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A sustainable future requires efficient power electronic converters at any

stage of the electrical energy consumption. Silicon carbide (SiC) is one of the
most technologically advanced wide bandgap semiconductors that can

outperform silicon limits for power devices. SiC power MOSFETs are of the
greatest interest since they are unipolar gate-controlled switches with high

blocking voltage capability and reasonably low specific on-resistance. The focus

of this thesis is on the design optimisation and process technology refinement
towards the improvement of high-voltage SiC MOSFETs. Previous developments

in our group were taken as a reference for this work. The results of this research
allowed the fabrication of large-area SiC power MOSFETs with voltage ranges
targeting 1.7 kV up to 6.5 kV.

The inherent properties of SiC entail challenging technological solutions to

successfully integrate a power MOSFET of such high-voltage capability. To

ensure suitable blocking capability, different planar edge termination
structures have been designed, optimised by TCAD simulation and

implemented on PiN diodes. The termination schemes considered are singlezone JTE, FGRs and a novel RA-JTE structure combining JTE with rings. RA-JTE

design, with the lowest sensitivity to fabrication process deviations and a lower

consumed area, achieved more than 90% of the ideal breakdown voltage and
suitable blocking capability up to 6.5 kV.

The optimisations performed on the unit-cell of the SiC power MOSFET target

both the layout design and the fabrication process. The optimisation has been

performed by TCAD modelling and experimental evaluation of specific test
structures. Several techniques to improve the performance of the fabricated

devices have been considered: i) the use of an offset retrograde p-body profile

to provide an adequate Vth value while preventing p-body punch-through, ii) a

submicronic self-aligned channel definition, iii) a boron treatment to the gate

oxide to improve channel mobility, iv) a discrete location of the p-contact to

reduce cell-pitch, v) the use of a lower-doped-source (LDS) to improve
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reliability, vi) the optimisation of the JFET area, and vii) the integration of gate
runners to improve the switching performance. As a result of these

investigations, a full mask-set were designed and used for processing wafers of

several voltage-class in different batches. All the fabrication steps have been
carried out at IMB-CNM cleanroom.

The electrical characterisation of large-area devices has evidenced an

optimal Vth in the range of 5 V, a proper gate control, and a good blocking

capability. We obtained relatively high specific on-resistance due to the large
cell pitch dimensions required by IMB-CNM cleanroom design rules as well as a

still low channel mobility. Fabricated SiC MOSFETs are capable of switching at

high bus voltages (tested up to 80% of the rated voltage). Although, their

switching performance is limited by internal gate resistance. Fabricated devices
have shown better short-circuit capability (>15 μs) than existing commercial
devices, mainly due to the cell design considerations.

The evaluation of electrical performance evidenced the successful

functionality of the fabricated VDMOS up to 6.5 kV and validates our new RAJTE termination design. On the other hand, the novel boron doping treatment to

the gate oxide clearly demonstrated to improve the on-resistance of our devices
in all voltage classes without affecting breakdown and short-circuit capabilities.

Nevertheless, it strongly compromises stability and reliability at temperatures

above 100 °C. These results show that the MOS interface quality is still the major
issue for the development of reliable SiC power MOSFETs.

Finally, alternative SiC structures have also been investigated to take

advantage of the SiC superior material properties. These include a SiC IGBT
showing conductivity modulation, and a preliminary SiC CMOS cell able to
operate at high temperatures.
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PREFACE

The improvement of power electronics devices has a direct impact on

numerous industry sectors such as electric distribution, traction and electric

vehicles (EV). Focusing on electric distribution, the development of higher-

efficient, high-voltage power devices is crucial for the construction of future

smart-grids, easing the integration of distributed resources such as energy
storage, mixed power supply, and plug-in EV.

It is widely accepted that a new generation of semiconductor power devices,

able to operate in the range of kilovolts, will be crucial in the future for driving

down the cost of generation, transmission and distribution of power electronics
systems. Nevertheless, silicon (Si) power device technology is currently
reaching its limits with respect to its fundamental material properties,
impacting the capability and efficiency of novel power semiconductor systems.

On the other hand, the properties of wide bandgap (WBG) semiconductors,

clearly superior to those of Si, will lead to enhanced power devices with much

better performances than conventional Si devices. WBG-based devices, being
capable to operate at higher voltages and frequencies, will increase the
efficiency of high-voltage converters. Aside this, silicon carbide (SiC) power
devices provide an additional advantage by requiring smaller cooling systems,
which is crucial in some applications.

Today, WBG are crucial parts in numerous industrial applications. For

instance, the recent implantation of the 5G mobile network rely on high speed
switching GaN devices. Over the last few years, SiC devices have provided a

technology alternative to silicon power modules in various low voltage (600 V

to 1.7 kV) applications, in which the SiC power MOSFET is the preferred option
among the different other switch architectures (BJT, JFET). Today, large part of

the development and production of SiC power MOSFETs is destined to the

hybrid and full electric vehicle market, providing better efficiency and a
considerable reduction of the total volume, weight and cost of the full system.

Furthermore, SiC devices will also lead the next generation of power devices

in higher voltage ratings (≥ 3.3 kV) to achieve a more rational use of the energy
iii
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by increasing the efficiency of the power converters at any stage of the energy

generation-distribution-storage cycle. In this sense, the main motivation of this

thesis is to develop and improve the SiC power devices technology in terms of
static and dynamic performance, as well as reliability, towards their future
adoption in higher voltage applications.
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1. Introduction

Today, electricity accounts for 40% of primary energy consumption, which is expected to

increase with the full introduction of renewable energies to the power grid [1].

Independently of the means by which electrical power is generated, electric power is
regulated and converted to different voltages, frequency and waveforms during the different
stages of their processes. Furthermore, it is expected that 80% of electricity will pass
through some kind of power electronics by 2030 [2].

In fact, solid state electronic power converters have a huge presence in all power

management applications. As shown in Figure 1-1, semiconductor power devices
applications include power supplies, electric appliances, heating and lighting, EV, traction,
power conversion and transmission among others.

Power electronics plays a key role in the generation-storage-distribution cycle of the

electric energy since the main portion of the generated energy is consumed after undergoing

several transformations through power electronic converters. Moreover, in power
electronic converters, the largest portion of these power losses is dissipated in their power

semiconductor devices. Consequently, the improvement of power devices technologies is
crucial to achieve a more rational use of the electric energy together with considerable
improvements in efficiency, size and robustness of power converters.

Moreover, economic and environmental motivations have pushed governments and

companies to look forward to an efficient production, transport and consumption of the

electrical energy. Therefore, the development of high-efficient and high-voltage power

devices is essential for the construction of future efficient smart grids.
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Figure 1-1 Power electronics applications sorted by current and voltage requirements.

1.1 Power semiconductor devices

The development of the first bipolar transistor at Bell labs in the mid-twentieth century

was the starting point of solid-state electronic devices. Next, the successful research of
silicon-based metal-oxide-semiconductor field effect transistor (MOSFET) was the

beginning to the actual and well-established planar technology for integrated circuits. It is
interesting to note that the development of this planar technology also boosted the

semiconductor power device’s technology, thus contributing the knowledge of starting
materials, processing, fabrication, packaging, modelling, and simulation.

Nowadays, power semiconductor devices constitute the basis of power converter

systems. The key characteristics of a power device is the capability to withstand large voltage
in the off-state while allowing a high current flow in the on-state. They are used in several
topologies to form different power electronic converters such as DC-DC, DC-AC, AC-DC, and

matrix converters [3].

The two main components of a power converter are rectifiers and switches. Figure 1-2

shows a classification of the power devices in terms of its functionality. Switches are three-

terminal devices whose conduction state can be controlled through its driving terminal (gate
2
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or base). Differently, rectifiers are two-terminal devices whose I-V characteristics cannot be

controlled by an external signal.

Figure 1-2 Power semiconductor device family.

However, power devices are not ideal rectifiers or switches, and suffer from static and

dynamic losses. On the one hand, static losses are determined by on-state resistance as well

as by leakage current in the off-state. On the other hand, delay, rise and fall times during on
and off state transition determine dynamic losses.

Some devices like JBS and MOSFETs are unipolar conduction devices, i.e. they use only

majority carriers for current. The performance of these devices is limited by the trade-off

between blocking capability and on-state resistance [4]. On the contrary, in bipolar
conduction devices, minority carriers are stored in the drift layer, reducing its effective
resistance. However, this stored charge must be removed during turn-off, thus having a

direct impact on switching performance. As a result, comparing equivalent parts, unipolar
devices provide lower dynamic losses while bipolar devices usually show lower static losses
or differential resistance.

Power devices are composed of three main parts: the active area, the periphery and the

drift region. The active area is the region where current flow is controlled and defines the
function type (switch or rectifier). The periphery, around the active area, is composed of the
edge termination and the channel stopper. Drift region is required to withstand the potential
distribution between terminals when the device is blocked.
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When the required blocking voltage is not too high, it is feasible to implement power

devices using lateral structure. Lateral devices place all electrical terminals on the top of the

surface. This structure is particularly suited to power integrated circuits, where the power

transistor is monolithically integrated with control electronics on the same die. The vertical

structure scheme places one of the electrodes on the backside of the wafer. This structure
allows increasing the device integration density (thus the current capability) by using the

full epitaxial layer thickness as drift region. Figure 1-3 depicts the schematic cross-section of

generic power device either vertical or lateral.

(a)

(b)
Figure 1-3 Schematic view of a generic power device cross-section. (a) Vertical
configuration. (b) Lateral configuration.

The on-state resistance of a unipolar device is the sum of all the resistance elements

between the terminals. Moreover, in order to reach higher breakdown voltages, drift layer's
thickness must be enlarged and its doping level lowered, resulting in an increased on-state

resistance. This puts in evidence the existing trade-off between on-resistance and rated
blocking voltage.
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Currently, most power devices are based on the mature and very well-established silicon

technology, covering a huge market of applications as low as 20 V up to several kV [4]. After
years of development, Si power DMOS is widely used in power converter systems and the
technology is very mature, but Si material properties strongly limits unipolar device’s
performances when increasing voltage capability. The Si IGBTs was developed in the 1980’s

and became the best alternative for high-voltage (>600 V) power converter system, since it
combines the voltage-controlled operation of a MOSFETs with low conduction losses of a
bipolar device [5]. Nevertheless, as bipolar conduction device, they suffer from inferior
switching performance to that of a Si power MOSFET [6].

Even with bipolar devices, silicon exhibits some important limitations regarding blocking

voltage capability, operating temperature and switching frequency. At present, the highest

commercial Si IGBT breakdown voltage capability is 6.5 kV with a limited switching
performance, and not any Si-based power device may operate above 175 °C.

These unavoidable silicon physical limits reduce drastically the efficiency and packing

density of the new generation of power converters. Moreover, the energy lost during the

conversion is mostly thermally dissipated. That requires complex and expensive cooling
systems according to the losses and the operating temperature of the devices. In the
meantime, the demand of modern devices based on wide bandgap semiconductor for highly

efficient energy conversion systems can open new and increased performance of these
systems [7].

Figure 1-4 depicts the application area of the silicon-based MOSFET and IGBT switches,

thus illustrating the limits of the silicon technology for power devices. As it can be inferred,

power devices on WBG semiconductors such as silicon carbide (SiC) and gallium nitride
(GaN) will not only allow better power converters efficiency and integration, but also be used

in those applications where Si devices cannot provide good performance because of its
inherent material properties.
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Figure 1-4 Application area as function of switching frequency and power rating for today’s
most common silicon-based gate-controlled power switches and application range of WBGbased devices.

1.2 Wide bandgap semiconductors

Thanks to its inherent properties, WBG semiconductors can provide an additional boost

to power devices performances reducing losses and increasing switching speed. The use of

fast-switching power semiconductor devices allows the use of smaller passive component,
thus decreasing volume/weight of the transformer core and leading to a significant
improvement of the conversion efficiency and converter volume and cost.

For the sake of compare silicon with the main WBG semiconductors susceptible to replace

Si in power devices, Figure 1-5 highlights the most relevant material properties for power
electronic devices of different semiconductors, i.e. high blocking voltage capability, low on-

state losses, high temperature operation and high switching frequency. A more precise
comparison can be done through the data presented in Table 1-1.
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Figure 1-5 Comparison of different semiconductor materials and the more relevant
properties for power devices.

Parameter
Energy gap
Intrinsic
concentration
Critical electric field
Thermal conductivity

EG

3.2

3.4

4.8

5.5

eV

10

MV·cm-1

1.6·10-27

λ

1.5

3.8

1.3

0.2

20

W·cm-1·K-1

1900

cm2·V-1·s-1

Ec

μh

vsat

Relative permittivity

εr

2021 available substrate

1.12

Unit

1.8·10-22

Saturation velocity

2019 available substrate

Diamond

1.6·10-10

μe

Thermal SiO2

β-Ga2O3

8.2·10-9

Electron mobility

p-type doping

Bulk-GaN

1.5·1010

Tm

n-type doping

4H-SiC

ni

Melting point
Hole mobility

Si

0.3

2.6

3.3

8

1687

3100

> 2800

2170

4270

600

100

120

-

1600

1350

750

1200

250

1·107

2·107

2.5·107

2·107

2.7·107

●

●

●

●

○

11.8
●

9.7
●

9.5

●

●

○

300

150

50

450

200

×

100

10

●

×

×

×

50

100

5.5

5x5

●
○
×

25

cm-3
K

cm2·V-1·s-1

cm·s-1

-

mm

mm

Available
Under development
Not available

Table 1-1 Most relevant properties of semiconductor materials. Material properties from
[8]. Substrate availability extracted from [9].
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The semiconductor bandgap determines the amount of intrinsic carriers generated

thermally and is strongly related to the natural leakage current in electronic devices. A lower
intrinsic carrier concentration enables a device to operate at higher temperatures before the

substrate intrinsic doping predominates, as well as allows the use of significantly higher drift
layer doping level for a given blocking voltage.

More importantly, the maximum critical electric field (Ec) in the semiconductor is directly

related to the band gap, the higher the gap, the higher Ec. The high critical field of WBG

semiconductors (more than one order of magnitude higher than that of Si) permits a far
thinner drift layer with higher doping concentration compared to Si and thus greatly reduces

the drift resistance's contribution. Figure 1-6 illustrates an example of the schematic drift
layer thickness required for a 10 kV-rated device in different semiconductors. Actually, the

reduction of the device thickness goes in favour of both on-resistance and switching
performance, as it reduces the drift resistance and the built-in capacitance. As a result, WBG

devices on-state performances greatly improved their equivalent voltage-rating Si

counterparts.

Figure 1-6 Comparison of 10 kV wafer thickness for different semiconductor materials.
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Among these possible WBG semiconductors suitable for power electronics, GaN and,

especially, SiC process technologies are by far the most mature among WBG semiconductor

technology in terms of real commercial availability of the starting material (wafers and
epitaxial layers) and maturity of their technological processes [7][10].

Ga2O3 and diamond, although they stand out in some characteristics relevant for power

devices, they are still in a very early stage of development, especially in MOSFETs. Actually,
their current researches follow other directions. Therefore, they are out of the comparison
and of the scope of this work.

Even though GaN theoretically offers higher frequency and high-voltage performances,

the lack of good quality bulk substrates needed for vertical devices and the lower thermal

conductivity led SiC better positioned for high-voltage devices. Nevertheless, the industrial

interest for GaN power devices is increasing steadily. In the last decade, GaN technology has
been maturing fast, for high frequency, high-voltage electronics, especially focused on GaN-

on-silicon high electron mobility transistors (HEMTs). Nevertheless, lateral heterojunction

GaN devices are only competitive to be used in applications with breakdown voltages below
1 kV.

Therefore, SiC is currently the most suitable WBG semiconductor for high-voltage power

devices (>600 V) due to availability of thick epitaxial layer growth and the fact that it can be
n-type and p-type locally doped. Besides, SiC is the only wide band gap semiconductor that

has a native SiO2 oxide and, therefore, eases the fabrication of MOS gate-controlled devices.
Among the 200 SiC polytypes, 4H-SiC has higher and more isotropic bulk electron mobility,
and is hence the most common polytype used for the fabrication of power MOSFETs.

After the values listed in Table 1-1, SiC presents some attractive electronic properties for

power electronics over silicon [11]. The wide bandgap of SiC (3.2 eV) is about 3 times wider
than that of silicon, leading to negligible intrinsic carrier concentration at room temperature
(about 20 orders of magnitude lower than silicon) [12]. Critical electric field of SiC (~2.6

MV·cm-1) is 8 times higher than that of Si, allowing a thinner drift layer for a given blocking
voltage. Additionally, SiC has a thermal conductivity (3.8 W·cm-1·K-1) that is 3 times higher

than Si, which allows devices to operate at higher power levels and dissipate the generated
heat with lower cooling requirements.
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The superior semiconductor properties of SiC allow SiC-based power devices show far

superior performances than equivalent Si counterparts such as lower on-state resistance

and higher temperature operation [13]. Actually, SiC MOSFETs devices can compete with SiIGBTs offering better switching performance and lower dynamic losses. As a result of the

higher frequency operation, smaller passive components (i.e., inductors, transformers and
filters) are required and higher total converter’s efficiency can be achieved [14][15].
Therefore, as expected, SiC do allow improving converter’s efficiency while reducing total

volume and weight of the whole system [16][17]. Actually, it is expected that SiC-based

power devices to play a key role to fully integrate renewable energies to the smart grid,

gigawatt power transmission systems (HVDC and FACTS) and railway traction converters to
reduce the energy losses and, consequently, the overall system cost [18][19][20].

1.3 State of the art on silicon carbide power devices

Since the early 1990s, the high-power electronics space has been dominated by silicon

IGBTs. These devices became key components for numerous power applications from 1 kV
up to 6.5 kV due to the combination of the high-voltage capability and relatively low

conduction losses. Nevertheless, the apparition of commercial SiC MOSFET is changing the

scope, since it offers the reduction of switching losses by almost an order of magnitude [21].
The significant achievements in both SiC bulk material growth and process technology

provided an excellent scenario to this semiconductor material for high power applications.

Thanks to their simplicity and lower sensibility to crystal defects than PiN, JBS diodes were

the first SiC power devices commercialised. High-voltage SiC diodes are available since 2001

by Infineon, being today real competitors of Si diodes. SiC JBS diodes have been employed to
replace Si PiN freewheeling diodes in power modules, creating hybrid Si IGBT + SiC JBS

modules, and demonstrating remarkable advantages in miniaturisation of the system,
improving efficiency and reduction of heat dissipation [22]. As a result, SiC rectifiers are

nowadays becoming key components in various applications like power supplies or power
conversion systems for mobility applications. Indeed, the attributes and benefits of SiC
devices are rapidly becoming known as their use in power electronics applications continues
to gain industry acceptance, thanks to the low field return ratio.
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Different SiC power switches have been developed up to date. Initially, due to the lack of

efficient gate oxide, JFETs and BJTs were the first power switches commercially available,
but they require more complex drive circuits [6][23]. SiC MOSFET is presented as one of the

most interesting gate-controlled devices for power applications, since it provides a high
switching speed together with high-voltage capability and a relatively low on-resistance up

to 10 kV.

The theoretical benefits of SiC MOSFETs for power conversion are listed below:

1. Gate control: SiC MOSFETs are gate controlled devices and virtually compatible with
conventional IGBT drivers.

2. Unipolar conduction: The lack of stored charge reduces dynamic losses and allow
SiC MOSFETs to switch at higher speeds than equivalent rating Si-IGBTs.

3. Low leakage current: SiC MOSFETs can reach high-voltage capability with low drain
leakage current in off-state.

4. Bi-directional conduction: Power MOSFETs allow the current flow in both
directions, simplifying power converter’s circuits [24].

5. Built-in PiN diode: Power MOSFETs include an intrinsic antiparallel PiN diode that
can be use as freewheeling for inductive load applications.

6. Robustness: SiC MOSFETs have avalanche robustness capability, enabling snubberless converters [25].

Therefore, since the early demonstration of the SiC MOSFET in 1992 [26], it has been the

focus of numerous research and development studies. Today, the result of these studies on
different topics such as edge terminations [27], gate oxide formation [28] and cell design

optimisation, allow the commercial introduction of SiC MOSFETs from several

manufacturers in 2011 [29][30], and full SiC power modules with current capabilities in the
range of 100 A [31].

Different groups have evaluated the performance of commercial SiC devices versus their

equivalent ratings silicon counterparts. In [32] and [33] authors compared 1.2 kV Si IGBTs
and SiC MOSFETs. 3.3 kV-rated devices were compared in [34] and 6.5 kV power converters
were compared in [35] and [36] using Si IGBT + Si PiN and SiC JBS configurations.
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Although commercial SiC MOSFETs have already demonstrated good performances for

low-voltage power electronics applications [37], SiC power MOSFETs are only commercially

available for voltages up to 1.7 kV [38]. At present, several companies have developed 3.3 kV

devices which are now available as engineering samples and are expected to become widely

available in the coming years. The current roadmap for SiC semiconductor industry is the
introduction of 3.3-6.5 kV SiC devices into the market in a medium term.

SiC devices are starting to lead the next generation high-voltage devices. However,

challenges associated to cost, edge termination design, device reliability and peak-current

capability still remain. Furthermore, new passivation materials and packaging technology

will also be needed before high-voltage (HV) SiC technology become a reliable candidate for

medium to high-voltage industrial applications [39].

As the use of wide bandgap semiconductors for low voltage (< 1 kV) power applications

reached a high level of maturity, the interest in SiC devices as a solution to improve the

efficiency of medium to high-voltage applications has increased. In this sense, several
initiatives such as FP7-SPEED [40] and winSiC4AP [41] from the European Commission, and

Power America [42] from the United States Government were proposed to boost the

development of SiC power devices oriented to certain power applications like renewable
energies, rail traction, EV and fast chargers.

