm device comparing with

the 6 um device.

Overall, this approach showed the shorter photodetector could get better satu-
ration performance at 1550 nm input wavelength (C-band). When the minimum
value of the light intensity from one end is superimposed with the maximum
value from the other end, the light intensity distribution is more uniform so a
short photodetector with a more uniform light field distribution could have bet-

ter saturation performance than a longer photodetector therefore optimized dual-
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injection Ge-on-Si photodetectors can be more suitable in integrated optical sys-
tems in the fields of optical communications, microwave photonics, and optical

sensing systems which demand both high efficiency and high speed devices.

1.2.9 Exploiting plasmonic effect in WPD performance enhance-

ment

In 2019 and 2020, Integrated Systems Laboratory, ETH Zurich proposed using plas-
monic effect to enhance the InGaAs PiN waveguide photodetectors operating at
O-band (1310 nm [12] [13]. They proposed three designs for this approach and

Below, the schematic designs of their approach has been depicted :

lal s3]

I"I'|'|:;;!5:"I"‘|""'TII

Si02 BOX

Figure 1.24: (a): side coupled, (b) : butt coupled and (c) : butt coupling with
n-offshoots. [12]

Initially, without any plasmonic improvements, butt coupling with n-
offshoots showed the best IQE followed by side coupling structure, Turning to
optical bandwidth, side coupling structure showed the best response by far and
eventually in terms of electrical bandwidth, butt coupling with n-offshoots and
butt-coupling without n-offshoots showed the best response. The low optical cut-
off frequency of the butt coupling structure with n-offshoots originates from the
low electric field in the unbiased i-region between the two n-offshoots. To over-
come this drawback, two Ag rods are added on top of the i-region, as it is shown

below:
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(a) bl

(c) (d)

Figure 1.25: Ag rods on top of i-region in butt coupling structure with n-offshoots,
(b) optical generation rate profile along n-i-n direction cut; E-field in iregion of
structure (c) without Ag and (d) with Ag. [12]

As the metal flattens the potential, the electric field in the unbiased i-region
between the two offshoots is significantly improved.

Later on in [13], they invesitgated the frequency response of this kind of de-
vices and the effect of scaling the geometries. They realised that the plasmonic
improvement that applied to the device also enhance the 3dB cut off frequency
of the device but the effect of the scaling is important to choose the best and op-
timised geometry for the device. he lowest cut-off disappears for 500 nm long
Ag, while the two higher cut-off frequencies increase without a unique scaling
tendency. As the metal stripe gets shorter in length, the field near the intrinsic
region and waveguide interface becomes weak again, and thus the lowest cut-off
reappears.

Turning to the width of the Ag stripes, two cut-off frequencies showed con-
straints by drift in the high-field intrinsic region of the non-plasmonic device in-
crease with wider stripe, the minimum width for improvement being 60 nm. This
is due to the metal induced field enhancement in the intrinsic region as explained
above. However, this enhancement becomes weaker as the stripe becomes nar-
rower so the improvement scales down with stripe width.

And lastly, investigating the thickness of the Ag stripes, scaling the thickness
roughly affected the 3dB cut-off frequencies because of the unchanged electric

tield in the intrinsic region.
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1.3 Summary

In this section, the summary of the mentioned approaches has been demonstrated

along with some of their advantages and disadvantages they have:

N S S

Modifying the PD geometry

Exploiting DBR

Photonic band gap crystals

Si-LPiN based photodetectors

Germanium wrap-around method

Advanced metallization techniques

Dual injection PD

Exploiting plasmonic effect

It is an easy approach to enhance the
PD properties

In the small and short devices, it can
enhance the device properties

We can have second absorption hence
increase in responsivity

Gives good confinement of light for
absorption in Ge layer

Increase in responsivity and
photocurrecnt

Metallic loss has been eliminated
Enhancement in electro optical response
Enhancement in responsivity

Improved quantum efficiency

Reduced dark current
No significant difference in responsivity
Reduced metallic loss

Shorter devices we can have
Increase in Bw
Increase in responsivity

Enhanced BW
Enhanced responsivity
Higher speed

In low scale devices it may be hard to
fabricate such devices

Scalability problems may come into the
action

The position of the DBR should be
optimized to have maximum effect
The enhancement in parameters is not
too much.

More complex structure
More complicated to simulate
Harder to fabricate

The characteristic of Si/Ge /Si interface
should be defined and investigated.
Additional doped region would add
additional process steps during fabrication

Trade-off between increasing the speed
and geometry of device (bandwidth)

Complex fabrication process

Higher dark current

Complex to design
Expensive to fabricate

Figure 1.26: Summary of the state of the art of the designs

39



1. Photodetectors: An introduction to theory and state-of-art of the design approaches

1.4 State-of-art of the design approaches of waveg-

uide avalanche photodetectors

Avalanche photodetectors have been proposed lately as an enhanced version of
the PiN waveguide photodetectors since they have higher responsivity and sen-
sivity but they suffer from some defects such as higher noise and lower speed.

Avalanche photodetectors or (APDs) are widely exploited in fiber-optic com-
munications due to their internal carrier multiplication mechanism, The applica-
tions of conventional III-V compound semiconductor APDs are limited because
of their low gain-bandwidth products which make them less attractive for high-
speed communication [14].
The Ge/Si separate absorption, charge and multiplication (SACM) APDs are con-
sidered a promising successor at 1550 nm wavelengths because of the combina-
tion of the prominent optical absorption characteristic of Ge and the low- ioniza-
tion coefficient ratio (which will lead to a low excess noise) property of Si

In this section we introduce some recent state-of-the art of the design of the

APDs illustrating the merits and minus points and compare them with each other.
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1.4.1 State Key Laboratory design, 2016

In 2016, State Key Laboratory in china propose a design for Waveguide-integrated
GeSi heterostructure APDs using a CMOS-compatible process on 8-inch SOI sub-
strate [14]. The structure of the APD was designed as separate-absorption-charge
multiplication (SACM) using germanium and silicon as absorption region and
multiplication region, respectively. The breakdown voltage (Vb) of such a device
is 19 V at reverse bias and dark current appears to be 0.71 ;1 A at 90% of the Vb.
The device with a 10-um length and 7-um width of Ge layer shows a maximum
3-dB bandwidth of 17.8 GHz at the wavelength of 1550 nm. For the device with a
30-um-length Ge region, gain-bandwidth product achieves 325 GHz [14]

The schematic of the device has been proposed below, they used TaN/Al

which was deposited and metalized.

metal electrodes

(a)

paly
e absorption layer

=i -r:h.:u'qf: laprex
-5 mubliphcation Layer

(b} metal metal metal

Figure 1.27: Schematic of the proposed waveguide APD [14]

Eventually , The device with a length of 30-um Ge absorption layer reached

a multiplication gain factor of 53 for a C-band communication wavelength of
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1550 nm. The maximum 3-dB cut off frequency for the device was 17.8 GHz
at a reverse bias voltage of 8 V for the device with 10-um-length Ge layer. By
considering both optical and RF response, the largest gain-bandwidth product
was 325 GHz for the device with 30-m-length absorption region under a reverse
bias of 18.6 V.

