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Summary

Summary

Modern society is more and more dependent on electrical appliances for all kinds of purposes such as
comfort, healthcare and communication, putting increasing demands on the performance of Integrated
Circuits (IC’s). Besides the standard Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFET’s)
for (low voltage) CMOS (Complementary Metal-Oxide-Semiconductor) technology, IC’s also contain in-
tegrated power devices to handle the higher voltages. Such devices are mostly asymmetrical in nature:
they have a MOSFET channel region required for switching and a lowly doped extension of the drain
(referred to as drain-extension) to handle the majority of the voltage drop. Integrated power devices are
typically used as a switch, requiring that they can handle large currents in the on-state with minimal
static power dissipation and that they can sustain a large voltage in the off-state with minimal leakage
current. Two important FOM’s (figure-of-merits) that capture these requirements are the specific on-state
resistance (RonvA) and the off-state breakdown voltage (BV), between which a significant trade-off exists
(in 1D: RoxAxBV'"/? and in 2D: RonAocBV™/?) [1].

The objective of this thesis is to improve integrated power devices in the existing NXP technology
platform to obtain superior RonA-BV trade-off with respect to state-of-the-art devices in the range up to
50V off-state breakdown. For this purpose, two novel concepts, namely oxygen-inserted layer (OIL)- and
contact field plate (CFP) technology, are explored by both simulation and experiment. In the OIL ap-
proach, a thin film (~10 nm) of reengineered silicon that incorporates partial monolayers of oxygen is
buried close to the silicon surface. For CMOS applications, it is demonstrated that this decreases the
resistance by an increase in channel mobility [2]-[7]. In the CFP approach, a contact module which is
normally used for connecting the source, drain and body, is used as a field plate on top of the drain-
extension [8]. This can be used to both optimize the RoxA and BV, while no additional masks or process
changes (i.e. costs) are needed [9], [10]. For both concepts a full wafer lot was set up, in which the OIL
concept is applied to the full range of devices available in the technology platform whereas the CFP
concept was only suitable for the 12V device. In addition, for both concepts also simulations are set up in
Synopsys Sentaurus™ TCAD (Technology Computer-Aided Design), which for the OIL concept are
mainly focused on properly integrating the film and for the CFP concept on obtaining electrical charac-
teristics.

On the wafer lot with the OIL experiments, extensive electrical analysis’s have been performed. However,
the results that are obtained (which are omitted in this public report for confidentiality reasons) are not
conclusive yet. From the wafer lot with the CFP experiments, it became evident from electrical measure-
ments and simulations that the devices were far from optimized. For the BV, the crucial parameter turned
out to be the oxide thickness below the CFP (t,, pp), which in this wafer lot was believed to be signifi-
cantly below the optimum. For the RonA, significant room for improvement is in reducing the lateral
dimensions, especially that of the channel. Finally, to show how the CFP devices can be optimized, without
using any additional masks (i.e. costs), optimizations are proposed by simulations for the initial 12V
application as well as for higher voltages. For the initial (12V) application, the RonA is reduced by ~40%
resulting in a device that has the potential to beat state-of-the-art devices by ~20%. Using the same
architecture, BV’s up to ~35V can effectively be achieved by appropriate scaling of the drain-extension
and t,, pp. Scaling effectively to higher voltages requires a newly proposed CFP architecture, in which
multiple (rotated) contacts are placed in an array along the width of the device.

So, simulation results showed that utilizing the CFP concept and subsequent optimization provides a
way to beat current state-of-the-art integrated power devices (for BV’s<50V) in the existing NXP tech-
nology platform. Moreover, if the OIL works as previously published [2]-[7], this concept has the potential
to add additional improvement. In order to demonstrate this on silicon, follow-up cycles are needed for

both concepts.
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Abbreviations
CMOS Complementary Metal-Oxide-Semiconductor
CMU Capacitance-Measure-Unit
DIBL Drain Induced Barrier Lowering
DIELER Dielectric
DG Density Gradient
DOS Density Of States
DUT Device Under Investigation
FET Field-Effect Transistor
FP Field Plate
FOM Figure-Of-Merit
FA Free-Analog
GIDL Gate Induced Drain Leakage
HCI Hot Carrier Injection
HH Heavy Hole
IC Integrated Circuit
II Impact Ionization
JFET Junction Field-Effect Transistor
LDD Lightly Doped Drain
LDMOS Laterally Diffused Metal-Oxide-Semiconductor
LH Light Hole
MOS Metal-Oxide-Semiconductor
MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor
MST Mears Silicon Technology
NPT Non-Punch Through
OIL Oxygen-Inserted Layer
RESURF Reduced SURface Field
PM Partial Monolayer
PCM Process Control Monitoring
PT Punch Through
SIMS Secondary Ion Mass Spectroscopy
SiProt Silicon Protection layer of oxide
SMU Source-Measure-Unit
SRH Schockley-Read-Hall
SO Spin-Orbit
SOA Safe Operating Area
SSRW Super-Steep-Retrograde-Well
STI Shallow Trench Isolation
TCAD Technology Computer-Aided Design
TED Transient Enhanced Diffusion
TEM Transmission Electron Microscopy

Abbreviations
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Chapter 1: Introduction and motivation

Chapter 1:
Introduction and motivation

The High Voltage and Power Technology group within NXP is responsible
for developing and enabling new integrated high voltage and power semicon-
ductor technologies. Besides the design of devices, this group is also responsible
for the industrialization. Many device types over a wide application range are
already delivered by this group which compete at the highest level of power
technology in the market. In order to stay one of the market leaders in power
technology, the devices should be continuously improved and/or new novel
device concepts should be designed. Therefore, a long-term innovation project
is initiated within this group. The goal of this project is to propose/demon-
strate device concepts that outperform current state-of-the-art integrated
power devices in the range up to 50V off-state breakdown, which also have the
potential to be integrated in the existing NXP technology platform. Here the
specific on-state resistance (on-state resistance times area on the wafer) and
the off-state breakdown voltage are the key design targets. In order to obtain
a clear overview of possibilities to improve these key design targets, a literature
study is conducted. From this literature study, some promising concepts are
selected and further explored by simulation and/or experiment in this work.

In this chapter, first the context for the need of this research will be pro-
vided. Thereafter, it will be discussed which concepts are currently known from
literature to improve integrated power devices and which are particularly ex-
plored in this work. Lastly, the objective will be defined and the outline of this
thesis will be shown.
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1.1 Market demand

The continuous integration of sophisticated electronic technologies like mobile phones and computers
in today’s modern society, puts more and more demands on current technology. Since the heart of most
electronic devices consists of an Integrated Circuit (IC), these must be continuously improved. In order
to increase the capacity and the functionality of these IC’s, the number of transistors per IC must be
increased. One way to do this, is to shrink the size of the transistor. Not only this decreases the cost per
transistor, but also lowers the power consumption while the speed and memory capacity go up [11].
Therefore, miniaturization is nowadays without a doubt the largest research interest within the semicon-
ductor industry. Integration of inherently novel 2D /3D device architectures, materials with superior char-
acteristics and/or band structure engineering have gradually become a requirement to keep up with the
surprisingly long-lasting prediction set by Moore in 1965 [12]. Yet, for the power semiconductor industry,
some of these innovative design trends already became necessary long before their low power counterparts.
The range of power semiconductor devices is generally very broad and contains everything from the high
power (>10 MW) low switching speed thyristors, the mid-range (1 kW - 1 MW) insulated gate bipolar
transistors, to the low power (<1 kW) high switching speed double diffused MOSFET (Metal-Oxide-
Semiconductor Field-Effect Transistor) [9], [13]. Besides the applicable range, power devices can further
be subdivided by their orientation. Discrete power devices are vertically oriented such that their drain
contact is at the bottom. Integrated power devices on the other hand, are laterally oriented demanding
their drain contact at the top. The focus in this research is on integrated power devices in the lower end
of the power spectrum, covering the standard (symmetric) MOSFET’s suited for low voltage applications
and the (asymmetric) Laterally Diffused Metal-Oxide-Semiconductor (LDMOS) devices suited for higher
voltage applications.

Power devices are generally used as switches in power conversion systems, where by periodically switch-
ing the input current from the source the waveform can be converted and matched to the requirements of
the load [10], [13]. An important requirement for such a switch, is that it can sustain a large voltage with
minimal leakage current when it is open (off-state). This is generally done by using a so-called drain-
extension, which is an extension between the channel and the drain of a MOSFET structure designed to
support a large voltage drop. Therefore, an important figure-of-merit (FOM) used to classify the blocking
capability of power devices, is the off-state breakdown voltage (BV). Another important requirement for
a switch, is that it must be able to handle large currents when it is closed (on-state) with minimal static
power dissipation [10], [13]. Therefore, the on-state resistance (Ron) between the terminals (i.e. the source
and drain), must be as low as possible. The specific on-state resistance (RovA), where A is the device area
on the wafer, additionally takes the device dimensions into account [9]. As this indirectly includes the
costs of on wafer implementation, RovA is typically used as another important FOM for power devices
9], [14).

So clearly, in optimizing power devices, the BV and RoxA are the main two key design targets. These
design targets however, are both related to the doping concentration and to the length of the drain-
extension. This results in that RoxA increases super linearly with the BV, in particular, for 1D LDMOS
devices it can be approximated that RoxA is proportional to BV'Y/?[1]. This illustrates that it is extremely
hard to improve one of the two without compromising the other. Too overcome this difficulty, many
intriguing ideas and concepts for novel power devices are proposed over the years, some of which are
already successfully industrialized. In order to explore and identify such novel concepts for LDMOS devices,
a literature study is conducted to provide a clear overview for possible device concepts known from liter-
ature. The following section summarizes this literature study and elaborates on which novel device con-

cepts are further explored in this work.
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1.2  Novel device concepts

Based on an extensive literature study, an overview is made of novel concepts that can be used to
improve the RonvA-BV trade-off for integrated (LDMOS) power devices (Figure 1). The tree diagram is
differentiated in concepts that mainly try to independently improve the BV or the RoxA, although it must
be noted that the two always have a (small) correlation. In the rest of this section, each topic will shortly
be discussed.

| Improving trade-off ‘

1
By RonA
1
RESURF Other Improve Mobility [Reduce
current flow | dimensions
Field plate b= ngh k L Field plate Low cbannel Shorter
dielectrics doping | channel |

[ M | Multiple gate — —
| Junction = Alternative |_| | structure Quantum Semi-vertical
materials - engineering | structures

_|_ High k - -
| DIELER = |Drift doping dielectrics Alternative
engineering B materials
Multiple
J conduction
paths

Figure 1: Schematic tree diagram of novel concepts that are present in the literature to improve the RovA-BV
trade-off for (LDMOS) power devices. The tree is divided in concepts that mainly try to independently improve the
BV or the RovA, although it must be noted that the two always have a (small) correlation. The red marked topics

are the ones that are further explored in this work.