Moreover, the adoption of SiC power devices has been historically limited by the cost of

the SiC wafers. Nevertheless, the improvements in starting material reached during the last
decade resulted in SiC substrates showing almost zero micropipes and reduced basal plane

dislocations (BPD) (< 103 cm-2) [43]. Today, large-diameter 6 inches 4H-SiC wafers with

relatively high-quality bulk substrate and epitaxial layers are commercially available from

multiple vendors and used for commercial devices production. 8 inches wafers have been
demonstrated already with promising performances. It is important to note that the

progressive increase of the diameter of the available commercial substrates and epilayers
did not suppose and increase of the cost per wafer, resulting in a strong decrease of the cost
per cm2 during the last 20 years.

As a result, the refinements achieved in both the fabrication technology and device design

combined with the commercial availability of high-quality starting material result in the

production of more devices per wafer and higher device yields, which leads to reduced
12
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manufacturing cost per chip. Therefore, it is expected that SiC MOSFETs will compete with
Si IGBTs and will replace them up to 6.5 kV breakdown range in a near future.

It is important to note that, up to now, most developments on SiC MOSFET device design

and manufacturing processes were focused on the reduction of the specific on-resistance.

Nevertheless, the main focus of SiC device research has been recently shifted to reliability

issues. In this sense, several concerns on SiC MOSFETs, such as the improvement of the MOS
gate stability and reliability, the short-circuit capability, the reverse blocking robustness to
temperature and humidly (H3TRB tests) are currently some of hot-topics that must be
addressed to reach a mainstream adoption level in power electronics system designs [44].

In parallel to the development of planar SiC MOSFETs (Figure 1-7 (a)), SiC trench gate

technology MOSFETs (Figure 1-7 (b)) are also being explored [45][46] and some preliminary

commercial devices stat to be available [30][47]. The SiC trench MOSFET allows higher cell

density but left the gate oxide exposed to high electric field when device is in off-state. As a

result, the presence of the electric field peak close to the gate oxide compromises its
reliability, and additional solution is required to shield the gate oxide in the bottom of the
trench.

(a)

(b)

Figure 1-7 Schematic cross-section of SiC MOSFETs technology. (a) Planar configuration.
(b) Trench configuration.

Today, after the continuous and extensive researches on the SiC MOSFETs, which resulted

in considerable device performances and reliability improvements, SiC MOSFET is gaining

confidence from numerous customers and has clearly started to penetrate into different

applications. Almost all the high-voltage (>600 V) power semiconductor device

manufacturers including Wolfspeed, Rohm, Infineon, ST Microelectronics, ABB, General
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Electric, Microsemi, Sumitomo, Mitsubishi, On Semiconductors, are currently interested in
developing the SiC power MOSFETs market [48].

There is also an active research on very high-voltage SiC devices (>10 kV), for both

unipolar and bipolar technologies [49]. The SiC IGBT is seen as the power switch with highest

future potential for high-voltage applications since its superior on-state performance due to
conductivity modulation. SiC IGBTs have received a lot of attention in recent years, and some
devices with blocking voltage capabilities over 27 kV have been reported [50], but these are

currently at an earlier stage of development. The development of these power devices will

widen the application field of SiC power switches. The achievements in the SiO2/SiC MOS
interface quality achieved in the development of power MOSFETs are crucial for designing

SiC IGBTs with high electrical performances. Besides, improvements in the epilayer growth
process (low defect density and high carrier life time) are crucial for the realisation of
competitive SiC IGBT devices.

1.4 Specificities of silicon carbide process technology

Likewise in any semiconductor technology, the fabrication of a power device requires to

perform a set of physical and chemical process on the starting substrate. These fabrication
steps are carried out in a controlled environment (cleanroom) such as the one available in

the IMB-CNM, to minimise the contamination of the processing wafers by particles and/or

other agents, thus compromising the functionality of the full device.

SiC power device manufacturing can directly use some of the Si technology fabrication

steps. However, SiC processing presents a set of specificities that must be taken into account

from the design point of view up to the fabrication stage. As an example, the strong Si-C bond

energy (5 eV) makes SiC crystal chemically stable at high temperature, resistant to
radiations, and to corrosion. However, this chemical strength makes it difficult to chemically
transform at typical temperatures used for Si device processing. As a result, SiC device

manufacturing requires some specific equipment to perform processing that are typically
out of the conventional Si equipment specifications.

The most relevant specificities are presented as follows:
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SiC starting material is transparent to the visible light. Therefore, UV light under 400 nm

wavelength is required for initial wafer inspection.

Selective doped regions

The definition of regions of different conductivity is performed by the incorporation of a

controlled amount of impurities into the semiconductor. This inclusion is usually performed

by ion implantation, i.e., a beam of dopant ions is accelerated towards the photoresistpatterned SiC substrate to create selectively doped regions. In silicon, typically nitrogen,
phosphorus and boron are used for selective doping by implantation. In SiC technology,

nitrogen and phosphorus are used as n-type SiC dopant whereas aluminium is used for ptype ones.

Nevertheless, the energies at which dopant atoms must be accelerated to penetrate to a

certain depth of the SiC lattice are higher than in Si. Moreover, because of the extremely low

atoms diffusion constants in SiC, diffusion of implanted impurities during activation
annealing is negligible. As a consequence, the only viable option to define deep doped regions
into the SiC goes through the use of multiple high energy ion implantations.

Furthermore, even if high implantation energies are used (~1 MeV) SiC devices typically

show shallow junctions (< 1 μm). Moreover, unlike Si technology where impurity
implantation process produces cylindrical-shaped junctions at the edges of the mask
window, SiC show abrupt lateral junctions due to the lack of implanted atoms diffusion.

Activation of impurities

Besides, the amount of active implanted impurities strongly depends on the annealing

temperature. Due to SiC inherent high thermal stability, extremely high temperature
annealing (~1400 °C – 1800 °C) is required to achieve a significant portion of active

implanted atom impurities. These temperatures are higher than silicon melting point and,

therefore, typically out of traditional Si-device fabrication equipment specifications. To
overcome this limitations, IMB-CNM’s cleanroom uses a specific furnace equipment

(Centrotherm Activator [51]) to perform the activation annealing at temperatures as high as
1800 °C. It is important to consider that complete dopant activation is not achieved even

after high temperature annealing. This effect is especially critical for p-type dopants whose
activation ratio could be as low as 65% at an annealing temperature of 1700 °C [52].
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It is important to take into account that the SiC doping by means of ion implantation

affects the final device performances. On the one hand, high-energy ion implant induces a

surface damage thus increasing surface roughness. Moreover, annealing at temperatures

above ~1550 °C leads to Si evaporation from SiC wafer surface, thus also increases surface
roughness [53]. The use of carbon capping layers is a suitable solution to prevent surface
roughness caused during high temperature annealing.

Surface roughness increases electrons scattering and lowers interface quality.

Furthermore, extremely high annealing temperatures induce crystal damage, thus

evidencing a trade-off between impurities activation ratio and lattice damage. To reduce

damage created during implantation and ease the crystal reconstruction during the
annealing, high temperate implantation is typically used, especially for Al doping.

Metal contact formation

The ohmic contact formation is a key process to create low on-resistance and highly

reliable SiC MOSFETs. Alike silicon technology, factors that may affect contact resistivity in

SiC include surface roughness, organic and metal contamination, and presence of oxide layer,
photoresist residues, and graphitised surface. A common technique to form low-resistivity

ohmic contacts in SiC is to deposit a suitable metal on a heavily doped n-type or p-type

region, followed by a post-deposition annealing at high temperature (~950 °C). Nickel is a

popular metal used for SiC contacts, since it can form nickel silicide contacts simultaneously
on n-type and p-type regions, although Al-Ti is preferred for p-type regions as it results in

lower contact resistivity [54].

Thermal oxide

A key component of the Si semiconductor technologies is the SiO2 oxide layer, which is

typically used as a dielectric for the MOS gate. In SiC, unlike other WBG semiconductors, this

layer can be thermally grown. However, thermal oxidation of SiC needs higher temperature
and shows slow oxidation growth rate. Moreover, this chemical reaction produces both SiO2

and carbon compounds, which causes the resulting interface to be affected by a large Dit, thus

affecting device stability. This topic will be more extensively discussed in section 4.1.4.
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Due to its mineral hardness close to diamond, SiC is often used as abrasive compound.

This peculiarity makes SiC difficult to etch and dice and, therefore, to fabricate devices that

requires deep trenches. This property requires high rate dry etching techniques such as

Inductively Coupled Plasma (ICP). The etching rates are much lower than in Si and specific

equipment’s adjustments are needed to be able to process SiC etching under reasonable

conditions. Isotropic wet etching is not a commonly used in SiC processing due to its high
chemical hardness. Only very recent studies have reported good etching rate (200 μm per
hour) of highly doped n-type layers using opto-electro-chemical etching [55].

Actually, the unit cell design of a standard planar SiC power MOSFET does not require any

severe etching step. However, in our process, etching is used to define alignment marks and

a narrow trench around the device to create a deep channel stopper. Etching is also used to
mark device’s dicing tracks, aiming to easily locate the track during the wafer dicing process.

Design considerations:

Actually, although SiC planar power MOSFETs are usually referred as VDMOS, this term

derives from the silicon device of the same name, in which VDMOS stands for Vertical

Double-diffused MOSFET. In silicon the n-type and p-type impurities are implanted through

the same polysilicon mask, and the channel region is defined by the different diffused profiles
generated by thermal post implantation annealing.

However, in SiC, since there is almost no impurity diffusion, the power MOSFET cell

structure is formed, in principle, by implantation through two separated masks: one for n-

type (source) and another for p-type (p-well). This dual-mask process can be avoided by a
self-aligned channel definition. To do so, some tricks are, as it will be shown in chapter 3.

Moreover, to take profit of the higher blocking capability of SiC devices, power devices

need the design of effective edge termination structures to protect its periphery. Compared

to silicon, the higher critical electric field of SiC allows higher drift layer doping and smaller
total dimension of the termination area. Therefore, specific extra rules for edge termination

designs must be considered to avoid lateral filed breakdown or premature breakdown with
air. Moreover, for high-voltage applications (>1.7 kV), device passivation aspects, including
humidity issues, are crucial.
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Finally, the higher thermal conductivity value of SiC enables the reduction of the thermal

resistance of the semiconductor die and, therefore, a better vertical and lateral heat
dissipation. Nevertheless, for a similar current rating, SiC dies are typically smaller than Si

counterparts. This results in the increasing the thermal resistance, which is also linked with

the die area. Therefore, to really take profit of SiC superior thermal properties, adequate
packaging must be developed considering the above-mentioned specificities. For instance,

polishing the wafer to reduce the n+ substrate, allow to obtain thinner devices (e.g. 100 μm

thick Infineon diodes) that improve thermal behaviour as well as general device
performance.
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SiC power MOSFETs represent a real breakthrough in power electronics although further

developments are still required. Moreover, many of the SiC semiconductor advantages are

not fully exploited due to specific material quality, technology limitations, non-optimised

device designs, packaging challenges and reliability issues.

The research presented in this manuscript takes the previous work on power MOSFETs

done at IMB-CNM as starting point and seeks to improve the design and process technology

for the fabrication of SiC power MOSFETs with voltage ratings ranging from 1.7 kV up to 6.5
kV, taking also in consideration device reliability.

Chapter 2 studies the development of novel edge terminations designs for suitable high-

voltage devices. The high-voltage capability is an issue since SiC devices have a large

potential for applications in the high and very high-voltage range (> 3.3 kV). Innovative

designs of edge terminations and technological solutions should be found to be able to

implement such large voltage capability and ensure its reliability, keeping termination
consumed area as low as possible. This chapter presents the optimisation of different edge

termination designs by means of TCAD simulations as well as the experimental data
extracted from the implementation of these schemes on PiN diodes and further on full
VDMOS.

Chapter 3 emphasises the improvement of the VDMOS design, including the unit-cell, the

fabrication process, and the gate structure. The cell-design has a direct impact on the device’s

specific on-resistance. This chapter describes several techniques to optimise the unit-cell

design in terms on specific on-resistance while ensuring a proper device ruggedness. These
will be tackled by TCAD simulation and added through the layout of a new mask-set.
Moreover, one of the most limiting factors of the VDMOS output performance is still the poor

interface quality. This chapter also presents the application of a novel boron treatment of the
gate oxide to improve the effective channel mobility.

Chapter 4 focuses on the electrical characterisation of the fabricated VDMOS, highlighting

the major achievements. The electrical characterisation includes voltage-current static and
dynamic characteristics, the evaluation of the VDMOS stability as well as short-circuit and

robustness test. Some physical and morphological characterisation is also provided,

including surface roughness measured with Atomic Forces Microscopy (AFM), and actual
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device cross-sections captured with Scanning Electron Microscopy (SEM) after a Focused

Ion Beam (FIB) cuts. This chapter also presents the exploration of bipolar SiC devices such

as a first SiC IGBT. Lastly, a preliminary SiC CMOS cell is presented in ANNEX A as a proof of
concept of the SiC integration compatibility.

Finally, chapter 5 draws the conclusions of this thesis, as well as outlining suggestion for

further work.

Summarising, the main objectives of this thesis work are stated as follows:

1. To design and demonstrate HV SiC MOSFETs in the range of 1.7 kV up to 6.5 kV and
explore the feasibility of the 10 kV.

2. To improve the existing technology to build the second generation of SiC switches.

3. To evaluate the potential of SiC bipolar switches technology (SiC IGBT) for next
devices’ generation at much higher voltage ratings.

4. To check the feasibility of SiC integrated digital circuits compatible with VDMOS
process to target smart power solutions.
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2. Planar edge terminations
for high-voltage SiC devices

2.1 Blocking voltage in MOSFET cell

The blocking voltage is the maximum voltage a device can withstand without degrading

its electrical characteristics. Degradation is considered as the increase of the leakage current,
but it can even reach thermal destruction, leading to device blow up. The ability to support

large voltage in the off state with minimal leakage is an essential requirement of all

semiconductor power devices. The maximum voltage value bearable is mainly determined

by semiconductor material properties and device design. As seen in Table 1-1, the electrical

performances related to breakdown voltage capability (critical electric field and intrinsic

carrier concentration) of SiC are much better than those of Si.

In the case of a properly designed vertical power MOSFET, breakdown voltage is the

voltage at which significant amount of current starts to flow between the source and drain
by the avalanche multiplication process when the device is polarised in blocking mode, thus

indicating the reverse-biased body-drift p-n junction diode breaks down. For voltages lower
than avalanche breakdown and no channel formed under the gate, the drain voltage is
entirely supported by the reverse-biased body-drift p+/n- junction.

The voltage at which avalanche phenomena occurs is closely related to the starting

material properties (mainly with critical electric field) together with the thickness and
doping concentration of the drift layer. Considering a one-dimensional p+/n- junction under
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reverse bias, the electric field at the p+/n- junction increases with the applied voltage until

the maximum value of the electric field reaches the critical electric field of the material. At
this point, the avalanche breakdown occurs. A one-dimensional electric field distribution in
a reverse biased p+/n- junction is depicted in Figure 2-1 in two configurations: a non-punch-

through structure and a punch-through structure (PT).

(a)

(b)

Figure 2-1 (a) One-dimensional p-n junction cross-section and its related electric field
profile. Comparison of a non-punch-through drift region (a) and a punch-through drift
region (b). The punch-through design allows a thinner drift region for the same blocking
voltage.

In non-punch-through configuration (Figure 2-1 (a)), the drift region is thick enough to

allow the depletion width to extend into the drift region (tdrift>xd). As blocking voltage is
obtained by the integral of the electric field distribution, in a non-punch-through structure

that corresponds to 𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏 = ½ xd 𝐸𝐸𝑐𝑐 [1]. In punch-through structure, drift region is shorter

than the theoretical depletion width extension (Figure 2-1 (b)) and electric field distribution
shows an even area.

The punch-through technique allows the use of thinner drift regions, but comes at the

expenses of higher leakage current when device is in blocking mode. As an example, Figure

2-2 (a) depicts the extension of the depletion region of a 6 kV range Schottky diode (drift 60

μm thick and doped 8·1014 cm-3) obtained by means of numerical simulation. As it can be
inferred, depletion width extends when increasing the applied voltage until the buffer
layer/substrate is reached. At this point (about 2500 V in Figure 2-2 (a)) the electric field on

the semiconductor junction starts to increase, inducing an increase of the device’ leakage
current. This is particularly sensible in Schottky-based junctions. Figure 2-2 b depicts a set
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of experimental measurements of the JBS diodes reverse characteristics. As it can be seen,

the voltage at which the depletion region reaches the buffer layer corresponds to the point
at which the JBS diode reverse current starts to grow exponentially.

(a)

(b)
Figure 2-2 (a) simulated depletion layer extension in a 6 kV SiC Schottky diode in PT
configuration. (b) Experimental 6 kV-rated JBS reverse characteristics with the same drift
layer doping.
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The maximum voltage that can be achieved on a given drift region can be obtained

through the calculation of the impact ionisation coefficients. These are strongly related to
the electric field and determine the relationship between drift region doping concentration
and breakdown voltage (VBR). However, accurate impact ionisation coefficients values must
be considered in order to get a realistic estimation of VBR. In this sense, it has been shown

that the Baliga’s power law approximation [2] for the 4H-SiC impact ionisation coefficients
evaluation largely overestimates VBR [3], especially for voltages higher than 5 kV.

Consequently, it is preferred to evaluate the ionisation integral using the impact ionisation

model provided by [4]. Figure 2-3 illustrates the breakdown voltage dependencies with the

drift region properties of several epilayers on 4H-SiC substrates obtained by means of
numerical simulations. We can infer that for a given drift thickness, there is a minimum

doping value below which the maximum breakdown voltage stops increasing. An optimal
on-resistance/VBR compromise could be then found using this minimum doping value.

Figure 2-3 4H-SiC p-n junction breakdown voltage for several drift layers thicknesses
obtained by means of TCAD simulation and Ng impact ionisation coefficients [4].

In planar vertical power MOSFETs, the blocking voltage is supported by the p+/n- reverse-

biased junction defined by the p-body and the drift region, but it is also supported by the
MOS capacitor formed between the gate contact and the drift region. Figure 2-4 depicts the

electric field profile in the p+/n- junction and the MOS capacitor of a VDMOS when device is
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in blocking state. The value of the electric field in the oxide of the MOS capacitor is higher

than the peak field in the semiconductor. In fact, the oxide electric field is related to the
surface field in the semiconductor by the ratio of material relative permittivity, as required
by Gauss’ law, i.e. 𝐸𝐸𝑂𝑂𝑂𝑂 =

𝜀𝜀𝑆𝑆𝑆𝑆𝑆𝑆
𝜀𝜀𝑂𝑂𝑂𝑂

𝐸𝐸𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆 ≈ 2.5 𝐸𝐸𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆 . Although the optimal breakdown critical

electric field of SiO2 is about 10 MV·cm-1, it is highly recommended to keep the oxide field
below 4 MV·cm-1 to ensure good long-term reliability of MOS SiC devices [1].

Figure 2-4 Electric field distribution in a VDMOS in blocking mode. The applied voltage is
supported by both the reverse-biased pn junction and the MOS capacitor.

In silicon, this Gauss law related electric field distribution is not an issue since the Si

critical electric field is approximately 0.3 MV·cm-1. Therefore, the maximum electric field that

can be present in a silicon MOS gate oxide is typically set below 1 MV·cm-1 when the critical
electric field has been reached in the semiconductor. The higher critical field of the SiC

material means that gate oxides (or dielectrics in general) in SiC MOS devices may be
subjected to higher fields than in silicon devices. This is also true for all the wide band gap

semiconductors. Then, gate reliability takes a more important role in such semiconductor
technologies.

Consequently, besides typical avalanche breakdown, other mechanisms could also limit

the blocking voltage of a SiC power device:

a) High leakage current in the reverse-biased junction due to intrinsic or processing
related defects.

b) High electric field in the oxide as previously explained.
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c) Punch-through of the channel region of a transistor due to low dopant activation rates
and low diffusion coefficients.

In MOS-based devices, a body punch-through condition exists when the depletion region

on the p-side of the junction reaches the n+ source [5]. This provides a current path between

source and drain, which causes soft breakdown characteristics. Premature breakdown due

to punch-through of the p-body can be avoided ensuring that the region is not completely

depleted before the avalanche breakdown occurs. This can be addressed by an adequate pbody design making its doping profile large and deep enough.

However, the required p-body thickness of SiC is about six times larger than that of Si [6].

This implies that the minimum channel length (Lch) required for SiC devices is much larger

than that of silicon devices, thus penalizing channel resistance. A higher p-body doping

concentration can be used to avoid channel punch-through, but it comes together with an
increased threshold voltage (Vth) value.

To deal with this trade-off, one solution explored was to use retrograde doping profile.

Although devices with retrograded doping profiles present inferior breakdown capability in

comparison with the box profile ones, a retrograde profile allows the independent
adjustment of threshold voltage value. In this sense, several profiles, calculated with our
Monte Carlo ion implantation simulator I2SiC [7], were analysed using TCAD simulations.

Figure 2-5 presents the electrical simulation of a 10 kV VDMOS structure with retrograde

profile variating the peak doping concentration from 1·1018 to 1·1019 cm-3. As it can be seen,

the structure with a lower doping profile peak value (Figure 2-5 (a)) punches the p-body

near the channel region allowing the current to flow through it. This effect is not observed
in the structure with higher p-body doping (Figure 2-5 (b)) under the same biasing
conditions.
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(a)

(b)
Figure 2-5 TCAD simulation of the channel punch-through in a 10 kV-rated substrate at
12000 V drain bias with two different retrograde p-body profiles: (a) ~1·1018 cm-3 peak and
(b) ~1·1019 cm-3 peak.

