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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

School of Electronics and Computer Science

Doctor of Philosophy

SIMULATION OF TOTAL IONIZING DOSE AND RANDOM DOPANT FLUCTUATIONS IN

SUB-100 NM TRANSISTOR NODES

by Eleni Chatzikyriakou

Finite Elements Method simulations of Total Ionizing Dose in two state-of-the-art tran-

sistor nodes are presented: The 45 nm Partially-Depleted Silicon-on-Insulator MOSFET

and the 22 nm bulk FinFET. A systematic method has been developed to study charge

trapping in field isolation oxides using the simulation software Sentaurus device. The

method is based on solving transport equations for carriers in the oxide. Aspects of

simulation of interface trap formation through de-passivation from ionic hydrogen are

discussed. This includes transport of hydrogen species in the device and state transi-

tions. Calibration of the trapping model is performed using experimental results on

Buried OXide irradiated capacitors of 400 nm SiO2. The extracted parameters are then

used in the two FET technologies examined. In both cases, increased radiation hardness

of the devices, tested using the bulk traps method, up to total doses of 600 KRad(SiO2)

in the case of the PDSOI and 1 MRad(SiO2) in the case of the FinFET is shown. In the 45

nm node, Random Dopant Fluctuations (RDFs) using the Sano and the Impedance Field

Method are examined in combination with charge introduced in the field oxide regions.

RDFs are shown to have a significant effect in the sub-threshold characteristics of the

irradiated devices during the weak inversion of the parasitic transistor induced in the

device. Their effect is negligible, however, when the parasitic channel is fully formed.
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Ḋ Dose rate (Rad/s)

ε Electrical permittivity of material (F/cm)

µn Electron mobility (cm2/Vs)

µp Hole mobility (cm2/Vs)

φ Electrostatic potential (V)

ρ Density (g/cm3)

σn Capture cross sections of electron trapping sites (cm2)

σp Capture cross sections for hole trapping sites (cm2)

E Magnitude of electric field (V/cm)

c Particle capture rate in MSC (cm-3s-1)

cnCB Capture of an electron from the conduction band (cm-3s-1)

cpCB Capture of a hole from the conduction band (cm-3s-1)

cnVB Capture of an electron from the valence band (cm-3s-1)

cpVB Capture of a hole from the valence band (cm-3s-1)

D Total Dose (Rad)

Di Diffusion coefficient (cm2/s)

Dn Diffusion coefficient for electrons (cm2/s)

xvii



xviii Chapter 0 List of Publications

Dp Diffusion coefficient for holes (cm2/s)

dc Carrier density (cm-3)

Eact Process activation energy (eV)

enCB Emission of an electron to the conduction band (cm-3s-1)

epCB Emission of a hole to the conduction band (cm-3s-1)

EC Conduction band energy (eV)

Edi Diffusion activation energy (eV)

EF,n/p Carrier quasi-Fermi energies (eV)

EF Equilibrium Fermi energy (eV)

EI Intrinsic Fermi energy (eV)

Etrap Energy level of the trap (eV)

enVB Emission of an electron to the valence band (cm-3s-1)

epVB Emission of a hole to the valence band (cm-3s-1)

EV Valence band energy (eV)

fn Electron occupation probability

fp Hole occupation probability

fy Hole yield

gn Degeneracy factor for electron traps

gp Degeneracy factors for hole traps

Gehp Electron-hole pair generation rate (cm-3)

Hi Inner energy of a transition state (eV)

jn Drift coefficient for electron traps

jp Drift coefficient for hole traps

kc Reciprocal long-range Coulomb force screening length (cm-1)

m Sentaurus fitting parameter for carrier yield

me Electron effective mass

mp Hole effective mass



Chapter 0 List of Publications xix

n Density of mobile electrons (cm-3)

n1 Intrinsic electron concentration (cm-3)

NA Doping concentration (cm-3)

N−A Concentration of ionized acceptors (cm-3)

N+
D Concentration of ionized donors (cm-3)

nB
0 Electron equilibrium density in semiconductors with Schottky metal contact (cm-3)

Nat Areal charge density (cm-2)

NC Conduction band density of states (cm-3)

nI Intrinsic carrier density (cm-3)

nt Concentration of electron trapping sites (cm-3)

NV Valence band density of states (cm-3)

ni,eff Effective intrinsic concentration in the oxide (cm-3)

p Density of mobile holes (cm-3)

p1 Intrinsic hole concentration (cm-3)

p+
t Concentration of trapped holes (cm-3)

pB
0 Hole equilibrium density in semiconductors with Schottky metal contact (cm-3)

pt Concentration of hole trapping sites (cm-3)

r0 Maximal transition frequency (s-1)

Rnet Net recombination term (cm-3s-1)

si Transition state occupational probability

tox Thickness of the oxide (cm)

vth Particle thermal velocity (cm/s)

Wdep Depletion region width (cm)





List of Constants

gSiO2 Irradiation factor 7.6×1012 ehp × cm-3 × rad(SiO2)

h Planck’s constant 6.62×10-34 m2kg/s

m0 Free electron mass 9.11×10-31 kg

vth
n Electron thermal velocity 2.0420×107 cm/s

vth
p Hole thermal velocity 1.5626×107 cm/s

q Electron charge 1.6×10-19 C

k Boltzman’s constant 8.625 eV/K

xxi





Chapter 1

Introduction

In a radiation harsh environment, electron devices experience disturbances from many

different sources. In space, depending on the altitude or deep-space mission jour-

ney followed, the sources of radiation may include energetic protons and other nuclei

from Galactic Cosmic Rays as well as energetic electrons and protons in the Van Allen

belts. Solar flares, emitting electromagnetic radiation of different wavelengths, includ-

ing gamma rays and X-rays, can be sensed both in space and at sea-level on Earth a few

days after a major eruption on the Sun’s surface (Figure 1.1).

(a) Eruption of a long filament on the Sun’s surface cap-
tured by NASAs Solar Dynamics Observatory (SDO) on
August 31, 2012

(b) Aurora over Whitehorse, Yukon on the night of
September 3, 2012

Figure 1.1: Coronal mass ejection, originating from an explosion on the surface
of the Sun, travelling at over 900 miles per second and interacting with the
Earth’s magnetosphere [1].

Every year, a number of satellites experience temporary or permanent failure for many

reasons, including failures in electronic and electrical equipment. The space weather

processes contributing and leading to failure of on-board devices are very complex and

difficult to analyse as all required data might not be available. For example, in [2], elec-

trical effects due to electrostatic discharges were examined using telemetry data related

to 26 anomalies in solid-state power amplifiers of Inmarsat satellites over a period of 16

1
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years and compared with space weather data. According to their findings, deep dielec-

tric charging was the main cause of failure during declining phases of the solar cycle

from charges accumulating in the materials after high-energy electron fluxes. However,

as the study also points out, it is quite challenging to connect the source of radiation with

its subsequent effect. Historically, some cases have been well documented and attributed

to specific effects. As a notable example, the Hubble Space Telescope’s mission STS-31

experienced Random Access Memory bit flips and high photomultiplier tube counts in

its fine guidance system on separate occasions while passing through the South Atlantic

Anomaly. The latter caused guide star acquisition failures while both were attributed to

ionization effects [3].

In high-energy physics establishments such as particle accelerators for physics experi-

ments, nuclear power plants and fusion energy devices (tokamaks), energetic particles

used for their operation and their ionizing products (fluxes of gamma and X-rays) grad-

ually degrade electronic devices operating close to areas of increased exposure [4]. Sen-

sory equipment, robotic control and telemetry and data acquisition electronics can all be

affected in such harsh environments [5]. Further to this, electronics operating close to

medical equipment that produces radiation of hazardous nature to them, can be reduced

in their lifespan or temporarily malfunction i.e. by preventing a bit to be zeroed. In this

work, degradation that occurs due to charges accumulating in the isolation regions of

transistors and preventing normal on-off operation will be examined. Our focus will be

on the effects of ionizing radiation and specifically due to gamma rays incident in the

structure.

Ionizing radiation is the term used to describe radiation capable of ionizing matter.

Total Ionizing Dose (TID) is the measure of incident radiation on the material that is

capable to produce free electrons inside it following different physical mechanisms such

as Compton scattering [6]. Electron-hole pairs created inside the isolation regions of

the electronic devices by such processes cause positive charges to become trapped and

leakage paths to be formed. This can lead to a total loss of the transistor by not allowing

it to turn off. The effect is persistent until the charge trapped is annealed which may

take days to months, or if the ionizing radiation persists, may never occur. TID is used to

differentiate between soft errors occurring in logic devices (Single Event Effects-SEEs)

that are caused by a trail of charges induced by energetic particles passing through the

active regions and bulk of devices and collected at the electrodes.

The attempt to make electronic devices more resilient to radiation is referred to as hard-

ening and the final product as rad-hard device. Hardening can be of different types

and at different levels. Hardening by process is performed at the technology level and

involves changing materials, fabrication designs and processes to suite particular needs

for harsh environments. Hardening by design involves changing the structure of the

Integrated Circuits in ways that can mitigate the effects of radiation [7], for example

with the use of redundant components in order to avoid downtime. Error detection and
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correction functions for soft errors such as those implemented in MRAM technologies

and Field Programmable Gate Arrays (FPGAs) can also mitigate the effects of radiation.

Except for these error correction techniques, FPGAs provide the added advantage of cor-

recting firm errors that occur in memory cells that control logic functions or in routing

matrices by rebooting the FPGA [8].

There are many commercial-off-the-self solutions for electronics with different specifi-

cations operating in a range of harsh environments by companies such as Aitech De-

fense Systems, Space Micro Inc. and BAE Systems. These technologies are usually

behind state-of-the-art commercial technology nodes for general use due to the time

required for testing and customizing. However, as device sizes become smaller there

are many indications such as the thinning of the gate isolation region in transistors

and the smaller volumes introduced in Silicon-on-Insulator technologies that show that

mainstream commercial technologies could potentially be useful for radiation harsh en-

vironments. The combination of TID-hardened mainstream commercial processes and

hardware such as Field Programmable Gate Arrays (FPGAs) can contribute to solutions

that are robust against both TID and SEEs.

Step-by-step examination of integrated circuits (from technology to design) for use in

radiation environments is employed by the hardening community. Examination of com-

mercial transistor technologies gives a measure of their suitability for specific uses. Sim-

ulations play an integral part in the device design and scaling. However, the processes

involved in the examination of the TID effects spread in a wide range from the micro-

scopic level to device physics.

Finite Elements Method (FEM) simulations of Total Ionizing Dose have the potential to

provide very detailed and accurate results to technology designers through the use of

rate equations and defect state occupational probabilities. Analytical models as well as

models with more details on the microscopic level have been devised for various situa-

tions. These models are or can be incorporated relatively easy in the device simulators.

Despite this fact, FEM simulations of TID are not common in the literature, or their use

is restricted to simplified models of fixed charge.

In this work, we systematically simulate charge trapping in SiO2. We use the simulation

software Synopsys TCAD. Bulk oxide trapping can be simulated using the drift-diffusion

model and trapping equations coupled with Poisson’s equation [9]. Simulation of in-

terface trap formation can also be achieved with the use of transport equations for hy-

drogen species and defect state transitions [10]. We apply the charge trapping method

to a two dimensional Partially-Depleted Silicon-on-Insulator (PDSOI) technology and a

three-dimensional bulk FinFET technology.

Approaching the deep sub-micron regime, Silicon-on-Insulator (SOI) Field Effect Tech-

nologies dominated high-performance computing such as network servers and low power

applications for mobile and hand-held devices [11]. The small active silicon volume of



4 Chapter 1 Introduction

SOI transistors that is isolated from the rest of the substrate, has also been shown to

offer better immunity to transient errors [12–14]. Transient effects result from ionized

particles going through the active silicon volume leaving a trail of charges that is then

collected at one of the terminals.

Variability plays a crucial role in device yield. But it has also been shown that de-

vice variability can produce a significantly different post-irradiation response in devices

where pre-irradiation variability gives no measurable response deviation [15]. Many

factors such as stress and geometrical differences in the active silicon region can affect

variability in the radiation response of deep sub-micron SOI MOSFETs [16–19]. Finding

the exact reason behind such variations through experimental means is not easy since

all factors fluctuate at the same time and there is no way of controlling all but the pa-

rameter of interest. In [20], the case of Random Dopant Fluctuations is examined in

combination with traps located in the gate dielectric using simulations. In this work,

the variability due to random dopant fluctuations (RDF) in the radiation response of

the 45 nm PDSOI technology node is examined through simulation methods. RDFs is a

significant source of variability [21], with [22] suggesting a percentage of 50% of the

total variability from all sources.

In Chapter 3, the computational aspects of this study are presented through describing

the basics of the FEM. Theoretical details of carrier transport and trapping in the oxide

in combination with device models used to realistically simulate the TID effects are

discussed, while also a description of the two methods used for the RDF simulations (the

Sano and the Impedance Field Method - IFM) is given. In Chapter 4, system calibration

to experimental results for the trapping model of irradiated 400 nm SiO2 capacitors

is shown. Extraction of interface trap densities performed through a computational

method is also presented. The use of state transitions for the simulation of interface trap

formation after irradiation is discussed. In Chapter 5, RDF simulations on the IBM 45

nm PDSOI nMOSFET node are shown complemented by two-dimensional simulations of

TID. In Chapter 6, calibration of the 22 nm nFinFET to the Intel node and TID simulation

results are presented.



Chapter 2

Total Ionizing Dose in deep
sub-micron Field Effect Transistors

The continued scaling of state-of-the-art transistors dictates gate oxide thinning to follow

the reduction in gate length in order to sustain performance and power improvement.

The reduced thickness of such dielectrics leads to fewer trapped charges and tunnelling,

thereby making them more robust to TID effects. Instead, TID response of state-of-the-

art deep sub-micron transistors is dominated by charge trapping in field oxides such as

the Buried OXide (BOX) and the Shallow Trench Isolation (STI) [23].

When irradiated, these oxides gather charges which cause drain-to-source leakage cur-

rent in nFETs. Positive charges trapped in field oxides of SOI technologies cause two

main parasitic transistors to be formed: a) at the Si/BOX interface and b) at the side-

wall interface of the Silicon with the STI (Figure 2.1) [24–26]. In PDSOI devices, this

parasitic transistor has been shown to be formed at the bottom corner of the silicon with

the STI [27].

Figure 2.1: Leakage paths formed at the back (left) and sidewall channel (right)
of a SOI MOSFET

The areal charge required in the oxide to turn on a parasitic channel is equal to the

doping concentration in the depletion region of this channel:

5
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Not = NAxd,max =
(4qεsNAφF)1/2

q
(2.1)

where q is the electronic charge, NA is the doping density in silicon at the interface

with the oxide, xd,max is the maximum depletion width of the channel and φF is the

bulk potential with a concentration of NA [13]. In other words, the formation of the

inversion channel is very much dependent on the doping concentration extending to the

‘walls’ of the silicon.

PDSOI nMOSFETs of the 90 nm node and below incorporate high body doping on the

order of 1018 - 1019 cm-3 to suppress short channel effects. Therefore, these devices have

shown increased tolerance to TID provided that this doping level reaches the interfaces

with the oxide [16, 19, 28]. On the other hand, Fully Depleted SOI nMOSFETs have

lower doping levels which makes them more susceptible to parasitic channel inversion.

Furthermore, their post-irradiation response is degraded since the top silicon layer is

fully depleted and this causes coupling between the back and front channels of the

device [13]. A high current regime similar to that of latch-up has also been observed in

FDSOI with no body contacts [29].

TID in nFETs with multiple gates has been examined by several groups [30–34]. SOI

nFinFETs have a geometry-dependent radiation response that is driven by electrostatic

coupling. For example, 40 nm wide Ω-FETs have shown increased tolerance when com-

pared to wider FinFETs (10 µm). This is because the electrostatic behaviour in the fin

in the first case is dominated by the lateral gates, reducing the contribution of the back

gate to the front channel conduction [35, 36]. Also, positive gate bias during irradiation

worsens TID response as the charges are trapped closer to the interface of the BOX with

the Si, therefore increasing contribution of the back-gate. In all cases, variation in the

post-irradiation response is suppressed with increasing number of fins [37].

TID response of bulk nFinFETs shows similar dependence to the geometry of the fin with

that of SOI nFinFETs, namely devices with wider fins exhibit reduced - to minimized -

off-state current [38]. The Ioff variation of the devices with more fins is averaged out

and therefore TID appears less pronounced than in single-fin devices [39]. Also, devices

with larger gate lengths have exhibited increased radiation hardness. The worst bias

condition for irradiation in 90 gate-length nFinFETs has been shown to be the OFF state

(V g = 0 V, V ds = 50 mV) [39]. The TID response in this case depends on the distribution

of the trapped charge in the STI, as shown in the Figure 2.2.