Probably the best-known approach to improve the BV, is by applying so-called RESURF (Reduced
SURface Field) [15]. This approach is a collective name for concepts that optimize the lateral electric field
distribution in the drain-extension using additional perpendicular fields. There are three typical variations
of RESUREF: field plate (FP)-, junction- and dielectric (DIELER) RESURF. Field plates are used on top
and/or below the drain-extension, where they impose electrostatic boundary conditions. These come in
many different variations, such as: extended gate [16], recessed gate [17], metal field plate [8], contact field
plate [8], (semi-)resistive field plate [18] or poly field plate [8], [19], [20]. In junction RESURF, one or
multiple semiconductor domains are implemented in the drain-extension with opposite doping type to
obtain charge balance. Also here variations are possible, such as the number of alternating domains or the
dimension in which the junctions are processed [21], [22]. The DIELER RESURF concept employs a
structure where the semiconducting material in the drain-extension is interleaved by dielectric layers
parallel to the current path. These dielectric layers induce an additional perpendicular capacitance which
lowers the lateral electric field [23]-[25].

Other ways to improve the BV, aim to elevate the maximal allowed critical field or to reduce parasitic
leakage mechanisms. High k dielectrics, instead of SiO2, can be used to reduce gate (or FP) leakage due
tunneling suppression [26]. Moreover, high k dielectrics can also be beneficial to improve FP- and DIELER-~
RESURF [27]. Alternative materials, such as SiC and GaN, have a higher critical field than silicon at

which breakdown occurs [14], [28]. The maximum allowed critical field can also be elevated by smart

3



Chapter 1: Introduction and motivation

engineering of the doping concentration in the drain-extension (ideally linearly increasing along the current
direction) [29]. Furthermore, this can also be used to optimize the field distribution in RESURF applica-
tions [9], [10].

Reducing the RoxA by improving the current flow, aims to increase the number of available charge
carriers and/or to increase the effective area through which the current flows. A FP can be used to
accumulate charge in the drain-extension when a bias is applied, thereby increasing the number of avail-
able charge carriers [10]. Multiple gate structures (e.g. FinFET’s) both increase the charge density and
the effective area through which current flows [30], [31]. To further increase the accumulated charge from
gates/FP’s; high k dielectrics can be used for the insulating spacer layer to increase the capacitance [32].
Another way to increase the effective area through which current flows, is creating multiple conduction
paths from the source to the drain. This can for example be achieved by implementing an additional gate
in a trench at the source side, thereby creating an additional (vertical) channel [33].

Increasing the mobility for reducing the RonA, can generally be done by reducing scattering events
and/or reducing the effective transport mass [34]. A way scattering can be reduced in the channel of
MOSFET’s, is by ensuring low doping in the channel. This can for example be accomplished by epitaxially
growing undoped silicon on diffusion barrier layers, such as carbon doped silicon [35] or oxygen partial
monolayers [2]-[7]. Reducing both the effective mass and scattering can be done by changing the quantum
mechanical properties of the lattice. Generally, this can be achieved by the use of strain [36], [37] and/or
quantization [3]-[7]. Obviously, obtaining better mobility can also be established by using alternative
materials with superior transport properties with respect to silicon, such as Ge or GaAs [11], [38].

The last way to improve the RoxA, is making the lateral dimensions of the device as small as possible.
This is also the most effective way since it both decreases the resistance and the area. While the length of
the drain-extension is needed to support a large voltage, the channel region is only used for switching and
should be made as small as possible. Ways this can be done are for example using halo implants (i.e. extra
doping near the source and/or drain [11], [39]) or using self-aligned source/drain contacts [40]. The area
of the device can also be severely reduced by employing semi-vertical structures. This can for example be
done by making the channel vertical by integrating the gate in a trench [41] or making part of the drain-
extension vertical by integrating a trench in it [42]. This is also done for discrete (vertical) power devices

[14], however is much harder for integrated power devices due to requirement of a top drain contact.

Although most of the above discussed concepts have been proven to improve integrated (LDMOS)
power devices, industrialization generally remains challenging because of process difficulties and/or large
costs. One of the concepts used in this work to improve a LDMOS device is the contact field plate (CFP),
which is inspired by L. Wei et al. [8]. In this approach, a contact module which is normally used for
connecting the source, drain and body, is placed on top of the drain-extension acting as a field plate. This
was proven to improve the reliability, while no additional masks or process changes (i.e. costs) are needed
[8]. Additionally, like all FP’s, the CFP has also the potential to improve the RonA-BV trade-off which is
the main interest in this work.

Another concept that is explored in this work, is oxygen-inserted layer (OIL) technology. This technique
is also referred to as Mears Silicon Technology (MST®) [43] which is promoted by a company called
Atomera. In this technology, a thin film (~10 nm) of reengineered silicon that incorporates partial mono-
layers of oxygen is buried close to the silicon surface. In doing this, it is demonstrated for CMOS (Com-
plementary Metal-Oxide-Semiconductor) applications that the current performance and reliability of the
device go up, while the power consumption and variability go down [2]-[7]. In particular, the main feature
of interest is a decrease in resistance due to an increase in channel mobility. This enhancement can be
contributed to both quantum engineering and low channel doping. For integrated power devices however,

this technology is not demonstrated yet and will be examined for the first time in this work.
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1.3 Objective and outline

The objective of this thesis is to improve integrated power devices in the existing NXP technology
platform to obtain superior RonA-BV trade-off with respect to state-of-the-art devices in the range up to
50V off-state breakdown. For integrated power applications, the technology platform contains both normal
MOSFET’s suited for the lower voltages and LDMOS devices for the higher voltages. The two concepts
that are being explored for improving the devices, OIL- and CFP technology, will be investigated both by
simulation and experiment. In addition, the OIL concept is investigated for the full range of devices
available in the technology platform (<50V) whereas the CFP concept only is applicable to the 12V Free-
Analog (FA) LDMOS type of device.

This thesis is organized as follows:

Chapter 2 provides the essential theoretical background information that is needed to understand this
thesis. This chapter will start with the key features of basic device physics, mostly related to the MOSFET.
Thereafter, the special class of LDMOS devices as well as their traditional RoxA-BV trade-off will be

introduced. Lastly, the novel ways that are used to improve this trade-off will be explained in more detail.

Chapter 3 focuses on the methodology of the TCAD (Technology Computer-Aided Design) Sentaurus
Synopsys™ simulation tool used in this work. This simulation tool is used for simulating the processing
of devices (e.g. implantation, diffusion and oxidation) as well as for simulating electrical characteristics.
This chapter will cover: the most important process steps of NXP’s technology platform, an example of a

process simulation, the used physical models and the set-up of electrical simulations.

Chapter 4 discusses the experimental methodology that is used to perform electrical measurements on the
devices. This includes an elaboration on the hardware setup (probe station and device analyzer) and its
use, as well as on the measurement routines that are used to perform a variety of electrical measurements.

Chapter & reports on the OIL approach to improve integrated power devices from NXP’s technology
platform. However, due to confidentially reasons any detailed specifications/results are omitted in this
public report. Instead, a summary is given of the proceedings concerning this approach to lower the RovA-
BV trade-off. This includes an elaboration on how the wafer lot is set up, which devices are studied, which

experiments are performed and how the results are analyzed.

Chapter 6 reports on the CFP approach to improve the 12V FA device from NXP’s technology platform.
First, it will be discussed what this device looks like with the CFP and what kind of variations are present
on the wafer lot. Thereafter, results from electrical measurements will be shown and substantiated by
simulations. Lastly, optimized versions will be proposed by simulation for the initial 12V application as

well as for higher voltages.

Chapter 7 summarizes the most important conclusions reached in this work and reflects on whether the

objective has been accomplished.

Chapter 8 provides an outlook for future work in which specific recommendations are done for potential

follow-up work, including additional silicon cycles.
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Chapter 2:
Theoretical background

The semiconductor industry, which is responsible for the fabrication and
design of semiconductor devices, became a profitable business around 1960 [1],
[11], [14]. Since that time, it has evolved to a major global industry of almost
half a trillion US dollars [44]. One of the reasons it could become so large, is
the solid foundation of basic physical understanding of semiconductors, which
emerged from successful developments in other fields of physics. By quantum
mechanical treatment of the microscopic crystal structure, the energy band
structure can be derived which reflects the macroscopic properties of the sem-
iconductor. From this band structure, carrier concentrations can be computed
using the Fermi-Dirac distribution derived from statistical thermodynamics.
These in turn, can be used to predict measurable quantities such as the current
using transport physics. Despite many simplifications made along the way, this
approach is capable of reproducing the output characteristics of many semi-
conductor devices with practical accuracy. Thereby making it a powerful tool
for the understanding, development and design of semiconductor devices.

In this chapter, the theoretical background will be covered that is necessary
to understand this thesis. The first section serves as introductory theory and
recapitulates the most important basic semiconductor device physics. In the
section thereafter, attention will be devoted to LDMOS integrated power de-
vices, which are the special class of devices that are of interest in this research.
The last two sections elaborate on ways that are used in this work to improve
the traditional trade-off for integrated power devices.



Chapter 2: Theoretical background

2.1 Basic semiconductor device physics

One of the biggest advantages of using semiconductors for devices, is that the electrical characteristics
can easily be altered by the use of doping (n- or p-type). Moreover, when a junction between a p-type and
a n-type semiconductor region is formed, interesting physics arises which is current rectifying in nature.
Generally, most semiconductor devices contain at least one such a pn-junction, such that the device
characteristics and operation are inherently connected to it. In addition, also most of the terminology and
concepts that are used in the analysis of devices also appear in the discussion of the pn-junction. Therefore,
before going into more complex devices, some of the most important physics and results of the pn-junction
will be briefly recapitulated here.

When a uniformly doped p-type material (acceptor doping concentration N, [cm™]) forms a junction
with a uniformly doped n-type material (donor doping concentration N, [cm™]), a very large concentration
gradient at the junction for both holes and electrons will exist. Therefore, majority electrons in the n-
region will diffuse to the p-region and majority holes from the p-region will diffuse to the n-region. As a
result, positive donor charge is left behind in the n-type material and negative acceptor charge in the p-
type material (Figure 2). This region is referred to as space charge region or depletion region (ranging
from —x,, [cm] to x,, [cm]), no mobile charges are present here. The space charge within the depletion
region sets up an electric field pointing from the n- to p-region (Figure 2). Consequently, there will be a
potential drop along the depletion region which is called the built-in voltage (Vy; [V]). This V4, produces
a drift force (x —V V) that works in the opposite direction as the diffusion force (x Vn and x Vp) re-
sulting from the carrier concentration gradient at each edge of the depletion region. In thermal equilibrium,

these forces exactly cancel each other (Fermi level constant through the system). [11]

Potential (V)

.O.SV

’ N,;= 1x10'7 cm3
._0.3 v

Figure 2: Simulation of a pn-junction at zero bias (Vi =0V) where N, =1.5x10" cm”® and N, =1x10" ci”.
Here the color indicates the magnitude of the electrostatic potential, the black lines the equipotential lines,
the white lines the depletion boundaries and the brown line the junction boundary between the n-type and p-

type material. Also, the electric field distribution is illustrated.