The blocking I-V characteristics of the two simulated structures is depicted in Figure 2-6.

As it can be inferred, a non-optimised retrograde p-body profile leads to a premature leakage

current increase by p-body punch-through before the avalanche breakdown occurs, thus
limiting device blocking capability.

Figure 2-7 shows the blocking I-V characteristics modelled for these two p-body profiles

on other rated-voltage substrates from 1.7 kV up to 10 kV. We can note that the same doping
profile is more resistant to p-body punch-through as voltage rating increases, due to the

lower doped drift region used in the higher voltage class devices. Indeed, the proposed
1·1019 cm-3 profile is ideal for a blocking capability of 6.5 kV or above. However, if this profile

is applied to 3.3 kV or 1.7 kV devices, p-body punch-through occurs in both p-body doping

cases. For instance, the 3.3 kV-rated SiC VDMOS with a 0.6 μm channel length and the higher

doped p-body profile leads to p-body punch-through at a drain voltage corresponding to
about 80% of that of the theoretical one-dimensional parallel-plane junction.
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Figure 2-6 Simulated breakdown I-V curves of a 6.5 kV MOSFET with two different p-body
doping profiles. In lower-doped p-body (red line), p-body punch-through occurs before
avalanche breakdown.

Figure 2-7 Simulated breakdown I-V curves for 1.7 kV 3.3 kV 6.5 kV and 10 kV-rated
substrates VDMOS.

Consequently, with a proper VDMOS cell design that ensures that oxide electric field does

not exceed a safe value, and an adequate p-body profile that avoids premature breakdown

by p-body punch-through, VDMOS blocking capability can be ultimately limited by avalanche
breakdown of the reverse-biased blocking junction.
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2.2 High-voltage edge termination

When reverse biasing parallel-plane vertical PiN structure, the equipotential lines are

horizontally distributed in the drift layer as shown in Figure 2-8 a. Nevertheless, junctions

in real devices are not infinite and show edges, usually with curvature (Figure 2-8 (b)). The
presence of abrupt junction edge causes field crowding at device periphery, which locally

increases electric field peak value (Figure 2-8 (b)). Consequently, avalanche breakdown will
occur at lower biasing voltages at the junction edge than for plane junction with the same
drift region properties [8], resulting in a lower breakdown voltage capability.

(a)

(b)

(c)

Figure 2-8 Schematic cross-section of a pn junction. (a) One-dimensional junction (parallelplane infinite junction). (b) Two-dimensional structure with abrupt junction edge.

Therefore, high-voltage devices require suitable edge termination structures to alleviate

the equipotential lines curvature effects at the periphery of their active area. The termination

must reduce the electric field crowding and allow reaching a breakdown voltage close to the

ideal value of the one of a parallel-plane junction (Figure 2-8 (c)). The effectiveness of these
structures is defined as the breakdown voltage for a given edge termination scheme
normalised to its ideal one-dimensional parallel-plane breakdown voltage (VPP).

In Si technology, planar edge termination techniques are industry standards, and are

mainly based on implanted dopant diffusion, either highly doped guard rings or lowly doped

junction termination extensions [9][10]. However, in SiC technology implantation depth and
dopant diffusion is extremely limited. Hence, to take advantage of SiC material properties for
power devices, new edge termination schemes are being developed considering SiC
specificities and realistic process technology.
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2.3 Planar terminations for vertical SiC devices

Vertical structures allow the use of planar schemes to protect the active area. In this

section, designs of several planar edge termination structures for high-voltage 4H-SiC

devices are analysed in terms of blocking capability and efficiency. The proposed edge

terminations were firstly design and analysed by means of numerical simulations using

Synopsys® Sentaurus TCAD [11]. Then, edge termination schemes were implemented in PiN
diodes and finally, experimental results are compared with those obtained by simulation.
The starting point of these terminations schemes is based on our previous works reported

in [12]. In addition to the efficiency of the termination, two additional key points in edge
termination design have been addressed in this work:

1) Reduction of the edge termination area: Edge termination consumes SiC area.

Therefore, it is desirable to minimise its length to increase device active area for a

given die size and thus decrease $/A cost ratio.

2) Design of a rugged termination with respect to surface (parasitic) charges at the
semiconductor/passivation layer interface.

As the main objective of this termination study is for VDMOS fabrication, we also

considered the use of existing implantation steps used for the MOS active cell integration.
This allows the reduction of the number of processing steps.

2.3.1 Optimisation strategy for edge terminations

As stated before, avalanche breakdown is caused by the impact ionisation of electrons and

holes in high electric field-region. Breakdown analysis was performed by means of finite

elements simulation using Sentaurus TCAD. The models considered for the numerical
calculations include Auger recombination, avalanche generation, bandgap narrowing,

impact ionisation and incomplete ionisation. Table 2-1 shows the impact ionisation

coefficients of holes and electrons used for modelling 4H-SiC material.

Breakdown analysis was performed evaluating the electron and hole ionisation integral

along potential gradients paths through the device structure at each potential update. The
maximum blocking voltage was determined as the voltage at which calculated ionisation
integral equals the unity.
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Symbol

Value

Unit

ae
be
ah
bh
ae
be
ah
bh

1.76·108

cm-1
V·cm-1
cm-1
V·cm-1
cm-1
V·cm-1
cm-1
V·cm-1

c-axis

a-axis

3.33·107
3.41·108
2.50·107
2.10·108
1.70·107
2.96·108
1.60·107

Table 2-1 Impact ionisation coefficients. Adapted from [13].

The following sections present several edge termination structures suitable for planar SiC

high-voltage MOSFETs, including typical junction termination extension (JTE), innovative

Floating Guard Ring (FGR) made with the p+-body MOSFET implantation, and another edge

termination scheme resulting of the combination of the two above structures. In order to

compare the different edge termination schemes, termination length is defined as the
distance from the p++ implant used for ohmic contact on the p-body surrounding the active
region, to the last edge termination feature, as depicted in Figure 2-9. Additionally, an extra

space is required after the last edge termination feature, to include an n++ implanted region

to act as a channel stopper, which prevents the formation of parasitic inversion channel.

Figure 2-9 Schematic cross-section of a vertical device with a planar edge termination and
the criteria used to define the termination length.

In this work, edge terminations designs were optimised based on 2D-simulations results.

However, real terminations are 3D, especially in the 4 corners of the die. It is worthily that

smaller edge radius in the die corners tend to aggravate equipotential lines crowding,

resulting in a local peak of electric field. For this reason, 2-D simulations tend to overestimate
blocking capability of planar junctions.
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The fabrication of the test PiN diodes with different edge termination schemes were

carried out with a fabrication process fully compatible with planar HV MOSFETs batch

processing. Therefore, the results obtained in this study can be directly transferred to a
VDMOS fabrication process. In addition, edge termination designed for PiN can be used in

any other p+/n- junction based devices such as Junction Barrier Schottky (JBS) diodes, planar
JFETs, bipolar transistors and IGBTs [14].

To check their performance on a wide range of blocking voltage, the investigated edge

termination schemes were implemented on different 4H-SiC wafer drift layers, targeting

from 1.7 kV up to 6.5 kV applications. Table 2-2 summarises the drift layer parameters of the
various processed wafers. In this work, we report different edge terminations implemented
on PiN diodes using two different mask sets (CNM-SIC032 and CNM-SIC042) in several

fabrication batches.

The following sections show a detailed description of the different edge termination

structures studied together with their modelling, design and the experimental results.

During electrical characterisation, the ionisation integral cannot be easily evaluated.
Therefore, the breakdown voltage was determined by a leakage current density limit of 1
mA·cm-2 corresponding to a leakage current of 200 μA in a 20 mm2 active area device.
Mask

CNM-SIC032
CNM-SIC042

Wafer target
(V)

Thickness
(μm)

Doping
(cm-3)

1-D VBR
(V)

1.7 kV
3.3 kV
4.5 kV
3.3 kV
6.5 kV

15.5
35
41
34
56

4·1015
2·1015
1·1015
2.35·1015
8.8·1014

2927
5805
7566
5504
9845

Table 2-2 Drift layer properties of the different wafers used for the fabrication batches. The
ideal 1D VBR were obtained by means of TCAD simulations.

2.3.2 Junction Termination Extension (JTE)
Single zone JTE

The Junction Termination Extension is one of the most commonly used in Si and SiC power

devices [15]. The idea of the JTE design consists in a medium doped p-type resistive region

tied to the main junction (Figure 2-10). The JTE structure serves to alleviate the electric field

crowding at the main junction by spreading the depletion layer along the whole JTE length
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by allowing the equipotential lines to penetrate into it. As a result, the electric field peak at

the end of the main junction (here the p+ region) is reduced and distributed across the length

of the JTE region (Figure 2-11).

Figure 2-10 Schematic cross-section of an abrupt pn junction with a JTE structure.

Figure 2-11 TCAD simulation of a simple JTE edge termination structure at breakdown
showing electric field distribution (colour gradient) and equipotential lines.

The critical parameters in JTE design are its length and the implant dose. For a given drift

layer parameters (thickness and doping concentration), breakdown voltage increases with
JTE length until a determined value from which a saturation VBR value is reached. From our

simulation, JTE needs to be at least 3 times larger than the drift region thickness to obtain a
termination blocking voltage close to the drift layer 1-D limit [16]. Obviously, blocking

requirements can be satisfied with shorter JTE using an oversized drift layer resulting in the

reduction of the area consumed for the termination. However, the use of thicker and/or
lower doped drift layers penalises on-state resistance. This trade-off strongly depends on

device voltage rating, die size and fabrication process yield.
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Provided the JTE is long enough, it is well known that the JTE dose must be carefully

chosen to obtain a VBR value close to the ideal parallel-plane one. As inferred from Figure 2-

12, if the JTE doping concentration is too low, the electric field value grows at the p+-JTE

borderline at low applied voltages and, therefore, the edge termination becomes almost

ineffective. When the doping is too high, the JTE protection has almost no effect and the

breakdown voltage drops drastically since a strong electric field peak is located at the edge
of the JTE. Such peak decreases as the JTE dose decreases. The optimal dose is reached when

both electric fields are equal, thus indicating that the electric field is properly distributed
along the JTE region.

Figure 2-12 Electric field near the surface for a low and a high JTE doping concentration.
Simulated curves correspond to PiN diodes with a 130 μm long JTE on a 3.3 kV-rated
substrate.

In this sense, there is a clear JTE doping optimum doping value that maximises JTE

breakdown voltage. A doping value different from the optimal one leads to a drastically
decrease of the edge termination efficiency, especially for higher doping values.

It is important to note that the JTE efficiency is very sensitive to eventual surface charge

variations, which could also lead to VBR degradation. We will discuss this point at the end of

this chapter. Moreover, additionally to doping concentration and surface charges, JTE

optimum is strongly dependant on drift region doping concentration. As it can be inferred
from Figure 2-13, the lower the substrate voltage rating, the higher the JTE concentration

required for the maximum blocking voltage capability.
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Figure 2-13 JTE doping concentration dependency on breakdown voltage for 1.7 kV, 3.3 kV
and 6.5 kV-rated substrates.

As a result, to obtain a suitable JTE edge termination, an accurate control of the p-type

dopants implantation process and the subsequent activation is crucial to obtain the desired
blocking capability.

Multiple zone JTE
A further approach to improve the efficiency of the JTE termination is a progressive

reduction of the JTE doping concentration from the main junction to the edge termination
end. This gradient in the x-direction will allow a better electric field distribution while allow

to achieve better tolerance in the JTE implantation dose. However, this technique is hard to
implement in semiconductor process technology.

A way to approach this concept is to use multiple zones of decreasing doping

concentration to get the lateral doping gradient (Figure 2-14). When optimizing the length
and doping of the different implanted dose regions, this edge termination scheme will

achieve a gradual electric field distribution from the p+ main junction to the edge termination

end. Nevertheless, aside from its optimisation, this technique requires additional
photolithographic and implantation steps involving an increase of the fabrication process
complexity and cost.
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(a)

(b)

Figure 2-14 Multiple zone JTE. (a) Schematic cross-section. (b) Longitudinal doping profile.

In order to avoid those extra fabrication steps, we evaluate a new approach where the

first JTE zone (JTE 1) is implemented using a longer p-body implant region. A shorter JTE
with lower doping is tied at the end of this p+-body implant and used as a second JTE zone

(JTE 2). Figure 2-15 depicts the cross-section of the termination together with the simulated

electric field distribution inside this edge termination. TCAD simulations of this approach

evidence that the p-body pocket does not act as an effective first JTE zone, but simply as an
extension of the main junction.

This is mainly because, in order to prevent body punch-through, the p-body doping of the

VDMOS used for this JTE is heavily doped. Consequently, equipotential lines do not penetrate

into the first pocket, and only the second JTE zone is effective (Figure 2-15 (a)). As a result,

the electric field peaks (Figure 2-15 (b)) reach the critical field value at a much lower bias

than the one-dimensional one, and, therefore, this configuration provides a poor efficiency
of the edge termination. However, as presented further (Table 2-4) experimental results do

not seems to corroborate this modelling result.
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(a)

(b)
Figure 2-15 Electric field distribution of the enlarged p-body + JTE edge termination scheme
at 5000 V in a 4.5 kV-rated substrate.

JTE experimental results
Table 2-3 shows the schematic cross-section and main geometric specifications of three

JTE edge terminations designs we selected for fabrication. As stated before, these schemes
were implemented on wafers of different voltage class to check the effectiveness of each
structure under a wide voltage range.
Termination
scheme

JTE_01
JTE_02
JTE_03

Schematic cross-section

p+-body length

JTE length

Termination
length

20 μm

130 μm

150 μm

60 μm

20 μm

80 μm

20 μm

120 μm

140 μm

Table 2-3 Schematic cross-section and geometrical specifications of the implemented JTE
edge termination schemes.
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The experimental breakdown voltage for each edge termination design is summarised in

Table 2-4, also reporting the efficiency of each design with respect to the simulated ideal 1D
breakdown value. The VBR values are the result of averaging several samples on each wafer.

VBR has been determined as the applied voltage for a fixed leakage current density of 1
mA·cm-2 corresponding to 300 nA in a 100 μm active area radius.
Termination
scheme

1.7 kV-rated
wafer

3.3 kV-rated
wafer

4.5 kV-rated
wafer

6.5 kV-rated
wafer

JTE_01

1925 V (66%)

-

4559 V (60%)

-

-

4035 V (53%)

JTE_02
JTE_03

-

1865 V (64%)

4172 V (76%)

-

5628 V (57%)
-

Table 2-4 Experimental VBR measurements for JTE edge termination and efficiency in
percentage of ideal plane breakdown.

As it can be seen, in the JTE_01 termination scheme with 130 μm length the implant dose

was better optimised for the 1.7 kV range. Regarding JTE_02 termination scheme

(implemented in a different fabrication batch), JTE dose was better optimised for 3.3 kV-

rated wafers. In this configuration, although JTE length is shorter, it is still more than 3 times

larger than the drift region, and the obtained breakdown voltage efficiency is better than the
one from the JTE_01/JTE_03 batch. In the case of 6.5 kV-rated wafers, it is also important to
note that JTE length is only two times larger than the drift layer thickness, which could

probably contribute to the lower efficiency obtained. In the light of these results, single JTE

termination schemes require further optimisations in order to be used on devices targeting
more than 3.3 kV.

In the JTE_03 scheme, part of the p+-body implantation is used as a 60 μm first JTE pocket

in a two zones edge termination (Figure 2-15 (a)). The second JTE is lower doped and only

20 μm long. Although the total termination length is 80 μm (nearby 50% smaller than the
other single JTE schemes implemented), it provides similar termination efficiency values on

the 1.7 kV-rated wafer. It first indicates that the length of the JTE_01, 130 μm, is by far too
long for 1.7 kV devices. On the other hand, simulations predicted that the 60 μm of first p+-

body JTE pocket is useless. It would mean that a 20 μm JTE could sustain more than 1.7 kV,
which is not realistic and contradictory to simulation results. We believe then that the first
JTE pocket does provide some efficiency to sustain the voltage.
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2.3.3 Floating Guard Rings (FGR)

FGR termination, as shown in Figure 2-16, consists in a set of floating p+-type zones

surrounding the main junction. It looks like concentric rings around the active area [8].

(a)

(b)

Figure 2-16 Schematic view of a 5-ring FGR edge termination: (a) schematic cross-section;
(b) mask top-view.

When the main junction is reverse biased, both the depletion width and the electric field

peak at the main junction increase with the applied voltage, which is shared between the
main junction and the first ring. When the depletion layer reaches the first ring, it lowers the
electric field peak at the main junction. As the applied voltage further increases it is also
shared between the outer rings (see Figure 2-17). The highest breakdown voltage value is

obtained for an even distribution of the electric field peaks among the main junction and all
the floating rings [17].
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(a)

(b)
Figure 2-17 Electric field distribution of a 5 rings FGR edge termination at breakdown (980
V) in a 3.3 kV-rated substrate.

Modelling of critical parameters
The most critical parameters for the optimisation of this edge termination are:
1) The quantity of rings.

2) The spacing between the first ring and the main junction.
3) The spacing between rings.

4) The doping profile of the rings (especially ring’s depth).
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Both the number of rings and the spacing scheme used have a direct impact in the total

termination length and, therefore, on the area consumed by the FGR termination. The width

of the rings has a lower impact on the efficiency, but is also relevant for the total termination
length.

The number of rings is one of the main parameters which determines the maximum

breakdown voltage of the structure. Figure 2-18 plots an example of relation of breakdown
voltage versus number of rings in different voltage-class substrates. As it can be seen, in 6.5

kV-rated substrate, breakdown voltage capability increases with the quantity of rings used,
thus indicating that breakdown voltage can be further improved by either adding more rings,
or modifying the spacing scheme. Nevertheless, in 1.7 kV and 3.3 k- rated substrates using
the same spacing scheme, breakdown voltage value increases with number of rings until a

saturation value is reached. From this point, adding more rings will have little impact on its

breakdown voltage. This indicates that voltage is not equally shared among all the rings and
the last ones became ineffective.

Figure 2-18 Dependency of quantity of rings on the breakdown voltage for different voltageclass substrates. First ring spacing is set to 1.2 μm in all cases.

The distance between rings is also a key parameter for the FGR optimisation. Previous

studies evidenced the requirement of narrow initial spacing to obtain effective FGR edge

termination blocking capability [18]. In this sense, TCAD simulations performed put in
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evidence the existence of a different optimal initial spacing value in terms of blocking voltage
on each voltage-class substrate (for each drift layer properties). Figure 2-19 depicts the

blocking voltage capability of a 20-ring FGR edge termination as a function of the initial ring
spacing in 1.7 kV, 3.3 kV and 6.5 kV-rated substrates.

As it can be seen, the maximum breakdown voltage capability for a given voltage-rated

substrate is strongly dependant on initial spacing. In the simulation results presented in
Figure 2-19, the optimal initial spacing increases as the drift layer doping decreases. It is

important to note that, for a given breakdown voltage, the drift layer doping levels in WBG
semiconductors are usually at least one order of magnitude higher than in silicon. The

optimal distance of the rings is then systematically smaller and, in some cases, even lower

than 1 μm. Unfortunately, the definition of narrow distances between rings in WBG
technology is challenging from the fabrication process point of view. The use of guard rings
for the lower voltage ranges is limited by technological limits.

Figure 2-19 Impact of the first ring spacing to the termination breakdown voltage for
different rated-voltage substrates. In all cases, the FGR termination is formed by 20 FGR
0.8 μm deep.

Consequently, special care must be taken in the definition of the spacing between the main

junction and the first ring. As an example, Figure 2-20 shows the ring’s spacing impact on

the electric field distribution of a 12-ring edge termination with initial spacing’s of 1.2 μm
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and 3 μm on a 1.7 kV-rated substrate. As it can be inferred, the larger initial spacing design

(green line) provides a high electric field peak at the main junction, and the applied voltage

is not properly shared among the rings, especially on the outer rings, which become

ineffective. As a result, the electric field is not equally distributed, thus lowering the blocking
voltage capability. Depletion region also indicates the number of ineffective rings when a
larger initial spacing is chosen.

Figure 2-20 Electric field distribution of a 12-ring FGR edge termination at 1000 V in a 1.7
kV-rated substrate. Two first ring spacing are compared: blue line corresponds to an initial
spacing of 1.2 μm and green line to 3 μm.

Moreover, spacing between any contiguous rings is also crucial to ensure an equal spread

of the electric field along all the edge termination. In an FGR termination scheme, if the

applied voltage is not properly shared among all the rings, the outer rings may become

ineffective thus limiting the blocking voltage capability. Previous studies determined that
higher VBR is achieved with a progressive increment of ring spacing from the inner to the
outer rings [18].

Consequently, FGR edge termination with increasing ring spacing will result in shorter

termination length in comparison with constant spacing one for a given VBR target value. This

is what we have checked with the 3.3 kV range termination simulation shown in Figure 2-

21. This figure compares the electric field distribution of FGR structure with 16 rings
obtained with a fixed ring spacing and a linearly increasing spacing. As it can be inferred,
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linearly increasing spacing offers a better electric field distribution on almost the same
length. It will result in a higher breakdown voltage value.

Figure 2-21 Electric field distribution of a 16-rings FGR edge termination at 3000 V in a 3.3
kV-rated substrate. Two configurations are compared: constant ring spacing (green line)
and linear increasing spacing (blue line).