Therefore, PDSOI technologies of present commercial applications as well as narrow

width bulk nFinFETs are both interesting for the radiation hardening community. How-

ever, the small dimensions of these devices raise questions of variability, such as RDFs.
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Figure 2.2: Cross section of a bulk FinFET showing the locations where charge
will be trapped in the STI at the neck of the fin

RDFs produce threshold voltage (V t) shifts in the front gate channel, but can also pro-

duce V t shifts of the parasitic channels of the device. This can potentially create a spread

in the off-state leakage current after irradiation.

RDFs result from the statistical nature of the density of discrete dopant atoms found

in the depletion region of the scaled devices. For example, for a PDSOI MOSFET with

W/L=100/30 nm, doping concentrationNA = 5×1018 cm-3 and depletion region width

W dep = 1.6×10-6 cm, the average total number of dopant atoms is N=240. The stan-

dard deviation of N is σN =
〈

(∆N)2
〉1/2

=N1/2=15.5 which is about 6.5% of the original

density [40]. On the other hand, FinFETs are fully depleted devices that only include

doping for the purpose of controlling V th for specific applications [41]. This makes this

problem less prevalent in this technology [42–44].

TID response of any technology, however, is not only dependent on the configuration

of the doping concentration in silicon, but also on the density of trapped charge in the

oxides and its distribution at specific locations. Charge trapping mechanisms are largely

affected by the bias conditions of the device as they define the electric field in the oxides.

The bias-dependence for various SOI devices have been examined by several groups

[45–48]. FEM simulations have the capacity to provide details on the charge distribu-

tion under specific bias conditions. However, many authors adopt the fixed oxide charge

approach in their simulations, which creates a lot of issues in accurately describing radi-

ation effects. For example, in [49] unrealistic humps are observed in the I-V simulation

results due to the charges included in the top silicon corner, where they contribute to

the increase of the electric field and the creation of a corner parasitic structure.

The physics and chemistry of the mechanisms involved in carrier trapping in SiO2 have

been examined extensively over the years. A number of studies have been made on
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crystal structure defects in quartz and α-SiO2 using Electron Paramagnetic Resonance

and Electron Spin Resonance techniques. The existing defects observed over the years

go with the notation of E’-centers. E1’ in quartz and Eγ ’ and Eδ ’ in α-SiO2 [50–52].

Oxygen vacancies are at the heart of these defects. The Eγ ’ center has been found to be

a deep hole trap, having an anisotropic spin distribution. It is thought to be an oxygen

vacancy that undergoes asymmetric relaxation. In the neutral state, Si atoms nearby

oxygen vacancies bond to form a dimer. In the positively charged state, one of these Si

atoms relaxes and bonds with a fourth oxygen atom. [52–54]. There is no consensus

over the exact nature of the Eδ ’ center. It is a shallow hole trap. Prevailing theories

are that it is either single oxygen vacancy that remains in the dimer state in both the

charged and neutral states [55] or a cluster of four vacancies of Eγ ’-like dangling bonds

[56–61].

In many cases, Si/SiO2 interface states have been shown to increase under total ionizing

dose and this has been largely attributed to reactions with hydrogen species [62–66].

Most noted reaction thought to take place at the interface in such cases is

SiH + H+ → D+ + H2 (2.2)

where D is the dangling bond whose final state will depend on the electrostatic potential

at the interface [67–71].

Earlier theories that atomic hydrogen is the mobile species responsible for the de- pas-

sivation process have been refuted by the conclusion that H+ is more stable than H in

SiO2 [64, 72]. The origin of H+ in (2.2) has been a subject of investigation. Primary

mechanisms thought to be responsible are H2 cracking in positively charged states in the

oxide bulk and H2 cracking at hydrogenated defects in the oxide after capture of a hole

[73].

Interface states are the cause of increased base current in bipolar transistors and there-

fore have been studied in the relevant context [74–76]. This effect has been shown to

exhibit a dose-rate dependence called Enhanced Low Dose Rate Sensitivity (ELDRS),

with increased interface state formation observed under low dose rates [77–79]. It is

customary to distinguish between time-dependent effects and true dose rate effects (EL-

DRS) [80, 81]. Also, dependencies of H2 concentration in hermetically sealed packages

during irradiation has been studied in bipolar transistors in an effort to distinguish be-

tween the exact microscopic mechanisms taking place. [74, 82, 83].

Space charge effects have been examined in the past for the case of high dose rates

(HDR). Holes trapped close to the interface can create an electrostatic barrier for pro-

tons to migrate there and create additional interface traps [81, 84]. Bimolecular recom-

bination between electrons and holes under HDR has also been used in order to explain
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ELDRS effects [79]. In [83] it is shown that bimolecular recombination does not differ

from the simple fractional yield equation and similarly space charge effects are not sig-

nificant, unless in very high dose rates of 100 Rad(SiO2)/s and beyond. Furthermore,

in the same work, the competing hydrogen dimerization process has been shown to be

significant in devices irradiated under 1% H2 per volume, while H2 cracking becomes

more important as H2 concentration in the environment increases further.

Hydrogen transport and interface state creation can be included in the FEM simulator in

a self-consistent manner. Sentaurus device has the capacity to simulate transport of hy-

drogen species and reactions between them. Also, interface states can assume different

configurations (i.e. passivated, de-passivated, positively or negatively charged). This is

achieved using the Multi-State Configurations functionality.





Chapter 3

Computational and analytical
methods

3.1 Finite Elements Method Basics

In electronics, FEM simulators aim at the computation of the current on the device termi-

nals when a voltage is applied. This is done by solving Poisson’s equation in combination

with carrier transport inside the device volume, namely, dividing the structure into small

pieces called elements. The division creates geometric structures as those shown in Fig-

ure 3.1. Vertices are points where lines, areas, edges etc. intersect. Edges define lines

where areas intersect, while elements are areas enclosed by edges.

Figure 3.1: Meshing elements in FEM simulators

Mesh elements can be either two- or three-dimensional. The solution of all required

equations is found at the vertex points between them. This is done by first defining

11
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shape functions for the elements. Some values remain constant inside them (i.e. space

charge). For others, a gradient exists to preserve continuity of the solution [85]. The

device under study can be either in equilibrium or in non-equilibrium conditions. In the

former case, the simulation is called quasi-stationary. The sweep can be performed either

on the voltage at an electrode, or on some other model from a list of possible models.

Such an example is the DoseRate parameter of the RadiationBeam used during our

simulations. Non-equilibrium conditions are simulated using the transient functionality

where calculations are performed as a function of time. Bias can be applied here too, at

time intervals specified by the user.

Correct operation of device simulations dictates proper use of models and parameters. It

is the responsibility of the simulation designer to assure results are physical, realistic and

according to existing theories. In the case of deep sub-micron technologies, quantum

effects need to be taken into consideration and there are various models that can be used

to explain the arising changes in device characteristics. For the case of TID examined in

this work, the simulator has been ‘tweaked’ into solving carrier transport equations in

the oxides for the carriers that are generated through irradiation by defining the regions

to be semiconducting. To achieve this, all the theoretical aspects involved in the process

had to be carefully examined.

The FEM device solver is used in combination with processing simulation in the Tech-

nology Computer Aided Design (TCAD) suite Synopsys Sentaurus. Process simulation

is used to simulate processing steps as those taking place in the lab (deposition, etch-

ing etc.). Similar meshing rules apply during processing as those for device simulation.

Typical examples of equations include material growth based on temperature and time,

implantation of species in materials based on dose and energy and diffusion of dopant

atoms from position of higher to position of lower concentration.

3.2 Ionizing dose and charge trapping

In the drift-diffusion formalism of carrier transport in the oxides used here, the gen-

erated carrier pairs that are considered are those that have escaped the initial recom-

bination. The amount of pairs that escape the initial recombination is dependent on

the electric field in the oxide, namely, higher electric field produces more electron-hole

pairs. This is modelled using the carrier yield.

After this initial separation, the electrons are thought to move fast towards the electrodes

while the holes that remain follow a slower motion towards areas of lower electrostatic

potential. The motion of holes has been explained using different mechanisms and

models, however, the net effect is for the holes to move with a low mobility which

is derived experimentally by their time-of-flight [9]. ‘Late’ recombination is taken into

account using the same model as that in semiconductors (eg. Shockley-Read Hall). Only
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hole trapping is considered in this work as this is thought to be the dominant trapping

mechanism taking place in SiO2.

3.2.1 Electron-hole pair creation and initial recombination

For gamma rays incident in the oxide, the electron-hole pair generation rate is calculated

using the generation term Gehp (cm-3·s-1)[86], given by

Gehp = Ḋ · gSiO2 · fy (E) (3.1)

with Ḋ , the dose rate (rad(SiO2)/s), gSiO2 is the ‘irradiation factor’ that is calculated

here using

gSiO2 =
ρ

w
· 6.24 · 1013 = 7.6 · 1012ehp× cm−3 × rad (SiO2)−1 (3.2)

ρ = 2.196 is the density (g/cm3) [87] and w = 18 eV is the energy required to create an

electron-hole pair [76]. We are also taking into account that 1 rad = 6.24 · 1013 eV/g.

As mentioned previously, a fraction of the electron-hole pairs gets recombined after

their initial creation. The percentage of non-recombined carrier pairs is calculated using

‘carrier yield’ , fy, and is a function of the electric field.

fy (E) =

(
|E|+ E1

|E|+ E2

)m
(3.3)

where E is the local electric field (V/cm) , E1, E2 and m are fitting parameters.

3.2.2 Carrier transport

Starting from the Poisson’s equation, the trapped holes density term is added to describe

their contribution to the electrostatic potential in the oxide,

∇ · (ε∇φ) = −q
(
p− n+N+

D −N
−
A + p+

t

)
(3.4)

where q is the electron charge, ε is the absolute permittivity of the material, ND
+ and

NA
- are ionized donor and acceptor impurities. The oxide in our simulations is consid-

ered to be an intrinsic semiconductor, therefore, these values do not play a significant

role. pt
+ is the density of the trapped holes (cm-3).
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The electron and hole continuity equations for our simulations that include charge trap-

ping take the following form [76, 86, 88],

∂n

∂t
=

1

q
∇ · Jn +Gehp −Rnnt (3.5)

∂p

∂t
= −1

q
∇ · Jp +Gehp −Rppt (3.6)

where Jn,p in the electron and hole current densities (A/cm2) which can be given by

Jn = qnµnE + qDn∇n (3.7)

Jp = qpµpE− qDp∇p (3.8)

where Dn,p is the diffusion coefficient for electrons and holes and µn,p is the electron

and and hole mobility. The recombination terms in the continuity equations are given

in Section 3.2.6.1.

The continuity equations in quasi-stationary state, become

− 1

q
∇ · Jn = Gehp −RSRH (3.9)

1

q
∇ · Jp = Gehp −RSRH (3.10)

where the termRSRH is equal for both electrons and holes and is given in Section 3.2.6.2.

3.2.3 Trapped Charge

We use the occupational probability of a trap to describe the state of the trap. The

probability of a trap being occupied by an electron is fn , and the probability of it being

occupied by a hole is fp = 1 − fn [89]. This is a number between 0 and 1 which when

multiplied by the number of trapping sites gives the number density of the occupied

traps, for example,

p+
t = pt × (1− fn) (3.11)
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Here p+
t is used for the ionized hole trapping sites and pt for the total number of hole

trapping sites.

The occupational probability depends on capture and emission processes for the traps.

We can think of these processes as chemical reactions.

p+ pt ⇔ p+
t (3.12)

n+ p+
t ⇔ pt (3.13)

3.2.4 Capture and emission processes

When a hole moves to a hole trapping site from the valence band, a trapping event is

thought to occur. In reality, the electron that exists in this defect in the oxide, is emitted

to the valence band under the influence of the electrostatic potential (depending on the

activation energy of the trap) and therefore valence band recombination occurs. When

a hole that is trapped in a donor defect is emitted in the conduction band, the donor

becomes de-ionized (de-trapping). In this case, a free electron from the conduction band

is trapped at the positively ionized donor. As it leaves behind the conduction band, this

electron does not contribute to conduction current anymore, and therefore a conduction

band recombination event is thought to occur. These processes are shown schematically

in Figure 3.2

+ 

Figure 3.2: Trapping, de-trapping and equivalent recombination events for a
hole trap

Traps can also contribute to the creation of electron and hole conduction current. For

the case of donor traps, the processes are shown in Figure 3.3.

Trapping and de-trapping with subsequent carrier generation and recombination occurs

sequentially until equilibrium is reached. For this reason, carrier capture and emission

rates are always added together.
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+ 

Figure 3.3: Trapping, de-trapping and equivalent carrier generation events for
a hole trap

To facilitate further discussion, the capture and emission processes to the conduction

and valence bands were given names as shown in Table 3.1. This table also shows the

type of process occurring for a donor type of trap.

Process Abbreviation Donor trap event Effect on current
e emission to the CB enCB Trapping Electron Generation
e emission to the VB enVB Trapping Hole Recombination
h emission to the CB epCB De-trapping Electron Recombination
h emission to the VB epVB De-trapping Hole Generation

h capture from the CB cpCB Trapping enCB

h capture from the VB cpVB Trapping enVB

e capture from the CB cnCB De-trapping epCB

e capture from the VB cnVB De-trapping epVB

Table 3.1: Capture and emission processes from and to the conduction band
(CB) and valence band (VB)

There are four equations describing capture and emission processes

cnCB = σn

[
(1− jn) vnthn+ jn

Jn

q

]
(3.14)

cpVB = σp

[
(1− jp) vpthp+ jp

Jp

q

]
(3.15)

enCB = vnthσn
n1

gn
(3.16)

epVB = vpthσp
p1

gp
(3.17)

where vth
n (cm/s) and vth

p (cm/s) are the thermal velocities of electrons and holes

respectively, σn,p (cm2) the capture cross sections of electrons and holes, gn,p is the
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degeneracy factors of the traps, Jn,p are the current densities (A/cm2) and jn,p are

the J-factors for electron and hole traps that show the amount to which the current

density of the mobile carriers is responsible for the carrier trapping. For example, with

jn,p=1, trapping is totally dependent on the current densities of the mobile carriers

(full J-model), but with jn,p=0, it is the thermal velocities of the carriers that define the

amount of trapping (V-model) [86]. It is shown in the experimental capacitor calibration

section than only the full drift model leads to physical results.

Finally,

n1 = NCexp

{
q × (Etrap − EC)

kT

}
(3.18)

p1 = NVexp

{
q × (EV − Etrap)

kT

}
(3.19)

with Etrap, EC, EV the energies of the trap, the conduction and the valence band respec-

tively (eV), NC and NV (cm−3) are the effective densities of states of the conduction and

valence bands which are taken from

NC = 2

(
2πmekT

h2

) 3
2

10−6 (3.20)

NV = 2

(
2πmpkT

h2

) 3
2

10−6 (3.21)

with me=0.5m0 and mp=7.0m0 [90].

3.2.5 Trapping rate

The trapping rate for a hole trap is defined as follows,

dp+
t

dt
= pt

[
(1− fp)

(
cpVB − e

n
CB

)
− fp

(
epVB − c

n
CB

)]
(3.22)

That is, the percentage of occupied traps times the rates of the events that make the

traps empty (emission of a hole and capture of a hole) and the remaining unoccupied

traps times the capture events. Substituting we get,
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dp+
t /dt

pt
= (1− fp)

{
σp

[
(1− jp) vpthp+ jp

Jp

q

]
− vnthσnn1

}
−fp

{
vpthσpp1 − σn

[
(1− jn) vnthn+ jn

Jn

q

]} (3.23)

3.2.6 Occupational Probability

3.2.6.1 Transient

Going back to the occupational probability of a trap and taking hole occupation as an

example, the capture and emission rates contribute as follows,

∂fp

∂t
=
∑
i

rpi (3.24)

where the sum is for all capture and emission events [10], and therefore,

rpi = (1− fp) cpi − f
pepi (3.25)

Using the superposition principle,

∂fp

∂t
= (1− fp)

∑
i

cpi − f
p
∑
i

epi (3.26)

Expanding the sums,

∂fp

∂t
= (1− fp)

(
cpCB + cpVB

)
− fp

(
epCB + epVB

)
(3.27)

Using the equivalence of processes,

∂fp

∂t
= (1− fp)

(
enCB + cpVB

)
− fp

(
cnCB + epVB

)
(3.28)

where the emission processes from left to right are as follows: (a) Electron generation,

(b) Hole recombination, (c) Electron recombination, (d) Hole generation.