Later on, in 2019 [19] they conducted the precedent of this research to obtain
more details on these devices, the results showed enhancement of responsivity
and photocurrent with increase in the Ge length, Moreover, It was seen that the
optical responsivity decreases gradually as the bias voltage increases however in-
creasing the length of the germanium layer in the photodetectors would increase
not only the light absorption but also the junction capacitance, resulting in lower

frequency response.

1.4.2 Avalanche photodetectors utilising Ge graded layer

This approach proposed by NTT Device Technology Laboratories and NTT Nanopho-
tonics Center, Japan in 2015. This design based on Ge on Si approach, was
examined for low voltage and low noise applications, a Ge/graded-SiGe het-
erostructure is used as the multiplication layer of a separate-absorption-carrier-
multiplication structure [20]. This would lead to enhance impact ionization
for photo generated holes injected from the Ge optical-absorption layer via the
graded SiGe, reflecting the valence band discontinuity at the Ge/SiGe interface.
This property will also reduce the operating voltage and enhance the excess noise
resulting from the ratio of the ionization coefficients between electrons and holes
being far from unity in the waveguide avalanche photodetectors. Below, it has
been reported the band diagram of the device in presence of the Ge graded layer,
In the n-Ge absorption layer, electron-hole pairs are generated by the direct opti-
cal absorption in Ge (wavelengths less than 1.6 xm), followed by the injection of

generated holes into the graded i-SiGe layer without potential barriers
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Figure 1.28: Band Diagram of the Ge/SiGe/Ge hetrostructure. [20]

This device was fabricated and manufactured by chemical vapor deposition

techniques and characterised. This approach showed :
¢ Lower responsivity
¢ Higher dark current

¢ higher photocurrent for high reverse bias voltages

1.4.3 Tunneling avalanche photdetectors (TAPD)

In 2017, 1State Key Laboratory on Integrated Optoelectronics , China [25], Proposed
an investigation of Ge/Si avalanche photodetectors or TAPDs with an ultra-thin
barrier layer between the absorption and p+ contact layer.A high-frequency tun-
neling effect is introduced into the structure of the barrier layer to increase the
high-frequency response. they realised that for when frequency is larger than 0.1
Ghz, the 3 dB bandwidth of the device increases significantly. Their obtained re-
sults showed that the avalanche gain and 3 dB bandwidth of the TAPD can be
affected by the thickness and band gap of the barrier layer.

the schematic of their propose structure has been reported as below:
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Figure 1.29: Schematic of the design of TAPDs. [25]

Their results show that :

¢ As the thickness of the barrier layer increases, the photocurrent increases

* As the thickness of the barrier layer increases, the peak gain of the device
will undergo a deterioration.

1.4.4 separated vertical Ge absorption, lateral Si charge and mul-

tiplication APDs

In 2019, the School of Information, Beijing University of Technology, Beijing proposed
a design focused on waveguide-coupled Ge/Si separate absorption, charge and
multiplication avalanche photodiodes. Their design was of importance since it of-
fered high sensitivity and low noise configuration for optical communications so
they presented nanoscale single-mode waveguide-integrated vertical Ge absorp-

tion, lateral Si charge and single multiplication configuration for a waveguide
Ge/Si SACM APD [18].
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Below, the structure of their design has been reported :

(a)

(b)
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Figure 1.30: Waveguide-integrated Ge/Si SAMC-APD structures introduced
herein [18]

Furthermore, their results showed that their device can gain 90% absorption
at 1550 nm wavelengths (C-band) with a 10 ym-long Ge absorption layer. The de-
vice exhibits a seven times reduction in device length compared to conventional
waveguide structures and a 29% increase compared to multi-mode interference
coupling. Meanwhile, a 3-dB bandwidth can achieve 47 GHz, which is five times
higher than the conventional vertical Ge absorption, lateral Si charge and multi-
plication APD devices. Moreover, they realised that as the width of the charge
layer increases, the absorption in the Ge layer will be enhanced followed by in-
creasing in the absorption efficiency. In addition, they investigated the effect of
the charge layer thickness with the BGP (Bandwidth-gain product) and the re-
sults showed a significant increase in this parameter with increase of the applied

filed and the thinner is the charge layer the better is the response of the device.

1.4.5 Lateral Si-Ge-Si p-i-n hetero-junctions APDs

Nowadays, lateral P-i-N photodetectors play a major role in the state-of-art of
the design of the waveguide photodetectors, as we introduce in this section lat-
eral Si-Ge-Si p-i-n hetero-junctions APDs proposed by Centre de Nanosciences et
de Nanotechnologies, France and University Grenoble Alpes and CEA, LETI, Minatec,
France in 2020 [5]
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Below, we can appreciate the proposed structure :

Electrodes ) Electrodes

Si substrate

Figure 1.31: Cross-sectional schematics of a waveguide-integrated photodetector
with a lateral silicon-germanium-silicon hetero-junction. [5]

Eventually the results showed that :

The dark current increases with the reverse bias (for a fixed device geome-
try) and becomes higher when the intrinsic region is less wide (for a fixed
bias)

As the device become larger, the dark current would be increasing and The
largest dark-current levels of around 150 nA are found for the largest de-

vices (1 m wide and 40 m long)

Turning to the responsivity of the device at 1550 nm, for wider and longer
devices yield higher levels of photo-responsivity. Under 0 V voltage, the
responsivity of heterostructured Si-Ge-Si photodetectors is always low due

to the weak built-in electric field

the responsivity increases with the reverse bias, as a consequence of a higher

electric field within the intrinsic Ge zone.

In terms of the cut off frequency and band width, smaller device registered
a higher cut off frequency and as the device geometry increases, the BW
decreases. Moreover, it would increase with increase of the applied bias

voltage to the device.

High-Bias avalanche mode , dark and photocurrent , responsivity and the
avalanche gain will increase with the increase in the applied voltage and

then avalanche collapse is reached at a voltage of about 13.5 V.
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Later on, Université Paris-Saclay, CNRS, Centre de Nanosciences et de Nanotech-
nologies,France in 2020, proposed a waveguide-coupled APD based on lateral p-
i-n and butt waveguide coupling [4], its schematic view has been reported as

below:
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Figure 1.32: CWaveguide-coupled p-i-n photodetector with a lateral silicon-
germanium-silicon heterojunction integrated at the end of a silicon-on-insulator
waveguide hetero-junction. [4]

They investigated the behaviour of the device with high power input and
high reverse bias. They realised as the reverse bias increases, the dark current
and photocurrent will be increasing and this was expected, but with increase of
the input optical power, the maximum of the avalanche multiplication gain de-
creased, In addition, with increase of the reverse bias, the responsivity increases
until it reaches a maximum value and then it will collapse.