Without rigorous derivation, the most important electrostatic characteristics of an ideal pn-junction
with an arbitrary bias (Vz [V]) applied to the n-region are given below: [11]

T N_N.
Vbi:kB In (—“ d) a
e Tli
1 1
= (el Vo) (M) (L)), (2l Ve (N (L)Y P
" e Nd Na+Nd p e N(l Na+Nd (1)
—eN —eN, c
E(fngxgo): ‘ “(m+xp) & FEO<z<z,) = ed(nfx)
63 65
B 2(Vyi + Vi) d

z, +x,

Here F(x) is the electric field distribution [V /cm], E,,,.
lectric permittivity (for Si: 11.7¢,, where ¢,=8.85x10"* F/cm), e the elementary charge (1.6x10" C),

the maximum electric field [V /cm], €, the die-
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T the temperature [K], kp the Boltzmann constant (1.38x10%* J/K) and n; the intrinsic carrier concen-
tration (for Si: 1.5x10" cm™).

In contrast to Figure 2, in semiconductor devices there will always be a bias applied to the pn-junction
such that it is no longer in thermal equilibrium (Fermi level not constant through the system). When Vi
is positive (reverse bias configuration), the total potential barrier becomes larger than the zero-bias case.
Moreover, since the electric field originates on positive charge and terminates at negative charge, the
number of positive and negative charges in the depletion region must increase. As a result, the space
charge width (x,,+z,) increases with applied reverse bias voltage (Equation (1b)). The increased potential
barrier withholds the majority electrons in the n-region to diffuse into the p-region and the majority holes
in the p-region to diffuse into the n-region, such that there is essentially no (significant) current. When
Vg is negative (forward bias configuration), the total potential barrier is lowered. By the same reasoning
as before, the depletion width now decreases with increasing applied forward bias voltage. Due to the
decreased electric field (or potential barrier) in the depletion region, the electrons in the n-region and holes
in the p-region are now no longer held back. Hence, there will be a diffusion current of electrons from the
n- to p-region and of holes from the p- to n-region. [11]

So, current can flow through the pn-junction when forward biased but is blocked when reverse biased.
This characteristic can easily be used to make an electrical switch (i.e. a transistor) by combining two pn-
junctions. The most used transistor in modern IC technology is the MOSFET and will be discussed next.

2.1.1 MOSFET

In general, a MOSFET consists of a source (S), drain (D), gate (G), body (B) and insulating spacer
layer below the gate (Figure 3 (left)). The source and drain terminals are both highly doped silicon (n™ in
n-type and p* in p-type). The voltage across the channel is applied to the drain such that the current flow
corresponds with the carriers (electrons in n-type, holes in p-type) flowing from the source to the drain.
The body is respectively p/n-type doped silicon for n/p-channel devices. The gate is a highly conducting
material (highly doped polysilicon) on top of an insulating material (generally SiO;). In the ideal case,
there is no current through the oxide to the gate terminal. In the rest of this section, only the n-channel
MOSFET will be considered. For the p-channel MOSFET, the same arguments and relations apply only

with holes being the charge carrier and with reversed current directions and voltage polarities.
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Figure 3: Left: Schematic representation of a n-channel MOSFET (S=Source, G=Gate, D=Drain and B=Body).
Right: Typical low frequency gate capacitance (C, 99 ) characteristic of a n-channel MOSFET. Here also the accu-

mulation, depletion and inversion regimes are indicated. [11]

Switching of the deviceis controlled by the voltage on the gate. The Metal-Oxide-Semiconductor (MOS)
structure basically acts as a parallel plate capacitor, such that understanding its behavior can best be
understood by looking at the gate capacitance (C,,) as a function of the gate voltage (Vgg) (Figure 3
(right)). Depending on the sign of Vg, the carriers can either be attracted towards the Si-SiO; interface

8
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(accumulation) or pushed away from it (depletion) resulting in a space charge region. When V¢ becomes
higher than a certain threshold voltage (Vi [V]), the minority carrier concentration (electrons) at the Si-
SiO; interface becomes higher than the majority carrier concentration (holes) in the bulk, an inversion
layer is said to be formed. This inversion layer then “connects” the source and drain regions, such that a
current can flow (I, [A]). A MOSFET is therefore said to be in the off-state when Vg < Vi and in the
on-state when Vgg > Vi,

Clearly, the V is one of the important parameters of the MOSFET since it determines whether the
device is in the on- or off-state. Therefore, it should always be within the voltage range of a circuit design.
It can mathematically be derived by calculating the gate voltage at which the band bending at the Si-
SiO: interface is such that the Fermi level (Ey) is at least as far above the intrinsic Fermi level (E; ;) as
Eis below E; ; in the bulk. By considering a simplified electrostatic charge distribution, that is approx-
imately valid for MOSFET structures with long and wide channels, it can be derived that Vi obeys: [11],
[39]

eN, x
Vp = —é Lt Vg + 265,
. o , (2)
4€,0 5\ 2 Q kT . N
where Tagr = (ﬁ) ) VFB = ¢ms - C,_Ss and ¢fp = BT n(_(.l)

Here ¢y, ([J]) indicates the difference between the Fermi level (E;) and the intrinsic Fermi level (E/ ;)
in bulk. The x4 ([cm]) represents the maximum space charge width at Vg = Vi, a higher Vg only
increases the inversion charge density at the interface which shields the electric field from further pene-
trating the silicon. The flat-band voltage Vipp [V], is defined as the applied gate voltage at which there is
no band bending in the silicon (Figure 3 (right)). The capacitance of the MOS capacitor in the strong
inversion regime is denoted by C,, (Figure 3 (right)), which for a simple parallel plate capacitor is given
by oy /€0n> Where t,. ([cm]) and €., ([F/cm]) are the oxide thickness and dielectric permittivity respec-
tively. The work function difference (é,,, ([J])) must be incorporated since the energy difference between
the Fermi energy and the vacuum level will be different for silicon than for the gate material. The Q’SS
term ([C/cm?]) represents the effective charge per unit area in the oxide at the Si-SiO, interface. This
oxide charge is extremely unwanted in MOSFET’s, but almost inevitable. Already during fabrication this
oxide charge exists by e.g. structural defects (dangling bonds) and ionized impurities [45]. During the
lifetime of the device, this oxide charge gets even built up more by e.g. ionizing radiation and injection
and trapping of hot (high energetic) carriers in the oxide (HCI) [45], [46]. Therefore, the oxide charge can
give rise to large unpredictable shifts and instabilities in V. Moreover, if this charge is closely situated

near the Si-SiO; interface, the mobility is degraded thereby altering the current characteristics. [11], [39]

2.1.2 Current characteristics of a MOSFET

The basic operation of a MOSFET is modulating the channel resistance by the applied gate voltage.
The resistance in the channel depends on the dimensions, the mobility and the inversion charge present.
In the on-state for Vpg < Vgg — Vi, the following expression then applies for the channel resistance R,
[Q]: [11], [14], [39]

_ L.y, _ L.y
T Whal@ ] WienCor Vs — Ve — Vis/2) @

Rch

Here L, is the length of the channel and W the width of the device, both in [cm]. |Q”, | is the inversion
layer charge per unit area made up from electrons [C/cm?. This charge is a function of the gate voltage
and is given by C,, (Vog — Vip — Vpg/2) in the strong inversion regime. p., is the effective electron mo-
bility in the inversion channel [cm?V-!s]. This mobility is typically a factor two lower than in bulk,
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because of additional surface scattering due to the gate induced electric field which accelerates the inver-
sion carriers to the surface [14]. In section 2.4, more attention will be devoted to the channel mobility.

So, when a small drain voltage is applied (Vg — 0) and the gate voltage is increased, the inversion
charge density starts to increase linearly from Vi + Vpg/2 (Equation (3)) such that also I increases
ideally linearly (Figure 4 (left)). This purely linear increase however, is not entirely true. Already below
Vi + Vpg /2 there will be some current flow, which is referred to as subthreshold conduction. This is
because before reaching the inversion point, the channel isin the weak/moderate inversion regime (Figure
3 (right)) where E is closer to the conduction band than to the valence band such that the channel has
the characteristics of a lightly doped n-type semiconductor. So MOSFET’s should always be biased suffi-
ciently below the V. in the off-state to minimize off-state power dissipation. Moreover, since the mobility
degrades with Vg (section 2.4), the slope of the I, — Vizg curve (i.e. the transconductance (g,)) decreases
(Figure 4 (left)). [11], [46]

' v
V. +V_ /2 Gs
Figure 4: Left: Example of drain current and transconductance as a function of the gate voltage. Also, the ideal
drain current is indicated. Right: Example of drain current as a function of the drain voltage for increasing gate

voltage. Qutside the Safe Operating Area, the current increases uncontrollably due to breakdown mechanisms.

When now Vg is held constant and Vg is increased, the typical curves shown in (Figure 4 (right))
are obtained. In the on-state, for Vpg — 0, the channel acts as an Ohmic resistor (Equation (3)) where
the initial slope (R, ) is determined by Vig. As Vpg starts to increase, the voltage drop at the drain side
across the oxide decreases, such that the inversion charge density decreases locally. As a result, the incre-
mental resistance increases with increasing Vpg up to the point where the voltage drop across the oxide
at the drain is equal to Vi, such that the inversion charge density becomes zero at the drain terminal
(pinch-off). If Vg increases further, the point where the inversion charge becomes zero moves to the
source. At this point electrons are injected into the space charge region and subsequently drift to the
drain. For large channels, the drain current then will be constant after the pinch-off. Therefore, the
MOSFET is said to be operating in the saturation regime for drain voltages larger than Vpg(sat) =
Vag — V. In this regime, as well as in the linear regime, the ideal current-voltage relationships follow

from the square-law model and are given by: [11], [14], [39]

Vps < Vpg(sat): Ip = TW(Q(VGS — Vr)Vps — Vi)
ch
4)
W"LC Com (
Vps > Vps(sat): Ip =— 2= (Vs = Vp)?
ch

It must be noted that these equations do not include non-idealities such as: subthreshold conduction,
channel length modulation, mobility variation and velocity saturation. These and other non-idealities
however, become only significant for short channel devices [11]. Power devices typically have relatively
long channels such that these non-idealities have little influence. In addition, from (Figure 4 (right)) it
can also be seen that these equations only hold in the so-called Safe Operating Area (SOA). Outside this
regime, the current starts to increase uncontrollably and the device is said to be in breakdown.
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2.1.3 Breakdown in a MOSFET

In a MOSFET, several current generation mechanisms must be considered that can make the device
go into breakdown. They all have in common that they start occurring when high electric fields are present.
The electric fields are generally the highest at pn-junctions and at semiconductor-oxide interfaces, which
are therefore the most profound locations for breakdown to set in.

The most destructive physical mechanism, is impact ionization occurring in depleted regions with high
electric fields (such as in the reverse biased pn-junction at the drain side). This is the process in which
electron-hole pairs are generated by impact of silicon atoms by hot carriers. This is particularly harmful
because the generated charge carriers in turn can ionize other silicon atoms resulting in charge carrier
multiplication. The efficiency of this process (in 1D) can be expressed by the charge multiplication factor
(M): [11], [47]

Waq
M= [ o E)dz (5)

Here W, is the depletion width [cm] and « the reciprocal of the mean free path between two impact
ionizations also called the ionization coefficient [cm™]. Note that here it is assumed that the ionization
coefficient for electrons is the same as for holes (i.e. a;,, = a;, = «). This coefficient is a strong exponential
function of the electricfield as dictated by Chynoweth’s law [14]. For analytic derivations however, Chyno-
weth’s law is often approximated by Fulop’s power law for silicon: a = 1.8-10"%E7 [14].