Using Equations 3.14-3.17 and re-arranging we have,
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∂fp

∂t
+ fp

{
vnthσn

n1

gn
+ σn

[
(1− jn) vnthn+ jn

Jn

q

]
+ vpthσp

p1

gp
+ σp

[
(1− jp) vpthp+ jp

Jp

q

]}
=

vnthσn
n1

gn
+ σp

[
(1− jp) vpthp+ jp

Jp

q

]
(3.29)

3.2.6.2 Quasistationary

For the quasi-stationary case, we solve Equation 3.24 for t=∞,

fp =

∑
i c
p
i∑

i (cpi + epi )
(3.30)

fp =
cpCB + cpVB(

cpCB + epCB

)
+
(
cpVB + epVB

) (3.31)

Again, using the equivalence of processes we have,

fp =
enCB + cpVB(

enCB + cnCB

)
+
(
cpVB + epVB

) (3.32)

and substituting,

fp =
vnthσn

n1
gn

+ σp

[
(1− jp) vpthp+ jp

Jp

q

]
{
vnthσn

n1
gn

+ σn

[
(1− jn) vnthn+ jn

Jn
q

]}
+
{
σp

[
(1− jp) vpthp+ jp

Jp

q

]
+ vpthσp

p1
gp

}
(3.33)

3.2.7 Recombination processes

We can now express the recombination terms for one trapping level as,

Rnpt = pt [(1− fp) cnCB − fpenCB] (3.34)

Rppt = pt

[
fpc

p
VB − (1− fp) epVB

]
(3.35)

Rnpt = pt

{
(1− fp)σn

[
(1− jn) vnthn+ jn

Jn

q

]
− fpvnthσnn1

}
(3.36)
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Rppt = pt

{
fpσp

[
(1− jp) vpthp+ jp

Jp

q

]
− (1− fp) vpthσpp1

}
(3.37)

The recombination in steady state is equal for electrons and holes and is the following

for SRH,

RSRH =
pt

{
σn

[
(1− jn) vnthn+ jn

Jn
q

]
σp

[
(1− jp) vpthp+ jp

Jp

q

]
− vnthσnv

p
thσpn

2
i,eff

}
vnthσnn1 + σn

[
(1− jn) vnthn+ jn

Jn
q

]
+ vpthσpp1 + σp

[
(1− jp) vpthp+ jp

Jp

q

]
(3.38)

where n2
i,eff is the effective intrinsic concentration of the oxide.

3.3 Areal charge

Using Poisson’s equation, we can calculate the areal trapped charge projected at the

Si/SiO2 interface (cm-2) with,

at =

∫ tox

0

x

tox
p+

t (x) dx (3.39)

where tox is at the silicon/oxide interface, and tox-x is the distance from the interface

(cm).

3.4 Thermionic emission model

It was observed during simulation tests that proper boundary conditions had to be in-

cluded in the model to account for accurate transport of the generated carriers out of

the oxide. In the literature, the generated carriers are believed to escape to the near-

est electrode. While this is true, however, a fraction of them is directed towards the

Si/SiO2 interface where electric field discontinuities create unphysical results. There-

fore, the boundary conditions of the oxide had to be properly modelled. For this reason,

thermionic emission was activated at the Si/SiO2 interface.

The thermionic emission model implementation in Sentaurus device is based on the

heterojunction model derived in [91]. The total energy and perpendicular momentum

of the electron are conserved. For two materials with conduction band edges EC,1 and

EC,2 and ∆EC = EC,2 - EC,1 >0, the equivalent current densities Jn,1 and Jn,2 are set

as [92],



Chapter 3 Computational and analytical methods 21

Jn,2 = Jn,1 (3.40)

Jn,2 = 2q

[
vn,2n2 −

mn,2

mn,1
vn,1n1exp

(
−∆EC

kTn,1

)]
(3.41)

where vn,i are the emission velocities,

vn,i =

√
kTn,i

2πmn,i
(3.42)

The electron energy flux density escaping material 1,

Sn,2 = Sn,1 +
1

q
Jn,2∆EC (3.43)

Sn,2 = −4

[
vn,2n2kTn,2 −

mn,2

mn,1
vn,1n1kTn,1exp

(
−∆EC

kTn,1

)]
(3.44)

For holes,

Jp,2 = Jp,1 (3.45)

Jp,2 = −2q

[
vp,2p2 −

mp,2

mp,1
vp,1p1exp

(
∆EV

kTp,1

)]
(3.46)

Sp,2 = Sp,1 +
1

q
Jp,2∆EV (3.47)

Sp,2 = −4

[
vp,2p2kTp,2 −

mp,2

mp,1
vp,1n1kTp,1exp

(
∆EV

kTp,1

)]
(3.48)

and

vp,i =

√
kTp,i

2πmp,i
(3.49)

mn and mp are calculated from the effective conduction and valence band DOS using,
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mn

m0
=

(
NC

2.5094× 1019

)2/3

(3.50)

mp

m0
=

(
NV

2.5094× 1019

)2/3

(3.51)

3.5 Hydrogen transport

Transport of hydrogen species is modelled using the following equation,

∂

∂t
[Xi] +∇·

[
Diexp

(
−Edi

kT

)( q

kT
E [Xi]−∇Xi − αtdXi∇lnT

)]
+Rnet = 0 (3.52)

Xi is the density of the hydrogen species (cm-3). Hydrogen species used are atomic

hydrogen (H), hydrogen molecule (H2), hydrogen ion (H+). Di is the diffusion coeffi-

cient (cm2/s), Edi is the diffusion activation energy (eV), αtd the prefactor for thermal

diffusion term, Rnet is the net recombination term due to chemical reactions (cm-3s-1).

3.6 State Transitions

Multistate configurations (MSC) in Sentaurus device are defined by a number of states,

N, and their occupation probabilities s1,...,sN for which,

∑
i

si = 1 (3.53)

holds. The following equation relates the state occupational probability with capture

and emission rates of the transitions involved in the MSC.

ṡi =
∑
j 6=i

∑
t∈Tij

cijsj − eijsi (3.54)

Each transition involves two states, i and j, where i is the ’to’ state and j is the ’from’

state. Tij is the set of transitions between i and j. The following holds for the capture

and emission rates (c and e) of each transition,

c = cij = eji , e = eij = cji
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The inner energy of the state is given by,

Hi = Ei +K−i E
−
i (3.55)

where Ei is the base energy, K−i is the number of the negative elementary charges and

E−i the energy of one electron in the state.

In equilibrium, the occupational probability of the state is determined by,

s∗i = Zi/Z (3.56)

Z =
∑
i

Zi (3.57)

Zi = giexp
(
−β
(
Hi −K−i EF

))
(3.58)

where gi is the degeneracy factor, β is the thermodynamic 1/kT and EF is the quasi-

Fermi energy. The latter is approximated inside the code used for the MSC, as follows.

The intrinsic carrier density is defined by,

nI =
√
NCNVexp (−βEg) (3.59)

and the intrinsic Fermi energy,

EI =
1

2

[
(EC + EV) + kT ln

(
NV

NC

)]
(3.60)

The carrier quasi-Fermi energies are approximated with,

EF,n = EI + kT ln

(
n

nI

)
(3.61)

EF,p = EI − kT ln

(
p

nI

)
(3.62)

and the equilibrium Fermi energy with,

EF =
1

2
(EF,n + EF,p) (3.63)
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In this work, the Arrhenius law is used to describe capture at dangling bonds and for-

mation or annealing of an interface state. Specifically, the capture rate is,

c = r0exp (−βEact) (3.64)

with r0, the maximal transition frequency and Eact the activation energy. The emission

rate is computed from,

e =
s∗j
s∗i
c (3.65)

After the interface states are de-passivated, the capture rate is described using a simple

trapping model,

c = σvthdc (3.66)

where σ is the capture cross section (cm2), dc is the carrier density (cm-3) and vth is the

thermal velocity of the carrier. The emission rate is computed from,

e

c
=
[
gjiexp

(
−Nnβn

(
EF,n − EC

)
+Npβp

(
EF,p − EV

)
+ βl

(
−NnEC +NpEV −Hji

))]
(3.67)

where gji=gj/gi and Hji = Hj - Hi. The average conduction and valence band energies,

EC and EV are given from,

EC = EC + 3
2kTn and EV = EV − 3

2kTp

3.7 Random Dopant Fluctuations

3.7.1 Sano method

Random Dopant Fluctuations (RDFs) can be simulated by using a randomly non-uniform

concentration of the dopant atoms in the active silicon region. To achieve this we use

the Sano method in Sentaurus mesh. This method solves the problem of singularities

arising in Drift-Diffusion simulators when the mean distance of the discrete dopants

is bigger than the size of the mesh elements. The singularities result due to the very

high electrostatic potential difference between adjacent mesh elements when an atom

occupies one single element. Experiments have shown that the charge distribution can
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be thought to be averaged out in deep sub-micron devices because part of the Coulomb

potential of the dopants is lost in scattering mechanisms [93].

Therefore, to properly represent the potential of discrete dopants in relatively ’coarse’

meshes when comparing to the mean distance between them, the Coulomb potential

of the dopant atoms is divided in long and short range parts and only the long range

part is kept. To achieve that, we use the screening factor kc defined as the inverse of

the screening length for a discrete dopant atom. The choice of this parameter should be

such that the charge density from the dopants felt by the carriers is that acting upon their

drift motion and not on scatterings. One idea is to use the Conwell-Weisskopf model for

this parameter,

kc ≈ 2×N1/3
ac (3.68)

Where Nac is the acceptor density used for macroscopic simulations (cm-3). In [93], the

screening factor is a fitting parameter fine-tuned so as the results from longer channel

devices matched the characteristics of those with shorter channel. The applicability of

the Conwell-Weisskopf model is test in Section 5.4.1.

Using the parameter kc, and the long range part of the Coulomb potential, the charge

density is given by,

n (r) = Nf
k3

c

2π2

sin (kcr)− (kcr) cos (kcr)

(kcr)
3 (3.69)

where Nf is a normalization factor such that the integral of n (r) over the entire simula-

tion space becomes unity and r is the distance from the discrete dopant [94].

The normalized long-range number density as a function of distance from the dopant

location is shown in Figure 3.4. This oscillatory function is cut off at the first occurrence

of zero in Sentaurus mesh. Therefore, for kc=3.3×106 cm-1, the relationship between n

and r becomes as shown in Figure 3.5. The exact number density at the element where

the discrete dopant is located will be defined by the normalization factor. The number

density function in piecewise form is as follows:

n (r) =

Nf
k3c

2π2
sin(kcr)−(kcr)cos(kcr)

(kcr)
3 , if kcr < 4.4934

0, if kcr > 4.4934
(3.70)

The derivation of this equation can be found in Appendix B.
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Figure 3.4: Normalized long-range number density of a discrete dopant
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Figure 3.5: Doping number density as a function of distance from the point of
location of the atom. The normalization factor used in this figure is 0.59688
[94]

3.7.2 Impedance Field Method

The Impedance Field Method (IFM) in Sentaurus device can be used to examine varia-

tions in devices from different sources, including RDFs. This method does not include

converting the doping profile to an atomistic. Instead, it uses only one solution to a

reference device, and then calculates the effect of the variation as a linear response to a

perturbation of the contact current or voltage.

There are two types of IFM implemented in Sentaurus device that can be used for exam-

ination of RDFs: The noise IFM which produces current and voltage spectral densities of

the results and the statistical IFM which produces a large number of randomized varia-

tions of the doping profiles and computes the modification of the device characteristics

in linear response. In this work, the statistical IFM is used to produce the full I-V results

of the devices and compare them with those of the Sano method.
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The Green’s function is solved once, for the reference device, for each contact. For the

case of contact current, the perturbation due to RDFs at location x and angular frequency

ω will result in contact current response [10],

δIc =

∫
G (x, ω) δNξ (x, ω) dx (3.71)

where c is the contact node, G(x,ω) is Green’s function and N ξ is the equation that

involves the doping concentration term. The angular frequency, ω, is used for the noise-

like IFM, but is zero for the statistical IFM used in this study [95, 96].

Using a Poisson distribution, the probability to find k dopant atoms in a box volume Vi

with average doping concentration Ni at a vertex i of the mesh,

Pi (k) =
(NiVi)

k

k!
exp (−N iV i) (3.72)

the dopant atom in this equation can be either an acceptor or a donor. Sentaurus device

calculates the response due to either acceptor or donor atom fluctuations. In the cases

where both are examined (as is performed in this work), the two sources of variation

are considered to be uncorrelated [10].

3.8 Overview

The theoretical aspects and simulation models used in this work have been discussed.

Basic concepts of the FEM were presented. This method is used to solve the rate equa-

tions governing device operation. Charge trapping equations were explained and the

capture/emission processes in donor traps have been described in detail. These equa-

tions are solved self-consistently with the Poisson equation in simulations hereafter. The

thermionic emission model, essential to the simulation method developed here, was

also explained. Charge generation, transport and trapping equations are used in this

work to describe TID effects in the oxides, and are therefore solved in the correspond-

ing regions. State transition equations using an Arrhenius law for passivation and de-

passivation of interface states and a simple trapping model for electron/hole capture in

the de-passivated states have been presented. Hydrogen species play a dominant role

in the interface trap formation. The diffusive transport model used for this purpose was

also given in this chapter. Lastly, the two models used to simulate RDF effects were pre-

sented. This includes the Sano method and the long-range Coulomb potential equation

as well as the contact current perturbation and dopant Poisson distribution in the mesh

elements when using the IFM.





Chapter 4

Simulation and calibration of 400
nm SiO2 capacitors

Thick field isolation is widely used today as a Buried OXide (BOX) in Silicon-on-Insulator

technologies [97], a Shallow Trench Isolation separating devices in single and multi-gate

technologies [98] and it is also commonly found in 2D semiconductor transistors such

as graphene and MoS2 [99–101]. These oxides are the main contributing factor to Total

Ionizing Dose (TID) effects of deep sub-micron technologies, contrary to the thin gate

oxides where trapped charges are able to tunnel out under the influence of the electric

field [19].

In this work, thick oxide capacitors with 400 nm SiO2 were fabricated at the University

of Southampton and subsequently irradiated at Cranfield University using Co60 [102].

These experimental results were used to calibrate the simulation model from which the

model parameters were extracted and used in the transistor simulations. The area of the

capacitors is 316 × 316 µm. The two samples were irradiated at different doses: 11.6

krad(SiO2) for sample A and 58 krad(SiO2) for sample B.

The pre- and post- irradiation transfer characteristics were simulated in Synopsys de-

vice. The simulations were performed on the Iridis supercomputer at the University

of Southampton. The simulation times and threads used varied for each experiment.

The maximum time for running one simulation was 60 hrs. The maximum number of

processors used simultaneously was 16 and the maximum number of threads 32.

4.1 Capacitor pre-irradiation simulations

The experimental pre- and post-irradiation results of two capacitor samples used further

in this work are shown in Figure 4.2. Increased capacitance in the inversion region

29
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can occur when the frequency of the AC signal during measurements is lower than

the time required for equilibration of the mobile charges through drift and diffusion

processes. In this case, however, the AC signal is 1 MHz, which is usually high enough

to prevent accumulation of charges in the depletion region. Another case where such

a situation has been observed was explained by a lateral AC current flow, whose area

extends beyond the metallic plate of the gate in combination with surface states at the

Si/SiO2 interface [102, 103]. Namely, carriers that have been trapped at interface states

away from the metal electrode, create a lateral current when de-trapped as the capacitor

bias changes. The midgap voltage shift is extracted using sdevice in section 4.3.3. Here,

we note that the voltage shift at C = 7 pF is ∆V = -1.38 V for sample A and ∆V =

-3.04 V for sample B.

The pre-irradiation experimental results were used to calibrate initial parameters. The

2D capacitor simulation model is shown in Figure 4.1. The doping concentration used

is Na = 6.4×1014 cm-3, as extracted in [102]. The oxide thickness was determined to

be 390 nm in agreement with Cmax.

Silicon

Oxide

Gate
0.4 um

0.0 um

Figure 4.1: Capacitor 2D simulation structure

(a) Sample A (b) Sample B

Figure 4.2: Pre- and post-irradiation experimental C-V results of 400 nm SiO2
capacitors
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(a) Sample A (b) Sample B

Figure 4.3: C-V characteristics with different fixed oxide charge

Fixed oxide charge, Not (cm-3), was also introduced to fit the midgap voltage to the

experiment. The C-V results of the simulations of the two samples with different amount

of fixed oxide charges in comparison to the experimental pre-rad results are shown in

Figure 4.3. For Sample A, Not = 6×1015 cm-3 and for Sample B, Not = 4.5×1015 cm-3.

Physically, the current flowing through an interface of a metal with a semiconductor is

non-linear in nature and dependent on the electronic states existing on this interface.

The discontinuity present due to the difference in the Fermi level of the two materials is

translated to a barrier height with rectifying characteristics [104]. In the present capac-

itor model, a Schottky metal/oxide contact with workfunction of 4.28 eV was used. The

Schottky contact prevented voltage shifts when different amount of traps were defined

in the oxide by fixing the electrostatic potential difference in the oxide to a value rela-

tive to the barrier height between the metal and silicon. For an Ohmic contact, charge

neutrality and equilibrium is assumed,

n2
i,eff = n0p0 , n0 − p0 = ND −NA, (4.1)

where n0 and p0 are the electron and hole equilibrium concentrations respectively

(cm-3). And the electrostatic potential for Boltzman statistics is given by,

φ = φF +
kT

q
asinh

(
ND −NA

2ni,eff

)
(4.2)

where φF is the Fermi potential at the contact, which equals the voltage applied.