Overall, they reported on a reliable 40 Gbps direct detection of chip-integrated
silicon-germanium avalanche p-i-n photo receiver driven with low-bias supplies
at 1550 nm wavelength, The photodetector exhibited an internal multiplication
gain of 120, a high gain-bandwidth product up to 210 GHz, and a low effective
ionization coefficient of almost 0.25. Robust and stable photodetection at 40 Gbps
of on—off keying modulation is achieved at low optical input powers, without any
need for receiver electronic stages.Such a performance in an on-chip avalanche
photodetector is a significant step toward large-scale integrated optoelectronic
systems. These achievements are promising for use in data center networks, op-

tical interconnects, or quantum information technologies.
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Chapter 2

Models for carriers transport and
FDTD method

In this section we devote our effort to propose a brief introduction of physics of
semiconductors and how they are being handled by synopsys tools and lastly in-
troduction to finite difference time domain (FDTD) for optical and multiphysic
simulation of optoelectronic devices. Finally as the last part of this chapter, we
investigate the state-of-art of the usage of commercial tools for numerical and
multiphysic simulation of semiconductor and optoelectronic devices used by dif-

ferent research groups.

2.1 Physics and properties of semiconductors

Before diving into the details of how commercial tools such as synopsys tools
handles the numerical simulation of semiconductor and optoelectronic devices,
let’s have a brief overview of the physics of semiconductor devices and their prin-

ciples.
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2.1.1 Energy bands

The energy bands are an important characteristics of semiconductors since it de-
fines the transport and optical properties of the materials. Initially the energy
bands can be defined as energy-momentum relation of the materials obtained by
solving Schrodinger’s equation by exploiting the Bloch theorem. 2.1 illustrates

the Schrodinger’s equation [22].

oV V)] alr) = Bt 1)

2m

Where V(r) is the periodic potential energy with periodicity of the lattice. and

The solution of 2.1 have the form of :
¢r(r) = e?**U,(k,r) = Bloch function (2.2)

Which is called the Bloch function and U, (k, r) is periodic in r with periodicity
of the direct lattice and n is the band index and we solve the aforementioned
equation for First Brillouin Zone (FBZ) of each crystal structure we have which
in our case is Diamond for Si and Zinceblend for Ge and the band structure of
them can be obtained by numerical methods like Pseudo potential methods and
k.p method. Below, It is reported the band structures of Si, Ge and GaAs, three

versatile materials being used in photodetectors and photonic industry.
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Figure 2.1: Electronic band structure of Si, Ge and GaAs obtained by EPM [22]

The effective mass which is tonsorial with components of m}; in conclusion
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can be defined as :
11 0?E(k)
my;  h? OkOk;

(2.3)

We can see that the effective mass of carriers strictly depends on the curvature of
the electronic band in each band and sub-band of the material and as the band is

more flat, the effective mass is higher and vice versa.

2.1.2 Carrier concentration

Charge carrier density, also known as carrier concentration, denotes the number
of charge carriers in per volume and in SI units, it is measured in m~3.usually
carrier concentration is given as a single number, and represents the average car-
rier density over the whole material. Charge carrier densities involve equations
concerning the electrical conductivity and related phenomena like the thermal
conductivity. First let’s consider the intrinsic case, the number of occupied con-

duction band levels can be given by [22] :

Etop
n= N(E)F(E)dE (2.4)
Ec
Where E¢ is the energy at the bottom of the conduction band and E,,, is the
energy at the top. The density of states at the bottom of the conduction band can
be approximated by :

\/i(E B EC>1/2

N(E) = M, - (mge)*? (2.5)

™

where M, is the number of the equivalent minima in the conduction band and

myge is the density of states of effective mass for electrons and can be given by:
mae = (mimsms)"° (2:6)

and mj, m3, m; are the effective masses along the principal axes of ellipsoidal

energy surfaces.One important function to be used in analysis of semiconductor
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is the Fermi-Dirac function which is given as below:

F(E)= — L 2.7)

E—FE
1+ e( ’“TF)
Where £ is the Boltzmann constant, 7" is the absolute temperature and EF is the
fermi energy which can be obtained from charge neutrality conditions.The fermi
level for intrinsic semiconductors lies very close to the middle of the band gap of
the material and in the intrinsic case we have n = p = n; for carriers concentra-

tions. Eventually 2.4 can be written as:

2 Er —F,
= N,—=F —_— 2.
n ﬁ 1/2 ( T ) (2.8)
Where N¢ stands for effective density of states in the conduction band and can
be evaluated as : 32
2 T
N =2 (mh_k> M, 2.9)

and F} /»(ny) stands for the fermi-dirac integral.For non-degenrated semiconduc-
tors where the fermi level lies between maximum of valance band and minimum
of the conduction band, we can write the Boltzmann approximation and write

the electron concentrations as :

_EC_EF>

n= Nce( KT

(2.10)

Similarly we can obtain the same expression for the hole density at the maximum

of the valance band and it can be written as:

2 E,— F
p= NvﬁFl/Q <TF> (2.11)
Where N, is the density of states in the valance band:
2rmankT\
N, =2 <m%> (2.12)

where my, is the effective mass of the holes in the valance band, there is an im-

portant note in evaluation of this quantity, we know that the valance band is
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anisotropic so mg, can be defined as:
32 «3/2)2/3
My, = (mih +my,; > (2.13)

and the subscriptions refer to “heavy hole” and “light hole”. and again for non-

degenrated semiconductors we can write:
p= N,e=72) (2.14)

introducing all the assets we needed, the fermi level of an intrinsic material can

be obtained as :

EF:Ei

N¢

Ec+ Ey KT (Nv) Ec+EV+3/€Tl ( Mahn
_ — n

| 2.15

2 2

When we dope a semiconductor, in fact we introduce some impurity atoms into
its crystal structure, impurities can play a role of donors or acceptors, in the case
of donor impurity, an electron has been added to the crystal structure for each im-
purity atom and in case of acceptors, a hole has been added to the crystal for each
impurity atom. introduction of impurities in the semiconductors would lead to
changes in physical,optical and transport properties of the materials. In this con-
dition, the fermi should adjust itself to preserve global charge neutrality, for the
global electric charge neutrality the total negative charge (electrons plus accep-
tors) must be equal to total positive charge (holes plus donors).Now imagine that

we have introduced Np(cm™3) of donors in the semiconductor, we can write :
n=Nj+p (2.16)

where 7 is the electron density in the conduction band, p is the hole density in
the valance band and N}, is the density of the ionized donor atoms which can be

calculated by :

Nj=Np |1- (2.17)

1+ L)
9
where g is the ground state dependency of the level of the impurity atoms and

usually it equals to 2 for donors. the same statement can be written for the accep-
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2.1. Physics and properties of semiconductors

tors :
Na

EA*EF)

(2.18)
1+ ge< kT

Ny =

where in this case , g should be equal to 4 since in Ge, Si and GaAs (III-V com-
pounds) each impurity atom is able to accept only one hole with wither spin.

eventually the global neutrality can be written as :

_Ec—Ep 1
NCe( kTF) = Np EF—ED>

1+26< kT

EV—EF)

+ Nve( kT

(2.19)

and from this we can calculate all the required concentrations.