As opposed to JTE, guard rings doping level has no major influence on the termination

efficiency as long as it is higher than 2·1018 cm-3. As a result, FGR edge termination can be
implemented

together

with

the

p+-main

junction

formation

using

the

same

photolithographic mask and implantation process. This technique avoids the need for a
specific implantation step for the edge termination, simplifying the device fabrication
process compared to other edge terminations schemes.

Nevertheless, what can be relevant for the FGR edge termination efficiency is the rings’

doping profile depth. Figure 2-22 depicts the dependency between first ring spacing and

breakdown voltage capability for different ring depths. As it can be inferred, the deeper the

ring, the larger the distance between the p+ main junction and the first ring that maximises

breakdown voltage. As an example, the highest termination efficiency provided by a ring
depth of 0.6 μm is obtained for an initial spacing between 1 and 1.5 μm. Thinner rings require

shorter initial spacing, which could not be feasible from the fabrication process point of view.
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Moreover, Figure 2-22 also shows that shallow rings (i.e. <0.4 μm deep) are unsuitable for
certain voltage-class devices.

Figure 2-22 Impact of ring depth to the termination breakdown voltage of a 16-rings FGR
edge termination in a 3.3 kV-rated substrate.

In our previous work on 1.2 kV, 1.7 kV and 3.3 kV diodes, we used a minimum distance of

2 μm between the anode and the first edge termination ring. We obtained poor termination
efficiencies, typically lower than 40%. In this work, we proposed to evaluate two solutions:

1. To shorten the distance between the anode and the first ring to 1.2 μm. The rings are

formed with the shallow p++ implant used for the VDMOS ohmic contact formation, as
usually done in both silicon and SiC technologies.

2. To increase the rings depth: for this, we used the already-available retrograde p-body

implantation profile, avoiding the need for an extra photolithographic step and

implantation process.

FGR experimental evaluation
To check the performance of the edge terminations based on floating guard rings, a set of

structures was implemented on the different voltage-rating SiC wafers already presented in

Table 2-2. These schemes were the results of fine tuning design parameters by means of
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TCAD simulations. Table 2-2 summarises the schematic cross-section and main geometric
parameters of the different FGR structures fabricated.

Scheme FGR_01 is a standard configuration of guard rings implemented together with the

highly doped aluminium implantation used for the p+-contact region definition (1·1015 cm-2

128 keV). The depth of the rings is 0.3 μm. The initial spacing from the anode to the first ring
is set to 1.2 μm and the distance between the following rings is defined as a linear increasing

spacing with a constant increment of 0.1 μm. This edge termination accounts for 20 rings,
resulting in a total termination length of 143 μm.

Termination
scheme

Schematic cross-section

FGR_01
FGR_02
FGR_03
FGR_04
FGR_05
FGR_06
FGR_07
FGR_08
FGR_09
FGR_10

Main junction
distance

Number
of rings

Initial
spacing

Termination
length

20 μm

20

1.2 μm

143 μm

20 μm

12

3 μm

123 μm

20 μm
20 μm
20 μm
20 μm
20 μm
20 μm
20 μm
60 μm

12
12

1.2 μm
2 μm

101 μm

110 μm

20

1.2 μm

163 μm

16

1.2 μm

131 μm

20
20
16
12

2.2 μm
3.2 μm
1.8 μm
1.2 μm

Table 2-5 Geometrical specifications of FGR designs evaluated experimentally.

183 μm
203 μm
141 μm
141 μm

Schemes FGR_02 to FGR_09 corresponds to our novel proposal in which rings were

defined using the p-body implantation process, made by aluminium implantation with a total
dose of 2.5·1013 cm-2 and a maximum energy of 360 keV, resulting in deeper junctions (~0.8

μm). These schemes show design variations to evaluate the impact of the number of rings
(from 12 to 20) and the initial spacing on the breakdown voltage for this deeper junction. All

the implemented floating guard rings edge terminations make use of the linear increasing
spacing scheme described for FGR_01.

FGR_10 is a slightly different approach accounting for a larger p-body region before the

first floating guard ring, in a similar approach to the JTE_03 scheme of previous section (see

Figure 2-15 (a)). The aim of this extended p+-body region is to act as a first JTE pocket
surrounded by rings. The rings used in FGR_10 scheme are implemented together with the
p-body implantation and, therefore, using the deep retrograde profile.
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The average experimental breakdown voltages for the different FGR designs are

summarised in Table 2-6. To compare the effectiveness of each structure, the efficiency of

each design with respect to the simulated ideal 1D is also reported.
Termination
Scheme

FGR_01
FGR_02
FGR_03
FGR_04
FGR_05
FGR_06
FGR_07
FGR_08
FGR_09
FGR_10

Initial spacing
(μm)

1.7 kV-rated
wafer

3.3 kV-rated
wafer

4.5 kV-rated
wafer

6.5 kV-rated
wafer

1.2
1.2
2
3
1.2
2.2
3.2
1.2
1.8
1.2

898 (31%)
2002 (68%)
1356 (46%)
956 (33%)
2081 (71%)
1295 (44%)
890 (30%)
-

3504 (64%)
3413 (62%)
2246 (41%)
3049 (55%)

2568 (34%)
4867 (64%)
4550 (60%)
2885 (38%)
4593 (61%)
3978 (53%)
2740 (36%)
-

5021 (51%)
3664 (37%)
4214 (43%)
2936 (30%)

Table 2-6 Experimental breakdown voltage for fabricated FGR terminations. Breakdown
voltage is determined by a leakage current density of 1 mA·cm-2, equivalent to 300 nA on
a the 100 μm radius PiN diodes.

As it can be inferred from Table 2-6, FGR_01 shows a much lower blocking voltage in

comparison with any other FGR scheme of similar number of rings and spacing, thus

evidencing the lower efficiency of shallow p++ implants in comparison with the deeper p+body implants. The resulting efficiencies are in line with our previous studies despite here
smaller initial spacing was used.

Concerning deeper rings structures, the best blocking voltage efficiency is provided by

designs FGR_02, FGR_05 and FGR_08. These structures correspond to the ones that have the
minimum distance between the first FGR and the main junction (1.2 μm). Only the 6.5 kVrated substrate shows a higher blocking capability for larger initial spacing, which is
consistent with simulation results.

Going deeper in the results analysis, we can infer the following:

1. For 1.7 kV range, FGR_05 is the most efficient (71%) scheme: it corresponds to the
smallest 1st ring distance implemented, with the largest number of rings (20).

However, termination FGR_02, with 12 rings, is only 4% less efficient (80 V over 2080

V). It indicates that the outer rings of FGRs with 20 rings are not fully effective for this
target-voltage substrate. The advantage of the 12 rings termination is that it consumes

less area, since termination length is 40% shorter. For instance, for a 25 mm2 area

device, it supposes approximately 1.2 mm2 less area consumed by the shorter
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termination. Therefore, for a 1.7 kV-class device, FGR_02 would be preferred despite
a slightly smaller efficiency.

2. For 4.5 kV range, FGR_02 is slightly better than FGR_05. The global efficiency values

are slightly lower than for 1.7 kV but still higher than 60%. This is still much better
than our previous results with shallow p++-rings.

3. Generally, the efficiencies obtained on first ring spacing larger than 1.2 μm are better

for 4.5 kV than for 1.7 kV, due to the lower doping of the drift region. Consequently,
the optimum initial spacing parameter varies as device’ voltage rating changes. It

confirms the simulations results where the optimal first ring spacing should be
between 1.5 μm and 2μm in a 4.5 kV-rated substrate.

4. Comparing FGR_03 vs FGR_06 and FGR_04 vs FGR_07, we can observe that the initial
ring distance is not the optimal one, since a larger number of rings does not bring any
improvement.

5. For the second batch with 3.3 kV and 6.5 kV wafers and designs from FGR_08 to
FGR_10, we can see that the best efficiency is obtained with a smaller first ring spacing

of 1.2 μm. This is slightly in contradiction with the results described in point 2 on 4.5

kV devices. There is indeed a strong difference of breakdown voltage, 3664 V versus
5021 V, when increasing from 16 to 20 rings on 6.5 kV samples. In this case the loss of

extra area is justified by a much better efficiency, even if globally low compared to
other termination schemes like the Ring Assisted JTE reported below (see Table 2-8).

6. Regarding FGR_11 design, the low blocking voltage values obtained by experimental
measurement puts in evidence that the extended p+-body implantation does not act as
a JTE pocket, but as an extension of the main junction.

7. In any case, the best efficiency provided by the implemented FGR edge terminations

is close to 70%. All the proposed FGR schemes present a linear increasing spacing. As
stated before, this configuration provides a more-optimal electric field distribution in

comparison to a constant spacing scheme. Nevertheless, simulation results evidence

that in FGR with linear increase of spacing, the distance between two outer rings
became too large and last rings starts to become ineffective. FGR edge termination
optimisation is only possible by means of extensive TCAD simulations. Hence, design
improvements in terms of rings width and spacing are still possible. As a future
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development, we propose the development of a non-constant spacing scheme as
potentially more optimal structure.

8. The rings design optimisation was originally done for 3.3 kV and 4.5 kV ranges, but we

have used the same masks sets and processes to build the 1.7 kV and 6.5 kV samples.
It is clear that the used terminations are not fully optimised for 6.5 kV devices. Indeed,

the experimental results on 6.5 kV devices are quite similar to the simulated ones. As

an example, Figure 2-23 shows the simulation of the FGR_08 termination scheme with
an initial spacing of 1.2 μm and 16 rings for the 6.5 kV-rated substrate.

(a)

(b)
Figure 2-23 Simulation of a PiN diode with FGR_08 edge termination scheme (16 rings) in
a 6.5 kV-rated substrate at breakdown (3573 V). (a) Electric field peaks. (b) 2D simulation
of current distribution (colour gradient) and equipotential lines.
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Simulation results show an electric field peak at the end of the last ring, generating an

avalanche breakdown at 3573 V. The measured I-V curve is quite similar to the simulated

one, showing an experimental blocking voltage of about 3.4 kV ~ 3.6 kV. The electric field is
almost uniformly distributed until the last ring, thus indicating a good optimisation of the

structure parameters. However, the last ring is unable to share the potential with the next
(inexistent) rings, and leads the structure to the avalanche breakdown.

2.3.4 Ring-Assisted JTE (RA-JTE)

To overcome the low efficiency and technological limitations of the JTE and the FGR

schemes reported above, we propose an edge termination configuration combining both
structures, the rings assisted JTE. As presented in Figure 2-24, this edge termination consists

in a JTE with assisting guard rings (AGR) near the main junction and surrounded by floating
rings at the JTE end. The AGRs are p+ rings located inside the JTE region close to the p+-JTE

junction, while the rings surrounding the outer edge of the JTE are floating.

Figure 2-24 Schematic cross-section of a RA-JTE edge termination structure.

As stated before, single JTE edge termination is very sensitive to its implantation dose,

providing high termination efficiency only in a narrow window of implantation dose values
(Figure 2-13). The inclusion of AGRs inside the JTE spreads the equipotential lines reducing

the electric field peak at the p+ anode-JTE junction (Figure 2-25).

The incorporation of AGR provides an equivalent JTE doping profile that approximates to

a lateral gradient doping in the x-direction (as depicted in Figure 2-14 (b)). As a result, a
better electric field distribution is obtained, allowing to achieve higher termination
efficiency values for JTE doses lower than optimal, as can be seen in Figure 2-26.
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(a)

(b)
Figure 2-25 Comparison of electric field distribution in a 3.3 kV-rated substrate at 3150 V
in two configurations: (a) Single zone JTE; (b) RA-JTE with 3 p+-body rings (AGR). JTE
doping is 1.4·1017 (15% lower than the optimal for 3.3-class devices).

Figure 2-26 Comparison of breakdown voltage sensitivity to JTE doping concentration of a
single zone 130 μm JTE and the same JTE with 3 AGR (p+-body rings). Simulations for a
3.3 kV-rated substrate.
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On the other hand, the FGRs surrounding the JTE’ outer edge act in a similar way to the

ones of the FGR termination (Figure 2-27). These rings spread the equipotential lines at the

JTE edge, lowering the electric field peak at the end of the JTE region. Unlike the highly doped
AGR rings, these floating rings are implemented with the same implantation profile as the
JTE and, therefore, result in deep medium-doped rings.

(a)

(b)
Figure 2-27 Comparison of electric field distribution in a 3.3 kV-rated substrate at 2800 V
in two configurations: (a) single zone 130 μm JTE; (b) RA-JTE with 3 outer JTE rings (FGR).
JTE doping is 1.8·1017 (5% higher than the optimal for 3.3-class devices).

Adding FGR at the end of the JTE regions allows maintaining a high breakdown voltage

for JTE doses higher than the optimal one (see Figure 2-28). It is noteworthily that the
spacing between floating guard rings at the end of the JTE is much wider than that of a pure

FGRs termination, which makes this new scheme eligible from the fabrication process point
of view [19].

The electric field distribution of the full RA-JTE structure combining AGRs and FGRs is

plotted in Figure 2-29. As it can be seen, this structure shows a more even distribution of

electric field even when the outer rings are less effective.
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Figure 2-28 Comparison of breakdown voltage sensitivity to JTE doping concentration of a
single zone 130 μm JTE and the same JTE with 3 FGR on a 3.3 kV-rated substrate.

(a)

(b)
Figure 2-29 Electric field simulation of a RA-JTE with 3 AGRs and 3 FGRs at 4500 V in a 3.3
kV-rated substrate.
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As a result, as presented in Figure 2-30, incorporating AGRs and FGRs to the simple JTE

scheme is an effective solution to obtain a high termination efficiency over a wider range of

JTE implantation doses (doping concentration), adding also better tolerance to the

fabrication process. In our previous works, this structure was already proposed for 3.3 kV
JBS diodes [20]. A similar concept with MESA structure achieved the world record of a 27 kV
blocking capability in a SiC PiN diode [21].

Figure 2-30 Comparison of breakdown voltage sensitivity to JTE doping concentration of a
single zone 130 μm JTE and the same JTE with 3 AGRs and 3 FGRs. Simulations for a 3.3
kV-rated substrate.

Edge termination design
It was thus logical to try to adapt this termination configuration to a planar VDMOS

process and check its efficiency on a wide range of breakdown voltage. The new strategy was

to use the p-body retrograde implantation to form the AGR inside the JTE. The FGR at the

end of the JTE are done with the JTE implantation. The number of ring and the spacing is also

varied. Again, these termination schemes were tested on the different voltage-rated SiC

wafers shown in Table 2-2. These designs were defined after its optimisation by numerical
simulations. Table 2-7 shows the schematic cross-section and main geometric specifications
of the different RA-JTE structures fabricated.
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Schemes RA-JTE_1 to RA-JTE_4 correspond to JTE assisted by both AGR and FGR. These

designs show variations to check the impact of the number of rings and its spacing on the

breakdown voltage. RA-JTE_05 design does not include JTE floating guard rings due to the

fact that TCAD simulations put in evidence the low efficiency of the outer rings if the JTE
region is long enough.
Termination
Scheme

Schematic cross-section

RA-JTE_01
RA-JTE_02

JTE
length

AGR

FGR

FGR
initial
spacing

Termination
length

130 μm

3

3

3 μm

175 μm

5

4 μm

149 μm

130 μm

3

3

120 μm

5

-

130 μm

RA-JTE_03

100 μm

RA-JTE_04
RA-JTE_05

120 μm

RA-JTE_06

5

5

5 (p++)

5
-

4 μm
4 μm
-

-

179 μm
189 μm
140 μm

140 μm

Table 2-7 Geometrical properties of RA-JTE edge termination fabricated for experimental
evaluation.

Finally, RA-JTE_06 is a variation of the RA-JTE_05 scheme in which AGR rings are defined

using the p++-contact implantation instead of deep p-body implant, resulting in shallower

rings. This approach aims to prevent electric field crowding in the rings corner, since the
rings with p-body implant are deeper than JTE implant.

RA-JTE experimental evaluation

The experimental evaluation of the blocking voltage for each termination schemes and

each breakdown rated-voltage is summarised in Table 2-8. Breakdown voltage has been

determined as the applied voltage for a fixed leakage current of 300 nA, corresponding to a
current density of 1 mA·cm-2 in a 100 μm radius device. Termination efficiency related to the
ideal 1-D parallel plane voltage is also reported in percentage.
Termination
Scheme

1.7 kV-rated
wafer

3.3 kV-rated
wafer

4.5 kV-rated
wafer

6.5 kV-rated
wafer

RA-JTE_01
RA-JTE_02
RA-JTE_03
RA-JTE_04
RA-JTE_05
RA-JTE_06

2261 (77%)
2258 (77%)
2315 (79%)
-

5172 (94%)
5154 (94%)
5102 (93%)

5022 (66%)
5280 (70%)
5481 (72%)
-

6740 (68%)
6512 (66%)
6383 (65%)

Table 2-8 Experimental breakdown voltage measured on PiN diodes with RA-JTE edge
termination.
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From Table 2-8 the following comments can be extracted:

1. As it can be seen, RA-JTE_01 to RA-JTE_03 schemes provide practically the same

breakdown voltage value for the 1.7 kV-rated substrate. The efficiency is almost 80%,
and is better than the previous terminations based on single JTE or FGR.

2. In the 4.5 kV substrates, the efficiencies are lower, but still higher than other

termination approaches. In this voltage range, RA-JTE_03 performs slightly better,
thus indicating the need for a higher number of rings when the targeted voltage

capability is raised. This termination is not too much larger than the two others (10
μm more), so it should be the best choice.

3. From the second batch including terminations RA-JTE_04 to RA-JTE_06, we obtained
very good efficiencies on the 3.3 kV samples. Higher than 90% efficiency values were

obtained for the three schemes, without significant differences between the designs.
It is important to remark that, in that fabrication batch, JTE dose was optimised for 3.3

kV devices.

4. In 6.5 kV-rated wafers from the second batch, termination efficiency of these three
schemes dropped below 70% probably because the JTE region length is not long

enough (It is only ~2 times larger than the drift layer thickness). However, these

efficiencies are still higher than the ones obtained with the single JTE and rings
terminations. Again, the differences between the three designs are not significant even

if the termination RA-JTE_04 performs slightly better. This termination has five JTE

FGR, which allows to virtually increase the JTE length, confirming that the JTE length
of 120 μm is too short for 6.5 kV devices.

5. When comparing RA-JTE with simple JTE schemes, experimental measurements
demonstrate the effectiveness of adding AGR to increase the breakdown voltage

capability. For instance, comparing the measured breakdown voltages of JTE_02

(single 120 μm JTE) with RA-JTE_05 scheme (120 μm JTE with five p-body rings added
inside). It is clearly seen that adding AGR increases the breakdown voltage about 1000
V (25%) in the different voltage-rated wafers (3.3 kV and 6.5 kV).

6. Concerning the implant configuration used for the implantation of the AGR, no

significant differences were observed using p-body (deep) or p+-contact (shallow)
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implant (RA-JTE_05 and RA-JTE_06 respectively). Both structures provide high
blocking voltage capability thus indicating the potential of this scheme for HV VDMOS.

Actually, RA-JTE edge termination schemes showed the highest breakdown voltage values

at all voltage-rated wafers in comparison with all the other edge termination schemes. It is

also, one of the more optimal edge termination schemes in terms of consumed area, since it
requires less than 150 μm to withstand up to 6.5 kV. Table 2-10 summarises the best designs

of each termination type (JTE, FGR, RA-JTE) for each of the voltage class tested in this work.

2.3.5 Towards a 10 kV termination

The good results provided by the RA-JTE edge termination scheme were also

experimentally demonstrated on 6.5 kV JBS diodes. Figure 2-31 depicts the reverse

characteristic of a 6.5 kV-rated large area JBS diode with an edge termination formed by a

120 μm long JTE region assisted by 4 p+ rings, a similar scheme to the one shown in Figure
2-26. As can be seen, these devices can withstand voltages higher than 7000 V with an

acceptable Schottky-related leakage (~10 μA) before the avalanche breakdown occurs. This
confirms a good performance of the edge termination that prevents the electric field peak to
reach its critical maximum value.

Figure 2-31 Experimental I-V blocking characteristic of 6.5 kV-rated large area (16 mm2
active area) SiC JBS diodes.
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To go beyond 6 kV blocking capability, we extended the JTE region of this scheme up to

210 μm and optimised its doping concentration by means of TCAD simulations. Simulations

results estimate a blocking capability higher than 11 kV. Nevertheless, our first attempt to
implement this 10 kV edge termination scheme in a large-area PiN diodes showed a lower

blocking capability performance, as depicted in Figure 2-32. In previous work, we already

achieved 10 kV blocking capability using an edge termination formed by a mesa structure
surrounded by a JTE [22].

Figure 2-32 Experimental I-V blocking characteristic of 10 kV-rated large area (16 mm2
active area) SiC PiN diodes.

As a result, our first trial to achieve 10 kV based on a RA-JTE was unsuccessful and,

therefore, further optimisation and/or better control of the fabrication process is still
needed to reach a suitable 10 kV SiC edge termination.

2.4 Implementation on VDMOS transistors

Large area VDMOS up to 25 mm2 were designed and fabricated sing a ring assisted JTE

including three p-body AGR and three JTE FGR rings. It corresponds to the design RA-JTE_01

and to the cross-section already presented in Figure 2-24. A top view of the corner area of
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the VDMOS mask is shown in Figure 2-33. In this figure, the AGR and FGR rings are clearly
identified, as well as the channel stopper.

Figure 2-33 Mask view of the RA-JTE edge termination scheme added to the VDMOS design.

The breakdown voltage of some of these large area MOSFETs was also measured.

Obviously, the fabrication yield is much lower than that in small area PiN diodes test

structures. Despite this fact, we have tried to correlate the breakdown voltage of the VDMOS

with the equivalent PiN diodes on some of the processed wafers to check the impact of the
device geometry on the breakdown voltage.