For a Schottky contact, charge neutrality on the two sides of the interface does not hold,

and the following boundary conditions are applied,
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nB
0 = NCexp

(
−qΦB

kT

)
, pB

0 = NVexp

(
−Eg + qΦB

kT

)
(4.3)

Jn · n̂ = qvnth
(
n− nB

0

)
, Jp · n̂ = −qvpth

(
p− pB

0

)
(4.4)

φ = φF − ΦB +
kT

q
ln

(
NC

ni,eff

)
(4.5)

where ΦB is the barrier height of the Schottky contact defined as the difference between

the contact workfunction and the calculated electron affinity of SiO2, Eg is the SiO2

bandgap, n̂ is the unit vector normal to the interface and nB
0 and pB

0 are the equilibrium

carrier densities.

The midgap voltage shifts induced with the Ohmic metal/oxide contact with different pt

concentrations can be seen in Figure 4.4(a). The charge equilibrium conditions on the

two sides of the interface produce equivalent pt
+ densities that create voltage shifts. The

electric field in the capacitor oxide in the direction from the metal to the silicon is shown

in Figure 4.4(b). It can be seen that, for the gate voltage examined, the simulation model

with the oxide defined as dielectric (OAD) and the oxide defined as a semiconductor

(OASC) and a Schottky metal/oxide contact, the two values are in agreement. This is

also true for the conduction band edge as seen in Figure 4.5.

(a) C-V characteristics with Ohmic metal/oxide contact and
different oxide trap concentrations

(b) Electric field in the x direction of the structure for the
cases of oxide as dielectric (OAD), oxide as semiconductor
(OASC) with Ohmic and Schottky contact with the metal.
V g=-8 V.

Figure 4.4: Comparison of device characteristics with Schottky and Ohmic con-
tact

Thermionic emission was enabled at the silicon/oxide interface to prevent convergence

issues that were caused by the high density of holes trapped at the interface due to the

abrupt change in electrostatic potential. Physically, thermionic emission of the carriers

produced is thought to occur during irradiation.
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Figure 4.5: Band diagrams of oxide as dielectric (OAD) and oxide as semicon-
ductor (OASC) with Schottky and Ohmic contact. V g = 0 V.

4.2 Post-irradiation parameters

4.2.1 Hole yield and dose rate

The hole yield in Equation 3.3 was fitted to the experimental results from Schwank et

al. [105] as shown in Figure 4.6. The values of the parameters are shown in Table 4.1.

Figure 4.6: Hole yield as a function of Electric field. The black line is taken from
the literature for Co60 [25]. The red line is the fitted hole yield. The parameters
used in Equation 3.3 are shown in Table 4.1.
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The fabricated capacitors were irradiated at Ḋ=240 kRad(Si)/h = 67 Rad(Si)/s. The

conversion factor used is 1 Rad(Si) = 0.58 Rad(SiO2) [106]. The final dose rate used

in the simulations is 38.6 Rad(SiO2)/s. This dose rate was also used in setting up the

environment for the subsequent simulations.

Parameter Description Value Units

E1 Fitting Parameter 0.1 V/cm
E2 Fitting Parameter 2×105 V/cm
m Fitting Parameter 0.9
g Irradiation Term 7.6·1012 cm-3 Rad(SiO2)
Ḋ Dose Rate 38.6 Rad(SiO2)/s

Table 4.1: Parameters used for hole yield

4.2.2 Carrier transport

The parameters used for carrier transport are shown in Table 4.2. The mobility values

of electrons are extracted are in accordance to [76].

Symbol Value Units

Electron Mobility µn 20 cm2 V-1 s-1

Hole Mobility µp 10-5 cm2 V-1 s-1

SiO2 bandgap Eg 9 eV
SiO2 electron affinity χ 0.9 eV

Table 4.2: Parameters used for the constant mobility model in sdevice

The density of states (DOS) in SiO2 can take a wide range of values, depending on the

fabrication process, the thickness of the oxide as well as the position inside it. Theoreti-

cal studies of the effective masses of electrons and holes in the conduction and valence

bands for different modifications of the SiO2 crystal structure have been performed. In

[90], it was found that amorphous SiO2 has similar structure to α − SiO2 and that in

the latter there exists an isotropic electron effective mass tensor with m*
e=0.5m0, and

an anisotropic hole effective mass with mlh=1.3m0 and mhh=7.0m0.

Using Equation 3.20, the effective conduction band DOS form*
e=0.5m0 isNC = 8.867×1018

cm-3. Using Boltzmann statistics, the intrinsic carrier density is,

ni =
√
NCNVexp

[
−Egq

2kT

]
(4.6)

For a range ofNV values between 5.0×1017 cm-3 and 5.0×1020 cm-3, ni shows negligible

change (Figure 4.7),
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Figure 4.7: Intrinsic carrier density in SiO2 as a function of valence band effec-
tive DOS, using Boltzmann statistics NC = 8.867×1018 cm-3

In our simulations, as a rule, NV = 1.931×1020 cm-3 derived from,

m∗h = (mlhmhhmhh)1/3 = 3.9m0 (4.7)

However, it was observed that in some cases NV >1020 cm-3 affected convergence and

this was taken into consideration.

4.2.3 Numerical check of solution in the oxide

The use of the oxide as a semiconducting structure and subsequent solution of the trans-

port equations in it has created differences to the usual solution of the device. In this

chapter, we perform numerical checks against solutions of the equations at one point in

the oxide.

A 2D test structure of dimensions 400x1000 nm was prepared. It consists entirely of

an oxide region that is treated as semiconductor, with the band-gap parameters of SiO2.

Two electrodes are connected on the two sides of the oxide as shown in Figure 4.8. The

direction from the top to the bottom electrode is defined as the x direction, whereas

the direction perpendicular to it, is defined as the Y direction. The structure details are

shown in Table 4.3.

Dimensions 400 nm × 1µm
Contacts Schottky

Mesh Density(x,y) (5-10 nm, 10 nm)

Table 4.3: Parameters for the 2D oxide region
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XX

-0.6-0.6

0.20.2

YY
00 0.20.2 0.40.4 0.60.6 0.80.8 11

Top electrode (Vtop)

Bottom electrode (Vbottom)

0.4

0.2

0.0

0.2 0.4 0.6 0.8 1.0

um

Figure 4.8: 2D structure used as a test structure. Top electrode and bottom elec-
trode are shown. X direction is from top towards bottom electrode, Y direction
is taken to be parallel to the electrodes (left to right).

Step-by-step the numerical checks for the TID process are: (a) Irradiation, (b) Carrier

transport and (c) Hole trapping.

4.2.4 Carrier generation

The radiation generation was tested using Equation 3.1.

Location (x,y)

( µ m)

Simulator Absolute

El. Field (V/cm)

Simulator Gehp

(cm-3s-1)

Calculated Gehp

(cm-3s-1)

(0.20,0.50) 384.231 1.0498×1012 1.051×1012

Table 4.4: Calculated values for electron-hole pair generation with given values
of Electric Field

Table 4.4 shows that the electron-hole pair generation rate calculated closely matches

the simulated value at location X = 0.2 µm, Y = 0.5 µm in the test structure.

4.2.5 Transport in quasistationary

The bandgap parameters and mobility values of this oxide structure are shown in Table

4.2. Classical drift-diffusion was chosen and constant mobility. These values were taken

from [76].

The electron and hole fluxes for the quasi-stationary case with Dose Rate = 38.6 Rad

(SiO2)/s at V top = 1.1 V are shown in Figure 4.9. The electron flux is higher at V top,

due to the positive bias. Likewise the hole flux is higher at V bottom. The flux in the Y

direction remains constant.

The rate of change of the electron and hole current densities in the X and Y direction

are shown in Figure 4.10. Due to carrier equilibrium, both and carrier flux and the rate
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of change of the current density are symmetrical between the electrons and holes. The

rate of change in the X direction follows the slope of the current flux in Figure 4.9(a).

Namely, as X increases, the electron flux decreases and its derivative is negative. Equiv-

alently, the hole flux increases with X and its derivative is positive.

Position(x,y) (0.34922,0.5) µm

dJp/qdx 4.390×1013 cm-3s-1

dJp/qdy 0 cm-3s-1

dJn/qdx -4.391×1013 cm-3s-1

dJn/qdy 0 cm-3s-1

Gehp 4.385×1013 cm-3s-1

RSRH 3.246×109 cm-3s-1

Table 4.5: Simulator output for current continuity in quasistationary simulation
of the test structure

The simulator output for checking proper operation of the continuity equations is shown

in Table 4.5. The numbers match Equations 3.9 and 3.10, which for two dimensions,

become:

−
(
∂Jp

q∂x
+
∂Jp

q∂y

)
+Gehp −RSRH = 0 (4.8)

(
∂Jn

q∂x
+
∂Jn

q∂y

)
+Gehp −RSRH = 0 (4.9)

The electron flux through the contacts during the quasi-stationary simulation of the test

structure is shown in Figure 4.11. The current going through the top electrode at Vtop

= 1.1 V is equal to that at the top electrode in Figure 4.9(a). For this, we are taking

into accout that the current at the contacts is calculated as the surface integral of the

current density over the contact area (DirectCurrent in sdevice [10]). The contact area

is 1 µm2.
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Figure 4.9: Electron and hole flux density in quasistationary simulations of the
test structure.
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Figure 4.10: Rate of change of electron and hole current densities

Figure 4.11: Contact flux during quasi-stationary simulation of the test structure
as a function of Vtop.



Chapter 4 Simulation and calibration of 400 nm SiO2 capacitors 39

4.2.6 Transport in transient

Checks on quantitative accuracy of transport in transient is complicated to perform

due to the time fluctuations of the current. The carrier flux densities inside the ox-

ide for a one-dimensional cut at the middle of the top electrode after total dose of 3474

Rad(SiO2) are shown in Figure 4.12(a) for Vtop = 0 V and Figure 4.12(b) for Vtop = 1.1

V.
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(a) Carrier flux densities in the x direction during transient
simulation with Vtop = 0 V, Total Dose = 3474 Rad(SiO2)

0 1 x 1 0 - 5 2 x 1 0 - 5 3 x 1 0 - 5 4 x 1 0 - 5

0 . 0

5 . 0 x 1 0 8

1 . 0 x 1 0 9

1 . 5 x 1 0 9

 

 

Flu
x d

en
sit

y (
cm

-2 s-1 )
X  d i r e c t i o m  ( c m )

 E l e c t r o n s
 H o l e s

V t o p  =  1 . 1  V  V b o t t o m  =  0  V

(b) Carrier flux densities in the x direction during transient
simulation with Vtop = 1.1 V, Total Dose = 3474 Rad(SiO2)

Figure 4.12: Flux densities in the test structure
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Figure 4.13: Flux densities in the test structure

As an example, the electron fluxes at the positions close to the top electrode are given

in Table 4.6. These values are comparable to those of the electron flux going though the

top electrode, as shown in Figures 4.13(a) and 4.13(b), namely, for V top= 1.1 V, the

top electrode electron flux is recorded to be 15.23 µm-2s-1 while for V top = 0 V, 0.013

µm-2s-1.
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Vtop (V) Location e flux (cm-2s-1)

0 top electrode 15.23×108

1.1 top electrode 21.32×104

Table 4.6: Electron flux at the positions of the electrodes as taken from the
results in Figure 4.12

4.2.7 Hole trapping in quasistationary

The parameters used for the carrier trapping model are shown in Table 4.7. The de-

generacy factor for the traps is unity. The J-factors for the traps are also unity. In the

case of irradiation, we assume that trapping is dependent on carrier drift. In the case of

no irradiation, only diffusion is considered as a trapping mechanism. We assume deep

traps, therefore, an effective activation energy for the traps is set at 4 eV above valence

band. The reason for this is explained in section 4.3.

In order to calculate carrier trapping-related results, some values were extracted from

the simulator for Vtop = 1.1 V. These are shown in Table 4.8. Using the equations

presented in Section 3.2.5 the values shown in Table 4.9 were calculated analytically.

Description Symbol Value Units

Conduction band degeneracy factor gn 1
Valence band degeneracy factor gp 1
Electron J-factor gJ

n 1
Hole J-factor gJ

p 1
Electron thermal velocity vnth 2.042× 107 cm/s
Hole thermal velocity vpth 1.562× 107 cm/s
Electron capture cross section σn 10-12 cm2

Hole capture cross section σp 6.8×10-14 cm2

Electron constant emission rate enconst 0 s-1

Hole constant emission rate epconst 0 s-1

Effective Density of States in CB NC 8.867×1018 cm-3

Effective Density of States in VB NV 1.931×1020 cm-3

Energy of donor traps Etrap EV+4 eV

Table 4.7: Parameters used for the trapping model in sdevice

Substituting these values in (3.33) we get,

0.358153 =
2.168× 10−70 + 0.000101277(

2.168× 10-70 + 0.0001815
)

+
(
0.000101277 + 1.495× 10-53) (4.10)

The RHS of this is 0.3562, therefore the quasi-stationary equations are solved correctly

in the oxide.
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Point (-0.05078,0.5) µm

EC 1.25208 eV
EV -7.74792 eV
Jp 2.383× 10-10 A/cm2

Jn 2.904× 10-11 A/cm2

p 5.522× 109 cm-3

n 405.43 cm-3

p+
t 1.790× 1013 cm-3

pt 5× 1013 cm-3

fp 0.358158
Gehp 4.385× 1013 cm-3s-1

RSRH 3.246× 109 cm-3s-1

Table 4.8: Simulator output for calculation of occupational probability. Vtop =
1.1 V.

Point (-0.05078,0.5)

enCB 2.168× 10-70 cm-3s-1

epVB 1.495× 10-53 cm-3s-1

cnCB 0.0001815 cm-3s-1

cpVB 0.000101277 cm-3s-1

RSRH 3.25023× 109 cm-3s-1

Table 4.9: Calculated values for occupational probability of hole traps during
quasi-stationary simulation, Y = 0.5 µm and Vtop = 1.1 V
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4.3 Capacitor post-irradiation simulations

The irradiation simulations were performed in transient first and then in quasi-stationary

mode after ‘freezing’ the traps in their state. The simulation flow is shown in Figure 4.14.

T1 and T2 denote beginning and ending of transient simulations respectively. ’Q’ denotes

quasi-stationary simulation beginning or ending. Transient simulations are solved for a

specific time range. Quasi-stationary simulations, on the other hand, are solved for a

random range t = 0→1. Any sweep on parameters is performed such that P = P0 + t(P1

- P0). Where P0 is the initial value and P1 is the final value.

𝑫 = 𝟑𝟖. 𝟔 𝑹𝒂𝒅(𝑺𝒊𝑶𝟐)/𝒔 
t = 0 s t = Irradiation time 

Freeze traps 

𝑫 → 𝟎 𝑹𝒂𝒅(𝑺𝒊𝑶𝟐)/𝒔 

C-V Sweep 

T1 T2 

Q
1 

Q
2 

Q
3 

Q
4 

Figure 4.14: Simulation flow for the trapping equation in the capacitor

The average positive trapped charge density as a function of total dose was monitored

during transient simulation and is shown in Figure 4.15(a). For sample B, the rate of

change of trapped charge shows a reduction, however, saturation has not been reached

up to the total dose of 58 kRad(SiO2). The difference in the trapping rate is due to

the different fixed oxide charge concentration defined to calibrate the pre-irradiation

results.

(a) Average trapped charge in the oxide as a function of
total dose

(b) Evolution of trapped holes of sample A in a one-
dimensional cut from the metal to the silicon in the oxide

Figure 4.15: Average traped charge and its evolutions in the oxide.

The evolution of the distribution of trapped charge in the oxide is shown in 4.15(b).

With increasing total dose, the trapped charge is aggregated at the interfaces of the
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oxide with the metal and the silicon. This is due to the higher flux of the carriers

created in the oxide at those locations and can be partly attributed to the electric field

collapse effect as described in [9]. Initially, the carriers following paths according to

their charge and the potential difference created based on the metal work-function and

doping concentration in silicon. However, with increasing total dose, holes are trapped

close to one of the interfaces and the electrostatic potential in the oxide changes causing

the carriers to follow reverse paths. This process is repeated until equilibrium (dp+
t /dt

= 0).

4.3.1 J-coefficient

A set of simulations was performed to study the effects of drift and diffusion-enabled

trapping. The j-coefficient in Equation 3.23 controls the percentage of contribution of

its process to the final value of the trap occupational probability. Physically, at very low

electric fields, diffusion is considered to be the dominant mechanism for the capture

of holes, while at higher electric fields, diffusion is thought to prevail over drift [107].