Now consider the case where impurity atoms are added, we have a set of
equation with which we obtain the carrier concentration in the semiconductor,

the first one is :
np =ni = NN, e~ Fa/FT) (2.20)

and from the global neutrality we can write :
n+Ns=p+ Np (2.21)

so now we can write the concentration of the electrons and holes in the n-type

semiconductor as:

nn():%|:(ND—NA)+\/(ND—NA)2+4HZ2:| (222)

and
Prno = n?/nno - n?/ND
Eo — Ep = kT'ln (ﬁ—g) (2.23)
Ep — E; = kTn (7314)

and for the p-type semiconductor we can write :

Fpo = % [(NA — Np) + \/ (Na— Np)* + 4@]

%NA if |NA—ND|>TL¢ and NA>ND

(2.24)
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2. Models for carriers transport and FDTD method

Npo = N7/ Ppo = 17 [N
Ep— E, = kT'ln (%—VJ (2.25)
E; — Ep = KT (22)

ng

2.1.3 Carrier transport parameters

In this part of this thesis, we introduce some important parameters which is go-
ing to be used to numerically simulate the carrier transport in semiconductor
devices. The first parameter to be defined is Mobility. At low electric fields, the
drift velocity ,v, , of the carriers, let’s say electrons, is proportional to the applied
electric field (&), this proportionality is called mobility and will be expressed with
the unit of (

cm?
S

V-

vg = u€ (2.26)

Another important parameter which is associated with the mobility is called car-

rier diffusion coefficient (D,, or D,).

. kT EF — EC EF - EC
D=2 (o) e (P ) e () e

and the same expression holds for D, and , and Fi/, and F_,, stands for the
fermi-dirac integrals and for non-degenerated semiconductors, we can define

them as:
_ (kr
D= (40
Dy, = (%) Hp

Another important parameter to be mentioned in the carrier transport is the re-

(2.28)

sistivity. The resistivity of a semiconductor or p can be defined as the propor-
tionality constant between applied electric field to the material and the current
density J.

E=pJ (2.29)

and the conductivity can be defined as :

o=1/p (2.30)
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2.2. Basic equations for Semiconductor-Device operation

and the relation become:
J=0c& (2.31)

and for semiconductors for both electrons and holes as the carriers, we can define:

1 1
e (2.32)
o q(an + ppp)

for the n-type semiconductors since n >> p we can write:

_ 1
P (2.33)

0 = qpan

2.2 Basic equations for Semiconductor-Device opera-
tion

There are a number of equations which describe the static and dynamic behaviour
of semiconductor devices and they are of importance since many TCAD tools
such as Synopsys tools uses numerical methods to solve these equations and ob-
tain important parameters [22]. As we proceed we introduce multiple important
equations, their role and what we gain by solving them and their role in compar-

ing various devices.

2.2.1 Maxwell equations for homogeneous and isotropic materi-

als

Maxwell’s equations are a set of coupled partial differential equations that, to-
gether with the Lorentz force law, form the foundation of classical electromag-
netism, classical optics, and electric circuits. The equations provide a mathemati-
cal model for electric, optical, and radio technologies, such as power generation,
electric motors, wireless communication, lenses, radar etc. They describe how
electric and magnetic fields are generated by charges, currents, and changes of
the fields. The equations are named after the physicist and mathematician James
Clerk Maxwell, who, in 1861 and 1862, published an early form of the equations

that included the Lorentz force law. Maxwell first used the equations to propose
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2. Models for carriers transport and FDTD method

that light is an electromagnetic phenomenon.

An important consequence of Maxwell’s equations is that they demonstrate
how fluctuating electric and magnetic fields propagate at a constant speed (c) in
a vacuum. Known as electromagnetic radiation, these waves may occur at vari-
ous wavelengths to produce a spectrum of light from radio waves to gamma rays.
The equations have two major variants. The microscopic Maxwell equations have
universal applicability but are unwieldy for common calculations. They relate the
electric and magnetic fields to total charge and total current, including the com-
plicated charges and currents in materials at the atomic scale. The “macroscopic”
Maxwell equations define two new auxiliary fields that describe the large-scale
behaviour of matter without having to consider atomic scale charges and quan-
tum phenomena like spins. However, their use requires experimentally deter-
mined parameters for a phenomenological description of the electromagnetic re-
sponse of materials [1].

The equations for isotropic and homogeneous materials can be written as :

0B
VxE=—"— (2.34)
VxH= a_D + Jcond = Jtot (235)
ot

V-B=0 (2.37)
B = uyH (2.38)

t
D(r,t) :/ € (t—t")E (x,t')dt’ (2.39)

Where 2.39 will be reduced to D = ¢,£ under static or very low frequency

conditions.
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2.2. Basic equations for Semiconductor-Device operation

& : Electric field

¢ D: Displacement vector

* ‘H : Magnetic field

¢ B:induction vector

* ¢, : Permittivity

* L : Permeability

* p(x,y,z) : Total electric charge density

® Jeona : Conduction current density

Jior : Total current density

The 2.36 is Poisson equation and it is the most important equation to be consid-
ered and solved since it determines the properties of the p-n junction depletion

layer that we have in our device.

2.2.2 Current density equations

Current density equation is an important parameter to be obtained since it deter-
mines the current flows in the p-n junction of our device, in fact the photocurrent
and dark current would be the solution of these equations and these equations
will be solved numerically by commercial tools like Synopsys tools and specifi-

cally Sentaurus Device.

J, = qu.n& + qD,Vn
Jp = qp€p — q¢D,Vp (2.40)
Jeond = I+ Jp
Where J, and J, are the hole and electron current density. if we take a look at
the equations, we can see that there are two terms consisting of each equation:

the first term is the drift current density which will be caused by the applied elec-

tric field and the latter one is the diffusing current density caused by the carrier
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2. Models for carriers transport and FDTD method

concentration gradient in the device. At the low field condition for 1D case, the
aforementioned equations can be reduced to :

Jp = qupp€ — gDy = qpu, (pf - %%)

(2.41)
For the relatively high electric field, the terms p,,n and f,,p will be replaced by

the saturation velocity v,.