The charge multiplication process, depending on M, can result in two destructive breakdown mecha-
nisms. The typical breakdown mechanism considered occurs for M > 1 and is called avalanche breakdown.
In avalanche breakdown, each charge carrier at least ionizes one other atom thereby resulting in a self-
amplifying (uncontrollable) current. For M < 1 on the other hand, before avalanche breakdown sets in,
snapback breakdown may already make the device uncontrollable. This is a second order effect caused by
the parasitic bipolar (npn) formed by the source-body-drain structure. While the generated electrons flow
to the drain, the holes flow to the body terminal resulting in a voltage difference between the source and
body due to the resistance of the body. This may forward bias the source-body junction resulting in
electron injection in the body. Part of these injected electrons then diffuse to the drain resulting in a
positive feedback loop. This type of breakdown can be recognized by a negative slope in the I'p — Vpg
curve, as can be seen in Figure 4 (right). Both the impact ionization based breakdown mechanisms are
considered as abrupt on the Ip — Vpg curve due to the self-amplifying nature. [11], [47]

Next to the previously discussed abrupt breakdown mechanisms, there are also more subtle mechanisms
that are typically less destructive. One of them is (near) punch-through breakdown. Punch-through is the
effect when the depletion region of the drain junction fully extends to the depletion region of the source
junction. In that case, the energy barrier between the source and drain is completely gone resulting in a
large drain current. Although, also already before punch-through is reached, the drain current rapidly
starts to increase. This is due to a phenomenon called drain induced barrier lowering (DIBL), which is
the lowering of the energy barrier due to the interaction of the source and drain depletion regions. Since
the drain current depends exponential on the barrier height, the current increases rapidly with Vg when
the near punch-through condition is reached. This breakdown mechanism can be suppressed by using
extra doping in the body near the source and the drain, which are also called halo implants. [11], [39]

Another subtle breakdown mechanism is Gate Induced Drain Leakage (GIDL). This drain leakage
mechanism is due to quantum mechanical band-to-band tunneling. In the presence of high electric fields
(~ >80 V/pm), such as in heavily doped pn-junctions or MOS structures, phonon-assisted band-to-band
tunneling generally cannot be neglected. GIDL in particular, relates to the band-to-band tunneling near
the Si-SiO. interface below the gate which becomes significant when there is a large voltage difference
between the drain and the gate. This leakage mechanism is typically the most dominant one before impact

ionization based breakdown mechanisms set in. [47], [48]
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An elegant approach to reduce breakdown effects, without affecting the device’s geometry or dimensions,
are LDD (Lightly Doped Drain) implants [11], [39]. In this approach, lightly doped regions are situated
next to the drain and the source of the same type of doping. The reduced doping gradient in going from
the channel to the source/drain lowers the (peak) electric field and thereby reduces breakdown effects.
This type of concept is actually also used for (LDMOS) power devices, in which the drain is extended by
a lower doped region to achieve high breakdown voltages.

2.2 LDMOS integrated power devices

Integrated power devices need to handle large currents in the on-state and reach high (off-state) break-
down voltages. One way to accomplish this, would be by simply upscaling the standard MOSFET struc-
ture. This however, is beyond certain voltages not a cost-efficient and straightforward way to increase the
voltage and current handling capabilities. For example, if the off-state breakdown voltage and the device
dimensions are to be scaled with a factor k (>1), the doping in the substrate should be scaled with k*
(<1) [11]. This leads to large modifications in V (Equation (2)). Moreover, the mobility in the inversion
channel is relatively low compared to the bulk mobility [14], such that an even longer inversion channel
would not be efficient. Therefore, generally the way to go for power devicesis a drain-extension. This is a
lowly doped region connecting the channel with the drain, with respectively n/p-type doping for a n/p-
channel MOSFET. For integrated applications, such a device is typically called a LDMOS (laterally dif-
fused MOS) and is shown in the left figure below. It should be mentioned that this name convention
originally refers to devices in which the channel is implemented by lateral diffusion, however is nowadays
generally also used to refer to drain-extended devices fabricated by other techniques as well [49)].

Gate
S D
VV L{ ri

nt < L{"I ‘% Ldrif t nt '. X — D.bd :l .'&

\ .{.S(Q’/
R{-s R{.h Ra{-(x R’drlﬂ R’(‘d I',I R _}__, r -

E. o
p-body n-drift y
p-body n-drift nt-drain

Figure 5: Left: Schematic illustration of a LDMOS power device, which has a lowly doped drain-extension that
connects the channel to the drain. Here also the different series resistance contributions are indicated.

Right: Schematic illustration for a simplified 1D off-state breakdown analysis of the LDMOS device (in which
L,.. can be set to zero) for both the NPT (non-punch through) condition and the PT (punch through) condition.

Just as in the normal MOSFET, for sufficient gate bias an inversion layer forms in the p-body below the
gate in which electrons are injected for Vg > 0. Only now after passing through the inversion layer, the
electrons flow into the drain-extension where they are accelerated to the drain by the electric field. Com-
monly, there is also some gate overlap on the drain-extension (L), as depicted in Figure 5 (left). In the
on-state, this enhances the population of charge carriers near the surface (accumulation), which can be
beneficial for the resistance. In the off-state, this extended gate works as a field plate which optimizes the
electric field in the drain-extension and thereby increases the off-state breakdown voltage (subsection 2.3.1
will go more into detail about field plates). [1]

In order to handle large currents in the on-state and to block large drain-to-source voltages in the off-
state, both the on-state resistance (Rox) and the off-state breakdown voltage (BV) must be optimized as
much as possible without compromising the other. This is therefore the main task in designing power

devices (for switching applications). Hence, in the rest of this section these two key design targets will be
discussed in more detail for the LDMOS power device.
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2.2.1 On-state resistance

The Rox of the LDMOS can be decomposed in several contributing resistances, as shown in Figure 5
(left). These resistances are in series such that for Rox [©2] in the linear regime (Vpg < Vpg(sat)), the
following equation can be written: [50]

_ I9Vpg
ON — a[d

= Rcs + Rch + Racc + Rdrift + Rcd (6)

The typical drain bias that is used in NXP’s technology platform to measure the Rox in this regime is
0.1V at full gate drive. The advance of measuring (and modeling) in this regime is that non-idealities
caused by significant drain bias are limited [11], [46]. For example, for a small channel length of 0.2 pm
the lateral field is 0.5 V/um, which is significantly below the 3 V/um at which the electron velocity starts
to saturate [46]. The limitation of this and other non-idealities makes it relatively easy to obtain expres-
sions for the individual resistance contributions:

Source and drain resistance (R.s + R.q = R.q [17])

These resistances consist of the metal-silicon contact resistances (which depend on the work function of
the metal and the doping concentration at the surface) and of the resistances in the highly doped
source/drain regions itself [14]. These resistances are relatively small and are only weakly dependent on

the terminal voltages [46], such that for simplicity they are assumed to be constants.

Channel resistance (R, [12])

The channel resistance (R,;) for an intrinsic MOSFET was already given by Equation (3). However, the
correction for the average channel potential (—Vpg/2) is not valid for a LDMOS device since there is an
additional voltage drop over the drain-extension. The resistance of the drain-extension (R,..+Rg.;f) is
typically must larger than R,_;, such that the average channel potential safely can be omitted for a low

drain bias (such as V,¢=0.1V). The channel resistance is then given by: [14], [50]

Lch Lch
= p = 7
Wluch |Q WuchCox (VGS - VT) ( )

ch

inv|

Accumulation resistance (R, [12])

is the resistance in the silicon area where the gate or field plate

The accumulation resistance (R,..)

overlaps the drain-extension and in literature is most commonly expressed as: [14], [50]

Lachacc Lachacc
Racc = ’ = (8)
W/*Lacle acc' W:uacccoz (VGS - VT)

Here K

acc

[cm], |Q’ .| the accumulation charge per unit area [C/cm’] and g, the mobility in the accumulation

is a factor (<1) to account for current spreading [-], L,.. the length of the accumulation region

ace
layer [em?V-'s!|. The mobility in the accumulation layer is generally higher than in the inversion layer,
since the charge carriers are distributed further from the interface than in the inversion layer [14], thereby
reducing surface roughness scattering. It has been reported to be ~80% of the bulk mobility [14].

Although Equation (8) describes an inverse Vg dependence as is expected for accumulated charge, one
consideration on which this equation is based may not be fully valid in this work. Namely, it is assumed
that the accumulation charge is built up from the channel threshold voltage. Obviously, this is theoreti-
cally not true because the charge is accumulated from the flat-band voltage (Vpp) of the accumulation
layer [51], [52]. So, unless Vi .hanner = VEB accumulation layers this equation cannot be assumed to be trust-

worthy. In Appendix A.1, it is shown how Vppz can be calculated and what values can be expected for the
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accumulation regions in this work. For a typical donor doping concentrations of 10'" cm™, Vpp is approx-
imately -0.15V [14]. Typical threshold voltages are in the range from 0.5 - 1.5V, so clearly the condition
does not apply. The alternate proposal for the accumulation resistance would then be:

* Lachacc
Racc = (9)
W:u’acccow (VGS - VFB)

One final thing that should be mentioned about Equations (8) and (9), is that it is assumed that the
accumulation region is not biased (or equivalently Vg — 0). Taking this into consideration, would effec-

tively increase Vpp by the average potential in the accumulation region (V,

cc)- For a low drain bias

however (such as Vpg=0.1V), V... is typically negligible because most of the voltage is already supported

over the drift region.

Drift resistance (Ry,; ¢ [Y7])
The resistance of the drift region is just that of a doped semiconductor sheet and is typically expressed
as: [50]

Lyvipt

eNdundeffW (10)

Rd’r'i ft —

Here d, s is the effective well thickness in the drift region to account for the unequal distribution of the
current flow in the drift region (current spreading) [cm], Ly, s the length of the drift region [cm], N, the
donor concentration in the drift region [em™] and p,, the bulk mobility appropriate to N; [cm?V's!]. This
equation implies that Ry, is constant and independent of any of the terminal voltages, which is partic-

ularly true in the limit that Vpg —0. If however this limit is not valid, R 7 18 typically related to Vpg

dri
and Vg by phenomena such as the Kirk effect, JFET resistance (subsection 2.3.2), self-heating and quasi
saturation (velocity saturation in drift region) [53]-[55]. For this work, it is assumed that Vpg=0.1V is

sufficient low for this simplification to be usable.