This process, however, is interlinked with the carrier yield. At very low electric fields,

the generated carriers can be significantly reduced, reaching zero during electric field

collapse [9].

The average trap density in the oxide with increasing contribution of diffusion-enabled

trapping and a uniform trap density of 1018 cm-3 is shown in Figure 4.16(a). Note that

the sum of the drift and diffusion factors is 1. The trapped charge density is increased

with increasing contribution of the drift motion of the holes in the trapping process. This

is directly translated to increase in voltage shift in Figure 4.16(b). The reduction in the

voltage shift value that occurs with the increasing contribution of the hole diffusion does

not allow for adequately simulating the TID effect in the capacitor. Further simulations

were performed to examine the issue.

In Figure 4.17(a), the average trap density and voltage shift with J-coef = 0.99 is shown.

Above a trap density of 1017 cm-3, there is no change in the average trap holes density.

This is shown more clearly for three different contributions in Figure 4.17(b). It is seen

that only 100% drift accurately represents trapping in the oxide as even 1% of diffusion

causes an abrupt saturation of the midgap voltage shift and furthermore the goal of -1.5

V for sample A is not achieved.

4.3.2 Effective activation energy of traps

A number of studies have been made on the microscopic nature of the SiO2 defects

using density functional calculations. However, there is no general consensus over the

most prevalent types and their characteristics. A good review is given in [59]. The
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(a) Contribution of the drift motion of holes to the average
trapped charge in the oxide. pt = 1018 cm-3.

(b) Flatband voltage shift of the capacitor for different j-
coefficient values.

Figure 4.16: J-coefficient effects on device response

(a) Average trapped hole density in the oxide with different
trap densities and 99% drift.

(b) Midgap voltage shift as a function of trap den-
sity.

Figure 4.17: Effect of drift and diffusion coefficient.

findings include a dimer configuration with a shallow activation energy ≈ 1 eV from

the valence band edge and a concentration of 80% (Eδ ’ center) while bistable defects

with an activation energy of ≈ 4.5 eV had a concentration of 20% (Eγ ’ center). Further

studies have shown that immediately after irradiation, the predominant trapping site is

the shallow Eδ ’, and, gradually, as the shallow traps get annealed with time, charges at

shallow traps get annealed and get trapped in deep hole trapping sites [60, 108].

To test the effects of hole trapping under different activation energies of the traps, the

average trapped charge in the oxide was recorded as a function of time. The results are

shown in Figure 4.18. It is seen that the trapped charge is lower in the case of shallow

traps with activation energy EV+1 eV. This is due to the role played by the hole emission

factor in Equation 3.17 for different values of effective density of gap states. The factors

of this equation are shown in Table 4.10. This table shows that the hole emission factor

in the case of shallow traps is higher, reducing the value of the occupational probability.
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Figure 4.18: Average trapped charge in the oxide (sample B) as a function of
time at different trap activation energies

The effective density of gap states for electrons (n1) and holes (p1) as a function of

activation energy (Etrap) of the trap are shown in Figure 4.19. At lower values of the

trap energy, the hole density increases significantly. This affects the hole emission factor,

as shown in Figure 4.20. At Etrap = EV+1 eV, the emission factor reaches the value of

0.00337 s-1.
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Figure 4.19: Effective density of carriers as a function of trap activation energy
at the point (X,Y) = (0.05,0.5) µm in the oxide. The energy is measured in
relation to the valence band. In the case of Vg = 0 V, EV = -5.8208 eV.

Ev+1 eV Ev+4 eV Unit

Occupational probability fp 0.00575 0.01311
Electron emission factor vnthσnn1 9.62× 10-121 2.16× 10-70 s-1

Electron capture factor σnjnJn/q 7.73× 10-5 8.89× 10-5 s-1

Hole emission factor vpthσpp1 0.00337 1.49× 10-53 s-1

Hole capture factor σpjpJp/q 3.86× 10-4 3.67× 10-4 s-1

Table 4.10: Simulation output at time = 1000 s
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Figure 4.20: Electron and hole emission factor as a function of trap activation
energy.

4.3.3 Calibrating trap density

The capacitors were calibrated to the midgap voltage (Cmid). This was found by solving

the capacitor model with interface traps at a concentration of 1011 cm-3 deep within

the silicon bandgap (0.56 eV from the conduction and valence band for electrons and

holes respectively), as shown in Figure 4.21. Cmid and ∆Vmid were found from the point

of intersection. This point represents the ‘intrinsic energy’ (Ei) in the middle between

EC and EV. This computational method was used to avoid errors when extracting the

midgap voltage analytically.

(a) Sample A (b) Sample B

Figure 4.21: Calibrating the effective oxide charge to Cmid

From this, the post-irradiation effective oxide charge, Not, was extracted. A transient

solve was then performed separately, to extract the trap density, pt. The C-V post-

irradiation results for the two samples are shown in Figure 4.22. Table 4.11 lists impor-

tant parameters for the simulations including post-rad charge density and trap density

for each sample. Bulk trap densities are lower than found previously in commercial

thick oxide capacitors [45]. This can be due to annealing of the trapped charge since
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the experimental measurements were performed one day after irradiation. The pre-

and post-irradiation experimental and simulation results for sample A are shown in Fig-

ure 4.23.

(a) Sample A (b) Sample B

Figure 4.22: Capacitor C-V radiation simulations. The experimental results are
shown in black and the simulation results are shown in red dashed line.

Sample A Sample B

tox 391.5 389.5 nm
Pre-Rad Not 6×1015 4.5×1015 cm-3

pt 8.2×1017 5.0×1017 cm-3

Post-Rad pt
+ 3.2×1015 4.5×1015 cm-3

pit 1011 1011 cm-2

Table 4.11: Parameters for calibrating to midgap voltage
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Figure 4.23: Pre and post-irradiation experimental and simulation results for
sample A.
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4.4 Hydrogen Transport in 400 nm SiO2 capacitors

4.4.1 Interface traps

In this section, simulation of interface trap formation as a result of TID in the 400 nm

SiO2 capacitor samples is discussed. For this, we have used a third sample (sample C),

irradiated at 290 kRad(SiO2). Pre-irradiation fixed oxide charge of 3.7×1015 cm-3 was

found for this sample and effective oxide thickness of tox = 388.5 nm. The pre- and

post- irradiation characteristics are shown in Figure 4.24. The same simulation method

was used to extract ∆Vmid as in section 4.3.3. The charge density used to fit post-rad

characteristics is Post-Rad Not = 1.25×1016 cm-3.
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Figure 4.24: Pre and post irradiation results of capacitor sample irradiated at
290 kRad(SiO2)

The activation energies of the interface traps will ultimately define the shape of the

C-V curve, in addition to their densities. In Figure 4.25 are provided, for illustration

purposes, the C-V results of sample B with different activation energies of acceptor and

donor traps at a density of 1011 cm-2. The values used for the cross sections are equiv-

alent to the values used for the bulk traps and within the range given in [109]. From

these figures we observe that a single trap energy level is not adequate to describe the

interface state induced voltage shift. This was further confirmed at the interface trap

density calibration process below.

Initially, fixed activation energies of 0.45 eV from either the conduction or valence band

were used. The results are shown in Figure 4.26 and the densities are given in Ta-

ble 4.12. These results were taken after numerous efforts with different combinations

of energies and densities. Varying activation energies for the traps were used next. This

is shown in Figure 4.27, while the densities for each activation energy are listed in Ta-

ble 4.13.
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(a) Donor interface trap density 1011 cm-2 - Sample B (b) Acceptor interface trap density 1011 cm-2 - Sample B

Figure 4.25: Donor and acceptor interface traps at different activation energies
with density 1011 cm-2
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Figure 4.26: C-V results with Nit at fixed activation energies (as shown in Ta-
ble 4.12)

Density Activation energy

Sample A Donors 1010 cm-2 EV + 0.45 eV
Acceptors 4×1010 cm-2 EC - 0.45 eV

Sample B Donors 7.1×1010 cm-2 EV + 0.45 eV
Acceptors 1×1011 cm-2 EC - 0.45 eV

Sample C Donors 1.5×1011 cm-2 EV + 0.45 eV
Acceptors 2×1011 cm-2 EC - 0.45 eV

Table 4.12: Densities of interface traps with activation energies of 0.45 eV from
the conduction band for acceptors and valence band for donors.

Overall, for the three irradiated samples, acceptor and donor trap densities (eV-1cm-2)

are shown in Figure 4.28. This is shown as a function of total dose, however, the sam-

ples are different, therefore small differences in the trap densities are thought to exist.

Qualitatively, the interface traps show a logarithmic increase, indicating interface trap

formation as a result of irradiation.
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Figure 4.27: Interface traps with varying activation energies

Density Activation energy Average

Sample A Donors 1010 cm-2 EV + 0.45 eV 5.1×109 eV-1cm-2

Acceptors 4×1010 cm-2 EC - 0.45 eV 2×1010 eV-1cm-2

Sample B Donors 3.4×1010 cm-2 EV + 0.37 eV
2.0×1010 eV-1cm-2

Donors 3×1010 cm-2 EV + 0.52 eV
Acceptors 1011 cm-2 EC - 0.48 eV 5×1010 eV-1cm-2

Sample C Donors 7×1010 cm-2 EV + 0.29 eV
4.8×1010 eV-1cm-2Donors 7×1010 cm-2 EV + 0.39 eV

Donors 5.8×1010 cm-2 EV + 0.53 eV
Acceptors 1.2×1011 cm-2 EC - 0.50 eV

6.7×1010 eV-1cm-2
Acceptors 1011 cm-2 EC - 0.40 eV

Table 4.13: Densities and activation energies of interface traps of C-V results in
Figure 4.27
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Figure 4.28: Interface trap increase as a function of total dose.

4.4.2 Interface trap formation using state transitions

Transport of hydrogen species at the Si/SiO2 interface leads to reactions inducing inter-

face states where positive and negative charges are trapped. The exact details of this

process are varying in the literature. In MOS capacitors, the theoretical explanation

given to this process is less detailed than in bipolar transistors due to the dose-rate de-

pendent effect observed in the latter. The transition state diagram used in this work is

shown in Figure 4.29.

(a) Chemical reaction symbols (b) Symbolic names used in the simulator

Figure 4.29: State transition diagram showing passivation and depassivation of
interface dangling bonds.

The chemical reactions taken into account are as described in [110]. The passivated

Si-H bond turns into a positively charged interface state, D+, absorbing a proton (H+)

and releasing a hydrogen molecule (H2).
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Si−H + H+ ↔ D+ + H2 (4.11)

H2 leaving the interface then enters the SiO2. We neglect dissociation of H2 occurring

in the silicon because transport of the molecule to the Si is very unlikely due to the very

high barrier of the process. Passivation of the interface state is modelled using a) The

reverse of reaction (4.11) and b) Negatively charged interface states capturing a H+

(Reaction 4.11) [79].

D− +H+ → Si−H (4.12)

Concentrations, diffusion barriers and diffusion coefficients of the hydrogen species are

shown in Table 4.14. Symbolic names of this table are given in Figure 4.29(b). H2 con-

centration is dependent on the hydrogen existing in the environment during processing.

H+ formation is simulated using initial value concentrations uniformly spread inside the

oxide. Their contribution to interface trap formation is then a result of their diffusive

transport in the oxide.

Si SiO2 Si/SiO2 Ref.

H2 concentration 1011 - 1018 cm-3 1011 - 1018 cm-3 10-300 cm-2 [83]
H2 diffusion barrier 2.4 eV 0.2 eV 0.2 eV [110]
H2 diffusion coefficient 10-4 cm2s-1 10-4 cm2s-1 10-4 cm2s-1 [79]
H+ concentration 10-300 cm-3 - 10-300 cm-2 [83]
H+ diffusion barrier 0.4 eV 0.7 eV 1.0 eV [81, 83]
H+ diffusion coefficient 1 cm2s-1 1 cm2s-1 1 cm2s-1 [79]

Table 4.14: Hydrogen species transport variables

It has been postulated in numerous studies that a H+ arriving at the Si/SiO2 interface

moves laterally with a barrier of 0.2 - 0.3 eV until it finds and de-passivates a passivated

dangling bond. In the case of an abrupt interface, the barrier to pass into the silicon is

1.0 eV, while in the case where it encounters a sub-oxide bond (a strained Si-Si bond on

the side of the SiO2) the barrier that the H+ needs to overcome to move away from it is

asymmetric (1.5 eV on the Si side) [68, 84, 110].

For simplicity, we are considering an abrupt interface here, and all H+ trapping leads

to de-passivation of dangling bonds. The direction of the H+ is thought to occur only

in the SiO2-Si direction. Therefore, only the barriers for transport through the interface

are considered.

Table 4.15 lists all variables used in state transitions. The barrier energies for passivation

and de-passivation of the dangling bonds are taken from [110]. The thermal velocities

used for H+ is similar to that of H2. The activation energies of the acceptor and donor

traps created are defined in relation to the valence band.
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tH2 tH+ tH+

Trap energy (eV) 0 0 0
Activation energy (eV) 1.3 0.6 1.3
Cross section (cm2) - - - -
Thermal velocity (cm/s) 1.754×105 1.754×105 1.754×105

tCB1 tCB2 tVB1 tVB2

Trap energy (eV) EV+0.675 EV+0.675 EV+0.225 EV+0.225
Activation energy (eV) 0 0 0
Cross section (cm2) 10-12 10-12 10-16 10-16

Thermal velocity (cm/s) 2.042×107 2.042×107 1.562×107 1.562×107

Table 4.15: State transition variables

4.5 Conclusions

The methodology used to simulate charge generation, transport and trapping in the

oxide regions of MOS devices was presented. The method includes the oxide defined

as a semiconducting structure with a wide bandgap and a Schottky contact with the

metal gate. Operation of transport with the drift-diffusion model and bulk trapping

mechanisms were first checked in a test structure. The effect of the activation energies

the bulk traps as well as contributions from drift and diffusion-enabled trapping of the

holes were explained. The simulation model was calibrated to experimental capacitors

with 400 nm SiO2. The post-rad characteristics were fitted to the midgap voltage of

the irradiated capacitor using a computational method of calculating the intrinsic en-

ergy. The densities of the traps when a uniform trap concentration is taken into account

was found to be 8.2×1017 cm-3 and 5×1017 cm-3 for two samples irradiated at 11.6

KRad(SiO2) and 58 KRad(SiO2) respectively. It was realised that for an accurate simula-

tion of charge trapping after irradiation in the capacitors, the most important parameters

were the density of the traps, their effective activation energies and the model used to

calculate charge trapping (drift or diffusion enabled). These are adequate for calibrating

simulation results to experiments.

Average interface trap densities per eV were extracted for the two aforementioned sam-

ples. A third sample irradiated at 290 kRad(SiO2) was also simulated. The state tran-

sitions method of interface trap formation with irradiation was described. The drift-

diffusion model was used in this case as well for transport of the carriers generated

through irradiation in the oxide. Transport of hydrogen species was also activated. This

method can lead to a full description of TID effects in the oxide. The only drawback

to its implementation is that Synopsys Sentaurus does not currently include negative

hydrogen ions (H-) in its list of hydrogen species. H- is included in some models of

interface trap passivation and de-passivation in the literature and could potentially be

essential to a realistic description of the model.
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Combined Random Dopant
Fluctuations and Total Ionizing
Dose effects in 45 nm PDSOI
nMOSFETs

Previous studies on 45 nm and 32 nm PDSOI nodes have revealed increased TID hard-

ness due to the high body doping incorporated to suppress short channel effects [19, 28]

and the use of a thick silicon film that mitigates electrostatic coupling between the front

gate transistor and any parasitic channels induced in the device after irradiation [111].

Figure 5.1: Flowchart of the simulations performed on the IBM 45 nm PDSOI
MOSFET model.

55
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RDFs as a source of variability become significant in deca-nanometer technologies. It

has been suggested that at 45 nm they approach 50% of total variability [22]. TID re-

sults have been shown experimentally to become affected by variations from different

sources in devices that showed no response deviation un-irradiated [112]. In this chap-

ter, combined TID and RDF simulations of the 45 nm PDSOI nMOSFET, calibrated to the

IBM node, are presented. The focus is on the effects that changes in the number and

position of dopant atoms can have on the TID response of the device taking into account

that such effects require a large number of devices to be measured.

Three-dimensional RDF simulations using the models described in Section 3.7 as well

as two-dimensional simulations of irradiation using the bulk charge trapping method,

as described in Chapter 4, are demonstrated. The model parameters derived in the last

chapter are also used. These were extracted from calibrating to experimental results of

thick oxide capacitors fabricated at the University of Southampton.

A flowchart presenting all the simulation stages is given in Figure 5.1. The technical

difficulty involved in three-dimensional simulations of irradiation is significant. With

adequate time and expertise, the model can be made to converge. Due to time con-

strains, only two-dimensional simulations were considered here. The latter provided a

way to simulate important effects and different bias conditions fast. The RDF simula-

tions were performed using two different methods (the Sano and IFM). These further

allowed a comparison to be made between the two methods.