2.2.3 Continuity equations

The most important equations is carrier transport formulation in semiconductor
devices, are the continuity equations which describe charge conservation. They

can be written as :

on __
o — G, ~ U+ 1V,

=G, -U, -1V J,

(2.42)

The quantities G, and G,, are holes and electrons generation rates caused by ex-
ternal excitation such as optical excitation and impact ionization under the high
tield condition, U,, and U, are the net recombination rates for electrons and holes
respectively. For 1D case and under the low injection condition, those equations

can be written as :

on Np—"Npo oE on 9%n
D = Gy = 2 i 2+ 0 + D, 5%

ot Tn

Opn _ _ Pn—Pno _ 98 _ Opn. %pn
o = Gp ™ Prbtpy — M€ 5y + Doy

(2.43)

The transport models exploited in Sentaurus Device differ in the method they
use to solve the continuity equations and depending on the device under inves-
tigation and the level of the modelling accuracy we need, we can select different

transport models such as:

¢ Dirift-Diffusion : Isothermal simulation, suitable for low-power density de-

vices with long active regions.

* Thermodynamic : Accounts for self-heating. Suitable for devices with low
thermal exchange, particularly, high-power density devices with long active

regions.
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2.3. Finite Difference Time Domain formulation (FDTD)

¢ Hydrodynamic : Accounts for energy transport of the carriers. Suitable for

devices with small active regions
* Monte Carlo : Solves the Boltzmann equation for a full band structure.

In all of the simulations we performed for our own device, Drif-Diffusion trans-

port model has been used.

2.3 Finite Difference Time Domain formulation

(FDTD)

The FDTD method is a rigorous solution to Maxwell’s equations and does not
have any approximations or theoretical restrictions. This method is widely used
as a propagation solution technique in integrated optics, especially in situa-
tions where solutions obtained via other methods such as the Beam Propagation
Method (BPM) cannot cope with the structure geometry or are not adequate so-
lutions. Since FDTD is a direct solution of Maxwell’s curl equations, it therefore
includes many more effects than other approximate methods [21]. It is a widely
used numerical scheme for approximate description of propagation of electro-
magnetic waves. It can be used to study such phenomena as pulse propagation in
various media. It is a simple scheme and can be mastered relatively fast [24]. The
general formulation can be developed by taking into the account the Maxwell’s
equation we introduced before (2.34 - 2.39), We consider J = 0 and p = 0, we also
consider that the devices under investigation comprised by materials that are
nonmagnetic meaning that ;1 = 9. Our journey begins with writing Maxwell’s

equation and we can consider 3 cases:

¢ 1D formulation : our medium is infinite in y and 2 direction and no change

in those directions so we can write : a% =L =0.
¢ 2D formulation: z direction is infinite and we have no changes in it so :% =

0

¢ 3D formulation : We have no restriction at all and this case is so computa-

tionally expensive.
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2. Models for carriers transport and FDTD method

Now we can write three different formulation for Maxwell equation :

3D formulation:
Since in this case there is no restrictions at all we can write [24] :

gy Gy a
_ 0 0 o)
VxH= ox dy 0z

H H A (2.44)
T\ oy 0z Y\ oz Oz “\ oz Ay

And by exploiting the mentioned expression in the Maxwell’s equation, we can

obtain:
oD, O0H, O0H,

ot Oy 0z
oD, 0H, 0H,

ot Ox 0z
oD, 0H, OH,

ot ox oy
0H, O0E, O0FE,

(2.45)
TS T ey T oz
OH, OE. OF,

Ho ot Ox 0z
0H, O0E, B 0F,

THTe T o Jy
Which is the starting point of 3D FDTD implantation being used in the most Tcad

tools.

2D formulation:

In case of 2D, based on what we said, since there is no changes in the 2 direction

we can write:

(2.46)

0H 0H 0H, OH
H=| 2 2 _ 9 0, y Oy
VX oz oy U ta oy v - ( Oz oy >
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2.3. Finite Difference Time Domain formulation (FDTD)

So the Maxwell’s equations becomes:

OH, OH, OHy, _ 9H, 9Dy oD, 9D
Qegy — Y oa +a2<axy_8y):az o Ty T (2.47)
IE. OE. OF 0B, \ _ OH, oH OH. '
oy — Oy gy + 0z ( o ay> - ~Ho (ax o Ty a7

We can divide the above formulas into two groups based on the polarisation :
TE and TM

For TE mode we can write:

oD, O0H,

ot dy

oD, OF,

— = 2.48
ot ox ( )

OH., (0B, 0L
ot~ "\ or oy

And for the TM mode we can write :

OH, 1 0H,

ot o Oy
OH, 1 0E.

ot g Ox
oD, O0H, O0H,

(2.49)

ot ox oy

1D formulation :

Based on constraints we have, we can write :

0H, 0H
V X B = 9 0 0 = _&yW + Clza—xy (250)

So MW equations become:

0Hy _ 1 9E,

ot or
o (2.51)

ot ox
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For TE mode and:
OH, 1 0E,
ot o Oz
2.52
oD, B _8HZ ( )
ot Oz
for TM mode.

In this chapter, we discuss only the basic implementation of FDTD method in
1D. It is known as the 1D-Yee algorithm since it was first proposed by Yee [26] in
1996 for the 3D case.

2.3.1 Dispersion less Yee implantation of 1D FDTD

We know that for free space we have :
D, = e B, (2.53)

and the equations can be written as :

OH., 1 0E,
ot o Oz
OE, ~ 10H, (2.54)
ot N o ox

Now we should introduce the Yee discretization with the following notation:

Ey(i-Az,n-At) = (Ey)!

(2.55)
H.(i-Az,n-At) = (Hy);

Now we use central-difference approximation for space and time derivatives to
discretize the 2.54 and eventually They will be second-order accurate in the space

and time increments as below:

OBy fi. Apn - At) = Zrlie Bl 4 o)

n+1/2_x n—1/2 (2-56)
Ou(i- Awyn- Aty = i B Ty o(Ary?
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2.3. Finite Difference Time Domain formulation (FDTD)

In the Yee algorithm, the / and £/ components are are interleaved in the space
lattice at intervals of Az/2. This approximation is called staggered grid approxi-
mation.They are also interleaved in time at intervals At¢/2. The One-dimensional
formulation of the FDTD method and The orientations of Hz and Ey fields are

shown as below:

time

H, H, H, H.