Total resistance (Rov [£2])
Filling in all the resistance contributions (Equations (7), (9) and (10)) in Equation (6) and setting
R, +R.;=R.,, gives the following expression for Ron valid for low drain bias:

_ Lch + Lachucc + Ld”ft
WpenCor (Vas — Vi) WitaeeCor (Vs — Vig) eNd#ndeffW

Ron + Rgq (11)

It must be mentioned that in this equation the mobility reduction with increasing Vg in inversed/accu-
mulated layers is not accounted for. These mobility reductions are typically modeled as: [46]

— Ho,ch & m _ Ho,ace
L+0.,(Ves —Vr) 14 0,..(Vas — Vi)

Hen (12)

Here pig o5, and fig 4. are the zero-field bulk mobilitiesin the channel and accumulation region respectively
[cm*V-'s'] and 6., and 6,,., are technology defined constants [-]. Including these in Equation (11) would
result in two additional (constant) series resistances proportional to the 6 constants, which have the same
effect on Rox (Vgg) as Ryq and Ry, p-

To give an impression of the influence of the various resistance contributions on the Rox and on the linear
drain current as a function of Vg, Equation (11) is used to generate an example which is shown in Figure
6. Here R

current rises rapidly due to the fast decrease in R,; and R,.., its starts to saturate because R

res denotes the constant resistance contributions. From Figure 6, it can be seen that after the

res DECOIMES
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dominant. Typically, especially for large drift regions, R, 5 will be the largest contribution to R,..
Therefore, for proper modeling of LDMOS devices, incorporation of the mobility reduction with increasing
Vs is not as crucial as for standard MOSFETs.
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Figure 6: Typical example of the Roy, as well as its contributions, and the linear drain current as a function of
Vg for a n-type LDMOS device. The current starts rising rapidly due to the fast decrease in R, and R,,. and

acc
eventually saturates because R, ., becomes dominant. Here R, denotes the constant resistance contributions

(Ry and Ry, ). In addition, also the mobility reduction in inversed/accumulated layers can be incorporated in

R,., although can typically be neglected with respect to Ry, .

It must again be noted that Figure 6 is just an example. The distribution of the various contributions to
the total resistance very depends on the application voltage. For high breakdown voltages (>25V), the
drift region will be relatively long such that Ry, will be dominant [50]. For lower breakdown voltages
however, the drift region will be short such that R, R,.. and Ry, may be on the same order [50]. The
relative contributions to the resistance are particularly of interest for identifying possibilities for optimi-
zation. In Appendix A.2, a method is proposed to separate the different resistance contributions in a
LDMOS device based on the theory in this subsection.

To compare the total on-state resistance of power devices, it is convenient to use the specific on-state
resistance (RoxA [m€) - mm?]), which was already stated to be an important FOM in section 1.1. This is
just the Rox multiplied by its surface area (A), in which the total length of the device (pitch) is the
distance from the middle of the body contact to the middle of the drain contact (since the body and drain
contacts are shared). The other important FOM, namely the BV, will be discussed next.

2.2.2 Off-state breakdown voltage

When the LDMOS device is in the off-state and a positive drain voltage is applied, the junction between
the body and the drain-extension is reverse biased. The doping of the drain-extension is typically lower
than that of the channel region, such that the junction is usually assumed to be one-sided (i.e. p™n or pn).
As a result, the depletion region mainly extends into the drain-extension (Equation (1b)), such that most
of the applied voltage is supported there. Depending on the length of the drain-extension and its doping,
two situations can then be considered. The non-punch through situation (NPT), in which the electric field
at the drain edge remains zero. And the punch-through condition (PT), in which the depletion region fully
extends to the drain such that the electric field at the drain edge is non-zero. In Figure 5 (right), these
situations are sketched for a simplified 1D off-state breakdown analysis. Note that L., is set to zero here
as the influence of the gate can be neglected in one dimension. Most devices are generally designed to
operate in the PT condition, since this yields better RonA-BV trade-off (as will be shown in Appendix
B.2) [1]. However, breakdown related relations are typically only derived for the NPT case since this
results in much more manageable expressions. Moreover, these are independent of L., such that a

closed form equation can be obtained for the RoxA-BV trade-off. [1], [14], [56]
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For the NPT case, using Equation (1¢) (in the limit that N; — 0) together with Fulop’s approximation,
it can then be derived by using Equation (5) (with M=1) that the BV due to avalanche breakdown and
corresponding depletion width (Wp, ,4) for silicon are given by: (derivation in Appendix B.1) [14]

_3
BV =5.34-10"- N, 7
I (13)
Wp pq = 2.67- 101 - N, b

Here N, denotes the donor concentration of the lowly doped drift region [cm™]. Note that this BV only
applies for a one-sided planar junction. In practice, the junction between the drain-extension and the body
can be curved which enhances the electric field at the edges. This limits the breakdown to about 80% of
the planar junction [14].

Generally, the voltage drop over the drift region can be obtained by integrating the electric field over the

drift region:

Larige Larift
Vi = — / B.di=— / E,(z,y)d (14)
0 0

At breakdown conditions (situation sketched in Figure 5 (right)), this then gives: BV = E Wp ;,4/2. Using

the equations in (13), the following expression can then be derived for the critical field: [14]

1
B, =4010-N} (15)

The critical electric field (E,) is a particular useful parameter for identifying the onset of avalanche
breakdown. This is because the impact ionization coefficient («) depends strongly on the electric field [14].
Avalanche breakdown can therefore usually be assumed to occur whenever the electric field approaches
the critical electric field locally at some point in the device. As a rule of thumb, E, is typically assumed
to be on the order of 20 V/pm for silicon [9], [10].

Too check how the solutions of the NPT case compare to the solutions of the PT case, the BV and E,
are plotted in the figure below for both cases for five different drift lengths. For the BV of the PT case
the expression in reference [56] is used, this is also used to derive E, in a similar manner as Equation (15)

was derived.
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Figure 7: BV (left) and E, (right) for the NPT- and PT case for five different drift lengths. The PT solutions
converge to the NPT solutions for increasing doping concentration and length of the drift region. Note that when
the NPT and PT curves cross, Wp, g = Ly,p, » such that the transition from PT to NPT occurs.
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From Figure 7, it can be seen that with increased doping concentration and length of the lightly doped
drift region, the BV and E, of the PT case converge to the NPT case. Note that when the NPT and PT
curves cross, Wp g = Ly p, such that the transition from PT to NPT occurs. In this work, typically
Ly ~0.4 ym and N, ~10' cm™, for which the PT and NPT solutions are very close together such that
the less complex NPT solutions safely can be used in further analysis.

Now that the two most important FOM’s (i.e. RoxA and BV) for (LDMOS) power devicesare discussed
in more detail, it will be explained why it is hard to optimize one without comprising the other

2.2.3 Traditional trade-off

The compromise between the BV and RonxA is often referred to as the traditional trade-off in the power
semiconductor device industry. In order to fully evaluate this trade-off, all components of the LDMOS
that affect the field distribution, resistance and/or pitch should be taking into consideration. However,
since the “intrinsic MOSFET” part (i.e. the channel region) does not support a large fraction of the off-
state voltage, it can be approximated that it only adds a (small) offset to the RoxA in the trade-off. On
the other hand, the drain-extension supports most of the off-state voltage and is typically also the largest
contributor to the RoxA. Consequently, the trade-off between the BV and RoxA finds its largest origin in
the properties of the drain-extension and will therefore only be discussed for the drain-extension of the
LDMOS. [1], [14]

In order to support a high BV over the drain-extension, it became evident from the previous subsection
that the drift doping should be low enough (Equation (13a)). Moreover, since a low doping concentration
results in a large depletion width (Equation (13b)), Lg,.; s needs to scale accordingly. Unfortunately, both
these requirements compromise the resistance of the drift region (Equation (10)). From a 1D analysis of
an ideal LDMOS with a lowly uniformly doped drift region, the ideal trade-off between the specific on-
state resistance of the drift region and the BV can be approximated by: (derivation in Appendix B.2)

9.18- 10715 11

RdriftAdrift (- sz] = Rdrift : WLdrift = BV (16)

deyy

It must be noted that Equation (16) will mostly be valid for LDMOS devices in the higher voltage range,
since there the BV will approximately be fully supported by the drain-extension.

One way to break the ideal 1D trade-off limit, is the so-called RESURF concept. This concept enables
to improve the BV without compromising the RonA and will be the topic of the next section.

2.3 Improving breakdown - RESURF

Using the Reduced SURFface Field (RESURF) effect [15], the drain-extension in LDMOS devices can
be designed in such a way that the (off-state) breakdown voltage is maximized without sacrificing the on-
state resistance. From subsection 2.2.2; it became evident that it can be assumed that breakdown occurs
whenever the electric field becomes larger than the critical field (F,) at a certain location in the silicon.
Therefore, the maximal BV is obtained whenever the electric field is equal to E_ everywhere along the
drain-extension. In other words, the BV is ma(ximized by ensuring that the electric field along the current
IE,

af’y) = 0. This is the ideal RESURF condition.

In general, to design a drain-extension that obeys this condition, one has to mathematically describe

direction (x) in the drain-extension obeys

the electric field distribution within the drain-extension. For an electrostatic system, the two relevant

Maxwell equations are respectively Gauss’s law and Faraday’s law: [57]

v E=L & VXE:_%B (17)
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Here p denotes the charge density [C/cm™], E the electric field [V /cm], B the magnetic field [Vs/cm?
and ¢ the time [s]. Since the system is assumed to be static, the time derivative is zero, meaning that the
electric field is a conservative vector field such that it can be written as the gradient of a scalar potential:

E = —VV(#). Substituting this into Gauss’s law, then yields Poisson’s equation: [57]

ViV =-V.E=-L (18)

€s

Here V is the electrostatic potential [V]. For a 1D drain-extension, dBew) _ Eﬂ, such that the RESURF

dx s
s . . . OF oE
condition cannot be met since p # 0. For a 2D drain-extension however, gf’z> + g(j’z>

RESURF condition can be satisfied if there is a field present perpendicular to the current direction with
gradient: Mg—(f’z) = Eﬂ. In Figure 8, both these cases are illustrated. For identical E. and BV, an ideal 2D

= ei, the ideal

drain-extension only needs half of the length as compared to the 1D case. [10]

dEx _p  E, 1D: OE, , E. 2D
dx € Ay
X E. No RESURF dx_, . Ideal RESURF
p 9B _rll P
€s . dz € €s .
2L L

Figure 8: Illustration of the RESRUF concept. For identical E.. and BV, a RESURF optimized (2D)

drain-extension only needs half of the length compared to the 1D case. [15]

An additional advantage of using the RESURF concept, is that the drain-extension can be higher doped,
thereby lowering R, (Equation (10)). While increasing the doping concentration would lead to a re-
duction of the BV for a 1D device (Equation (13a), RESURF can be used to counterbalance the increase
in charge density by a higher perpendicular field gradient [10]. This combined with the optimized field

distribution, reduces the traditional trade-off to: (derivation and full expression in Appendix B.3)

1.64-107 1
Rdm’ftAdm'ft (- Cm2] = (

7
3

derNg Mn(Nd)> B (19)

From Equation (19), it is now evident that increasing the drain-extension doping is very beneficial for the
trade-off. However, this must be tempered by the consideration that the mobility becomes lower at high
doping concentrations. In contrast to the 1D trade-off (Equation (16)), this mobility reduction is now
incorporated because in RESURF applications the drift doping is typically higher. In addition, it must be
mentioned that the doping concentration cannot be increased indefinitely due to the associated increase
in perpendicular field and decrease in perpendicular depletion of the drain-extension. The perpendicular
depletion should be at least as big as the perpendicular layer thickness t [cm] for any x along the drain-
extension. This criterium prevents premature p-body/n-drift junction breakdown by ensuring that the
whole drain-extension is depleted such that ideal RESURF conditions can apply [9], [10]. Moreover, in
order to prevent premature perpendicular breakdown, the full perpendicular depletion of the drain-exten-
sion should occur before the (perpendicular) critical field is reached. Using Equation (1c), these two criteria

can be translated in a mathematical expression for the maximum doping dose in the drain-extension: [10],
[14]

e (20)
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The perpendicular critical field F,(z) should follow from taking the ionization integral along the layer
thickness t(z). In literature, typically a critical field of 20 V/pm is assumed, resulting in a maximum
doping dose on the order of 10" cm™ for silicon [1], [10], [14], [15].