5.1 Calibration to the 45 nm PDSOI IBM node

A floating body 45 nm PDSOI nMOSFET was constructed in Sentaurus process (Fig-

ure 5.2). The steps are similar to the gate-first flow in [113]. The model is initially

created in 2D. After placement of the BOX, and subsequent deposition of the top Silicon

film, the STI is created. The threshold voltage adjustment implant preceded gate depo-

sition and Source/Drain implant formation. Nickel Silicide was used for the contacts. At

last, the device was extruded to 3D and the STI adjacent to the gate was formed using

placement commands. The STI forms a corner of 85o with the Silicon. The structure

was finally mirrored in the X direction as shown in Figure 5.3. Important device char-

acteristics and structural parameters are shown in conjunction with those in [114] and

[115] in Table 5.1.

For the device simulation, hydrodynamic transport for electrons was used inside silicon.

All other transport is modelled using drift-diffusion. The Philips Unified Mobility model

is included with velocity saturation, mobility degradation due to the electric field per-

pendicular to the semiconductor-insulator interface. SRH avalanche recombination with

CarrierTempDrive was used. All model parameters are given in Appendix B.
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Figure 5.2: Process steps for the 45 nm PDSOI MOSFET simulation model

In fitting the MOSFET characteristics to the commercial node, a few points were kept

in mind. Initially, the well implant was used for fitting Vt at 0.39 V [114]. The Id-Vg

of some of the devices with different Well and Halo implants examined are shown in

Figure 5.4 (VdLin = 50 mV, VdSat = 1.0 V). The implant doses used are explained in

Table 5.2. An increase in the off-state current is observed with decreasing well and Halo

implant dose. Further HDD and LDD doses were examined and their characteristics

extracted as shown in Table 5.3.

Threshold voltages (V t), saturation current (IdSat), off-state current (Ioff) and sub-

threshold slope characteristics (SSsat) were extracted for all simulations and compared

to [114]. The values that are finally chosen are shown in Table 5.4.

The I-V characteristics of the device compared to those found in [116] are shown in

Figure 5.5. The 1D doping profile that resulted from this process in the two cuts shown

in Figure 5.3(b) are given in Figure 5.6. The device shows a doping density of up to

Parameter IBM 45 nm node This work

Physical Lg (nm) 35 35
EOT (nm) 1.0 1.0
tSi (nm) 60 50

IdSat(µA/µm) 1240 1220
Ioff (nA/µm) 200 4

V t (V) 0.35 0.36
V dd (V) 1.0 1.0

Table 5.1: Structural device characteristics of the 45 nm PDSOI MOSFET [114,
115].
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Well (cm-2) Halo (cm-2)

Sim 1
4× 1013

4× 1012

Sim 2 1× 1012

Sim 3 9× 1011

Sim 4
2× 1013

4× 1012

Sim 5 1× 1012

Sim 6 9× 1011

Table 5.2: Varying implant doses for fitting 45 nm MOSFET characteristics

5.4×1018 cm-3. The doping density in the third dimension is uniform and extends to the

STI sidewalls.

STI

BOX 35 nm

Cut A

Cut B

Silicon

x

y
z

(a) 3D structure of the 45 nm PDSOI MOSFET

100 nm

50 nm STI

BOX

Si
85o

Cut 1

Cut 2

(b) Cut A

(c) Cut B

Figure 5.3: Structure of the 45 nm PDSOI MOSFET simulation model
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Figure 5.4: Id-Vg characteristics used for fitting the simulation model to the 45
nm technology node.

LDD Dose

(cm-2)

HDD Dose

(cm-2)

Vtlin

(V)

IdSat

(µA/µm)

Ioff

(nA/µm)

SSsat

(mV/dec)

5× 1014 6× 1014 0.368 1132 2 61.913
8× 1014 0.360 1134 2 77.119

8× 1014
5× 1014 0.365 1220 4 62.914
6× 1014 0.368 1207 3 62.117
8× 1014 0.361 1184 3 77.766

Table 5.3: Varying LDD and HDD doses and resulting device characteristics of
the 45 nm PDSOI MOSFET simulation model.

Dose (cm-2) Energy (keV)

Well implant B 4.0× 1013 8.0
Halo BF2 9.0× 1011 20.0
LDD As 8.0× 1014 2.0
HDD As 5.0× 1014 6.0

Table 5.4: Implant doses and energies of the final simulation model.
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Figure 5.5: Id-Vg simulation results of 45 nm PDSOI MOSFET compared to
experimental results from [116].

Figure 5.6: Doping concentration through Cut 1 and 2 as shown in Fig-
ure 5.3(c).
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5.2 Fixed field oxide charges in the 45 nm PDSOI

The oxide regions surrounding the device are separated so that contributions from the

STI and BOX are examined separately. The topology of the device at the corners created

by the isolation oxides is very important to the device response [117]. The ’humps’

observed in earlier technologies resulted from charges gathering at the top silicon/STI

corner when the trench is recessed [118]. Other authors indicate the absence of humps

in certain technologies [27, 49] and its correlation to simulation results with fixed oxide

charges. It is generally concluded that humps are observed in situations where the top

STI corner is not sufficiently rounded and irradiation occurs under zero bias, as positive

gate voltages push holes to the opposite direction [76, 107, 119, 120]. In this work,

we have used a planar STI configuration in order to examine the effects of RDFs on the

sidewall channel excluding topology effects.

The 45 nm PDSOI model was constructed using a 85o STI inclination which is an average

value for sub-100 nm MOSFET technologies [107, 121]. Furthermore, to investigate the

case where no contact of the Source/Drain regions to the BOX occurs, shallow junctions

of xj = 20 nm were included.

Fixed charges were defined in the field oxides of the device. These were added to the

BOX only, STI only and both the BOX and STI as uniform charge spread throughout the

oxide volume. The Id-V g results are shown in Figure 5.7. The areal charge, Nat, is

extracted by multiplying the volume density with the width of the oxide region. Explicit

values of ∆V t and ∆Ioff are listed in Table 5.5.

Figure 5.7: Uniform oxide charges in the BOX and STI.
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BOX STI BOX+STI
Charge (cm-2) ∆V t (V) ∆Ioff (A) ∆V t (V) ∆Ioff (A) ∆V t (V) ∆Ioff (A)

2.5×1012 -0.002 3.04×10-12 -0.008 1.36×10-11 -0.010 2.03×10-11

3×1012 -0.003 3.78×10-12 -0.001 1.75×10-11 -0.014 1.75×10-11

3.5×1012 -0.003 4.59×10-12 -0.011 2.20×10-11 -0.017 2.18×10-9

4×1012 -0.005 5.58×10-12 -0.015 2.70×10-11 -0.044 8.60×10-8

4.5×1012 -0.005 7.17×10-12 -0.015 3.28×10-11 -0.044 2.30×10-7

5×1012 -0.006 3.42×10-12 -0.017 3.94×10-11 -0.068 4.04×10-7

Table 5.5: V t shifts and increase in Ioff at different oxide charge concentration
energies

With the chosen planar STI topology, ∆V t of 17 mV is observed during the highest exam-

ined charge density (Nat=5×1012 cm-2). At this charge, also minimal coupling between

the front and back transistors starts taking place. Longer channel PDSOI transistors that

incorporate lower levels of body doping have exhibited front/back gate coupling similar

to FDSOI architectures [122]. This does not seem to be a problem in the 45 nm tech-

nology and beyond, since the high body doping prevents full depletion of the top silicon

film.

However, we clearly see that although there is no contact between the S/D implants and

the BOX (due to the use of ultra-shallow junctions), the device exhibits off-state current.

This only happens when both the BOX and STI charge is included. The off-state current

and depletion region in this case is shown in Figure 5.8 for no charge and Nat=5×1012

cm-2.

A large portion of the current is aggregated at the bottom Silicon corner. Figure 5.9

shows the electric field lines in the field oxides. Their direction further confirms that the

bottom corner transistor takes place in our device. Holes created in the STI and BOX

follow the direction of the electric field lines and get trapped in defect centers (Eγ ’ and

Eδ ’) [60]. According to the theory, the trapped charge density will be higher towards

the end of the lines at the interface with the silicon, as the hole flux there will be higher.

Ionic hydrogen (H+) also follows the same path. At the Si/SiO2 interface, hydrogen can

de-passivate dangling bonds creating either interface traps, or introducing fixed positive

1.441x108

2.748x10-5

62.92

1.200x10-11

5.242x10-18

2.290x10-24

1.000x10-30

Total current 
density (A/cm2)

No charge 5x1012 cm-2

Figure 5.8: Depletion region and current density in a cut perpendicular to the
gate for the cases of no charge and bulk charge of areal density Nat=5×1012

cm-2. V g = 0 V, V ds = 0.05 V.
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charge [68]. In our device, the field lines have a similar distribution as that in over-

etched STI 0.2 µm PDSOI MOSFETs [27], moving from the STI to the BOX and from the

BOX towards the silicon and the bottom silicon corner.

Si

BOX

(a) Vg = 0 V, Vds = 0.05 V

SiSTI

(b) Vg = 1 V, Vds = 0.05 V

Figure 5.9: Electric field lines in the field in the 45 nm PDSOI MOSFET model.
The coloured gradient shows the electrostatic potential

(a) No bulk oxide charge (b) Nat=3.5×1012 cm-2

Figure 5.10: Interface traps introduced at the interface of the silicon with the
BOX and STI. The device is solved with both no bulk oxide charge and bulk
oxide charge of areal density 3.5×1012 cm-2.

Simulations were also performed to examine the case where traps were formed due to

transport of hydrogen species at the interface of the silicon film with the BOX and the

STI. The Id-V g results are shown in Figure 5.10. Donor and acceptor interface traps

were examined separately with areal concentrations up to 1013 cm-2. The activation

energies are 0.45 eV from the silicon conduction band for the acceptors traps and 0.45

eV from the valence band for the donor traps, that represent the worst case scenario.

Acceptor traps remained unoccupied based on the electrostatic potential at the Si/SiO2

interface. Donor traps with concentration of 1013 cm-2 created a V t shift of 12 mV

and ∆Ioff = 1.82×10-10 A/µm in the case where no bulk charge (Not) was considered.

Under weak inversion of the parasitic transistor (Nat = 3.5×1012 cm-2), further in-

crease of leakage current when compared to the device with bulk oxide charge, ∆Ioff =

3.93×10-10 A/µm, was observed. Interface traps have therefore increased Ioff mostly at

the point of weak inversion.
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5.3 TID in 45 nm PDSOI MOSFET

The TID simulation methodology described in Chapter 4 is used here in two-dimensional

models of the 45 nm PDSOI n-channel MOSFET.

A 2D cut is taken at the middle of the channel (Cut B in Figure 5.3(c)) in order to

capture the effects of total ionizing dose in both the BOX and the STI. This is shown in

Figure 5.11. The field oxides are simulated as semiconducting (OASC) structures.

A B

silicon

X

Z

Figure 5.11: 2D slice of the 45 nm PDSOI MOSFET model

Figure 5.12: Calibration of electrostatic potential for radiation simulations.

The oxide region (OASC) has a direct contact with the gate, in order to simulate carriers

escaping the material. There is an extra silicon region bellow the OASC. The OASC/Si

interface has thermionic emission enabled. To fit the characteristics of the 3D transistor

structure to the 2D slice, the electrostatic potential was fitted to the structure of the oxide

as oxide (OAO) as shown in 5.12. A substrate bias of 0.8 V was applied to achieve this,

as the potential changed after adding the Si region at the bottom. The hydrodynamic
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transport model can only be enabled for the whole simulation domain. It was therefore

disabled as it was creating convergence issues. All transport is simulated using the drift-

diffusion model.

The flux of the carriers generated inside the OASC region and passing through: a) the

gate, b) the interface between the top silicon film and the OASC and c) the interface

between the silicon substrate and the OASC are recorded and shown in Figure 5.13. The

carriers follow paths according to the gate bias and the electrostatic potential charges

due to trapping mechanisms. The flux through the interfaces is the average value for

both directions. In Figure 5.13(a), electron flux through the gate electrode is higher at

V g = 1 V. Equivalently, hole flux in Figure 5.13(b) is higher at V g = 0 V. The electron flux

through the top silicon film interface with the oxide is increasing in both bias conditions

(Figure 5.13(c)), and the hole flux (Figure 5.13(d)) is decreasing due to the increase

in the number of holes trapped at the interface. Also, zero bias seems to favour hole

transport through this interface more than electron transport through it. For the electron

flux through the interface with the substrate (Figure 5.13(e)), while its value is higher

under V g = 1 V, however equilibrium does not seem to be reached. For the hole flux

(Figure 5.13(f)), the lower value of flux density that occurs under V g = 1 V could be

due to the charge trapped at the bottom of the BOX.

2D trapped charge simulation results under the two bias conditions are shown in Fig-

ure 5.14. During both bias conditions, most of the trapped charge is aggregated around

the silicon film. At V g = 1 V, the trapped charge density is increased at the bottom of

the BOX, as the holes are pushed towards it by the positive gate bias. This reduces the

amount of holes trapped underneath the silicon film (Figure 5.14(b)).

The charges trapped in the oxide at the bottom silicon corner as a function of distance

from it are shown in Figure 5.15 for V g = 0 V and Figure 5.16 for V g = 1 V. The initial

concentration of trapped holes at the beginning of irradiation is nearly uniform and

shaped by the electric field distribution. With increasing total dose, the trapped holes

distribution is shaped by the change in the electric field.

In all cases, a reduction of the charge density is observed at approximately 400 KRad(SiO2)

and beyond. This is due to thermionic emission after inversion electrons reach the bot-

tom corner. It is shown more clearly here that at V g = 1 V, the charge trapped at the

bottom of the BOX is increased at higher levels than around the silicon film due to the

positive gate bias pushing holes towards the substrate.

Using Equation 3.39, the areal charge at the two directions at the bottom of the silicon

angle is plotted as a function of total dose in Figure 5.17. It is seen that its value is in-

creasing nearly identically in all directions. The highest areal trapped charge concentra-

tion is approximately 2×1011 cm-2 and is well below the inversion charge concentration

of ≈ 3.5×1012 cm-2 observed in section 5.2.
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(a) Gate electron flux (b) Gate hole flux

(c) Average oxide/silicon film electron flux (d) Average oxide/silicon film hole flux

(e) Average oxide/silicon substrate electron flux (f) Average oxide/silicon substrate hole flux

Figure 5.13: PDSOI MOSET current densities passing through the gate contact
and the interface of the oxide with the silicon
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X

Z

100 KRad(SiO2)

200 KRad(SiO2)

300 KRad(SiO2)

400 KRad(SiO2)

500 KRad(SiO2)

600 KRad(SiO2)

(a) Vg = 0 V

100 KRad(SiO2)

200 KRad(SiO2)

300 KRad(SiO2)

400 KRad(SiO2)

500 KRad(SiO2)

600 KRad(SiO2)

Trapped 
Holes (cm-3)

(b) Vg = 1 V

Figure 5.14: Trapped holes in two-dimensional cut in the oxide (cm-3)
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(a) X direction (b) Z direction

Figure 5.15: Trapped holes as a function of distance from the bottom silicon
corner, V g = 0 V

(a) X direction (b) Z direction

Figure 5.16: Trapped holes as a function of distance from the bottom silicon
corner, V g = 1 V

Figure 5.17: Areal charge at bottom silicon corner as a function of total dose
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5.4 Random Dopant Fluctuations in the 45 nm PDSOI

5.4.1 Sano method

100 devices with randomized doping profiles were constructed in Sentaurus Mesh us-

ing the Sano method described in Section 3.7.1. Only the region directly underneath

the gate was randomized (Figure 5.18(a)). The randomized species dataset is Boron-

ActiveConcetration. Arsenic species randomization produced zero atoms in the given

region. The rest of the implant profiles were therefore kept as they were. The total

number of Boron atoms in this volume of the uniform profile transistor is 600. The

range of the total Boron atom count during randomization was between 570 and 700

(Figure 5.18(b)) showing a normal distribution with a tail towards the maximum.

S D
RDF

(a) Region where the RDFs are applied (b) Frequencies of devices with total number of atoms
in the region where randomization was performed as la-
belled in X axis

Figure 5.18: RDF volume and atom frequency counts.

Figure 5.19: Effect of screening length in Ioff of the randomized profile devices.

During the test procedure, the effect of the screening length to the Ioff characteristics

of the randomized devices was examined. This is shown in Figure 5.19. The spread in

Ioff values reduces with increasing screening length. The mean remains stable to a very
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good accuracy. Therefore, the value chosen for the screening factor is 3.3×106 cm-1

resulting from the Conwell-Weisskopf model with a doping concentration derived from

the integral functionality in Sentaurus visual.