DAL 4 ® @ @ ®
"5:1' E, JL'-J' T"E:r E,

O T 1 |

| H, H, H, H,

E, E, E, E, E,
P N A A A S

x=10 Ax 2Ax JAx 4 Ax

Figure 2.2: One-dimensional formulation of the FDTD method and The orienta-
tions of Hz and Ey [24]

At the time t = 0, values of E, are placed at x = i.Az withi = 0,1,2,...N for
total NV + 1 components.
At time t = 1At, values of H. will be placed at = (i — 1).Az with i =

1,2,3,...N for total N components. So in general we can write :

-Az,n-At), i=1,2...N+1;n=0,1,2...

i—1)
(H.); =H.((i—3) Az, (n—1)-At), i=12...... n=0,1,2...
(2.57)

In the most cases, we set the initial values to zero and the discretized equations

are :
l<Ey)?H/2 — (Ey)?_m . (Hz)?ﬂ/z - (Hz)?—l/z
At N o Az
n+1 n n n— (258)
(HZ)’:U? — Hoiap _ L (Ey>z'++11/2 - (Ey)z'+11/2
At ,UO A:L‘
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2. Models for carriers transport and FDTD method

The space-time Independents of Ey and Hz fields at different grid points have

been demonstrated below:

i i | i i | | | i
R .
R o = TR R
L F ¢ o @ & g B g
1 | 1 1 I 1 1 I |
N o o L B
: ! : ! ] L AAR, !
: . : : : A !
: . : ' R :
5o B Bl S S i i e Sl S
1 1 1 I 1 1 1
G SR R i e G R S s
! : | : | : -
- | i ! e i - : o i
j-2 - ;1 - =l .
i-2 -1 i-3 -

Figure 2.3: Visual illustration of numerical dependencies in the 1D FDTD method,
squares represent Ey field and circles represent Hz field. [24]

One can observe that the value of a field at any point can be obtained by three
previous values: two from two neighbours of opposite field from the previous
half time step and one from the same field at a single previous time step.

Since the constants ¢, and y in these equations differ by several orders of

magnitude. Therefore, one usually introduces a new scaled variable defined as :

~ 9
E,=|2E, (2.59)
Ho

And we can write the scaled equations as:

Byt 6) = By VP() - A= AL [HD (i + 1/2) — HI (i — 1/2)]

- VEoRo Az ~ N (2.60)
Wi+ 1/2) = HIG+1/2) = =4 [By26 4 1) - By 2)

We set &2 = v is chosen to be the maximum phase velocity of the wave expected

in the medium.
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2.3. Finite Difference Time Domain formulation (FDTD)

2.3.2 Stability criterion

Stability criterion imposes condition on 2% ratio known as Courant-Friedrichs-
Levy (CFL) and in 1D case : % < v. The stability criterion summarizes the

physical fact that speed of numerical propagation should not exceed the physical

speed of the wave v

) M
A A
n it L S
LY s b
n-1 7 v n-1 7 ™
i.‘l! ! i 7 i "
n-2 & p———¢ n-2 <
G \ - ~
n-3 7 < n-3
> >
2 il i [ x i-2 i-1 i i+l 2 x
Ax

Figure 2.4: Illustration of the CFL condition. For the parameters chosen within
the dashed lines, the propagation is stable (left figure) and becomes unstable
(right figure.) [24]

We can summarise the stability criterion as below:
1D medium vAt < Ax
~1/2
2D medium vAt < (ALQCQ + AL@P)

~1/2
3D medium vAt < (ﬁ + ALyQ + ﬁ)

2.3.3 Material losses

In a material with losses, we have:

VXH:%—I;+UE (2.61)

with ¢ is the material conductivity, so the discretized equations become:

E?Hm - Ez-nil/z _ 1 zn+1/2 - Hf—1/2
At €ry/ €00 Ax (262)
9 (E;%+1/2 n E?_I/Q)
2€,.€

n+tl n n n—
(HQ)z:l/Z — (H:)i1p0 1 (Ey)i:11/2 — (Ey); v 2.63
B T m . & 26
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2.3.4 Boundary conditions in 1D - Absorbing boundary condi-
tion
In 1D, a generic field ¢(x,t) traveling in direction —z is not reflected at the left

interface (x = 0) if:
B0t + At) = ¢(Az,t) —t=1 (2.64)

Expanding ¢(0, ¢ + At) in Taylor series as:

6(0,t 4+ At) = ¢p(Ax,t) — %Aw + %Az (2.65)

knowing that Az /At = ¢, which ¢ stands for the velocity of propagating wave

and substituting in the previous equations :

d(x,t) = ¢(x,t) — LAt + 22 At

b6 156 (2.66)
dx = c ot
Finite difference of previous equation close to the left boundary is:
R M 7 B T 267)
Ax c At '
The values at half grid points and half time steps are determined as:
n+1/2 1 (n+l n
A R A
2 12 (o %) (2.68)
Y =5 (08 +¢7)

Eventually we end up with the first-order Mur’s absorbing boundary condi-
tion (ABC)

cAt — Az , "
AT Az (o7 + op) (2.69)

A similar expression can be derived for the right side and a second order for-

0T =91+

mulation of ABCs is generally used, for more details on the choosing boundary

conditions, one may look [24].
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2.4 Multiphysics and numerical simulations of semi-

conductor devices

In this part of the thesis, we focus on how the design flow and the simulation of

the devices would be handled in commercial tools.

2.4.1 Structure Generation

The first step in our modelling, is generating the geometry with SDE or Sentaurus
Device Editor. Via this tool, apart from the definition of the geometry, we define
the doping concentrations, discretization and meshing to be used for electrical
simulation and the material properties used for the device. In sentaurus Tcad,
The SDE is responsible for this role and in other Tcad tools like Lumerical, each

tool exploits integrated tool to define the geometry and its properties.