So, from Equation (19) (combined with the restriction from Equation (20)) it is clear that the applica-
tion of RESURF results in a major improvement in the traditional trade-off for LDMOS devices. The
natural question then arises how such a perpendicular field gradient can be produced that is also compat-

ible with the device structure. The two typical ways this is done will be discussed next.

2.3.1 Field plate assisted RESURF

The most intuitive way to generate a perpendicular field gradient is by adding a region/boundary on
top of the drain-extension, that is biased by a certain voltage Vgp. Such a structure is generally called a
field plate (FP) and can take many different forms. The part of the gate overlapping the drain-extension
(i.e. an extended gate) in Figure 5 (left) is for example called a FP. But it could for instance also be a
metal contact or a second gate like structure above the drift region. Generally, the FP is connected to the
gate, such that in the blocking state Vyp=0V and allowing for additional accumulation in the on-state.
In order to illustrate how a FP optimizes the electric field distribution in the drain-extension (in the off-
state), a simulation is performed of a simplified p-body/n-drift/n-drain structure with and without a

(metal) FP on top of the drain-extension separated by an oxide:

Doping (em*-3) 1EI (V'em®-1)
. 1.e+20 .2.o+06
2.0+16 1.e+06
:5,e+ 12 :8.e+05
-2.e+14 4.0+05
l-l.o+18 ‘ lo.o+00

Figure 9: Simulation of a simplified p-body,/n-drift/n-drain structure with (bottom) and without (top) a metal FP
on top of the drain-extension separated by an oxide. The body doping is 10" cnr?, the drift doping 10" cir” and
the drain doping 107 cm®. The applied bias at the drain (right contact) is 10V and the FP is at OV. Left: Doping
distribution. Right: Magnitude of electric field and equipotential Iines. Note that the white lines indicate the

depletion boundaries and the brown lines the junction boundaries.

From Figure 9, it can be seen that the metal FP keeps the electric field in the current direction more
uniform by extending the depletion region (white line) and pushing the equipotential lines towards the
drain (right contact). Countercharge for the depleted drain-extension is now not only present in the body,
but also on the FP. This results in a vertical field gradient which thereby limits the horizontal field
gradient. It must however be noted, that this field distribution is still far from ideal RESURF. The electric
field now peaks at the right FP edge, which is therefore the most profound location for breakdown to set
in. This is because the bias between the FP and the drain-extension increases towards the drain. Conse-
quently, the FP will help deplete the drain-extension more towards the drain than towards the body. The
vertical field gradient is thus not uniform over the drain-extension, such that ideal RESURF cannot apply.
By solving the Poisson equation in the drain-extension at breakdown for ideal RESURF conditions and
imposing the boundary condition: V (z, ;tteq) = Vpp(z), the following condition for ideal RESURF can be
obtained: [9], [10]

o (B Vipto))
DE

_ (21)
eNy(x)t2,(x)/2
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Here t,,(z) = | /2t(% + ;_Sxtox’Fp)7 which is used to model the single sided FP structure as a symmetrical

FP /semiconductor structure with equivalent depletion thickness t.,(x) [cm], ,, pp the thickness of the
oxide below the FP [cm] and Lpg the length of the drain-extension [cm] [9)].

The general strategy now to design devices that obey Equation (21), is by choosing one parameter that
can be varied as a function of z and solving it in terms of the other (constant) parameters. For example,
solving Equation (21) for Ny(z) and t,, pp(x) gives:

BV
e, (BV €pt o7 (L v VFP)
Na(e) = 5= <Ex7 VFP) & tonpple)= =5 =+ D:th (@)
eq s

So, the doping or oxide thickness should increase linearly in the drain-extension when all the other pa-
rameters are held constant. In a similar fashion as the equations in (22), also equations can be derived for
Vip (), €, () and t () and can be consulted for example in reference [9]. It must however be noted that
satisfying Equation (22) only leads to optimal RESURF when Equation (20) is satisfied. The maximum
doping dose is thus limited to ~10" cm™ [10], [14].

The FP application is an example of a single RESURF topology because the perpendicular depletion
only occurs from the top. By going to multiple RESURF topologies, the perpendicular depletion occurs
from multiples sides allowing for a higher doping dose than the ~10'2 cm™. A RESURF approach that
relatively easily allows for multiple RESURF topologies will be discussed next.

2.3.2 Junction assisted RESURF

Another way to generate perpendicular field gradients in the drain-extension, is the formation of junc-
tion(s) (vertical or along the width). In a n-type LDMOS device for example, this can be accomplished by
implanting one or multiple p-domains in the drain-extension. In order for ideal RESURF to apply in such
devices, the total charge in the p-domains should be equal to the total charge in the n-domains [1], [10].
Structures employing this junction assisted RESURF in the drain-extension are therefore often also called
charge balance structures. To illustrate this concept, a simulation is performed of a simplified p-body/n-
drift/n-drain structure with and without an adjacent p-domain in the drain-extension. Note that the

adjacent p-domain in the drain-extension is equally sized (thickness ¢) and doped as the n-drift domain.

Do ping (em®-3) IEI (V*'em*-1)
. 1.0e+20 . 5.56+05
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Figure 10: Simulation of a simplified p-body,/n-drift/n-drain structure with (bottom) and without (top) adjacent
p-domain. The body doping is 10°® cnr?, the drift doping 10" cnr® and the drain doping 107 enr?®. The applied bias

at the drain (right contact) is 10V. Left: Doping distribution. Right: Magnitude of electric field and equipotential

lines. Note that the white lines indicate the depletion boundaries and the brown lines the junction boundaries.

From Figure 10, it can be seen that by adding the adjacent p-domain, the field distribution in the drain-
extension becomes near uniform (deviations due to the additional depletion by the drain). This is because
the n-drift region gets depleted by the adjacent p-domain resulting in a vertical field gradient. If the

vertical depletion fully extends over the drain-extension thickness (i.e. x,, = t), all the charge in the drain-
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extension is used to generate the vertical field such that the horizontal field gradient must be zero. Note

that this full vertical depletion must occur before the (vertical) critical field at the junction is reached,

such that the doping dose in the drain-extension again must be below ~10"? cm™ (Equation (20)) [10].
The maximum doping dose can be increased by going to architectures with multiple junctions. In the

figure below, an overview is shown of the different possibilities for using junction assisted RESURF:

a‘) b) C) d) Top view:
S | Gate D
nt + [ nt _p-well J | nt l nt n-well
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n-well n-well n-well n-well -
p-well
p-body n-well
p-well p-well p-well oowell

Figure 11: Schematic illustration of various possibilities for junction assisted RESURF. a) Single RESURF
b) Double RESURF c) Triple RESURF d) Super junction RESURF: [1]

The configuration in Figure 1la with an implanted p-well below the n-well drain-extension, is the basic
topology for most industrial LDMOS devices. Apart from the additional partial RESURF from the gate
overlap, this is similar to the configuration in Figure 10. In Figure 11b, an additional p-well is implanted
at the surface such that the n-well gets depleted from the top and bottom allowing for ~2x10"? cm (double
RESURF). In Figure 1lc, the additional p-well is implanted in the middle of the n-well such that the n-
well gets depleted from three vertical junctions allowing for ~3x10" ¢cm™ (triple RESURF). The theoretical
limit for this approach can be reached by the formation of a periodic structure (N periods) of alternating
n- and p-domains, which can be accomplished by making use of the third dimension (Figure 11d). Such a
stack of junctions is generally called a super junction and allows for ~2Nx10" cm™.

Although this method can be used to go to higher doping concentrations and does not require any
graded parameters to obtain ideal RESURF as in the FP method, it still suffers from some drawbacks
becoming more severe towards the super junction application. The most significant one, is the loss of
active area through which current can flow because of the p-domains which cannot conduct the electron
current in the on-state. Moreover, the additional p-domains also cause a so-called Junction Field-Effect
Transistor (JFET) resistance, which is the reduction of active area with increasing bias due to the deple-
tion of the n-drift region. Besides these theoretical limitations, there are also process limitations/difficulties
regarding the implants. For example, deep and/or narrow doping domains are hard to produce. Moreover,
the implants must be very carefully designed with limited process variation, since any unintentional charge
imbalance can lead to large reductions in the BV. [1]

Now that an introduction to RESURF is given, along with a discussion of the two most used ways to
use it, it will be shown what is the current industry standard and how this compares to the (non-) RESURF
silicon device limits in the range up to 50V off-state breakdown.

2.3.3 Overview current industry standard

For power devices, it is common practice to show their performance on a RonA-BV graph. In Figure
12, such a graph is shown for the best performing integrated power devices in the range up to 50V
extracted from literature. Most of the devices in this range typically use a single RESURF structure, for
example a FP or a single vertical junction. Therefore, the lower boundary of this data is fitted to the
single RESURF dependency (Equation (19)) with a correction for non-ideal RESURF by a factor £ and
for contributions to the RonA other than the drift region by an offset. This “state-of-the-art fit”, with
€=1.25 and offset=0.75 m€) - mm?, is further used as a benchmark in this thesis. Moreover, to indicate

the room for improvement, the theoretical limits for 1D silicon devices as well as for silicon devices with
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single/double RESURF topologies are shown. For calculating these theoretical limits, d, ¢y =¢t=0.3pm
is used in Equations (16), (19) and (20).
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Figure 12: RovA-BV data for current state-of-the-art integrated power devices in the range up to 50V together
with a “state-of-the art fit” and theoretical limits for 1D silicon devices and single/double RESURF silicon de-
vices. The references indicated in the legend correspond to: Ref. A = HHGrace [58), Ref. B = TSMC'[59], Ref. C
= MagnaChip [60], Ref. D = Rohm [61], Ref. E = Toshiba [62] and Ref. F' = Renesas [63].