Figure 5.20: Combined RDF and TID results for charges defined in the BOX only

Figure 5.21: Combined RDF and STI results for charges defined in the STI only

Id-V g results of the devices with the randomized doping profiles for the cases of BOX

and STI charge only are shown in Figures 5.20 and 5.21 respectively. RDFs appear

to increase Ioff and reduce Vt, however, the effects do not differ as oxide charge is

increased. RDF Id-V g results for both BOX and STI charge are shown in Figure 5.22.

RDFs most profoundly affect sub-threshold characteristics when Nat=3.5×1012 cm-2 is

introduced in the oxides.
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Figure 5.22: Combined RDF and STI results for charges defined in BOX and STI

It is also observed that at 3.5×1012 cm-2, the uniform profile device shows lower sub-

threshold current values than the mean. This could potentially be caused by the lowering

of the Vt of the parasitic transistor due to randomizing the position and number of the

dopant atoms. The electrons can thus find the easiest routes through the channel and

inversion occurs easier [123, 124]. The tail in the distribution of the dopant atoms in

the randomized region (Figure 5.18(b)) is directly translated to the devices showing

the highest resistance to TID during parasitic channel inversion. Threshold voltage (V t)

RDF results for the case of both BOX and STI charge are shown in Figure 5.23. σV t

remains constant in all states of the parasitic transistor.

Figure 5.23: Standard deviation of threshold voltage of randomized devices
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5.4.2 IFM Simulations

IFM simulations were performed for the same values of oxide charge examined in the

previous section. Randomization was enabled for the same volume of the silicon film

shown in Figure 5.18(a). Both Acceptor and Donor atoms were randomized. The two

sources of variation were treated by sdevice as uncorrelated.

Attention was paid to the extraction method used for the Id-V g results of the randomized

profile devices produced with the IFM. The linear current response of the randomized

profile, δId, is linked to the nodal drain current dId and the gate voltage dV d variations

through the boundary condition [10],

dId = δId + yd,gdVg (5.1)

where,

yd,g =
∂Iref,d

∂Vg
(5.2)

and Iref,d is the drain current of the reference device.

There are different techniques used to derive Id-V g characteristics from the linear cur-

rent response. These techniques are appropriate either for the on state of the transistor,

weak inversion or leakage current. None of them, however, completely covers the situ-

ations examined in this work. Namely, it is not just the state of the front gate transistor

that is recorded in the Id-V g results, but also the state of the parasitic transistor.

Two extraction methods were therefore used for the Id-V g results. The ‘exp’ method

was used in the cases where the parasitic transistor is in the off state. The drain current

in this case is given by [10],

Iv,d = Iref,dexp

(
dIv,d

Iref,d

)
(5.3)

This method is appropriate for leakage current, but not for the other transistor states.

This is due to the breaking of the linearity assumption which results in non-Gaussian

distribution of drain current in other bias regimes. Therefore, the ‘dI ’ method is used

for the cases where the parasitic transistor is in the weak inversion or the on state. This

is given by [10],

Iv,d = Iref,d (Vref,g) + dIv,d (5.4)
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For the cases where non-physical, negative results occurred during the parasitic channel

weak inversion, the ‘exp’ method was used to represent those specific Id-V g results.

Figure 5.24: Combined RDF and STI results for charges defined in BOX and STI

The final characteristic of the randomized profile devices are shown in Figure 5.24. Up

to oxide charges of 3.0×1012 cm-2, the ‘exp’ method is used, while the ‘dI ’ method is

used for the remaining charges examined. The trends are similar to those in the results

of the Sano method with the randomized profile devices exhibiting higher Ioff spread

as we approach the parasitic channel weak inversion and then reducing as the parasitic

channel is completely turned on. The artefacts in the saturation region are due to the

extraction method chosen.

A comparison between the two randomization methods is shown in Figure 5.25. The

relative standard deviation in this figure is the ratio of the standard deviation of Ioff to

the mean. The trend is for RSD to increase until the Nat=3.5×1012 cm-2 (parasitic tran-

sistor weak inversion) and then reach practically zero towards 5.0×1012 cm-2 (parasitic

transistor saturation). The two methods are in good agreement, with the IFM producing

slightly higher spread in Ioff values.

The RSD(Ioff) and Ioff results of the devices with the randomized doping profiles using

the IFM for the case where donor interface traps are included are shown in Figure 5.26.

The interface traps considered have a concentration of 1013 cm-2 and are 0.45 eV from

the valence band. The effects of the RDFs are similar to the case where fixed charge

is considered. The point of weak inversion of the parasitic transistor has shifted to

lower values of oxide charge (3×1012 cm-2). However, the spread in Ioff is again in its

maximum during this condition and then reduces to negligible values when the parasitic

transistor is completely turned on.
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(a) Sano method (b) IFM

Figure 5.25: Relative standard deviation and Ioff values as a function of oxide
charge for the two RDF methods examined.

Figure 5.26: Ioff and RSD of the randomized profile devices with donor interface
traps of concentration pit = 1013 cm-2, Eit = 0.45 eV. The x axis indicates bulk
oxide areal charge concentration.
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5.5 Conclusions

The combined effects of Total Ionizing Dose and Random Dopant Fluctuations have

been examined in the 45 nm PDSOI MOSFET node. Using the fixed charge method, the

highest current density is observed at the bottom silicon corner. Radiation simulations of

two-dimensional cuts of the device structure confirm its potential existence as holes are

trapped in greater numbers on this corner at the side of the STI. At zero bias, the highest

concentration of trapped holes occurs close to the interface of the field oxides with the

silicon film. At V g = 1 V, the concentration of trapped holes increases at the bottom of

the BOX as well, as a result of the positive gate bias. The areal oxide charge projected

at the bottom silicon corner for a uniform trap concentration of 8.2×1017 cm-3 starts

saturating at 100 KRad(SiO2). The trapped hole density observed is about an order of

magnitude less than the value required for parasitic inversion to occur, which shows

that the device is extremely hardened against TID. Rounding the bottom silicon corner

can reduce the possibility of leakage paths to be formed even further by reducing the

magnitude of the electric field.

RDFs were examined using both the Sano and the IFM. The two methods are in good

agreement. It was observed that RDFs create significant response deviation but only in

post-irradiation results. In pre-irradiation, the contribution of RDFs is minimal. The

post-irradiation device response can deviate significantly, and therefore a greater num-

ber of measurements needs to be taken into account for the statistical error. RDFs,

generally, aggravate post-irradiation response decreasing the dose level at which the de-

vice is hardened against. Therefore, the effect is more pronounced at the point of weak

inversion of the parasitic transistor.

Interface traps located at the Si/BOX and Si/STI interface only change the device char-

acteristics in the case that they are of donor type. The RDF results using the IFM and

interface traps produced the same qualitative results as in the case of bulk charges only.

The only difference observed was a shift of the bulk charge required for parasitic channel

inversion to occur.





Chapter 6

Total Ionizing Dose simulations of
22 nm bulk nFinFETs

FinFETs have been adopted in commercial state-of-the-art transistor technologies at and

beyond the 25 nm gate length as scaling alternatives to partially and fully depleted SOI

technologies. In SOI FinFETs, the TID effect has been shown to depend on the geometry

of the fin [35, 36], while in bulk FinFET technologies its appearance is attributed mainly

to charges gathering in the Shallow Trench Isolation (STI) neck region [125].

In this chapter, TID simulations of a bulk nFinFET model, calibrated to the Intel 22 nm

node, are presented. The simulations include bulk charge trapping with the parameters

extracted in Chapter 4 using experimental results of 400 nm SiO2 capacitors fabricated

at the University of Southampton.

6.1 Calibration to the Intel 22 nm FinFET node

The nFinFET structure is constructed based on the technology presented in [98]. The

process steps are shown in Figure 6.1 and are similar to the Monte Carlo transport

simulation model found in [126].

Auth C. This work

Lg 30 30
Wfin (nm) 8 8

Hfin 34 34
EOT (nm) 0.9 0.9 (0.6 SiO2 + 2 HfO2)

Weff (nm) (2×HSi+WFin) 76 76

Table 6.1: Device characteristics for the simulation model and the commercial
22 nm bulk FinFET [98, 127]

77
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The FinFET raised S/D regions are constructed using hexagonal region placement com-

mands. The hexagonal structure results from Selective Epitaxial Growth when the

fin is constructed with (110)/<110> orientations. Surface faceting in this case pro-

duces diamond-shaped S/D regions [128, 129]. However, the use of the Lombardi

model parameters for this orientation, as calibrated in [126] produced many conver-

gence problems in both quasi-stationary and radiation simulations. Therefore, although

<110> orientation is assumed for the S/D geometry in sprocess, <100> orientation

parametrization is used for carrier transport in sdevice.

The device characteristics are listed in Table 6.1. Important process parameters are

shown in Table 6.2. FinFET channels are sometimes left undoped as their shape is

mainly responsible for their Ion-Ioff response. A threshold voltage adjustment implant

was used here in order to gain better control over the final device characteristics. The

complete structure is shown in Figure 6.2.

Figure 6.1: 22nm bulk FinFET process steps
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The device models used are in accordance to [130]. The Philips Unified mobility model

was used inside silicon (Table C.5) with velocity saturation for both electrons and holes,

mobility degradation due to the electric field perpendicular to the semiconductor-insulator

interface and silicon crystal orientation [100]. The parameters for the enormaldepen-
dence model are shown in Table C.7. SRH recombination was included with default

parameters. Constant DOS mass values for silicon were used, which are for T = 300

K as follows: mel = 2.971×1019 cm-3, mh = 2.24×1019 cm-3. Constant mobility was

also used with µmaxel = 1.423×103 cm2/Vs and µmaxh = 476.07 cm2/Vs. The density

gradient model was used for electrons only (Table C.8). Table 6.3 lists the device char-

acteristics that resulted from calibrating to the High Performance candidate in [98].

S

D

120 nm

Si
lic

on

Fin

STI

Figure 6.2: Complete structure of the 22 nm bulk FinFET

Dose (cm-2) Energy(keV)

Vt implant B 1013 180,60,15
Halo B 8×1012 5

S/D extension C 1015 2.5
S/D extension As 2.5×1015 4
S/D implant As 5×1015 12

Table 6.2: Process parameters for the simulation model of the 22 nm bulk Fin-
FET

The device was solved in quasi-stationary first in order to observe the transfer character-

istics with uniform fixed charges in the STI. This is shown in Figure 6.3. The STI charges

cause increase in Ioff. Inversion of the parasitic transistor starts taking place at an areal

charge of 1.3×1012 cm-2. At 2.6×1012 cm-2 and beyond, the FinFET fails to turn off.

The Ioff increase is due to the inversion of the parasitic channel created in the ‘neck’

region of the fin [39]. The current density in a two-dimensional cut at the middle of
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Jan C.H. et al. Auth C. et al. This work

Vdd (V) 0.75 0.8 0.8
Ioff (nA/µm) 100 10 1.72

IdSat (mA/µm) 1.08 1.26 1.29
Vt (V) (Vds = 0.05 V) 0.22 0.18 0.11

Table 6.3: Device parameters for the simulation model and the commercial 22
nm bulk FinFET node [98, 131]

the channel for the case of uniform oxide charge is shown in Figure 6.4. This figure

shows the extension of the front-gate channel and subsequent formation of the parasitic

channel, provided that adequate holes are trapped in the STI.

(a) Vds = 0.8 V, No oxide charge (b) Vds = 0.05 V, fixed oxide charge

Figure 6.3: Simulation Id - Vg results of the nFinFET. (a) IdSat characteristics
and (b) Ioff increase with increasing areal charge

6.2 Total Ionizing Dose in 22 nm bulk nFinFETs

The same process for simulating TID in the PDSOI MOSFET structure was used here.

Specifically, the direct contact of the gate electrode to the STI is defined as Schottky. The

electrostatic potential in the two structures (OAO and OASC) is shown in Figure 6.5. In

the simulation where the oxide is defined as a dielectric, there is also no direct contact

between the STI and the gate electrode. This is the structure that is used in the quasi-

stationary simulations producing I-V results. The initial solution of the Poisson equation

gave the same results in both cases.

The radiation simulations were performed with a uniform bulk oxide trap density of

8.2×1017 cm-3 up to two total doses of 500 Krad(SiO2) and 1 Mrad(SiO2). The final

density of trapped charge in the STI is shown in Figure 6.6. For the unbiased case

examined here, the trapped charge is symmetrical on both the Source and Drain sides.
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(a) No charge

Total current 
density (A/cm2)

(b) Uniform fixed oxide
charge with areal density of
2.6×1012 cm-2.

Figure 6.4: Current density in the neck region of the fin. Vg = 0 V, Vds=0.05 V.

(a) Location of 2D cut (b) Electrostatic potential in OAO

Electrostatic 
potential (V)

STI

HfO2

(c) Electrostatic potential in OASC

Figure 6.5: Electrostatic potential comparison of FinFET with STI regions de-
fined as OAO and OASC with Schottky contact of the gate to the STI. Shown in
(a) is the location of the cut. The legend is common for both figures.

The distribution of the trapped charge follows the electrostatic potential created by the

doping concentration in the silicon. This is a result of the electric field in the STI and

the path of the holes inside it. The acceptor concentration (inverse of the Net Active

concentration in this case) in the silicon region at the neck of the fin as well as the

trapped charge in the STI are shown in Figure 6.7. There is a peak of trapped charge 25

nm below the surface of the STI. The negatively charged acceptor atoms attract holes
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towards that location. The trapped charge density is increased as the path length of the

holes increases since the flux of the holes is higher closer to the interface.

3.489x1017

4.159x1016

4.956x1015

5.907x1014

7.040x1013

8.391x1012

1.000x1012

Trapped 
Holes (cm-3)

GateSource

Drain

STI

(a) 500 KRad(SiO2) (b) 1 MRad(SiO2)

(c) 500 KRad(SiO2) (d) 1 MRad(SiO2)

Figure 6.6: Trapped charge density in the STI in the nFinFET irradiated un-
biased up to two total doses as indicated below each figure. The gradient is
common for all figures. Shown at the top are both sides of the STI and at the
bottom only one side. The density is symmetrical for the unbiased case. The
legend is common in all cases.

The density of the trapped holes as a function of distance from the Si/STI interface 25

nm from the surface of the STI (at the location of the peak) is shown in Figure 6.8. From

this data, we extract the areal trapped charge of 3.64×1010 cm-2 at 500 kRad(SiO2) and

6.1×1010 cm-2 at 1 MRad(SiO2). Both of these values reveal an areal density that is not

enough to invert the parasitic transistor channel as was found in the fixed oxide charge

simulations in Figure 6.3(b).
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Figure 6.7: Acceptor concentration in the neck of the fin and trapped charge
concentration in the STI.

Figure 6.8: Trapped charge density as a distance from the Si/STI interface 25
nm below the surface of the STI.
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6.3 Conclusions

The simulation methodology presented in Chapter 4 was used here to simulate TID

effects in a 22 nm bulk nFinFET calibrated to the Intel node. Using the fixed charge

method, onset of inversion of the parasitic transistor is found to occur at an areal charge

of ≈ 1.3×1012 cm-2. The positive trapped charge found in the radiation simulations in

the unbiased case shows a peak 25 nm below the surface of the STI. This revealed the

depth at which the S/D parasitic channel will have in the neck region of the fin. The

areal charge measured after irradiation simulations at that location using the ‘image

charge’ method with a bulk trap density of 8.2×1017 cm-3 is more than an order of

magnitude less than the value required for parasitic channel inversion. We conclude that

the nFinFET technology examined here shows increased hardness against TID effects.
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Conclusions and future work

Total Ionizing dose effects have been systematically simulated using Synopsys Sentau-

rus. Calibration was performed to experimental results in 400 nm SiO2 capacitors. The

physics involved have been explained in detail. Adjustments to the normal device op-

eration had to be made to properly account for carrier transport and trapping in the

oxide regions. The carriers generated in the oxide were able to escape either through a

direct contact of the oxide with the metal or through thermionic emission enabled at the

Si/SiO2 interface. This systematic method was subsequently used in two state-of-the-art

FET technologies, namely, the 45 nm PDSOI nMOSFET and the 22 nm bulk nFinFET.

These were calibrated to experimental results of the IBM and Intel nodes respectively.

In the case of the PDSOI, the location of the leakage path using the fixed charge method

was identified to be the bottom Si corner of the active volume. Using two-dimensional

simulations of slices of the device, the highest concentration of trapped charge at the

side of the oxide was found to occur at this same corner, confirming the existence of the

leakage path at this location. The dependency of the distribution of the trapped charge

to the gate bias was checked by irradiating the device under different bias conditions.

The trapped charge was higher at the interface of the Si with the STI in the unbiased

case, while for the cases where the gate was biased at Vdd, the trapped holes density

increased at the bottom of the BOX as well. Finally, three-dimensional simulations of

interface traps located at the Si/STI and Si/BOX boundaries showed an increase in Ioff

in the case that they were of donor type.