2.4.2 Optical simulation

After designing the geometry, The optical simulation of the device is required to
obtain the absorption and generation and recombination profile to be used for
the optical generation, the incident power distribution in the device in frequency
domain, in this stage we are actually performing FDTD numerical simulation of
the device to obtain these quantities, in this thesis, Rsoft Fullwave has been utilised
for this aim, many research groups nowadays use Lumerical FDTD to optically
simulate the devices and some of them uses Matlab so they can have enough

degrees of the freedom to perform arbitrary optical simulation.
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2.4.3 Electrical Simulation

Eventually at the end of the simulation flow, we use Sdevice tool to electrically
simulate the device, first we should set the bias voltage and define the bias circuit
for the device and then we can obtain the Photo current, Dark current, Frequency
response and cut off frequency of the device at different input optical power to
obtain the responsivity of the device. There are many other tools like Lumerical
device tool to electrically simulate the device based on the performed FDTD sim-
ulation. these tools obtain these quantities by numerically solve the Poisson and
continuity equations to obtain current densities, the simulation flow has been il-

lustrated as below:

Structure Generation

Geometry, Doping,
Etching, discretization

step 1

—  Optical simulations

“H 1

OF\ =——VxE !
ct Hy Gopt
£=1V><H—EE photogenerated
at £ £ carrier rate

step 2| l

Poisson’s Equation
V-&Vo+q(Ni—N;+p-n)=0

Carrier Continuity Equations (Electrons, Holes)
n Vv

. W V.
ot gjﬁ & ’ %: qu s

Figure 2.5: Simulation flow performed by sentaurus

Below we can see the flowchart of the steps that have to be taken to success-
fully simulate a semiconductor device, the key not here is that we have to perform
the electromagnetic simulation in which the Maxwell equation would numeri-
cally be solved by the Tcad tool we have for the given geometry and then the re-
sults can be used for electrical simulation of the device based on Drift-Diffusion
and Continuity equations. The Tcad tool we are using again use newton like

method to solve mentioned equation to obtain device characteristics based on
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the results of the previous step to achieve the self consistent solution of Poisson’s

equation.

Initial guess of the solution

Solve a whole system including
Poisson, Continuity equations

Newton
iteration
n . . :
converged? (B_ank Rose scheme_. Newton iteration
with coupled equations)

y

Figure 2.6: Flowchart of the numerical newton method to solve the Poisson equa-
tion along with the continuity equations for electron and holes based on the gen-
eration rates obtained by previous step (FDTD simulation)

Moreover, it is worth to mention that we should perform the electromagnetic
simulation in the absence of the electric field since affecting the generation profile

by applied electric field is not desirable.
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Chapter 3

Ge-on-Si mode evolution PiN

waveguide photodetectors

In this and last chapter of this thesis, we propose and investigate the two con-
ventional structures of waveguide photodetectors (Butt-coupled and mode evo-
lution) and their properties comparing with each other. Before starting anything,
it would be of importance to devote some time the motivation behind the mode-
evolution based structures and its figure of merits with respect to other structures.
These kind of devices initially presented by MIT research group in 2017 [6] and its
main purpose is to serve the photodetection in the high power saturation con-
ditions. In the mode-evolution device, the intrinsic Ge layer will be illuminated
uniformly thanks to the side-coupled waveguide and this leads to decreasing
saturation effects like carrier screening observable at high input powers. In this
chapter , we performed electromagnetic (FDTD) and electrical simulation of the
both devices to compare their performance with together. Throughout these sim-
ulation Synopsis tools have been utilised integrated with Rsoft fullwave to perform

optical simulation of the devices.
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3.1 Design parameters and geometry

In this part of the thesis we firstly introduce the geometry of the two devices taken
from the literature [6] then we simulate and compare them together. the main
difference between the aforementioned structure is the position of the waveg-
uide which can directly affect the absorption of the light in the Ge layer which
is our absorbing layer hence the overall device properties. Our model for the
Butt-coupled structure has been shown in the below figure generated by Sentaurus

device editor.

Figure 3.1: Our model for Butt-coupled structure
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3. Ge-on-Si mode evolution PiN waveguide photodetectors

and our model for the Mode evolution WPD taken from [6] has been shown

below and it has been again generated by Sentaurus device editor or SDE:

Figure 3.2: Our model for Mode evolution structure

Before moving forward , let us give some name to be used at our ease in de-

scribing the structure:

Computational
box

Figure 3.3: giving some names and parameters
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3.1. Design parameters and geometry

Pillars are centered ) .
with respect to Ge Top pillars and side
length pillars have the same
dimensions

0.5 um
LCB 0.5 pm

1S7

LCuA = LCuB

Figure 3.4: giving some names and parameters

[Bonoooooocoo0o00ooo)]

Bl EEEE &

w00 | =
I—tapef =10pm \

Wgap =100 hm ¢

i

100 nm

Figure 3.5: Mode evolution WPD design parameters
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Geometry - X axis

Name of quan- || Value(um) Name of quan- | Value(um)
tity tity
WGe 1.5 WCB 0.4
WCA 0.4 CBtoTR 0.25
WNG 1.5 WWG 2
NGinTR 0 WCuA 0.6
WSi 2.65 WCuB 0.7
W1Si 0.25 W1CuB 0.15
P2TR Uniform dop- | W2CuB 0.15
ing
CuAtoCuB 0.5
Geometry - Y axis
Name of quan- || Value(um) Name of quan- | Value(um)
tity tity
HSi 0.22 HNG 0.05
HWG 0.22 HCuA 0.25
HTR 1 HCB 1.3
HCA 0.5 HCuB 0.25
HGe 1
Geometry - Z axis
Name of quan- || Value(um) Name of quan- | Value(um)
tity tity
LGe 12 SiOffset 0.25
NGiIinTR 0 OffsetCB 0.5
CAinTR 0.25 CBtoCB 0.8
LCB 0.4 Number of W | 15
pillars
LCuA 12.5 LCuB 12.5
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3.2 Simulation and analysis approach

The geometry is generated with SDE tool, considering a worst case approach, i.e.
the Ge on the Si substrate is considered bulk material, i.e. no strain is applied to

the Ge, so there is no improvements in the absorption profile of the Ge at higher .

The geometry generated with SDE is used as input of the optical solver, RSoft
FullWave, which simulates light propagation in the devices. A quite large com-
putational box is needed, and a very dense mesh is required in order to get an
accurate result. A uniform mesh in all directions is chosen, with very low Ar (i.e.
distance between one point and the following one).Below 40nm the solution of
the optical problem obtained is invariant with respect to the chosen mesh size.
Therefore, a mesh size of 25nm is chosen. From the simulation perspective, this
value is convenient since it is a multiple of all the dimensions of each component
of the two configuration, eliminating the uncertainty at boundaries. As boundary
condition for the optical problem, perfect matched layer (PML) boundary condi-
tions are chosen. This kind of boundaries can be configured to absorb (ideally) all
the light impinging on them, so that no reflected light from the boundary should
be present. Since metals contribute only with a power loss to the optical problem,
they have been described as perfect electrical conductors (PEC). Silicon is prac-
tically transparent at the two studied wavelength, in fact only the Ge detector is
highly influenced by the optical field. Indeed, the Ge detector absorbs light and

this triggers the generation process of electron-hole pairs.

The mode light source used in the simulations is computed by the FDTD tool
as a preliminary step, and then this is propagated in the waveguide/device. This
procedure helps reducing noise and interference, since, if the mode is confined in
the waveguide, practically no light may escape the waveguide and it is directly

guided to the detector.