From Figure 12, it can be seen that the devices known from literature only start to beat the 1D silicon
limit from about ~25V. This is mainly because contributions other than the drift region, which relatively
become larger for smaller BV, are not incorporated in the theoretical limits. For BV’s of 10, 20, 30, 40
and 50V, the offset makes up respectively 65, 27, 12, 7 and 4% of the RoxA in the state-of-the art fit.
Indicating that the other contributions cannot be ignored in the lower end of this spectrum. Also, it is
evident from Figure 12 that the state-of-the devices are nowhere close to the RESURF limits. Besides
again the offset, this is due to non-idealities in for example the: assumed bulk mobility, geometry of
junction boundaries, doping concentration/gradient and oxide thickness/gradient [10]. These non-idealities
become less severe and/or can be better controlled for larger voltage applications, such that the RESURF
limits typically only get approached for BV’s = 100V [1], [10].

Besides trying to approach ideal RESURF conditions in the drain-extension, additional improvements
can be achieved by reducing the offset. This can especially be very advantageous in the lower voltage
range. Probably the most effective way this can be done, is by optimizing the channel, as this is typically

the most dominant contributor to the offset.

2.4 Improving on-state resistance - channel mobility

Optimizing the channel can be done by improving L, Vp, C,, and/or p.;, (Equation(7)). From these,
the most preferred path would be a reduction in L, as this additionally reduces the pitch. This however,
is often largely constrained by design rules (e.g. the channel should not be too short to suppress short
channel effects) and existing process technologies (e.g. lithographic limits). Such constraints typically also
limit optimization of the channel via the Vj and/or C,,. For example, the Vi has to meet specific re-
quirements for IC design and the C,, is limited by the strict use of SiO as gate oxide over other superior
dielectric materials due to the existing process technology. Improving the channel mobility on the other
hand, can be accomplished by the smart use/integration of existing processing technologies in an existing
technology platform and is not necessarily restricted by design rules. The general expression of the mobility

in a material is given by: [34]

=) (29
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Here (7) represent the mean time between successive scattering events [s], 7; the relaxation time for a
particular scattering mechanism [s] and m* the effective conductivity carrier mass [kg].

A successful approach for lowering p would thus both include lowering the scattering and the effective
mass. It must however be noted that lowering the effective mass also lowers the carrier concentration,
since the density of states (DOS) scales with the effective mass. In particular, for bulk DOS5p m*% and
for a 2D system (such as the inversion layer in a MOSFET) in the quantum limit DOS,p o< m* [38].
Therefore, there will generally be an optimum effective mass [34]. Other than the effective mass, suppress-
ing scattering is always beneficial for p. The main scattering mechanisms in the channel of a MOSFET
are phonon-, surface roughness- and Coulomb scattering (Figure 13 (left)) [34], [64]. These mechanisms

are often modeled as a function of the effective transverse electric field (E, s [V /em]): [51], [65]

1 V. V. .2)/6t,,. for electrons
Eugy = il + 10 = {10 T O e e (21
Here |Q,| is the bulk depletion layer charge density [C/cm?|, n an empirical factor (0.5 for electrons and
0.33 for holes at room temperature [65]) and ¢,,. an effective oxide thickness [cm]. The effective oxide
thickness corrects for capacitances involved in the polysilicon and in the inversion layer. For gate oxides
>10 nm it can be assumed that ¢,,, =~ t,, [51].

For low E, s, the mobility is limited by Coulomb scattering from ionized impurities, interface state
charges and fixed oxide charges. As F, sy becomes higher, the increasing inversion charge starts to screen
the Coulomb scatter points and phonon scattering becomes dominant. For even higher E. ¢, the large
velocity of the carriers towards the surface makes the surface roughness scattering limit the mobility. As
a result, the effective mobility of carriers in the inversion layer follows a typical curve as shown in (Figure
13 (right)). The range where Coulomb scattering limits the mobility is called the low field mobility. The
range where the phonons and the surface roughness limit the mobility is called the high field mobility,
this is an universal curve independent of the doping. [14], [51], [65]
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Figure 13: Left: Scattering mechanisms in the inversion layer. Right: Typical effective mobility curve of charge
carriers in the inversion layer as a function of the effective transverse field. In the low field the mobility is limited
by Coulomb scattering whereas in the high field it is limited by phonon and surface roughness scattering. Also,

the influence of the concentration of ionized impurities (N, ) is indicated. [14], [34], [64]

One way to elevate this curve (Figure 13 (right)), would ideally be the use of superior materials over
silicon, like ITI-V semiconductors [38]. This however, would require different process technologies, which
are unlikely to be integrated in existing fabrication lines. Setting up new production lines requires large
investments, both in time and money, and is therefore more a solution for the long term. Other ways to
improve the mobility, that are compatible with the current silicon industry, aim to modify the band
structure of silicon. This can for example be accomplished by employing strain or quantization. Before
going in to depth on how this can improve the mobility, first some attention will be devoted to the band

structure of silicon in the inversion layer of a MOSFET.
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2.4.1 Silicon band structure in the inversion layer

Silicon is an indirect semiconductor, meaning that the top of the valence band is not aligned with the
bottom of the conduction band in k-space. The lowest points in the conduction band edge of Si lie along
the A-directions, which is approximately at 85% from the I-point to the X-point (zone boundary at
277r<100>7 where a is the lattice parameter). For bulk Si (relaxed), these valleys are six-fold degenerate
(Ag) (Figure 14a). The valleys are highly anisotropic; the longitudinal effective mass (mi) is approximately
0.98m. while the transversal effective mass (my) is approximately 0.19m.. The constant energy surfaces of
the valleys are therefore elliptic shapes. The top of the valance band is at the I'-point (i.e. k= 0), where
the light hole (LH) band and the double degenerate heavy hole (HH) band cross each other. The effective
masses are approximately 0.54m. and 0.15m. for the HH- and LH bands respectively. Below these bands,
there is another band due to relativistic spin-orbit (SO) coupling. The valence band structure near I' can

then very roughly be approximated as isotropic parabolas as shown in (Figure 14b). [3§]
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Figure 14: a) Conduction band valleys in bulk silicon. The elliptic valleys are six-fold degenerate and highly ani-
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sotropic. b) Crude isotropic parabolic approximation of the valence band structure in bulk silicon. Three different
bands can be distinguished: heavy hole (HH), light hole (LH) and spin-orbit (SO). [38]

The isotropic band diagrams for both electrons and (approximately) for holes results in an isotropic
conductivity tensor, which reflects the cubic symmetry of silicon. In the inversion layer of a MOSFET
however, this cubic symmetry gets broken and also the degeneracy is lifted [38]. This is because the
channel region of a MOSFET under strong inversion conditions cannot be regarded as being bulk silicon.
The strong band bending due to the transverse electric field results in a triangular like shaped well which
confines the carriers in a plane parallel to the Si-SiO; interface. In this well, the wavevector perpendicular
to the interface (k) is quantized, leading to discrete energy levels with a 2D DOS in each level. These
energy levels can be determined numerically by solving the coupled Poisson and Schrédinger equations
self-consistently, although is computationally very intensive [66]. Moreover, these solutions are mainly
obtained with reasonable accuracy only for n-channel MOSFET’s. This is because high electric fields tend
to intermingle the valence band energies, making it difficult to calculate the hole quantization [64]. Yet,
an insightful approximation with predictive value can be derived analytically for the discrete energies of

carriers in the inversion layer by the triangular well approach: [64], [66]

1 2
h2 \3 (3 i+3\)°
E,=(——) [2nreE,,; (—= (25)
: <8m;7r2> (2” eff( 4 )>

Here E; is the energy of the i"™ sub-band level with respect to the well [J], h the Planck constant [Js],i
the energy level starting at 0 [-] and m} the effective mass perpendicular to the Si-SiO: interface (z-

direction) [kg].
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Chapter 2: Theoretical background

From Equation (25), it is evident that the discrete energy levels scale inversely with the effective mass.
As a result, different ladders of sub-band energies will exist for the different effective masses of the carriers,
thereby lifting the degeneracy present for both electrons and holes. For electrons in particular, the As
valleys are split into two-fold degenerate valleys (A2) along the k-direction and four-fold degenerate valleys
(A4) in the kky-plane of the Brillouin zone (Figure 15 (left)). The A, valleys have the heaver effective mass
(mi) perpendicular to the interface and the lighter effective mass (my) parallel to the interface. The A4
valleys have m; perpendicular to the interface and m; and m; parallel to the interface. Due to this anisot-
ropy, the sub-band energy levels are lower and the transport mobility is higher in the A; valleys than in
the A4 valleys. In addition, the occupancy of the A, valleys and the A4 valleys is almost the same at room
temperature, due to the higher DOS of the A4 valleys with respect to the As valleys. [34], [67], [68]
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Figure 15: Left: The six-fold degenerate conduction band (D) splits into two-fold (As) and four-fold (A,) degener-
ate valleys due to the quantization in the inversion layer. The As valleys have the heaver effective mass (m;) per-
pendicular to the interface and the lighter effective mass (m:) parallel to the mterface. The Ay valleys have m;
perpendicular to the interface and m, and m, parallel to the interface. Due to this anisotropy, the sub-band en-
ergy levels are lower and the transport mobility is higher in the A» valleys than in the A, valleys. [67]

Right: Inversion carrier density as a function of the distance to the oxide interface from a classical and quantum
mechanical treatment. Incorporating quantum effects displaces the peak towards the substrate and reduces the

total inversion charge. [64]

Another important consequence of the quantum mechanical treatment of the inversion layer, can be seen
in Figure 15 (right). First of all, the peak inversion charge density is effectively displaced towards the
substrate due to the wavefunction boundary conditions at the oxide interface. Secondly, the total inversion
charge becomes less due to the smaller DOS of a 2D system. In advanced MOSFET’s with sub 90 nm
channel lengths, these quantization effects have significant impact on the device characteristics (e.g. Vp
and C,,) [68]. At these small scales, large doping concentrations and thin gate oxides are needed to
suppress short channel effects, leading to large band bending and thereby strong quantization [11], [64].
Power devices typically have larger channel lengths (>200 nm), such that less high gate induced electric
fields are needed and the quantization effects are less significant (Equation (25)). Moreover, for relatively
low E, s, the sub-band spacing becomes small such that the 2D DOS can be approximated as a quasi 3D
DOS [34], [66].

The oxygen-inserted layer (OIL) technique employs, amongst other things, the quantum mechanical
properties of the inversion layer to enhance the channel mobility. This technique will be discussed next.

2.4.2 Oxygen-inserted layer technology

A potentially promising way for improving the channel mobility, is by burying an OIL close to the
silicon surface [2]—[7]. This OIL consists of ordinary silicon in which partial monolayers (PM’s) of oxygen
are incorporated in a periodic manner. In Figure 16a (top), it can be seen how such a PM is incorporated.