In this sense, Figure 2-34 depicts the mask top view of the five devices measured, where

(a) and (b) correspond to large area VDMOS. Device (d) corresponds to a small area square

PiN diode designed with the same edge radius than the VDMOS to check the impact of the
curvature to the edge termination. Device (e) is the circular test PiN diode used to carry out

edge termination study reported above, and is taken as reference. All five devices
incorporate the same RA-JTE_01 edge termination design.

Figure 2-35 plots the blocking I-V curves measured in one of the 3.3 kV processed wafers.

As expected, the highest breakdown voltage (~ 5100 V) is provided by the PiN diodes (device
d and e). As it can be inferred, there is only a small difference between the circular and square
PiN blocking characteristics, thus indicating that the spherical junction at the device’s corner
has a low impact on the resulting breakdown voltage.
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(a)

(c)

(b)

(d)

(e)

Figure 2-34 Top view of the devices designed with the same edge termination scheme. (a)
25 mm2 die area VDMOS. (b) 10 mm2 die area VDMOS. (c) 1 mm2 VDMOS. (d) 240x240
μm2 square PiN diode with 90 μm edge radius. (e) ø=100 μm PiN diode.

Figure 2-35 Experimental I-V blocking characteristics of different devices with the same
RA-JTE edge termination scheme in a 3.3 kV-rated substrate.
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More importantly, the VDMOS devices provide lower blocking voltage capability

compared to the PiN diodes on a same wafer. This is attributed to the punch-through of the

VDMOS p-body region and agrees with the simulations depicted in Figure 2-6. As stated

before, the punch-through of the p-body region leads to a soft breakdown before the
avalanche occurs. Moreover, it can be seen that VDMOS breakdown voltage is also sensitive

to device area, i.e. a larger device provides lower breakdown voltage. In any case, the
breakdown voltage is always above targeted 3.3 kV.

2.5 Experimental and processing issues
2.5.1 Dual epitaxial wafers

Adding a thin highly doped n+ layer on top of the drift layer is a technique recently used

to improve JBS and VDMOS on-resistance (Current Spreading Layer) [23]. This layer can be
done by implantation or by epitaxy growth.

However, when this highly doped layer is added to the whole wafer, experimental

measurements show it may have a negative impact on the edge termination reducing its
blocking capability. It is important to remind that implantations in SiC are typically shallow.

Therefore, despite this n+ layer is usually thin (<1 μm), a great portion of the edge

termination will be defined inside it (Figure 2-36).

Figure 2-36 Schematic cross-section of an FGR edge termination scheme with a highly
doped n+ surface layer.

This fact clearly entails problems in JTE-based terminations where the implantation dose

is a critical parameter. Nevertheless, in FGR-based termination, due to its small dependency
on implantation dose, one can expect a lower impact of the presence of such n+ layer on the
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surface. In this sense, we have simulated the impact of the inclusion of a 1μm thick n+ layer

with a doping of 1·1016 cm-3 on top of a 1.7 kV and 4.5 kV-rated wafers. Simulation results
put in evidence a 50% reduction of the blocking capability when a n+ layer is present.

(a)

(b)
Figure 2-37 Experimental I-V blocking characteristics of FGR edge termination structures
with and without the heavily doped n+ layer and its corresponding simulated curve (dashed
line) for: (a) 1.7 kV-rated substrate; and (b) 4.5 kV-rated substrate.
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To confirm the simulation results we have processed two wafers with the n+-layer. Figure

2-37 compares the blocking voltage capability of the floating rings scheme FGR_05 measured

on 1.7 kV and 4.5 kV-rated wafers with and without the superficial highly doped n+ layer.
Dashed lines correspond to simulation results. As it can be seen, simulation results

qualitatively agree experimental measurements. FGR-based termination suffers from

considerably lower blocking voltage capability, for both voltage ranges. Therefore, blocking
voltage for both JTE-based and FGR-based edge terminations is strongly affected by the

presence of a highly doped should be done locally by implantation in the active area instead
of by epitaxy growth on the whole device surface.

2.5.2 Passivation and surface charge effects

Despite that the electric field inside the semiconductor being under control through a

proper design optimisation of the active cells and the termination, high-voltage devices still

require specific passivation and packaging to prevent electrical arcing with external
environment.

Typically, performing device on-wafer measurements to voltages higher than 500 V,

produce arcing through the air, which may degrade the component. Therefore, a passivation
layer must be added on top of the high-voltage devices to sustain the high electric field

existing between electrodes and interfaces. The insulation materials require an appropriate

high dielectric strength as well as good thermal stability, hydrophobic properties, and

thermo-mechanical compatibility with the die.

Figure 2-38 Schematic cross-section of the passivation scheme used for the high-voltage
SiC devices.
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The passivation structure implemented in our high-voltage devices is shown in Figure 2-

38. It is formed by a thick layer of deposited TEOS oxide (typically 1.3 μm) and a polyimide
coating on top

SiC/dielectric interface charges
The fabrication process and/or device operation can make charges to come up in the SiC

surface. The presence of these charges at the surface on top of the edge termination area may
significantly affect its efficiency by either enhancing or restricting depletion layer spreading

leading to an uncontrolled variation of breakdown voltage [24]. The presence of surface

charges induces an uncontrolled effective termination doping concentration different to the
designed one. It is important to remark again that one of the SiC (and WBG in general)
particularities are the shallow implants. Consequently, it is well known that the presence of
surface charge may have a significant effect on the device behaviour, and especially in the
termination, affecting the device’ blocking capability [25].

Figure 2-39 Effects of the presence of ± 1·1012 cm-2 surface charge to the optimum JTE
doping concentration.

As previously stated, single JTE is very sensitive to implantation dose and, consequently,

it is also strongly affected to the presence of eventual surface charges. As inferred from
Figure 2-39, the effect of surface charge on a JTE edge termination is equivalent to a virtual
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shift of the JTE dose. The presence of positive surface charge shifts the JTE doping to a lower
value while a negative surface charge concentration acts in the opposite direction, inducing

a virtual shift of the JTE to a higher value [18]. On the other hand, recent studies also found

that breakdown voltages of FGR terminations also degrade for an amount of oxide charges
in the range of 3·1012 cm-2 [26].

We expected that the lower sensitivity of the VBR to the implantation dose in RA-JTE

termination should make it less sensitive to surface charges, resulting in a more uniform VBR

distribution across the wafer. For comparison purposes, Figure 2-40 depicts the simulated
sensitivity of the three edge termination schemes to the presence of SiO2/SiC surface
charges.

Figure 2-40 Comparison of the breakdown voltage sensitivity to the presence of surface
charge for the three edge termination schemes.

As it can be inferred, FGR breakdown voltage decreases for negative charges and slightly

increases with positive ones. On the contrary, the breakdown voltage of the JTE edge

termination is reduced when positive charge is present and increases for negative charge

concentration up to -1·1012 cm-2. In comparison, RA-JTE is less affected by negative charge,
thus indicating a lower charge sensitivity on average, confirming our initial hypothesis.
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An example of the impact of surface charge on the electric field distribution can be

observed in Figure 2-41, Figure 2-42, Figure 2-43 for the JTE scheme, FGR scheme and RAJTE edge termination schemes respectively. For the case of single zone JTE, the electric field

peak increases at the JTE edge when a negative charge surface concentration is present, and
at the p+/JTE junction for positive charges.

In the FGR termination (Figure 2-42), the presence of a negative surface charge

concentration makes the electric field at the last ring became higher than that in the middle

of the termination. Positive charge concentration tends to increase the electric field peak in
the main junction and the rings at the end of the termination become ineffective.

For the RA-JTE scheme (Figure 2-43) the same amount of charge density produces a lower

impact on the electric field distribution. In all three cases, the electric field peak occurs at the

end of the JTE region. Nevertheless, for the positive charge case, the outer rings are
ineffective, thus indicating a higher electric field peak value at the JTE edge.

(a)

(b)

(c)
Figure 2-41 Electric field distribution of a single zone JTE edge termination scheme in a 3.3
kV-rated substrate at 3000 V under the presence of surface charges: (a) -1·1012 cm-2, (b)
0, (c) +1·1012 cm-2.
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(a)

(b)

(c)
Figure 2-42 Electric field distribution of an FGR edge termination scheme in a 3.3 kV-rated
substrate at 3000 V under the presence of surface charges: (a) -1·1012 cm-2, (b) 0, (c)
+1·1012 cm-2.

(a)

(b)

(c)
Figure 2-43 Electric field distribution of RA-JTE edge termination scheme in a 3.3 kV-rated
substrate at 3000 V under the presence of surface charges: (a) -1·1012 cm-2, (b) 0, (c)
+1·1012 cm-2.
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Table 2-9 summarises the charge concentration range in which each edge termination

scheme is suitable for a 3.3 kV device. According to this data, FGR termination is only suitable
if the charge concentration is positive. JTE shows the narrowest window of implantation

doses, and RA-JTE demonstrated to be the least sensible termination, providing higher
efficiency in a wider range of JTE implantation doses.
Edge termination
scheme

FGR
JTE
RA-JTE

Minimum interface charge
concentration

Maximum interface charge
concentration

-0,5·1012 cm-2

> 5·1012 cm-2

< -5·1012 cm-2

2.5·1012 cm-2

-2·1012 cm-2

1.5·1012 cm-2

Table 2-9 Tolerable charge concentration range for each edge termination scheme required
to obtain a suitable 3.3 kV blocking capability.

In a real device, the surface charge concentration is difficult to determine. In many

reported cases, TCAD simulations systematically show a better correlation between
simulated and experimental data when a negative charge density in the range of 1·1012 cm-2

is added at the SiO2/SiC interface on top of the termination region. Although this result

suggests the presence of negative charges, due to its nature, the beneficial surface charge
effects may not be reproducible from batch to batch. Nevertheless, even if the charge density

was known, high-voltage devices would induce a high electric field stress in the passivation

layer during device operation, which could also induce a change on charge density.

Then, in order to optimise the termination versus charge, it is better to use a charge

insensitive termination instead of trying to mitigate the termination design either by

modifying the implantation dose in the case of JTE or changing the number of rings and/or
their spacing for the FGR. In this sense, the work strategy should be to develop an edge
termination tolerant to surface charges like our RA-JTE.

Charges induced by polyimide passivation

Polyimide is a traditional material for the electrical insulation of the high-voltage devices

surface [27]. However, it was noticed during experimental measurement that polyimide also
adds some charges in the termination area, affecting negatively the device blocking
capability as recently reported in [28].

When measuring voltages higher than 500 V on-wafer, arcing will occur if no surface

passivation is used (see Figure 2-44). Moreover, our polyimide passivation layer does not
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protect from arcing for applied voltages higher than 2.5 kV in air. Then, in our on-wafer high-

voltage measurement procedure, we usually add perfluoropolyether fluorinated fluid, such

as Solvay Galden® PFPE [29] as passivation. This Galden layer is used both on devices
without polyimide and, for devices with polyimide (for measurements above 2 kV).

Figure 2-44 Arcing in a polyimide-passivated VDMOS in blocking mode.

Figure 2-45 depicts an example of the measured blocking I-V characteristics of a 4.5 kV

device with polyimide only, and with polyimide + Galden. As it can be seen, in measurements
with polyimide only, the device does not withstand more than 2.3 kV, while adding Galden

allows reaching 5 kV.

Figure 2-45 Comparison of breakdown I-V characteristics of a 4.5 kV-rated PiN diode with
polyimide passivation.
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Moreover, we have also observed in some of our experiments, a strong degradation of the

breakdown voltage after deposition of the polyimide. The devices were measured with

Galden before and after the polyimide deposition process. In this case, the premature
breakdown seen in polyimide passivated devices is actually not caused by an arcing, but by

a real limitation of voltage capability of the structure. As a matter of fact, polyimide
deposition also induces the presence of charges at the polyimide/SiO2 interface. These

charges affect the interface SiO2/SiC and the termination efficiency.

To check the effects of polyimide charges, the structure depicted in Figure 2-38 was

simulated adding surface charges only at the polyimide/SiO2 interface. The simulation
results are shown in Figure 2-46. As it can be inferred, while the presence of negative charge

does not seem to have any impact on structure breakdown voltage, positive charge clearly
penalises device’s breakdown capability. As an example, the presence of surface charge

concentration higher than +5·1012 cm-2 in the polyimide/oxide interface makes the device
unsuitable for a 3.3 kV application.

Figure 2-46 Impact of the polyimide surface charge to the device blocking voltage.
Simulation of a single zone JTE edge structure on a 3.3 kV-rated substrate.
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As mentioned above, the presence of surface charges either at the SiO2/SiC interface or at

the polyimide/SiO2 has a clear impact on the termination efficiency. Moreover, the amount

of charge in a real device is difficult to extract. Nevertheless, although these charges have
probably affected the termination efficiency, we have observed no evidence of the blocking
capability variation after several repetitive high-voltage measurements.

In addition, the VDMOS blocking performance were also evaluated stressing the device

under reverse bias conditions (1 kV) for 1 hour at different temperatures. Figure 2-47
depicts the leakage current of a 3.3 kV VDMOS in blocking mode from room temperature up
to 125 °C. Although leakage current level increases with temperature, it is important to note
that there is no significant variation after 1h stress time.

Figure 2-47 Leakage current of reverse biased 3.3 kV-rated VDMOS in blocking mode after
1h stress time at different temperatures.
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2.6 Summary

The maximum voltage that can be achieved by a device is ultimately limited by the starting

material properties together with the thickness and doping concentration of the drift layer.

Nevertheless, other mechanisms can set a lower limit for the device’ breakdown voltage.
Abrupt junctions cause local electric field peak values leading to a premature breakdown.

The idea behind the planar edge termination structures is to protect the p+ main junction

from the high electric field when the device is in blocking mode.

The design and optimisation of edge terminations is an essential task for the development

of high-voltage devices. In this chapter, FGRs, JTE, and combination of both edge termination

schemes are presented. The key optimisation parameters for each scheme are identified and
evaluated by simulation, prior to the design of optimal terminations structures. Several edge
termination schemes were fabricated on PiN diodes within a full power MOSFET batch. The

experimental results have shown a good efficiency on some of the proposed edge
terminations. Table 2-10 summarises the blocking voltage capability provided by the best
scheme on each edge termination category.
Structure

JTE
FGR
RA-JTE

1.7 kV
rated wafer

3.3 kV
rated wafer

4.5 kV
rated wafer

6.5 kV
rated wafer

JTE_01
1925 V (66%)

JTE_02
4172 V (76%)

JTE_01
4559 V (60%)

JTE_02
5628 V (57%)

RA-JTE_03
2315 V (79%)

RA-JTE_04
5172 V (94%)

RA-JTE_03
5481 V (72%)

RA-JTE_04
6740 V (68%)

FGR_05
2081 V (71%)

FGR_10
3504 V (64%)

FGR_02
4867 V (64%)

FGR_10
5021 V (51%)

Table 2-10 Summary of the best experimental results obtained in each edge termination
scheme.

As it can be seen, experimental measurements show that after accurate parameter

optimisation and fabrication process control, all three main schemes are capable to

withstand applied voltages up to 4.5 kV. RA-JTE was the only design capable to provide 6.5
kV blocking capability. In fact, RA-JTE termination, being less sensitive to implantation dose
and surface charges than single JTE, was the most efficient edge termination scheme,

resulting in VBR efficiencies up to 94%. In this termination scheme, it was also demonstrated

that AGR clearly improves termination efficiency. On the contrary, it was shown that it is
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preferable to enlarge the JTE length rather than adding extra JTE FGRs, maintaining the total
termination length.

Concerning floating guard rings termination schemes, although shallow rings (defined by

the VDMOS p+-contact implantation) are not able to provide high blocking voltage capability,

deeper p+-body FGRs edge termination allows reaching VBR values (and efficiency) similar

than that of structures with a simple JTE. As a result, after a proper optimisation, FGR edge

terminations are also suitable solutions for power MOSFETs. These experimental results
were compared with the simulations data. The best agreement between experimental
breakdown voltage measured and the TCAD simulations was achieved assuming a 70%
activation of the p-type aluminium implants and an interface charge density of -1·1012 cm-2.

As a summary of characteristics, Table 2-11 compares some parameters that must be

considered prior to adopting a given edge termination scheme in a high-voltage VDMOS
processing batch.

Dose dependency
Design optimisation complexity
VDMOS process extra steps required
Critical fabrication dimensions
Required length for 3.3 kV-rated devices
Surface charge impact

JTE

FGR

RA-JTE

high

low

medium

no

yes

low

high

no

yes

yes

140

high

163

medium

low
no

140
low

Table 2-11 Summary of edge termination schemes main characteristics, highlighting
strengths and weakness.

As it can be seen, single JTE termination is easy to optimise but its efficiency is very

sensitive to process variations, like implantation dose, interface charges or polyimide
charges. For its part, FGR scheme is interesting since it can be implemented making use of

the implantation steps already required for the VDMOS processing, avoiding extra
implantation steps like JTE, but it is difficult to optimise and requires the definition of narrow

critical dimensions. Moreover, whereas JTE and FGR require specific optimisation for each
voltage-class device, a given RA-JTE design can be used in a wider range of voltage ratings.

Consequently, given the high breakdown voltage capability achieved, as well as the better

tolerance to the presence of surface charges, the edge termination scheme chosen for the
fabrication of the high-voltage VDMOS was a ring-assisted junction termination extension
scheme RA-JTE.
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3. SiC planar VDMOS design
optimisation

3.1 SiC VDMOS cell

The basic optimisation of unit cell design aims to obtain the best trade-off between the

highest blocking voltage and the lowest on-resistance. Typically, the final application

determines the working voltage and current requirements of a power device. Consequently,
the optimisation goal is to minimise the specific on-resistance of the device while

maintaining a required blocking voltage. The design of the unit cell must also consider

reliability issues such as to avoid a high electric field into the oxide, hot electron injection,

parasitic NPN structure activation and short-circuit time capability. Therefore, an

inadequate design of the VDMOS unit cell can not only affect device on-resistance, but also
limit device blocking voltage (as discussed in chapter 2), gate voltage range and device
reliability.

The VDMOS has a planar MOSFET structure with gate and source contacts on top and a

backside drain contact. Its design process involves the definition and tuning of physical and
geometrical device parameters (such as lateral dimensions, drift layer thickness, and doping

concentrations) to minimise the total resistance and/or the cell pitch (allowing higher
integration density, and lower cost per Amps). Then, it is highly relevant to have accurate
knowledge about the available technological processes capabilities and their limitations to
ensure a feasible cell design.
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This chapter identifies the most relevant parameters involved in the VDMOS cell design

optimisation and describes a set of innovations applied to the cell to improve device
performance. Figure 3-1 shows a generic unit-cell cross-section of a SiC power VDMOS

incorporating many state-of-the-art novel features, including a self-aligned submicron MOS

channel, a doped JFET region, low-doped source regions and bulk contact discretely located
in the 3rd dimension. A more detailed description of each technique, as well as the resulting

VDMOS unit-cell is presented in this chapter.

Figure 3-1 Schematic cross-section of an advanced VDMOS cell incorporating several
features to enhance its performance.

3.2 Specific on-resistance

Given a blocking voltage, the unit cell optimisation goal aims to minimise device

resistance. The total on-resistance of a power MOSFET is determined by its unit-cell design

as well as the starting material properties.

As a simplified approximation, Figure 3-2 shows the schematic cross-section of a planar

SiC VDMOS along with the most relevant device resistance components. The electron current
flow in the on-state is also depicted. Electrons go from the source contact, through the
channel, pass through the JFET region (where they suffer a direction change) and cross the
drift layer (being spread) to reach the backside drain contact.
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Therefore, the total on-resistance of the power MOSFET can be modelled as a set of series

resistances following the current path. Hence, The VDMOS on-resistance (RON), is equivalent

to the sum of resistances due to the source (RS) and drain (RD) contacts, the channel (Rch),
the JFET region (RJFET), and the drift region (Rdrift) [1].

Figure 3-2 Schematic cross-section of a planar VDMOS with the current path ant the most
relevant resistance components.

For simplification purposes, in this scheme, source resistance comprises the resistance of

the implanted source region and the ohmic contact, and in a similar way drain resistance
includes the n+ substrate and the drain ohmic contact. For comparison purposes, VDMOS on-

resistance is usually presented normalised by its area. Hence, the specific on-resistance,
RON,SP is obtained by the product of the device on-resistance and its area (RON,SP=RON·S), and
usually presented in mΩ·cm2.

Figure 3-3 shows a comparison of the different resistance components contribution to the

total VDMOS resistance for different breakdown voltage classes. Contact resistance and
channel resistance are mostly independent of device voltage rating. As it can be seen, Rch is

a significant portion of total resistance in lower voltage ranges devices (below 3.3 kV). The

relative contribution of Rch to the total on-resistance is reduced as voltage rating increases,
where Rdrift becomes the major contributor.
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(a)

(b)
Figure 3-3 (a) Theoretical contribution of the different resistance components to the total
VDMOS resistance and (b) its relative weight for 1.7 kV, 3.3 kV, 6.5 kV and 10 kV-rated
VDMOS. Adapted from [2].
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The first step in designing a suitable VDMOS for a given application is to ensure the

required blocking voltage. As discussed in chapter 2, drift region layer parameters (doping

and thickness) determine the maximum blocking voltage of a given structure. Additionally,
the resistivity of a semiconductor layer is inversely proportional to its doping concentration,
i.e. ρdrift ∝ Nd-1 [3]. Therefore, the drift layer specific resistance can be obtained as the product
of its resistivity times its thickness.