Once the optical power in the Ge detector is evaluated, it is used as a
generation-recombination rate in the drift diffusion solver. RSoft provides an
utility that converts automatically the results taking care of the different material
parameters. The bias point is computed, as well as the dark current, with sDevice
tool. A reverse bias voltage of 3V is chosen and all other computation are based

on this bias point. The responsivity is computed as the derivative of the power-
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current (PI) curve, but since it is linear, it has been simplified with the difference
of two point corresponding to minimal and maximal input power respectively.
Finally, the frequency response is found with a resistive load equal to 502 that is
connected at one of the two pins of the photodiode, so that capacitive effects are
noticeable.

In addition, it is important to know that in this approach we do not try to
achieve a truely self-consistent solution to the Poisson equation since achieving
such a goal is computationally expensive and time consuming for the simulation

specifications we have in this project as well as the device geometry
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3.3. Simulation results- Butt-coupled waveguide photodetector

3.3 Simulation results- Butt-coupled waveguide pho-

todetector

The numerical and multi physic simulation of the MIT butt coupled WPD has
been carried out with synopsis tools, based on what we demonstrated before ,
tirst we define the geometry followed by optical simulation of the device for the
light with input optical power of 200 pIV, the optical generation rate for the butt
coupled structure for the 3 main wavelenghts 1310 nm , 1550 nm and 1520 nm

has been shown in logarithmic and linear scale below:
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Figure 3.6: Optical generation rate in linear(right) and logarithmic(left) scale for
butt coupled structure

We can see that due to the geometry of the device, the generation rate expe-
rience a peak in the interface of the waveguide and substrate and then the will
decrease gradually. The obvious thing is we should expect a lower responsivity
in the case of 1310 nm since the generation rate will undergo a significant increase

along the Z axis.
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Turning to responsivity of the device , the PI curve of the device has been

shown below, by definition the responsivity is the slope of the PI curve as it was
illustrated before the Ch.1.
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Figure 3.7: PI curve of the butt coupled WPD

We can see that the highest value of the responisivity has been obtained for

the 1310 nm and it would decrease with increase of the incident wavelength.

Lastly, turning to the device’s frequency response, it was carried out by Sde-

vice and it is reported as below:
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Figure 3.8: Frequency response of the butt coupled WPD
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3.4 Mode Evolution waveguide photodetectors simu-

lation results

In a mode evolution photodetector the waveguide structure is different with re-
spect to butt coupled WPD and it is parallel to the Ge detector. Since a gap of 0.1
(o m is present between the substrate and the waveguide, there is no direct cou-
pling, and the light is coupled through the evanescent field to the detector. This
allows to achieve good performance and a good distribution of the input optical
field in the Ge detector. We repeated the simulation we performed for the BC
structure and obtained the below results. The optical generation rates for linear

and logarithmic scale has been reported:
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Figure 3.9: Optical generation rate in linear(right) and logarithmic(left) scale for
Mode evolution structure

We can see that The optical generation rate is gradually increasing at the be-
ginning of the detector. This effect is related to the coupling of the optical field:
the taper which its front end is a 100 nm rectangle present at the end of the waveg-
uide is orienting the light inside the detector along the z axis, so at the beginning
very little portion of light is present inside the detector. Now we can report the

simulated responisivity of the device and compare it with the values indicated in

[6].
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Figure 3.10: PI curve of the Mode evolution WPD

The first thing to be noticed is that the responsivity is lower than the case
butt-coupled and the second thing is that the simulated results are lower than
what have been reported in [6], as we proceed , in the conclusion section, we will
explain the effort we made to make the results closer to literature.

Eventually , turning to the frequency response, the results have been demon-

strated as below:
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Figure 3.11: Frequency response and cut off frequency of Mode evolution struc-
ture

As it is clear, the frequency response is almost the same for the 3 wavelengths
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we simulated the device.
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3.5 Conclusion

We have seen two kind of WPD so far with different geometries and properties,
in this last part of this thesis we compare them together and propose some sim-
ulation techniques in order to enhance the device. First of all, we superimposed
all the plots related to different properties of the WPD to see their comparisons.
The first quantity we want to investigate is optical generation rate, we can see

all optical generations:
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Figure 3.12: Optical generation rates in Log scale

We can see that at the beginning of he device, the optical generation rate is
higher in BC case and this is due to the geometry of the waveguide in the two
cases.

Turning to frequency response and cut off frequency we can see that mode
evolution case shows higher cut off frequency in comparison with the BC case
and the trend is decreasing in both cases and the values are almost consistent

with the values reported in [6].
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Figure 3.13: Cut of frequency for all cases

The responsivity has been reported for the two case in the figure below:

We can see that the responsivity is higher in the BC case for the input optical
power of 200 1 W and it decreases with increase of the wavelength for both cases,
in the case of the mode evolution case, the responsivity is lower than the values

reported in the [6], this could have a few possible explanation such as :
* Back reflection in the boundaries in the simulation of the device.

¢ the specifications of the Ge which is used in the paper is different that the

one we used in our simulations
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Figure 3.14: Responsivity for the all cases

To investigate the first assumption,knowing that we use PML boundary con-
ditions for all of our simulations, multiple time monitors were used to investigate
the effect of the back reflections in the device. for this aim, we add another mon-
itor in Rsoft full-wave Tcad environment and we set the parameter phi equal to
180 degree to monitor the absorption profile for the two directions.

the colour map for different cut-planes have been reported as below,
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Mode-evolution:

For the case phi =0:
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For the case Phi= 180:

wf [ ] =
m [ ] [ ]
& a a
| | | a
u a |
= = = o.,.c.j:: fema-xany
|} a ] .
- - » 12540020
| ] L] " 20710422
[ n ] sa7es19
] | "] -
o - = 11ases17
a ] = 2omeets
- o - N
u ] B
Y=0.09 um Y=0.44 um Y=0.91 um
(a) 1310 nm
]
[
L)
|
|
al Optcasneraton cme-rsan
= " -umzr
- 1254002
] 28710422
. 2.477e+19
- -
- 1iwser1r
] | 2maesns
. icmn—m
]
Y=0.09 um Y¥=0.44 um Y=0.91 um
(a) 1520 nm
Optcas eneraton fem-3'sa-1)
20210422
H H .um
Y¥=0.09 um ¥=0.44 um Y=0.91 um
(a) 1550 nm

86



3.5. Conclusion

Butt-coupled:
for the case phi =0:
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and for the case phi =180 :
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3.5. Conclusion

So according to the colour maps we can see that the PML boundary condi-
tions works well in our simulation and the reason of deviation in the results for
the case mode evolution, could be the conditions which were implied on the Ge
such as strain or other parameters which could affect the Ge absorption profile. In
addition, it was observed that as we change the front end of the coupling waveg-
uide from triangular to a rectangle with of 100 nm, the simulations underwent

coupling and converging issues.
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