The buried OIL improves the channel mobility due to two mechanisms: the formation of a super-steep-
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retrograde-well (SSRW) doping profile and quasi-confinement of the inversion carriers. The SSRW doping
profile accounts approximately 60% for the increase in the mobility and the other 40% is due to the
quantum quasi-confinement effect [4]. In Figure 16b, it is shown from measurements and simulations what
is the typical effect of the OIL on the electron channel mobility as a function of |Q;,,| (equivalent to E,;;
(Equation (24))) [3]. In addition, also a simulation is shown which solely shows the effect of the SSRW
doping profile. It should be mentioned that the OIL here contains four PM’s of oxygen.
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Figure 16: a) Top: Schematic view of how a PM of oxygen (blue rectangle) is incorporated below the channel
region (yellow= Si atom, Red=0 atom). Bottom left: TEM (Transmission Electron Microscopy) image of an OIL
(superlattice of PM’s of oxygen) below a small cap layer of intrinsic silicon. Bottom right: Effect of the inserted
oxygen on the silicon crystal potential. b) Electron channel mobility as a function of |Q,,, | with (MST) and

without (control) OIL technology (with four PM’s of oxygen) from both measurements and simulations. Also, a

inv

simulation is shown which solely shows the effect of the SSRW doping profile. The OIL results in an increase in
the electron mobility mainly at the peak and high field. [4]

In order to give a quantitative impression of the mobility improvements that can be established using
OIL technology, peak and high field mobility improvements are shown for both electrons and holes in
Table 1 (extracted from references [4], [5]). From this table, it is evident that by using more PM’s of
oxygen (e.g. four instead of two), the mobility is further improved as a result of the enhanced effect on
the doping and confinement [4]. How and why the OIL exactly leads to the improvements as shown in
Figure 16b and Table 1, will be clarified in more detail in subsections 2.4.4 and 2.4.5. But first, it will be
elaborated on how the OIL is built up, how it is integrated in the processing of devices and how it limits

thermal budgets during processing.

Table 1: Indications of expected mobility improvements for OIL’s with two PM's of oxygen or with four PM’s of
oxygen for electrons and holes at the peak and high field mobility. Four instead of two further enhances the mo-

bility for electrons, for holes such data is not available. [4], [5]

Electron: peak | Electron: high field Hole: peak Hole: high field
2 PM’s of O 21% 14% 1% 8%
4 PM’s of O 45% 24% - -

2.4.3 OIL technology - Processing

The OIL consists of a superlattice of monolayers of silicon with and without interstitially inserted
oxygen (Oi) (Figure 16a (bottom left)). These O; atoms occupy bonded off-axis interstitial sites with a
mean position between nearest neighbor silicon atoms (Figure 17 (left)) and are electrically neutral [69].
The periodicity of the repeating structure and the occupation of the possible Oj sites in the PM’s, provide
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ways to quantum engineer the brand structure. The repeating superlattice structure typically consists of
seven monolayers of silicon or less, interleaved by one PM of oxygen. The preferred occupation of O; in
the PM’s of oxygen is in the range from about one-eighth to one-half of the possible Oj sites. [43]

Integration of the OIL takes place after the standard shallow trench isolation (STI) implementation
and implant doping processes. As a first step, the top layer of the doped silicon is etched by approximately
30 nm to obtain a clear surface required for further epitaxy. Then, using (selective) epitaxy the OIL is
grown in a low temperature (<800 °C) epi process [70]. This is accomplished by intermittently exposing
the silicon surface to a dilute oxygen source. The oxygen atoms are then situated on non-substitution sites
between Si-Si bonds (Figure 17 (left)) which minimizesdisruption of the silicon lattice and does not hinder
further silicon epitaxy. As a final step, a cap layer of undoped silicon is grown on top of the OIL, where
the conducting channel takes place. The thicknesses of the cap and OIL depend on the application. In this
work, they are both approximately 10 nm. [2]-[7]

For standard CMOS processing, the rest of the fabrication after the OIL integration follows the standard
process flow. For power devices however, caution must be paid to the applied thermal budget after the
OIL integration. A too high thermal budget for a significant amount of time can result in out diffusion of
the O; atoms in the OIL, thereby losing the benefits. Diffusion is generally described by Fick’s law, which
contains a diffusion coefficient that captures the efficiency of the diffusion. This diffusion coefficient has a

temperature dependency similar to the Arrhenius equation: [69], [71], [72]

E
D=D,-¢ 5T (26)

Here D is the diffusion coefficient [cm™s™'|, Dy a diffusion constant [cm™s™], kzT the thermal energy [eV]
and F, the activation energy [eV]. For the diffusion of a single isolated O; atom in silicon, Dy, is given by
0.13 cm™s! and E, by 2.53 eV [71], [72]. This 2.53 eV is the energy associated with crossing the energy
barrier to hop from one bond-center site to one of the six other bond-center sites. In Figure 17 (right),
this equation is plotted for a single isolated O; atom in silicon (black line). Here it can be seen that the Oj

diffusion is negligible before 800 °C and starts to rise rapidly afterwards.
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Figure 17: Left: Schematic representation of a single isolated interstitial oxygen (O;) atom in the silicon lattice.
Here also an interstitial vacancy is indicated where the oxygen atom could hop to or which could be occupied by
another oxygen atom forming a dimer. [69] Right: The diffusion coefficient for O; atoms in silicon as a function of
the temperature (black line: no interaction with other interstitials included, red line: interaction with a single other

nearest neighbor Oratom included).

In the OIL however, the thermodynamic metastable states are stabilized due to neighbor-neighbor inter-
action between the multiple O; atoms. For example, consider the situation when another O;atom is situ-
ated at the interstitial vacancy pointed out in Figure 17 (left). Since oxygen has a large electronegativity,

the O; atoms draw negative charge from their silicon neighbors. As a result, their shared silicon atom
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becomes highly positively polarized leading to a quadrupole interaction between the two O; atoms. This
binding energy is predicted to be in the range of 0.7 eV to 1.7 eV [69]. Adding the lower boundary (0.7
eV) to the activation energy (2.53 e¢V) and again plotting the diffusion coefficient, gives the red line in
Figure 17 (right). Now it can be seen that the O; diffusion is negligible until 1100 °C and starts to rise
rapidly afterwards. When multiple O; atoms are present, such as in the OIL, the binding energy is very
dependent on the relative occupation and configuration/distribution of the O; atoms. Generally, the sta-
bilization becomes stronger as the relative occupation increases towards one due to increased neighbor-
neighbor interactions [69]. Therefore, disregarding of the exact binding energy of O; atoms in the OIL, the
out, diffusion of O; atoms can certainly be neglected below 800 °C and probably would become problematic
somewhere near 1100 °C.

In the next subsection, it will be elaborated on how the OIL improves the channel mobility by lowering
the channel doping.

2.4.4 OIL technology - Super-Steep-Retrograde-Well doping profile

Generally, there are three types of impurity diffusion mechanisms in silicon. The first one is vacancy
diffusion, in which the impurity atom exchanges lattice positions with a vacancy. The second one is
interstitial diffusion, in which an interstitial impurity atom hops to another interstitial vacancy. Atoms
diffusing according to this process are generally more mobile due to the higher number of interstitial
vacancies with respect to substitutional vacancies. The last one is interstitialcy diffusion, which is an
interstitial mediated diffusion process. In this process, a silicon self-interstitial knocks a substitutional
impurity into an interstitial vacancy, which then may knock a silicon atom into another self-interstitial
vacancy (Figure 18 (left). As one could imagine, the probability for this process to occur is very dependent
on the concentration of self-interstitials. In processing, there are generally two processes that generate
these self-interstitials: oxidations and implants. During oxidations, approximately 1:1000 silicon atoms are
unreacted which break free of the interface and diffuse interstitially in the silicon. Ion implantation gen-
erates self-interstitials by knocking silicon atoms from their lattice position, leaving a vacancy behind.
Since these two processes are extensively used in device fabrication, large concentrations of self-interstitials
typically exist during processing. As a result, interstitialcy diffusion may become the dominant diffusion
mechanism (especially for boron and phosphorus). The number of mobile dopants then increases at the
cost of substitutional dopants, resulting in enhanced diffusions of the dopants. This is also called transient
enhanced diffusion (TED). [73], [74]
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Figure 18: Left: lllustration of interstitialcy diffusion mechanism (white = silicon atom, grey = impurity
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atom). A silicon self-interstitial knocks a substitutional impurity into an interstitial vacancy, which then
may knock a silicon atom into another self-interstitial vacancy. [14] Right: Concentration of boron as a
function of the distance to the Si-SiO: interface (obtained by SIMS (Secondary Ion Mass Spectroscopy))
through the channel region of a n-type MOSFET with (red) and without (blue) an OIL [3]. The OIL aids
the formation of a SSRW doping profile, thereby significantly reducing the channel doping.
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Now to get back to the OIL, it is experimentally demonstrated that the PM’s of oxygen block the
diffusion of silicon self-interstitials and thereby effectively reduce interstitialcy diffusion beyond the depth
of the OIL [70], [75], [76]. This blocking is subscribed to local charge modulation induced by the O; atoms
in the silicon lattice [3]. So, during an anneal step, doping atoms diffuse to the lower most PM where they
will pile up and be impeded from further diffusion upwards to the undoped cap layer. As a result, a SSRW
doping profile forms in the channel region. To illustrate this, a SIMS (Secondary Ion Mass Spectroscopy)
boron doping profile through the channel region of a MOSFET with and without an OIL is shown in
Figure 18 (right). It should be mentioned that the formation of the SSRW doping profile is the most
effective for boron and phosphorus, since these species exhibit interstitialcy diffusion as the dominant
diffusion mechanism [74], [76]. Arsenic for example, is only 40% interstitialcy driven such that the effect
of the OIL on its diffusion is less than for boron and phosphorus [74], [76].

The main advantage of the SSRW doping profile is that ionized impurity scattering of carriers in the
inversion layer is reduced, thereby increasing (mainly) the low field mobility. Moreover, the effect on the
doping is also a way to improve short channel control by reducing DIBL due to the pile-up below the OIL
(acting as a halo implant) and reducing Vi variability (>50%) caused by random dopant fluctuations.
An impression of the mobility improvement due to the low channel doping, can be obtained from the
curves in Figure 16b. The device with OIL (MST) shows a steeper slope in the low inversion charge density
regime than the device without OIL (control), which is due to the reduced impurity scattering [4]. More-
over, from the simulations, the improvement due to the SSRW doping profile at the peak and high field
are respectively 19% and 13%. For the quasi-confinement effect, the improvement at the peak and high
field are respectively 12% and 10%. This effect will be discussed next. [2]-[7]

2.4.5 OIL technology - Quasi-confinement

The O; atoms inserted in the silicon lattice act as local perturbations to the crystal potential, as illus-

trated in Figure 16a (bottom right). Due to this local increased potential, electrons are blocked in the
vicinity of the O; atoms but can leak through the PM’s of oxygen in other regions. The channel carriers
are therefore said to be quasi-confined; they experience a quantum mechanical confinement effect while
the wavefunctions can still exist continuously through the material. This quantum mechanical quasi-
confinement effect can be best described by thinking of the effect of the inserted oxygen on the energy
band diagram below the gate oxide. Generally, increasing the amount of oxygen contained in silicon
effectively widens the bandgap [43]. The actual increase in the conduction band and valence band edge in
the PM’s of oxygen is very dependent on the oxygen dose, nevertheless it is expected to be on the order
of ~0.3 - 0.9 eV [3]-[5]. Therefore, the PM’s containing the inserted ox