TID simulations were also performed on three-dimensional FinFET structures. The

trapped charge after irradiation under zero bias showed a peak about 25 nm from the

STI surface. This is a result of the electric field in the oxide created by the doping

distribution in the silicon. It is therefore expected to be subject to different implanta-

tion schemes in the device, or in the case where the fin channel is left undoped, by

the S/D implant potential. Irradiation with the transistor biased in the on state (V dd =

0.8 V) would exhibit a peak in the trapped holes density even further in the STI bulk.

85
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(a) Cross section of optimized geometry of
the PDSOI MOSFET structure. The cut is
taken parallel to the gate.

(b) Tri-gate FinFET transistor structure followed by Intel
[98, 132].

Figure 7.1: Cross section of devices with increased radiation hardness

The higher the depth of the trapped holes, the more protected the device would be to

forming leakage paths as the electrons would have to find a suitable route from the

drain to the source. The radiation simulations performed showed that the areal trapped

charge projected at the interface of the Si with the field isolation in the FinFET was

about one order of magnitude lower than that required for parasitic inversion based on

three-dimensional fixed charge simulations.

Overall, both technologies examined have showed an increased inherent resistance to

TID-induced changes of their characteristics making them very suitable for applications

in which ionizing radiation is most prominent in the environment. For the case of the

PDSOI, it is predicted that rounding the bottom Si corner of the top film can further

produce devices of increased TID-hardness (Figure 7.1(a)). This is due to the location

of the leakage path found in section 5.2. Rounding the bottom silicon corner can reduce

the intensity of the electric field, thereby reducing the level of electron current.

For the case of the FinFET, the existence of the lateral gates gives very good electrostatic

(a) Cross section of GAA NWFET of
stacking type

(b) 3D view of GAA NWFET [133, 134]

Figure 7.2: Geometry of GAA NWFETs with Si, SiGe and Ge stacks
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(a) Cross section of a generic GAA
NWFET

(b) 3D view of SiNW GAA FETs [135]

Figure 7.3: Geometry of GAA NWFETs

control of the silicon fin. Therefore, bulk structures that have no BOX, show increased

TID-hardness. Particularly, the tri-gate structure can create an environment where the

middle fin is especially protected from trapped charge collection at its STI sides in the

neck region (Figure 7.1(b)) reducing the possibility of contribution to the off-state cur-

rent. Any contribution of the trapped charge in the STI is likely to occur from the outer

isolation regions of the side fins.

This contribution is entirely eliminated in Gate-all-Around (GAA) NWFETs which are

considered the ultimate scaling of FinFETs (Figure 7.2) [133, 134]. Particularly, the

bulk devices shown in this figure in which the stacking materials (nanowires) are epi-

taxially grown on silicon are considered more robust than their SOI counterparts. The

nanowires can be made of Si, SiGe or Ge and they are completely surrounded by the

gate eliminating any contribution of charge trapped in the thick isolation region to the

electrostatic control of the channel.

Alternatively, one suspended Si NW could be used as shown in Figure 7.3. This config-

uration has also been examined for its increased resistance to TID effects by the NASA

Ames Research Center [135]. This wrapped SiNW channel provides increased perfor-

mance and robust Ion/Ioff ratios.

Figure 7.4: UTBOX SOI architectures with SiO2 and Alumina BOX [136]
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The other scaling direction to the FinFET is the FDSOI architecture in which the BOX has

been significantly reduced to widths comparable of gate dielectrics (Figure 7.4). The FD-

SOI can significantly reduce variability, while the thin BOX insulating layer is protected

from accumulating positive charges due to tunnelling effects and the small charge collec-

tion length (small path length of the carriers). The BOX materials can be either SiO2, but

also Al2O3 have been presented. In this latter case, negative fixed charges introduced

in the BOX during fabrication can cancel out the positive charges gathered through ir-

radiation, while it was shown that it is possible to control their density through careful

design of the BOX deposition [136].

The ITRS [137] predicts that the FinFET will continue to be the CMOS workhorse down

to 7nm scales. Commercial FPGAs that incorporate hardened FinFET transistors such

as the Intel 22nm tri-gate ([138]) are very attractive solutions for the expanding space

electronics market.

For the technologies studied in this work, TID simulations were combined with doping

fluctuation simulations in the 45 nm PDSOI MOSFET node. In this case, Ioff increase of

the device was observed, while the RDFs contribution was more significant at the point

of weak inversion of the parasitic transistor, where the highest σIoff was recorded. It

could be of interest to examine how RDFs would affect the TID response of the nFin-

FETs. However, this is only applicable for the cases where doping is included in the

experimental transistors. Generally, fully depleted devices, in which RDFs do not pose a

risk, are expected to provide robust, scaled alternatives for TID-hardened transistors.

Extension of the bulk trapping model to include formation of interface states using state

transitions has also been discussed. The model in this case includes transport of hy-

drogen that is uniformly spread throughout the oxide and can further be expanded to

include hydrogen release from hole trapping sites within the oxide. The interface states

are de-passivated through capturing a proton at the interface and releasing a hydrogen

molecule, while their passivation occurs either by H2, or H+ capture. Using state transi-

tions, a full treatment of TID effects can be made, taking into account situations where

interface trap formation becomes important to device characteristics.

Generally, the TCAD/device simulation option can offer many advantages in producing

very accurate results through the Finite Elements Method which is more detailed and

versatile than the analytical approach. Anisotropic electronic structure of SiO2 as well

as a non-uniform distribution of traps can all be added to the simulation model. As we

approach nano dimensions, the scales gradually require quantum effects to be more ac-

curately simulated. This creates the need for multi-scale simulations of nano-transistors

such as NW and 2D semiconductor FETs [100, 139]. Thick oxides continue to exist in

such devices providing isolation from the substrate. In these cases, the same principles

to TID apply. At the same time, ab-initio and DFT simulations continue to provide details

on the FEM system parametrization. Ab-initio simulations will also be required in order



Chapter 7 Conclusions and future work 89

to gain insight in the microscopic nature of traps located at the channel interfaces with

the isolation oxides in more advanced transistor technologies such as 2D semiconductor

FETs [140].

The only drawback to the FEM approach is the increased technical difficulty inher-

ent to such numerical techniques (i.e. achieving convergence can sometimes be time-

consuming). This situation could potentially change in smaller dimensions as the num-

ber of elements is reduced and it becomes easier to identify and fix bad elements. It is

therefore evident that FEM simulators will continue to be tools essential to the device

designer of state-of-the-art and future transistor technologies.





Appendix A

Bug work-around in Sentaurus
mesh

There is a bug in the Sentaurus Mesh randomization functionality when using the Sano

method. Randomization creates positive voltage shifts, which are not in accordance

to the theory which states that there is a threshold voltage lowering as a result of the

percolation paths created in the transistor channel [123, 124]. This increase in the

threshold voltage is shown in Figure A.1.

To overcome this issue, we extracted the Net Active and Boron Active concentrations

from 1D cuts in the transistor as shown in Figure A.2. The 1D doping profiles for the

device with Uniform doping and that after randomization are shown in Figure A.3. The

cuts were chosen such that the results were as much as possible inside the front and

”sidewall” channels of the device. The location of the cuts is given in Table A.1.

Cut A (x1, y, z1) (x2, y, z2) (µm)

A1 (0.0120, -0.0018, 0.0090) (0.0120, -0.0018, 0.0950)
A2 (0.0400, -0.0018, 0.0090) (0.0400, -0.0018, 0.0950)

Cut B (x1, y1, z) (x2, y2, z) (µm)

B1 (0.0020, -0.0120, 0.0106) (0.0020, 0.0120, 0.0106)
B2 (0.0400, -0.0120, 0.0106) (0.0400, 0.0120, 0.0120)

Table A.1: Location of the cuts taken in Figure A.2.

After randomization, a significant increase in the Net Active concentration was observed

(about half an order of magnitude), in contrast to the Boron active concentration, whose

level remained close to the uniform concentration. The integral of the doping concen-

trations throughout the whole 3D volume was also extracted and shown in Table A.2.

To change this situation, a tdx script was devised in Sentaurus workbench that increases

the amount of the Net active concentration dataset by a constant number. This number
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Figure A.1: Id−Vg results for randomized doping profile with no adjustment of
the doping concentration after randomization. Comparison is with the uniform
profile.

Net Active (cm-3) Boron Active (cm-3)

Uniform doping -4.638×1018 4.638×1018

Randomized doping -9.405×1017 4.767×1018

Table A.2: Integral of volume doping concentration in cm-3

was chosen by calibrating the Id-Vg results, as shown in Figure A.4. The final number

that was chosen is 4.2×1018 cm-3.

The integral of the Net active concentration after the script, is shown in Table A.3. The

net active concentration at the 1D cuts compared to the Boron active concentration at

the same location is shown in Figure A.5. In this figure, the NetActive concentration

dataset was multiplied by -1 for ease of comparison.

Net Active (cm-3) Boron Active (cm-3)

Randomized doping plus
add. const. in NetActive

-5.200×1018 4.767×1018

Table A.3: Integral of volume doping concentration in cm-3
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A

(a) 2D Cut A

B

B

Z Y

X

(b) 2D Cut B

1

2

1

2

(c) 1D Cut 1 and 2

1

2

1

2

(d) 1D Cut B1 and B2

Figure A.2: Location of the cuts from which the doping concentration was taken.
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(a) Boron active concentration, Cut A1 and A2 (b) Net active concentration, Cut A1 and A2

(c) Boron active concentration, Cut B1 and B2 (d) Net active concentration, Cut B1 and B2

Figure A.3: Shown in black is Cut A1/B1 and shown in red is A2/B2
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(a) Constant added: 3.7×1018 cm-3 (b) Constant added: 3.8×1018 cm-3

(c) Constant added: 4×1018 cm-3 (d) Constant added: 4.2×1018 cm-3

Figure A.4: Shown in black are the I-V results of the devices with the random-
ized profiles and in red dotted, the results of the device with the uniform profile.
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(a) Cut A1 (b) Cut A2

(c) Cut B1 (d) Cut B2

Figure A.5: Shown in black is Boron active concentration and shown in red is
Net active concentration
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Long-range Coulomb potential

The electric potential density of N acceptor atoms in real space can be represented by

their delta functions times the atoms charge,

ρ (r) = −q
N∑
i=1

δ (r − ri) (B.1)

Where ri is the location of the ith atom.

Using the atom’s wave representation, the density becomes,

ρ (r) = −q
N∑
i=1

1

V

∑
k<kc

eik·(r−ri) − q
N∑
i=1

1

V

∑
k>kc

eik·(r−ri) (B.2)

For every factor in the RHS, the first sum is for all atoms, while the second is for the range

of k values. kc is called the screening length and is used to discriminate between the

short range and long range interactions. The short range interactions (k<kc) are thought

to be lost in scattering events, and therefore only the long range Coulomb potential

(k>kc) is taken into account for the doping density of the randomized acceptor profile.

Therefore, only taking into account the long range part of the Coulomb potential, the

number density of one acceptor atom located at the origin (ri = 0) is [93],

ρ (r) =
k2
c

2π2

sin (kcr)− (kcr) cos (kcr)

(kcr)
(B.3)

Integrating the density in three dimensions,

∫∫∫
ρ (r) dr3 (B.4)
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Since (B.3) is isotropic, and subsequently defined in spherical coordinates, we substitute

dr3 = r2sinθdrdθdφ and the integral becomes,

4π

∫
r2 k

2
c

2π2

sin (kcr)− (kcr) cos (kcr)

(kcr)
dr (B.5)

solving for the range 0<kcr<4.4934,

2

π
[Si (kcr)− sin (kcr)]

4.4934
kc

0 = 1.67539 (B.6)

Sentaurus mesh includes a normalization factor Nf which is multiplied by (B.3) and

assures 100% of the number density of the dopant atom is kept inside the active volume

where the profile is randomized. This is especially useful for the atoms that are close to

the boundaries. In the case where the number density of the atom is cut-off inside the

volume, Nf takes the value of 0.59688 [94]. In other words,

Nf
k2
c

2π2

sin (kcr)− (kcr) cos (kcr)

(kcr)
= 0.59688× 1.67539 = 1 (B.7)
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Transistor parameters

C.1 PDSOI MOSFET parameters

Scharfetter model parameters

Parameter Electron Hole Unit

Tmax 10-6 10-6 s
Nref 1017 1017 cm-3

Table C.1: PDSOI parameters for SRH recombination lifetimes

Lombardi highk model

The Enormal set of models accounts for mobility degradation at gate Si/SiO2 interface

due to carrier scattering by acoustic surface phonons and surface roughness and surface

roughness.

In the Lombardi highk model, the surface contribution due to acoustic phonons is given

by,

µac =
B

F⊥
+
C ((NA,0 +ND,0 +N2) /N0)λ

F
1/3
⊥ (T/300K)k

(C.1)

The contribution due to surface roughness is,

µsr =

(
(F⊥/Fref )A∗

δ
+
F 3
⊥
η

)−1

(C.2)

The mobilities are combined together using Mathiessen’s rule,
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1

µ
=

1

µb
+

D

µac
+

D

µsr
(C.3)

where

• ND,0 and NA,0 are the net donor and acceptor concentrations

• µb is the bulk mobility

• D=exp(-x/lcrit)

• x is the distance from the interface

and

A∗ = A+
(α⊥,nn+ α⊥,pp)N

ν
ref

(NA,0 +ND,0 +N1)ν
(C.4)

• n is the electron concentration

• p is the hole concentration

• For electron mobility, α⊥,n=α⊥ and α⊥,p=0

• For hole mobility, α⊥,n=0 and α⊥,p=α⊥

The parameters for the models used in the mobility model are shown in Table C.2.

Missing values are set as the default for silicon.
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E normal dependence

Enormal model coefficient Electrons Holes Unit

B 3.61×107 1.51×107 cm/s
C 1.7×104 4.18×103 cm5/3/(sV2/3)
λ 0.0233 0.0119
κ 1.7 0.9
∆ 3.58×1018 4.1×1015 V/s
A 2.58 2.18
α 2×10-20 3×10-20

ν 0.0767 0.123
lcrit 1 1 cm

Lombardi highk model coefficients

B 3.61×107 1.51×107

C 1.7×104 4.18×103

λ 0.0233 0.0119
κ 1.7 0.9
δ 3.58×1018 4.1×1015

A 2.58 2.18
α 6.85×10-21 7.82×10-21

ν 0.0767 0.123
η 1050 1050

lcrit 10-6 10-6

Table C.2: PDSOI parameters for enormaldependence model in silicon

Parameter Symbol Electrons Holes Unit

Energy relaxation time τw - 0.3 ps
HighFieldMob KdT 10-4 10-4

Table C.3: PDSOI energy-dependent parameters
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C.2 FinFET parameters

Bandgap parameters

Eg = Eg (0) (C.5)

Parameter Value Unit

χ(0) 4.05 eV
Eg(0) 1.12 eV

Table C.4: FinFET bandgap parameters

Energy relaxation time

Parameter Value Unit

µmax As 1.423×103 cm2/Vs
µmin As 55.9 cm2/Vs
µmax P 1.423×103 cm2/Vs
µmax B 476.070 cm2/Vs

Table C.5: FinFET Philips Unified mobility model parameters for silicon

High field dependence

Parameter Electrons Holes

β0 1.109 1.213
vsat,0 1.02×107 8.37×106

Table C.6: FinFET velocity saturation parameters for silicon
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EnormalMob model

The mobility models used for the FinFET obey the equations (C.1) - (C.3). The parame-

ters are shown in Table C.7.

EnormalMob

Parameter Electrons Holes Unit

B 3.61×107 1.51×107 cm/s
C 1.7×107 4.18×103 cm5/3/V2/3s
λ 0.0233 0.0119
δ 3.58×1018 4.1×1015 V/cm
A 2.58 2.18
α 6.85×10-21 7.82×10-21 cm-3

ν 0.0767 0.123
η 10300 10300 V2/cm·s

Lombard highk

B 1.355×107 5.65×106 cm/s
C 7650 3344 cm5/3/V2/3s
λ 0.0233 0.0119
k 1 1
δ 3.58×1018 4.1×1015 V/cm
A 2.58 2.18
α 6.85×10-21 7.82×10-21 cm-3

ν 0.0767 0.123
η 10300 10300 V2/cm·s

lcrit 10-6 10-6 cm
αrcs 0 0
αrps 0 0

Table C.7: Parameters for enormaldependence model for [100] orientation of
the crystal structure

Density gradient quantum transport

Parameters Electrons Holes

Weighting factor for quantum potential, γ 3.6 10.0
Weight for quadratic term, θ 0.5 0.5

Weight for quasi Fermi potential, χ 1 1
Weight for electrostatic potential, η 1 1

ν 0 0

Table C.8: Density gradient quantum transport
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