The advantage of SiC, and wide band gap semiconductors in general over silicon, is that a

lower resistivity drift layer can be used for a given breakdown voltage. Actually, for a given

breakdown voltage, 4H-SiC drift region resistance is more than 2 order of magnitude lower
than that of Si.

Figure 3-4 depicts the theoretical specific on-resistance of a SiC VDMOS device. Dashed

line depicts the unipolar RON,SP limit in 4H-SiC calculated following the expression proposed
in [4]. The blue line represents an estimation of the minimum on-resistance achievable in an

ideal SiC VDMOS device considering the contribution of all series resistances along the device
current path [2]. This curve evidences the traditional trade-off between on-resistance and

breakdown voltage of a unipolar device [5].

Figure 3-4 Theoretical specific on-resistance plotted as function of breakdown voltage for a
SiC VDMOS of 12 μm cell pitch. Adapted from [2].

85

Design and process developments towards an optimal 6.5 kV SiC power MOSFET

As it can be seen, blue curve “separates” from the theoretical limit for breakdown voltages

lower than 3.3 kV. For devices targeting 1.7 kV and below, the impact of the drift resistance
in the total device on-resistance is relatively low, being determined mainly by channel and
JFET region resistance.

In any case, it is important to select drift layer parameters slightly oversizing the

breakdown voltage capability in order to include a safety margin to deal with the edge

termination efficiency, possible over voltage transients during device operation or to create

an avalanche capability area. Table 3-1 shows a set of theoretical drift layer parameters for
different voltage classes starting wafers typically used by designers. The drift layer

resistivity is analytically obtained following equations presented in [3] assuming uniform

doping density and fully activation of the impurities.
Si
900 V

Ideal parallel-plane
breakdown voltage, Vpp
Doping concentration, Nd
Drift thickness, tdrift
Layer resistivity, ρdrift
Drift layer specific onresistance

1038

SiC
1.7 kV

2439

2927

SiC
3.3 kV

5805

5504

SiC
4.5 kV
7164

7566

SiC
6.5 kV

Units

9845

V

1.5·1014

2·1015

4·1015

2·1015

2.3·1015

1.2·1015

1·1015

8.8·1015

cm-3

30.82

4.46

2.23

4.46

3.79

7.43

8.92

10.13

Ω·cm

100

308

12

5.35

15.5

3.46

35

15.60

34

12.90

40

29.72

41

36.56

56

56.74

µm

mΩ·cm2

Table 3-1 Typical drift layer parameters for different rated-voltage devices.

As it can be seen, several drift layer thickness and concentration combinations could

provide similar breakdown voltages. Nevertheless, each configuration results in different

drift layer resistance. Therefore, appropriate parameters must be carefully chosen in order
to obtain the lowest possible drift specific on resistance for a given target blocking voltage.

3.4 Channel resistance

Nowadays, Rch is one of the major contributors to the SiC power MOSFETs on-resistance,

especially for devices rated below 3.3 kV. Consequently, reducing Rch is still one of the biggest
challenges for the successful development of low resistance HV SiC MOSFETs.

The MOSFET channel resistance is strongly related to its geometrical parameters, gate

oxide and interface characteristics and operation gate biasing. More precisely, Rch is
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proportional to the coefficient between the channel length and the mobility at the
oxide/semiconductor interface, the inversion channel field effect mobility (µfe), i.e. 𝑅𝑅𝑐𝑐ℎ ∝

𝐿𝐿𝑐𝑐ℎ /𝜇𝜇𝑓𝑓𝑓𝑓 [6][7]. Therefore, the channel resistance in MOSFETs can be mainly reduced
decreasing channel length and increasing channel mobility.

The following sections present guidelines for the Rch reduction of channel resistance, the

description of novel techniques applied to our VDMOS fabrication process and their effects

experimentally evaluated. A set of test n-MOSFETs designed with either lateral and vertical

current flow configurations were included in the VDMOS fabrication batch to evaluate the
output performance of the MOSFET. Figure 3-5 shows a SEM picture of n-MOSFETs test

structures with different gate designs.

Figure 3-5 SEM image of fabricated n-MOSFETs test structures top view.

3.4.1 Threshold voltage

Vth can be defined as the gate bias at which the full inversion phenomenon starts to appear

at the semiconductor surface of the MOS structure creating a conducting channel allowing
electron current flow from the source to the drain contacts. In power MOSFETs, the

threshold voltage is an important parameter from the application point of view. Typically,
most Si gate drivers for power MOS switches provide gate voltages up to 15 V [8].

Actually, in SiC, due to a higher Vth and a lower subthreshold swing, higher gate voltages

were traditionally used to maximise the output current. A high threshold voltage value is not
desirable since the charge created in the channel inversion layer, and therefore the
maximum current that can flow through the channel, is proportional to the factor (VG-Vth).
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At the same time, it is important to guarantee that threshold voltage value is kept positive

enough (few volts) to prevent device from unwanted turn-on due to voltage fluctuations and

possible threshold voltage drift (ΔVth) under different operation conditions (stress / aging /

temperature). According to these criteria, the threshold voltage value is usually kept around
5 V to achieve low channel resistance while ensuring a safe normally-off operation.

SiC MOSFET threshold voltage value depends on processing parameters such as p-body

doping concentration, temperature, and oxide capacitance (thickness and permittivity) [9].

In Si technology, wet or dry thermal oxidation is used to form the high quality SiO2 gate oxide
of power devices. Nevertheless, thermal oxide grown in SiC presents high level of fixed

charges and traps at the SiO2/SiC interface, which is inherent to the oxide growth process.

The presence of this charges in the gate oxide causes threshold voltage instabilities [10][11].

Moreover, in many 1st and 2nd generation SiC MOSFETs, the presence of oxide charges and
traps were also responsible for the formation of a residual inversion channel at 0 V gate bias,

causing a small current flow between source and drain. In those MOSFET generations, gate
voltage must be set to negatives values (i.e. -4 V) to prevent the parasitic channel formation
and, therefore, no current flow in blocking state [12][13].

The doping level of the p-body region must be kept around 1·1017 cm-3 to obtain a suitable

threshold voltage value [14]. Nevertheless, as discussed in section 2.1, a heavily doped pbody region (> 1·1018 cm-3) is mandatory to prevent the body punch-through of high-voltage

SiC MOSFETs. Therefore, if the p-body region is defined with a constant doping box-profile

to avoid body punch-through breakdown, the threshold voltage of the SiC MOSFET can easily
exceed 25 V. This illustrates the challenge for achieving SiC MOSFETs with a threshold
voltage within a reasonable range.

To overcome the high threshold voltage value resulting from a uniformly heavily doped

p-body region, we used a retrograde profile instead a constant box-profile. Figure 3-6 depicts

two p-body profiles designed with our ion implantation simulator I2SiC [15]. These profiles

show a higher doping (up to 1·1019 cm-3) near the bottom junction to prevent body punch-

through in the blocking-state, and a lower doping near the surface (~ 1·1017 cm-3) to provide

an adequate threshold voltage [16]. It is important to remark that part of the SiC substrate is

consumed during fabrication process mainly due to high temperature annealing and thermal
oxidation steps. This must be considered when defining the implantation parameters to get
a final optimal doping profile, especially for the threshold voltage control.
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Figure 3-6 Retrograde p-body profiles designed with doping concentration of ~1·1017 at the
surface and higher concentration (> 1·1018) deep inside the semiconductor. Red line
corresponds to the channel region profile and green line to that in the main p-body region.

Moreover, an additional improvement carried out in this work is the implantation of the

p-body in two steps. As depicted in Figure 3-7, a first mask is used to implant the shallower
p-body doping profile that will determine the Vth value (red line in Figure 3-6). Next, the
channel region is covered with oxide, and an additional aluminium implantation is

performed to obtain the retrograde profile designed to prevent p-body punch-through
(green line Figure 3-6). This offset p-body implantation process minimises the damage

caused in the semiconductor surface on top of the channel region by avoiding the high-dose
high-energy deep p-body implant to penetrate through it.

Figure 3-7 Schematic representation of the two-step offset p-body formation.
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3.4.2 Channel length

The channel length of a MOS transistor corresponds to the distance between two n-type

regions separated by a p+ region that can be inverted due to the presence of a MOS structure.

As inferred from Figure 3-8, the Lch in a planar VDMOS corresponds to the distance

determined between the n+-source region and the p-body edge.

Figure 3-8 Schematic cross-section of a planar VDMOS

As an example, Figure 3-9 depicts the minimum calculated device specific on-resistance

of the VDMOS cell for different channel lengths. As it can be inferred, the shorter the channel,
the lower the RON,SP. Shorter channel not only reduces Rch by minimising its length, but also

shrinks down the cell-pitch, thus increasing the integration density and, therefore,
improving the device specific on-resistance.

Unlike in Si, where double dopant diffusion is used to control the channel length, in SiC

technology the minimum channel length is limited by the photolithographic step’s alignment

tolerance between the n+ source and the p+ body implantation levels. Therefore, channel

length defined by lithography is strongly affected by misalignments and may result in
different channel lengths on each side of the cell. These differences lead to current flow

unbalances when the devices are operating in conduction mode. Figure 3-10 shows a SEM

cross-section of a VDMOS device cell with a mask-designed Lch of 1 μm. As it can be seen,

there is ~0.5 μm misalignment in one direction which will certainly impact device
performance.
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Figure 3-9 Impact of the Lch on the VDMOS specific on-resistance ad function of the
breakdown voltage. Obtained by the computation of the channel resistance analytic
expression from [6].

Figure 3-10 SEM image of a FIB cut showing the cross-section of a fabricated VDMOS device
with channel length defined by lithography.

To go beyond the minimum channel length that can be defined by contact

photolithography, and related misalignments, a self-aligned channel process was used. This
technique allows the definition of sub-micron channel lengths and avoids the alignment

tolerance limit [17].

Figure 3-11 depicts an SEM/FIB image of the cell of a VDMOS fabricated in CNM’s

cleanroom with the self-aligned process. As it can be seen, a sub-micron Lch of about 0.6 μm
is obtained using the described self-aligned definition process.
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Figure 3-11 SEM image of a FIB cut showing the cross-section of a fabricated VDMOS device
with self-aligned channel length definition.

To check the electrical performance dependency on channel length, small vertical

MOSFETs test structures were fabricated and electrically characterised. Figure 3-12 depicts
the output current of test MOSFETs for different channel lengths. These structures were

fabricated within the VDMOS fabrication batch on a 3.3 kV-rated substrate. Experimental
results evidence the dependency of output current with channel length. However, it can be

inferred that this dependency is not directly linear with the channel length, indicating that
other factors are involved, such as the channel mobility dependency with channel length.

Figure 3-12 Experimental output characteristics at VGS=25 V of VDMOS test-structures with
Wch=120 μm and different channel length fabricated on 3.3 kV-rated substrate.
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Actually, as it can be seen in the transfer curves of Figure 3-13, test structures with self-

aligned channel (~ 0.6 μm) provide a significantly lower threshold voltage value with only a

slightly shorter channel length. The channel dependence of threshold voltage seems then

especially remarkable for submicron channel lengths [18]. This fact evidences the
contribution of short channel effects to the formation of the inversion channel [19].

Figure 3-13 Experimental transfer characteristics at VDS=1 V of VDMOS test-structures with
Wch=120 μm and different channel lengths fabricated on 3.3 kV-rated substrate.

The lower threshold voltage can be justified by the presence of a lower doped p-type

channel region. The effective doping concentration at the edge of the p-body region can be

lower than the designed one due to mask shadowing and straggling effects [20]. Therefore,
as the channel region is located at the end of the p-body region, its doping concentration

could be less than expected, thus affecting the threshold voltage.

As a result, the dependency of the channel length on the channel resistance observed in

VDMOS test structures is attributed to the combination of a shorter length and a smaller
threshold voltage.

3.4.3 Inversion Channel mobility

As previously stated, inversion channel mobility plays a key role in the channel resistance

optimisation of a SiC MOSFET. Figure 3-14 depicts the theoretical RON,SP of a VDMOS device
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for different channel mobility values. Even though the relatively high electron mobility

values for bulk 4H-SiC material (up to 950 cm2·V-1s-1), MOSFETs fabricated on SiC suffer from
low inversion channel mobility values (typically in the range of 5–10 cm2·V-1s-1) using

standard gate oxidation procedures [21]. The low inversion mobility values affect the
performance of power MOSFETs by penalising the specific on-resistance of the device.

Figure 3-14 Impact of the μfe on the VDMOS specific on-resistance as function of the
breakdown voltage. Obtained by the computation of the channel resistance analytic
expression from [6].

Although SiC has a native SiO2 oxide, SiC MOS structure presents a transition layer where

the chemical composition changes gradually from pure SiC to pure SiO2 over a distance of

several nanometres. This transition layer is usually referred as the SiO2/SiC interface.

Resulting from the implantation damage, the consequent high temperature annealing and
the oxidation process, the SiC surface layer exhibits some structural disorder (roughness),
and the first monolayers of SiO2 contain excess of carbon [22][23].

As a result, the electron’s mobility in the channel is affected by the characteristics of the

transition layer between the SiC and the oxide (the SiO2/SiC interface). The electron flow
through the inversion channel suffers from several scattering mechanisms that limit
inversion channel mobility to a lower value than the 4H-SiC bulk one [24]. The most relevant

ones are bulk phonon, surface phonon, Coulomb and surface roughness scattering. The
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contribution of each of these four surface scattering mechanisms vary with gate voltage
(electric field in the oxide) and temperature.

The study of the SiO2/SiC interface is of high interest for the development of suitable SiC

MOS-based devices. A number of alternative oxidation processes have been reported aiming
to improve channel mobility [25]. Post-oxidation annealing in different ambient have
demonstrated great improvements in mobility, such as nitrogen (NxO) [26] or phosphorus

(POCl3) [27]. However, most of these procedures come at the expense of some drawbacks

related to Vth stability [28][29]. These instabilities difficult the use of these devices in real

applications. Additionally, for a given oxidation process, the use of alternative crystal
orientations for the oxide growth such as the {11-20} [30][31] or {0-33-8} [32] have also

demonstrated a higher channel mobility in comparison with the Si-face {0001}. These

techniques can be applied to trench MOSFETs [33] but are not feasible in planar VDMOS.

For the fabrication of the planar VDMOS of this work, a novel gate oxide configuration

based on a boron diffusion step has been evaluated. Unlike firstly proposed by [34], where a

simple thermal dry oxide was used, the gate oxide in this work consists of a rapid thermal
oxide (RTO) grown in N2O ambient [35] followed by a boron diffusion process carried out by
means of BN planar sources [36].

After the thermal oxide process, a PECVD TEOS oxide is deposited on top (see Figure 3-

15) to increase the total oxide thickness up to 100 nm and, therefore, allowing higher gate
bias voltage capability. Boron concentration is in the range of 1020 cm-3 and is uniformly
distributed in the thin thermal oxide.

Figure 3-15 Schematic cross-section of the gate oxide, SiO2/SiC interface, and the expected
boron concentration after diffusion.
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No boron impurities have been found in the TEOS and SIMS measurements put in

evidence that boron atoms do not diffuse into the SiC crystal within the detection limits of

the technique [37]. This proposed boron treatment has proved the improvement of the

SiO2/SiC interface compared with standard nitridation methods, providing channel mobility

values up to 170 cm2·V-1·s-1.

This boron process was added to the power VDMOS batch aiming the reduction of its

channel resistance. Figure 3-16 depicts channel mobility curves extracted from transfer

characteristics of lateral MOSFETs test structures present in a 4.5 kV-class wafer VDMOS

batch. As it can be seen, samples with standard N2O oxidation process provide low channel
mobility values, in the range of few units. On the other hand, samples in which the boron
diffusion process was carried out show a considerably higher channel peak mobility (about
40 cm2·V-1·s-1).

The main reason for these lower mobilities is that the channel is built on implanted and

high temperature annealed p-body, while the p-type region of the lateral MOSFETs samples

with record mobility curves were fabricated on p-epitaxial wafers.

Figure 3-16 Field effect mobility extracted as a function of the transfer curve in lateral
MOSFET test structures fabricated within a 4.5 kV-rated VDMOS batch with implanted pbase. Lch=12 μm, Wch=120 μm.
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Moreover, it was already noticed that mobility values do not properly scale with channel

length. Mobility curves extracted from transfer characteristic tend to provide higher values

for larger channel lengths. This is mainly attributed to phonon scattering effect and short
channel effects [36]. Therefore, geometrical properties also limit channel mobility values

obtained in self-aligned short channel MOSFETs. Then, despite a shorter channel should
improve the on-resistance, a compromise between channel mobility and integration density
must be done.

It is also important to remark that the presence of positive charge at the SiO2/SiC interface

shifts the threshold voltage towards a lower value [7]. In general, it has been observed that
improvements of SiC MOS channel mobility almost systematically conduct to a decrease of

the Vth. For instance, Figure 3-17 depicts the transfer curve measured in MOSFET test

structures processed within our VDMOS batch. As it can be seen, the transfer characteristics

of samples with boron in the gate oxide shifts to the left, resulting in a lower Vth value.

Figure 3-17 Transfer curve of lateral MOSFET test structures fabricated within a 4.5 kVrated VDMOS batch with implanted p-body region. Lch=12 μm, Wch=120 μm. VDS=0.1 V.

In implanted p-body MOSFETs, both the ion-implantation and the subsequent high

temperature annealing step required for the impurities activation induce defects creation
and surface roughness increase. Figure 3-18 depicts the surface profile of a power VDMOS
device measured with atomic forces microscopy (AFM).
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Figure 3-18 Surface roughness of the CNM-SIC032 VDMOS cell measured with AFM.

In this surface profile, different regions can be easily identified. The JFET area

corresponds to the central region. As no ion-implantation is carried out in this region, its
surface shows the bulk SiC roughness. The n++ source contact region, with a highest implant
dose, shows the deepest and roughest profile. The channel region is located between the LDS

region and the transition to the JFET, and a detailed view of its roughness profile is shown in

Figure 3-19.

Figure 3-19 Surface roughness in the channel region of the CNM-SIC032 VDMOS cell
measured with AFM.
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As mentioned before, surface roughness is one of the scattering mechanisms that limit

field effect mobility. Consequently, the lower channel mobility values in implanted p-body

MOSFETs compared with epitaxial ones is due to an increase of surface roughness scattering.
The oxidation rate varies with the surface doping level and type, as well as with the damage

of the implanted SiC substrate. It generates steps on the surface after thermal oxidation. It is
then important to reduce the thermal budget during oxidation, and limit the oxidation of the

SiC surface. This can be done either using thin thermal oxides as we do, or using deposited
oxides (LPCVD, TEOS, …) plus a post annealing treatment in NO or other ambient.

3.5 JFET region

The unit cell of the VDMOS presents a parasitic JFET structure between each two adjacent

p-body regions. As previously stated, in this region the source-drain current crowds and

suffers a change in direction. As a result, the JFET area adds a significant series resistance to

the current flow and contributes to the total RON of the device (as depicted in Figure 3-2).

The JFET region also plays a key role in the reliability of the VDMOS when device is in

blocking mode. An appropriate JFET design must prevent high electric field to reach the gate

oxide, thus not affecting (limiting) device blocking capability and reliability (as mentioned
in chapter 2) [38]. Hence, proper engineering of the JFET region in terms of geometrical

dimensions and doping profiles is crucial to obtain a low JFET resistance value while

shielding of the gate oxide. Finally, JFET also play a role in the short circuit capability of the
VDMOS as it will regulate the saturation current and, therefore, the short-circuit capability.

3.5.1 Impact of JFET width on VDMOS on-resistance

For a given doping concentration in the JFET area, the contribution of RJFET to the total RON

is inversely proportional to the width of the JFET region. However, the increase of the JFET

width also enlarges the cell pitch, thus penalising integration density and, therefore, device
RON,SP. Consequently, there is a JFET width that minimises device specific on-resistance.

Figure 3-20 (a) plots simulated VDMOS RON,SP as a function of the JFET width for different

breakdown ranges. As it can be seen, a short distance between p-body regions clearly

penalises RON,SP, but the impact of a larger JFET spacing is less notorious. In this sense, Figure
3-20 (b) shows the same set of curves normalised to the lowest value of each voltage-class.
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(a)

(b)
Figure 3-20 (a) VDMOS specific on-resistance as a function of JFET region width for different
voltage-rated substrates obtained by means of TCAD simulations. (b) Curves normalised to
the lower value on each voltage class.
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As mentioned above, device RON,SP increases for narrow spacing between p-body regions

thus indicating a major contribution of the RJFET to the total resistance. This dramatic on-

resistance increase for narrow distances between p-body regions (<4 μm) is caused by the
partial pinch-off of the JFET.

Additionally, Figure 3-20 (b) clearly identifies an optimum JFET width value that

minimises RJFET and, therefore RON,SP. For larger cell dimensions, device’ RON,SP raise again.

This indicates that the reduction in the RJFET term do not compensate the increase of cellpitch. The increment is more notorious in lower voltage-rated devices, and becomes less
significant as voltage rated increases, due to the major contribution of the drift resistance to
the total on-state resistance.

Moreover, it also infers that each voltage class presents a different optimal JFET width

that minimises its RON,SP. The optimal value for the p-body separation shifts to a larger value

as the rated breakdown voltage increases (lower drift region doping). In any case, simulation
results denote that a variation of only a few micrometre wide JFET width induces a

significant increment of device specific on resistance, being especially severe for separations
smaller than the optimal one.

Experimental data show similar trends as the ones described by TCAD simulations. Figure

3-21 depicts the specific on resistance measured on different voltage-class 1 mm2 VDMOS

implemented with JFET widths between 4 μm and 16 μm. The higher RON,SP measured values
compared to modelling are mainly attributed to a lower experimental channel mobility.

As simulation predicted, experimental VDMOS RON,SP show a minimum vale for a given

JFET spacing. Moreover, reducing the JFET width is especially critical for higher voltage-

rated devices, while a wider region penalises the lower voltage-rated ones. Furthermore, the

observation of the relative increment of the experimental RON,SP presented in Figure 3-21 (b)

confirms that the optimum JFET width value depends on the device voltage-class, being
higher as the device voltage-rating increases.

Although simulations and experimental trends are similar, the optimum JFET region

widths that minimises RON,SP are slightly different. This is probably due to the higher

contribution of the real Rch to the total on state resistance. Nevertheless, it is important to
note that no dramatically increase of RON,SP was observed for narrower JFET widths, thus

indicating no pinch-off of the JFET (probably because a lower efficient p-body).
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(a)

(b)
Figure 3-21 (a) Experimental device specific on resistance as function of JFET region width
extracted from different voltage-rated devices. (b) Curves normalised to the lower value
on each voltage class.
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3.5.2 Impact of JFET width on surface electric field

In the planar VDMOS, the electric field at the semiconductor surface is mainly determined

by the JFET width (WJFET), i.e. the opening between two adjacent p-body regions. Figure 3-

22 depicts the electric field distribution inside a VDMOS cell in blocking mode for two

different JFET widths. It can clearly be seen that a larger separation causes a higher electric
field at the SiC interface, thus inducing an even higher electric field into the gate oxide.

As a result, the breakdown capability of the device could be limited by the presence of a

high electric field into the oxide. As discussed in section 2.1, the design of the SiC VDMOS cell

must prevent the electric field into the oxide to exceed the safe value of 4 MV·cm-1.

Figure 3-22 Electric field distribution as function of JFET width at 4000 V in a 3.3 kV-rated
substrate for WJFET= 6 μm (blue line) and WJFET= 20 μm (red line).

In this sense, Figure 3-23 depicts the SiC surface electric field value dependence on JFET

width obtained by numerical simulations. As it can be inferred, the lowest electric field value

is offered for the shortest distance between two adjacent p-body regions. Then, the electric

field increases as the JFET region becomes wider and quickly (at JFET widths of ~10 μm)

reaches a higher value that remains almost constant for wider separations. It is important to
note that the electric field is generally lower for lower doped epilayer (higher voltage

capability). As a result, the higher voltage range devices will be then less prone to suffer
premature gate oxide breakdown.
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Figure 3-23 Electric field value in the SiC surface on top of the JFET at breakdown.

3.5.3 Impact of JFET doping profile

JFET region doping level also plays a key role in the planar VDMOS cell design. For a given

spacing between two adjacent p-wells, a highly doped JFET region lowers the JFET area
resistivity. As a result, a highly doped JFET region allows the reduction of the optimal

distance between two adjacent p-body wells. This narrowing of the JFET width reduces the
unit-cell pitch improving the overall device RON,SP and, at the same time, reduces the electric
field in the gate oxide when devices operates in blocking mode [39]. Nevertheless, as

discussed in the previous section, an increase of the JFET doping also rises the electric field
vale inside the gate oxide in blocking mode.

In silicon power semiconductor technologies, one way to reduce JFET resistance and

associated cell-pitch is to use a current spreading layer (CSL). It consists of a more heavily

doped n-type epitaxial layer grown on top of the drift region (see Figure 3-24). Another

approach is to grow a p-type epitaxial layer on top of the drift layer to form the p-body

regions. The JFET region is obtained by performing a high dose n-type ion implantation to
locally compensate the p-type layer doping concentration, resulting in a highly doped n-type
JFET region [39][40].
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Figure 3-24 Schematic cross-section of a VDMOS with n+ current spreading layer.

However, these traditional silicon techniques are not straightforward in SiC devices’

fabrication technology. As mentioned in section 1.4, one of the SiC technology downsides is
the incomplete activation of the p-type implanted impurities. Consequently, the

incorporation of heavily doped p-body regions in a highly doped n-type CSL layer by means

of implantation could be a tough task. Furthermore, as discussed in section 2.5.1, the current

spreading layer done by epitaxial layer growth on the whole wafer surface, has a negative
impact on the high-voltage edge termination, reducing its efficiency.

Therefore, in this work, to reduce the VDMOS JFET region resistance, an extra n-type

implantation step has been included to locally dope the JFET region. Figure 3-25 (a) shows

the cross-section of the n-type implanted JFET. This technique overcomes the technological

limitations of the previously mentioned designs avoiding the requirement of doping
compensation in heavily doped n+ layer.

Nevertheless, due to cleanroom limitations in terms of alignment process and critical

dimensions, a certain margin must be left between the p-body edge and the n-type implanted

JFET area to prevent the implant to overlap the channel region. Figure 3-25 (b) depicts the

cross-section of the VDMOS cell with an implanted JFET region detached from the p-body

wells. Resulting of this spacing, the highly doped JFET implant will be less effective to reduce

the JFET resistance due to the fact that the current crowding is especially important at the
end of the p-body region.
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(a)

(b)

Figure 3-25 Schematic cross-section of VDMOS with

n+-type

implanted JFET region.

As 2-D simulations confirm (see Figure 3-26), adding the n-doped JFET region provides

higher current density, thus resulting in lower resistance. A 0 μm spacing between the p-

wells and the n-doped JFET region results in a larger distribution area of high current
density. Hence, this is the preferable solution to minimise on-resistance.

(a)

(b)

Figure 3-26 2-D simulation of the impact of the JFET
density for different spacings.

(c)
n+

implanted region to the current

The impact of the doped JFET region was evaluated by means of TCAD simulations in a

VDMOS with WJFET=6 μm in a 3.3 kV-rated substrate and the results are referred to the

equivalent structure with no JFET implant, i.e. RON,SP= 14.7 mΩ·cm2, VBR= 5805 V. Figure 3-
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27 depicts the impact of the JFET doped region on electrical characteristics as a function of
the margin between the JFET and the p+-body.

Figure 3-27 Impact of the JFET margin to the VDMOS electrical performance compared to
the reference structure with no JFET implant. JFET margin variation. Nd=3·1016 cm-3 dJFET=
1.4 μm.

A reduction of the device on-resistance is achieved as the margin becomes shorter.

Furthermore, no significant reduction of the blocking voltage is observed. Nevertheless, the

minimum margin distance required to prevent the n-doped region to interfere with the

channel region will be determined by technology limitations. Taking into account CNM’s
cleanroom capability (no stepper can be used), JFET margin was set to 1.5 μm.

The depth of the implanted JFET region (dJFET) also plays a key role for the optimisation

of the on-resistance. Figure 3-28 depicts the dependency on the implanted depth of the onresistance and the blocking voltage. As it can be seen, the deepest the profile, the lowest the

on resistance. Moreover, only a marginal reduction on the blocking capability is observed for

a JFET region depth up to 1.6 μm. Above this value, the breakdown voltage starts to decrease
seriously due to the presence of a high electric field value into the gate oxide.
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Figure 3-28 Impact of the JFET doped region depth to the VDMOS electrical performance
compared to the reference structure with no JFET implant. Nd=3·1016 cm-3, spacing 1.5 μm.

Another important design parameter for the implanted JFET region is its doping

concentration. A higher doping concentration leads to lower the on-state resistance, but also

lets equipotential lines to compress near the SiC surface when device is in blocking mode.

Figure 3-29 depicts the impact of the JFET doping concentration on the device RON and

breakdown voltage for 3.3 kV-rated substrate. A 15% reduction of the total on-resistance is

achieved for a doping a concentration of 1·1016 cm-3. Device RON is further slightly reduced
at higher JFET doping concentration, down to a 18% for doping of 1·1018 cm-3.

Nevertheless, the blocking capability is strongly penalised by this configuration. Higher

n-doping concentration (>5·1016 cm-3) significantly compromises device blocking capability

reaching very low VBR values (<1000 V for >2·1017 cm-3) since device blocking capability is
not limited by avalanche breakdown, but by the presence of a high electric field in the gate
oxide. Therefore, to ensure a suitable blocking voltage capability, a doping concentration of
3·1016 cm-3 was selected for the implanted JFET region in the case of 3.3 kV-rated VDMOS.
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Figure 3-29 Impact of the JFET doping concentration to the VDMOS electrical performance
compared to the reference structure with no JFET implant. dJFET= 1.4 μm, spacing 1.5 μm.

In order to keep low on resistance and high breakdown voltage using a doped JFET region,

Figure 3-30 presents two novel configurations to better protect the gate oxide:

a) A JFET doping profile with a lower doped region near the SiC surface (buried n-well).

b) Implanting a shallow p-type region on top of the n-type JFET using the same opened
window.

(a)

(b)

Figure 3-30 Schematic cross-section of two doped JFET alternatives proposed to avoid high
electric field in the gate oxide.
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Figure 3-31 compares the 1-D electric field profile in the JFET region for different n-

doping profiles configurations. As it can be inferred, a box plot n-type doped JFET leads to a

higher electric field in comparison with the reference structure. The buried n-doping

configuration aims at reducing equipotential lines near the SiC surface, thus slightly reducing
the electric field in the oxide (10%). Obviously, its impact to the total on-state resistance will
be also less favourable in comparison with that of the box-profile.

Alternatively, the presence of a highly doped (3·1019 cm-3) shallow p-type region (Figure

3-30 (b)) provides a significant reduction of the electric field in the gate oxide (around 40%).
The incorporation of the shallow p-type implantation forces the equipotential lines to avoid
the surface region. Moreover, it allows increasing the buried n-type JFET doping
concentration to reduce the on-resistance without compromising gate oxide integrity.

Figure 3-31 Comparison of the 1-D electric field profile in the JFET region for different doped
JFET configurations.

Figure 3-32 depicts the impact of a higher doped n-type JFET under a shallow p-type

region on the device RON and blocking voltage. A n-doping of 1·1017 cm-3 is still safe regarding

breakdown, instead of 5·1016 cm-3 for the box profile solution. Although RON improvements

are not as good as the ones obtained with only n-doping (without p-type shallow region),

this configuration prevents the presence of high electric field in the oxide, thus leading to a
more reliable device. Therefore, adding a p-type shallow region could be a suitable solution
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to improve device RON while ensuring that blocking voltage is determined by avalanche

breakdown in the SiC bulk.

Figure 3-32 Impact of the JFET doping concentration to the VDMOS electrical performance
compared to the reference structure with no JFET implant after incorporating a highly doped
shallow p-type region. dJFET= 1.4 μm, spacing 1.5 μm.

Resulting from the data presented above, Table 3-2 summarises the impact of different

JFET region doping profile configurations on the on-resistance of a given cell. The values
shown correspond to a cell design of a 6 μm wide region between p-wells and a JFET margin
of 1.5 μm. Consequently, the resulting JFET doped region corresponds to a 50% of the total
JFET area. These geometric properties remain equal in all configurations.
Doped JFET scheme

No JFET implant
(reference)
Box profile
(a) Buried n-well
(b) p-shallow + n-type

Surface doping
(cm-3)

CSL doping
(cm-3)

Breakdown
voltage (V)

EOX VDS=5 kV
(MV·cm-1)

RON,SP
reduction (%)

-

-

5829

3.9

0

3·1016

5777

4.8

n-type 3·1016

3·1016

p-type 3·1019

3·1016

n-type 5·1015

5781
5819

5.1

15.97

3.2

7

15.81

Table 3-2 Impact of different JFET doping profiles in the VDMOS electrical performance.
Doped region is 1.5 μm separated and 1.4 μm deep.
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The presented configurations were designed focusing on a minor impact on blocking

capability to ensure suitable device operability. The addition of a doped n-type region

provides about a 16% improvement to the total device on-resistance while maintaining a

good blocking capability. Although the incorporation of a p-type shallow region does not

provide a remarkable improvement in terms of device on-resistance, it helps to reduce the
electric field in the oxide. However, this solution makes the process technology more

complex, adding an extra aluminium high temperature implantation step. The gain in on-

resistance is probably not enough to justify this higher complexity. There must be another

way to better optimise this configuration but it will need more modelling efforts.

Unfortunately, not any wafer with JFET doping configuration successfully finalise the

fabrication process. As a result, electrical characterisation could not be performed and no

experimental data of these proposed JFET optimisations could be compared with the
presented simulation results.
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The total length of the active cell is usually referred as the cell pitch. Device cell pitch has

a direct impact on the consumed area and, therefore, determines the integration density and
the specific on resistance of the device. Nevertheless, the reduction of the cell dimensions is

a risky task that has to deal with facility’s available technology. The most limiting step is
related to photolithographic patterning. Particularly, contact lithography suffers from

challenges such as misalignments and shadowing micro masking compromising the
resulting pattern. Therefore, lithography tolerances are the most limiting factor for the
reduction of the cell pitch and consequently, the RON,SP improvement [39].

Figure 3-33 depicts the VDMOS unit cell cross-section included in our previous mask set

CNM-SIC032 used for the first fabrication batches. This design accounts for 36 μm cell pitch

and was used as a starting design. As can be seen, this structure shows zero spacing between

p++ and n++ implantation, thus allowing the body and source regions to be contacted
simultaneously. This configuration prevents the presence of a floating body by the electrical

short-circuit of body and source regions and prevents the activation of the parasitic NPN

bipolar transistor.

Figure 3-33 Schematic cross-section of the VDMOS cell design included in the CNM-SIC032
mask set.

The way to further reducing the cell pitch is to adjust the cell dimensions to adequate to

IMB-CNM facility’s critical dimensions limitations. In this work, several techniques have

been included aiming to shrink cell dimensions. A reduced-dimension cell design proposal is
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shown in Figure 3-34. The reduction of the cell pitch goes through the reduction of the JFET

width thanks to the optimisation done by simulation. The reduction is also obtained by a

modification of the area destined to the source and body electrical contact. The resulting cell

pitch is 25 μm, meaning more than 35% smaller in comparison with the reference design (36
μm). In both designs, the channel length is defined by the self-aligned process described in
3.4.2, resulting in a 0.6 μm long channel.

Figure 3-34 Schematic cross-section of the reduced dimensions VDMOS cell design included
in the CNM-SIC042 mask set.

In this design, the p++ region is removed along the length of the stripes and replaced by

rectangular spaced shapes discretely located in the 3rd dimension of the structure, as

illustrated in Figure 3-35. This replacement will not affect VDMOS characteristics since the
p++ region is only used for the polarisation of the p-body.

Nevertheless, it is important to consider that the distance between p++ regions does not

produce enough voltage drop to activate the parasitic NPN bipolar transistor formed by the
source, body and drift regions. Although the parasitic BJT in SiC is difficult to activate due to

the higher built-in potential inherent to the material (~2.5 V), it is important to control the
body resistance through careful design of the doping and distance under the source region.

The source region length is also a key parameter to reduce cell dimensions. Shrinking the

source contact region reduces the cell pitch, but comes at the expenses of increasing the
source contact resistance. In this design, source contact width was set to 2 μm as an optimum
value according to [7].
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Figure 3-35 Schematic cross-section and top VDMOS cell view including discrete p++ bulk
contact regions.

This design also incorporates an LDS structure (see Figure 3-34) for the source implant.

It consists of a lower doped n++ region tied next to the highly doped n+ region used for source

ohmic contact. Adding this structure penalises device on resistance and cell-pitch. Figure 3-

36 depicts the impact of the LDS region measured on single stripe lateral MOSFETs test

structures. As it can be seen, the output current is clearly decreased when the LDS is added.

Moreover, the presence of the LDS region also enlarges the cell pitch, thus penalising
integration density and, therefore, the output current.

Although the impact of the LDS to the output current is notorious in single stripe lateral

MOSFETs, it is less relevant in power VDMOS, especially in the higher voltage-class, due to

the major contribution of the drift region to the total device on-resistance. Furthermore, as
also reported by other groups, adding an LDS region reduces oxide hot carrier injection [41],
and improves the device robustness, for instance regarding short circuit capability [42].

Therefore, it can be a good option to mitigate the compromise between on-resistance and
short circuit capability in SiC VDMOS.
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Figure 3-36 Impact of the LDS region in the output characteristics of lateral MOSFETs test
structures fabricated in a 1.7 kV-rated substrate. Lch=12 μm. Wch=120 μm VGS=15 V.

Taking into account the newly optimised dimensions, a new mask set was fully designed.

This new mask set was labelled as CNM-SIC042 and includes 25 mm2 die area VDMOS
devices with the cell design shown in Figure 3-34. A large area device with the CNM-SIC032
cell-design was also included for comparison purposes. The new masks also contain a set of

test structures for technology evaluation.

3.7 Mask design and fabrication
3.7.1 Full device design

The layout of the full device must deal with the combination of the edge termination

scheme to ensure an adequate blocking capability, the cell design structure presented in
previous section, and other operability considerations such as gate distribution and

packaging. Figure 3-37 depicts a detail of the mask set showing a view of the active area cells,

the peripheral p+-body, the edge termination and the channel stopper.
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Figure 3-37 Top view layout of the VDMOS design included in the CNM-SIC042 mask set.

Edge termination
As discussed in chapter 2, with an adequate design, device breakdown voltage is limited

by edge termination efficiency. With a suitable edge termination scheme, the active area of
the device has no direct impact on termination efficiency. As depicted in Figure 3-37, the

large area VDMOS were designed with a ring assisted JTE edge termination including three

p-body AGR and three JTE FGR rings corresponding to the design RA-JTE_01 presented in
section 2.3.4. This termination is suitable for applications targeting up to 6.5 kV and less
sensible to the presence of eventual surface charges.

However, as mentioned in section 2.3.1, the implementation of a planar edge termination

in a square-shaped VDMOS present corners. In normal operation, these corners may present

a higher electric field peak value due to spherical junctions, thus limiting device blocking

capability. To prevent the presence of a high electric field peak in the device corner, large

area VDMOS devices in the CNM-SIC042 mask set were designed with 90 μm radius round
corners design.

Active area

In the full device, VDMOS cell is repeated across the active area to achieve higher current

capability. The most common topologies are hexagonal and stripe-cell. Figure 3-38 depicts a

simplified top view of these two geometries showing the main differences.
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(a)

(b)

Figure 3-38 Two VDMOS cell topology configurations. (a) Hexagonal-cell. (b) Stripe
topology.

On the one hand, in hexagonal topology, body and source regions are discretely

distributed across the active area. In this configuration, polysilicon gate covers active area

completely except for hexagonal windows matching the body/source islands. On the other

hand, in stripe-cell topology, each body region stripe connects both device’s edges, making

polysilicon gate only present between p-type regions. It is important to note that hexagonal

topology is incompatible with the discrete p++ contact location presented in section 3.6
(Figure 3-35), since it will lead to floating-body cells.

Figure 3-39 depicts a detail of the polysilicon gate mask layer for both hexagonal-cell and

stripe-cell geometry. As it can be inferred, hexagonal-cell geometry shows multiple paths to
bias each cell, resulting in a lower internal gate resistance compared to the stripes design.

Nevertheless, higher electric field peak values may occur at hexagon vertex [43] and, due to
the fact that SiC mobility is slightly dependent on crystal orientation, the use of hexagon-cell
geometries may cause some current unbalances at cell-level.

In stripe geometry, all the channels follow the same orientation and there is a lower risk

of uncontacted cell, but it comes at the expenses of larger internal gate resistance. Stripe

design also presents a higher p-type area, thus improving p-body diode current capability

and reducing the gate oxide exposed area, thus making a more rugged device.
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(a)

(b)

Figure 3-39 Polysilicon gate mask layout and virtual equivalent resistive paths for two celltopology configurations: (a) Hexagonal-cell, (b) Stripe design.

As it can be seen in Figure 3-37, the device topology chosen was a stripe-cell geometry

aiming to improve the VDMOS ruggedness. Nevertheless, it comes at the expenses of a higher
internal gate resistance.

Gate runners

Although the presence of a high internal gate resistance is not noticeable in static

measurements, it increases the time required for the gate signal to reach all the VDMOS cells.

As a result, it plays a key role in device switching performance by increasing the transition
time. Experimental measurements of a high internal gate resistance VDMOS will be
presented in chapter 4.

In order to improve the switching performance of stripe-geometry VDMOS, devices were

designed with gate runners aiming to reduce the gate signal delay. Figure 3-40 depicts the

implemented gate runners’ layouts.

(a)

(b)

Figure 3-40 Top view of the VDMOS gate runners layout designed combining the polysilicongate and the thick metal mask levels. (a) 25 mm2 die area VDMOS. (b) 10.5 mm2 VDMOS.
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Largest area devices (25 mm2 die area) design includes dual 65 μm-wide buried

polysilicon gate runner passing through the middle of the chip and a 30 μm-wide aluminium

gate track around device periphery. The (10.5 mm2 die area) device accounts for a single

polysilicon gate runner and the aluminium periphery track. The length of active cell stripes
is the same for both cases (1300 μm), aiming to obtain similar internal gate resistance in
devices of different areas.

Designing the gate runners requires specific layouts of several photolithographic masks.

In this sense, Figure 3-41 depicts cross-sections of the gate runner’s structure at different
device’s locations: on the gate runner, at the device’s top edge and at device’s side edge.

(a)

(b)

(c)
Figure 3-41 Schematic cross-section of the gate runner’s structure at different device’s
locations: (a) on the gate runner, (b) at the device’s top edge and (c) at device’s side edge.
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Figure 3-41 (a) shows the buried polysilicon gate runner confined between two oxide

layers with the source metal on top. Figure 3-41 (b) and Figure 3-41 (c) depict the cross-

section of the gate runners near the device edge’s and the termination. This point is
especially critical since may cause device failures as already reported by our group [44].

As stated before, gate runners reduce the internal gate resistance but, as inferred from

Figure 3-40, also reduce the active area, thus penalising device RON. In these designs, the area

destined to gate runners corresponds to about a 2% of the total active area. This fact
evidences that a trade-off between RON and internal RG must be also considered.

Packaging considerations

Other regions to consider for a VDMOS device design are related to interconnection pads

used for device packaging. For the 25 mm2 die area VDMOS Figure 3-42 (a) depicts the mask

layout levels corresponding to etching of dicing tracks, top metallisation and passivation
opening. Contact pads must be passivated to prevent arcing when device is in blocking mode.

The resulting opened area will be used for placing wire-bonds to the package substrate.
Dicing tracks are also necessary and are made from a shallow etching of SiC substrate to ease

the sawing task. It is important to keep these regions without any metals and polyimide to
ease the dicing process and to prevent unwanted lift-off of the passivation.

Figure 3-42 (b) depicts an example of a VDMOS device bonded on a test substrate. Source

contact pad must be large enough to allow placing an adequate amount of wire-bonds

according to device’s current rating. Gate pad does not handle large DC currents, but it
requires enough area to place a wire bonding.

(a)

(b)

Figure 3-42 (a) VDMOS mask layout levels corresponding to etching (outer contour), top
metallisation (grey) and polyimide passivation opening (brown). (b) Fabricated VDMOS
device diced and bonded to a DBC test substrate and covered with epoxy-based glob-top.
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Additionally, current packaging technology is fully commercially available up to 6.5 kV

and 175 °C. Moreover, it is not compatible with the full exploitation of all the potential benefit

of SiC power devices with some of the stated requirements such as high switching frequency,

high temperature operation and high-voltage. In this sense, some VDMOS devices were

packaged in a novel package (Figure 3-43), developed by Deep Concept [45], specifically
designed for WBG semiconductor power devices.

(a)

(b)

Figure 3-43 Fabricated VDMOS device packaged in a packaging specially designed for WBG
power semiconductor devices.

3.7.2 CNM-SIC042 mask set

The CNM-SIC042 mask set required the design of 14 photolithographic layers for the

fabrication of the VDMOS devices. Table 3-3 shows a brief description of the 14 layers

included in the CNM-SIC042 mask set.

Aside from large area VDMOS (up to 25 mm2 die area), several test devices were included

in the mask set monitor chip to corroborate simulation results and evaluate the technological

process. Figure 3-44 depicts the mask view of the CNM-SIC042 monitor chip and Table 3-4
summarises the list of devices included and its main purpose.

Additionally, test structures were included in the mask layout for characterisation of the

resulting fabrication process. These test structures include Transfer Length Method (TLM)

to extract implanted regions resistivity, Van-Der-Pauw to extract sheet resistance, Kelvin
cross for contact resistance and vertical capacitances.
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Level

Name

1

ALIGN

2

JTE

3

PPLUS

4

PWELL

5

NLDS

6

NPLUS

7

ACTIVATION

8

POLY

9

OPEN

10

MET1

11

OPENGATE

12

MET2

13

PASSIVATION

14

DJFET
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Description
VDMOS alignment level.

JTE implantation level for edge termination.

Implantation level for p+ ohmic contact (p-body
polarisation).
Implantation level for p-body region.

Implantation level for n-type LDS region (self-aligned
channel process)

Implantation level for n+-source ohmic contact
Field oxide etching to open active area.
Polysilicon gate etching.

Interlevel oxide opening to reach SiC surface (source
contact).
Metal definition to create ohmic contacts.

Interlevel oxide opening under the gate pad to reach the
polysilicon.

Thick metallisation etching to define source and gate pads.

Passivation opening to access contacts.

Implantation level for n or n+p doping for the doped JFET
region.

Table 3-3 Name and description of the 14 layers involved in the fabrication process of the
VDMOS with the CNM-SIC042 mask set.

Figure 3-44 Mask layout of the monitor chip included in the CNM-SIC042 mask set.
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Device type

Quantity

25 mm2 VDMOS
10.5 mm2 VDMOS
1 mm2 VDMOS
Lateral power devices
Lateral PiN diode
Circular PiN diodes
Square PiN diodes
Dual stripe vertical
MOSFETs
Single stripe lateral
MOSFETs
Charge Pumping
MOSFETs
Single stripe p-type
lateral MOSFETs
CMOS inverter
LED

Main purpose

4

Main device. Largest area VDMOS with HV edge termination.

9

Vertical devices with multiple stripes and HV termination.
Included to check the impact of channel length, LDS and JFET
variations.

1

Lateral PiN diode for particle detection.

2

Vertical PiN diodes to study the effects of corners in edge
termination.

8

Lateral MOSFETs of W=120 μm and polysilicon gate with
channel and LDD variations. Added to extract field effect
mobility.

2

4
8

8

Main device. Large area VDMOS with HV edge termination.
Included to evaluate the yield versus area.

Lateral devices with HV edge termination to study the
conductivity modulation effect in SiC (IGBT).

Vertical PiN diodes to study the efficiency of different edge
termination schemes.

Vertical MOSFETs of W=120 μm and polysilicon gate with
channel and JFET width variations.

4

Lateral devices added to measure Dit on MOSFET’s interface.

1

CMOS cell (p-MOSFET and n-MOSFET) fully compatible with a
power VDMOS batch

2

1

Included to test the behaviour of a p-type MOSFET fabricated
with a process fully compatible with a power VDMOS batch.
Trenched p-n junction included to see the light emission as a
result of the electron-hole recombination process.

Table 3-4 List of devices included in the monitor chip of the CNM-SIC042 mask set.

3.7.3 VDMOS fabrication process flow

The power MOSFETs were fabricated on 4 inches 4H-SiC substrates, cut 4° off of the

{0001} axis provided by NORSTEL [46]. Several drift layer properties (thickness and doping)
were selected dependent on the desired blocking voltage rating. The full VDMOS batch

required 14 photolithographic steps and more than 115 steps in total. The main steps for the

fabrication of the SiC VDMOS can be split in front-end processing and back end processing.
A simplified description of the fabrication process is presented below.

Front-end processing

The front-end processing includes the steps from the definition of the selectively doped

regions in the SiC substrate up to the gate oxide formation. Wafers are first etched to create
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a reference align pattern. This step is also used to create the channel stopper and to define
wafers dicing tracks.

Then, fabrication process continues defining the implanted regions. As in SiC there is

almost no diffusion of impurities, the extension of a given implanted region is uniquely

determined by mask patterns, and the maximum depth of the doped region is given by the
implantation energies used. Moreover, the doped regions defined by means of ion

implantation in SiC may suffer from incomplete ionisation. As a result, the real profile could
present a lower electrically activated profile.

The simplified implantation steps are depicted in Figure 3-45 and presented as follows:

Bulk (p++) and source (n++) areas are made using high dose, low energy implantations
resulting in highly doped shallow regions formed to ensure good bulk and source ohmic
contact.

1. JTE (p+) region implant is first performed. JTE dose is chosen according to the optimal
doping for each target blocking voltage, as discussed in section 2.3.4.

2. A polysilicon layer is deposited to act as a sacrificial material for the p-body definition.
Then the p-type implantation is performed. FGR edge termination, as well as JTE’s

AGR are also created in this step.

3. Next, polysilicon is oxidised to define the self-aligned channel. The resulting window

is used for the implantation of both the deep p-body and the LDS. It is important to
remark that, aside from the channel definition, the oxidised polysilicon protects the
channel region against the surface damage caused by the high-energy, high-dose deep
p-body implantation, thus preventing the increase of surface roughness which, as

mentioned earlier, limits field effect mobility.

After all the implantation steps, impurities activation is performed by a single 30 minutes

annealing at 1650 °C in argon ambient. This step requires specific furnace, such as

Centrotherm Activator [47] available at CNM’s cleanroom facility, to reach the high annealing

temperature required for achieving an acceptable amount of electrical active impurities in
the SiC crystal [48][49].
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Body contact

Source contact

Edge termination

p+-body (shallow doping)

p+-body (deep doping)

LDS

Figure 3-45 Simplified ion-implantation sequence required for the VDMOS fabrication
process.

Figure 3-46 depicts a SEM image of the top view of one of the processed wafers just before

annealing process. The selectively doped region can be clearly seen in Figure 3-46 (a). The

darkest areas correspond to the n+ source regions, and the rectangular spots to the discrete
p+ regions for p-body polarisation. Figure 3-46 (b) shows the edge termination including the

JTE rings and p-body rings as well as the space reserved for the transversal gate runner.
Figure b can be easily compared with Figure 3-37 presented before.

After all the implanted regions are defined, a 1 μm thick TEOS field oxide layer is deposited

to passivate the SiC surface in the termination area, and etched out from the active area.

Then, the gate oxide is formed on top of the active area following the process described in
section 3.4.3. Figure 3-47 depicts the device cross-section at this point.
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(a)

(b)
Figure 3-46 SEM image of the top view of one of the processed VDMOS wafers after the
ion-implantation steps. (a) detail of the stripe-cell topology with the discretely distributed
p++ contact. (b) detail of the gate runner and the edge termination.

Figure 3-47 Schematic cross-section of the resulting structure after the ion-implantation
and the gate oxide formation.
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Back-end processing

The back-end processing refers to the metallic contacts and insulating layers required to

operate the device. Regarding contacts, a two steps metallisation is defined to ensure

adhesion while offering a low contact resistance and appropriate wire-bond ready surface.
A simplified back-end processing is described below and shown in Figure 3-48:

1. Polysilicon is used as a gate electrode. A 0.5 μm thick layer is deposited on top of the
gate oxide and doped with POCl3 to reduce its electrical resistance. Next, polysilicon
is removed from unwanted areas.

2. A 1.3 μm thick TEOS oxide is deposited as inter-level insulator and etched out to

expose p++/n++ contact regions. Titanium and nickel layers are then added and
annealed (Rapid Thermal Annealing, RTA) at high temperature (~950 °C) to ensure
metal adhesion to SiC and create bulk and source ohmic contacts.

3. Interlevel oxide is etched on the gate pad area to contact buried polysilicon layer, and
a 3 μm thick aluminium layer is deposited and patterned to define source and gate
pads.

Polysilicon gate

Contact metal

Gate opening

Thick metal

Figure 3-48 Simplified fabrication steps for the metallisation and insulating layers required
for the VDMOS processing.

Finally, a thick polyimide layer is added to passivate the surface of high-voltage devices.

The resulting device cross-section is shown in Figure 3-49.
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Figure 3-49 Schematic cross-section of the resulting structure after the full VDMOS
fabrication process.

Backside metallisation (not shown in this sequence for the sake of simplify description)

is performed before the thick metallisation step. It requires the protection of the Si-face and

is composed as a stack of titanium, nickel and gold.

Fabrication output

Next to a successful fabrication process, VDMOS devices are ready for characterisation at

wafer level. Figure 3-50 shows a picture of one of the VDMOS wafer processed with the CNM-

SIC042 mask. The whole wafer accounts for 180 25 mm2 VDMOS and 92 10.5 mm2 VDMOS.

Moreover, as mentioned in section 3.7.2, aside from the large area VDMOS, the CNM-SIC042
mask monitor chip includes an additional set of devices and test structures.

Figure 3-51 (a) shows a detail picture of one processed monitor chip. In this picture, only

the thick metal layer (aluminium) is visible, but it allows to identify different structures. It is
also important to note that on large area devices, gate runners can be clearly identified
although they are buried under interlevel oxide layer.

A closer view of a fabricated 25 mm2 VDMOS is presented in Figure 3-51 (b). The brown-

coloured region corresponds to the polyimide added for high-voltage passivation. As stated
previously, polyimide resist covers the whole wafer and it is only removed in some area of
the contact pads.
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Figure 3-50 Picture of one of the 4-inches VDMOS wafers processed with the CNM-SIC042
mask.

(a)

(b)
Figure 3-51 Picture of the detailed view of (a) monitor chip of a VDMOS wafer processed
with CNM-SIC042 mask set. (b) 25 mm2 VDMOS passivated with polyimide.
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The total on-resistance of a power VDMOS is determined by its unit-cell design and the

starting material properties. The goal of the unit cell optimisation aims to minimise device

specific on-resistance RON,SP for a given blocking voltage capability while providing

roughness and reliability. The MOSFET channel resistance is strongly related to its
geometrical dimensions, gate oxide characteristics and (VG-Vth) term.

The dependencies of Vth include p-body doping, temperature and oxide characteristics. In

high-voltage SiC MOSFETs the p-body doping level must be kept below 1·1017 cm-3 to obtain

a suitable threshold voltage value (~5 V). Nevertheless, a heavily doped p-body region (>
1·1018 cm-3) is mandatory to prevent the body punch-through. In this work, a specific p-

doping retrograde profile obtained by means of multiple high-energy implantations was

used to optimise this trade-off.

In SiC, channel length cannot be defined by double diffusion like in silicon technology. In

this work, submicron channel length was obtained as a result of a self-aligned process. First,
polysilicon is used as sacrificial material for the p+-body implant masking. Next, polysilicon

is oxidised protecting a small part of the body region. Finally, n-type implant is performed
using the oxidised polysilicon as a mask, resulting in Lch≈0.6 μm. TCAD simulations show that

a Lch=0.6 μm does not lead to a premature p-body punch-through breakdown if a proper p-

body profile is used.

Besides, the higher the channel mobility peak, the lower the Rch. Although SiC shows a

relatively large bulk electron mobility, several scattering mechanism limit channel fieldeffect mobility. Implanted VDMOS suffers from high surface roughness (due to high

temperature annealing and high-energy high-dose implantations) and poor SiO2/SiC
interface quality.

In this work, a boron diffusion treatment of the gate oxide was used for the fabrication of

the planar VDMOS. This treatment demonstrates the improvement of channel mobility on
implanted devices, providing values in the range of μfe≈ 40 cm2·V-1·s-1 (~8 times larger than

that obtained with standard N2O). It was also noticed that boron diffusion causes a slight Vth

drift at room temperature, and increases subthreshold swing slope, reaching fully saturated
transfer characteristics at much lower gate voltages.
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The unit cell of a VDMOS presents a parasitic JFET structure between two adjacent p-body

regions. JFET region plays a key role in device reliability, leading to a gate oxide breakdown
if the electric field in the JFET region is too high.

The specific on-resistance as a function of the JFET width was studied for different

voltage-rated substrates by means of TCAD simulations and the results were confirmed by
experimental data. The optimal JFET width shifts to a wider value as blocking voltage
increases. Moreover, narrow JFET widths (<4 μm) dramatically penalise device RON,SP due to

a partial pinch-off of the JFET region. Table 3-5 summarises the optimum JFET width for each
voltage-rated substrate. Simulated results agree qualitatively with experimental data. The

absolute difference is attributed to a higher contribution of the real 𝑅𝑅𝑐𝑐ℎ to the total on state
resistance.

Rated voltage

Simulated optimum width

Experimental optimum width

1.7 kV
3.3 kV
4.5 kV
6.5 kV

8 μm
14 μm
20 μm
22 μm

6 μm
7 μm
10 μm
-

Table 3-5 Optimum JFET width that minimises RON,SP for different voltage-class substrate.

Nevertheless, a wider JFET region could limit device blocking capability by the presence

of high electric field into the oxide. TCAD simulations evidenced that higher voltage-rated

devices are less susceptible to suffer premature gate oxide breakdown.

Furthermore, in this work the inclusion of a highly doped JFET region was also studied to

reduce RJFET and improve device on-resistance. However, this solution also compromises

gate oxide reliability. For the 3.3 kV-rated VDMOS, the best JFET doping region configuration

with a minor impact on the breakdown voltage showed to give a ~16% reduction of the total

RON,SP. Adding a shallow p-type region in the highly doped JFET area limited the RON,SP

improvement to the ~7%, but helped to protect the gate oxide, thus increasing device
reliability.

Besides, device cell pitch determines integration density and consequently, has a direct

impact on the RON,SP. In this work, several techniques were included in the device design to

shrink cell dimensions. These include a distributed p+ contact, the reduction of the total n+

contact area, an optimised JFET width, and the self-aligned channel. The resulting cell pitch
was 25 μm about a 33% smaller than the reference design.
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The full device design requires the combination of the unit cell repeated in a certain

topology, the edge termination, and other operability considerations such as the gate
distribution. The edge termination chosen was the ring-assisted JTE including 3 rings inside

and 3 rings surrounding the JTE, since it was suitable for rated-voltages up to 6.5 kV and

demonstrated lower sensitivity to implantation dose and surface charges. The termination
corner radius was set to 90 μm.

Active area was designed in stripe-cell topology aiming to improve the VDMOS

ruggedness by large p-body area, and smaller gate oxide exposition. However, it comes at

the expenses of higher integral gate resistance. To overcome this limitation, largest area
devices were designed with a 65 μm wide buried polysilicon gate runner passing through

the active area, and a 30 μm wide aluminium track around device periphery. The area
consumed by the gate runners corresponds to ~2% of the device active area.

Aside from the large area devices (up to 25 mm2 die area), additional test devices and

structures were included in the mask set to evaluate the technology and check simulation

results. The fabrication batch of the VDMOS of this work required 14 photolithographic
layers and more than 115 steps in total. The batch processing was done at IMB-CNM

cleanroom. All the selectively doped regions were formed by ion implantation. More than 24

wafers of different voltage class were processed including 250 large area VDMOS per wafer.
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4. VDMOS Electrical
characterisation

In this chapter, static and dynamic characterisation of processed VDMOS is presented at

room and high temperature. Extensive static characterisations are done with emphasis on

output current (RON), threshold voltage and temperature evolution. 3rd quadrant behaviour
is analysed and a comparison with theoretical SiC-MOSFET limit is also provided. Figure 4-1

depicts a picture of a VDMOS wafer placed on a probe-station during on-wafer
measurements.

Figure 4-1 Picture of a processed VDMOS wafer in a probe station to perform on-wafer
measurements.

137

Design and process developments towards an optimal 6.5 kV SiC power MOSFET

Blocking performance was characterised using HPS-HPp 12 kV high-voltage power supply

coupled with a Keithley 236 SMU for gate biasing. Low current (up to 3A) forward
characterisation is done at wafer level using Keithley 2400 and 2410 and 2430. High current

measurements are done using a Tektronix 371 curve tracer and C-V curves were acquired
using a QuadTech 7600 LCR meter. Dynamic measurements were carried out at high bus

voltage and under high current conditions. In addition to the static and dynamic electrical

performance, robustness measurements were performed including short-circuit test and a
specific cycling method that induces internal self-heating in the structure.

Aside from the VDMOS electrical characterisation, we also evaluated the performances of

a low signal CMOS cell, as well as a lateral IGBT integrated with the same technology and on

the same wafers as the VDMOS. The acquired results will serve as input for technology
evaluation and future device design and development.

4.1 Static Characterisation
4.1.1 VDMOS blocking capability

As a result of the study of the edge termination described in chapter 2, the RA-JTE scheme

resulted the most optimal design in terms of blocking voltage, since it demonstrated good
efficiency for a wide range of epilayers (breakdown voltage ranges) while maintaining a

relatively small length, resulting in a lower area consumption. This termination scheme was
implemented on large area power MOSFETs.

For the experimental characterisation, device blocking voltage is defined as the voltage at

which leakage current density reaches 1 mA·cm-2, corresponding to ~150 μA on the largest
area VDMOS. At wafer level, measurements were performed covering the device with high
electric permittivity fluid Solvay Galden ® [1] to prevent arcing through the air.

Figure 4-2 depicts the typical blocking characteristics measured on fabricated 1.7 kV, 3.3

kV 4.5 kV and 6.5 kV-rated large area VDMOS. As it can be inferred, VDMOS devices were

able to withstand target voltages with leakage current below 10 nA, at room temperature

and 0 V gate bias (gate electrode shorted to the source electrode). Furthermore, as

mentioned in section 2.4, it is worth to note that the measured breakdown voltage is mostly
the same in all the VDMOS devices with independence of their area. Moreover, independently
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of the voltage capability, similar blocking voltages have been obtained in devices with or

without boron diffusion into the gate oxide. This indicates that the boron diffusion process
does not affect either edge termination efficiency [2].

Figure 4-2 Typical blocking I-V characteristics measured on fabricated VDMOS devices of
different voltage-class.

Furthermore, we also noticed the dependency of the blocking voltage capability with the

applied gate bias in some of our devices. Figure 4-3 depicts the blocking characteristic of a

1.7 kV-rated VDMOS with standard N2O oxidation (without boron treatment) at different

gate voltages. The blocking capability increases as a more negative gate bias is applied until

a maximum breakdown voltage is reached. As opposite, devices with boron shows adequate
blocking capability at 0 V gate bias, thus suggesting a higher interface quality.

This dependence of the blocking capability with the applied gate bias is especially

remarkable for devices with shorter channel lengths, such as the ones provided by the self-

aligned channel definition presented in section 3.4.2. These results suggest that the presence

of a poor interface quality (such as the one without boron treatment) creates a parasitic
inversion channel, allowing the drain-source current flow and, therefore, reducing blocking-

voltage capability [3]. It is worth to mention that the lower blocking capability at 0 V gate
bias was detected on VDMOS devices with relatively low Vth (~2-3 V).
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Figure 4-3 Blocking IDS(VDS) characteristics at different gate bias of a 1.7 kV-rated VDMOS
without boron treatment.

It is also important to remark that, at the end of processing, the SiC VDMOS wafers present

defects associated to both the starting material and the fabrication process steps. These

defects result in different device performance and limit the number of parts available. In this
sense, Figure 4-4 depicts a map of one of the processed VDMOS wafers showing the

dispersion on the drain leakage current in blocking mode. The number of available parts

(showing blocking capability and acceptable leakage current level) leads to a yield of about
30 %. A similar value was obtained in all the processed VDMOS wafers.

Figure 4-4 Mapping of the drain leakage of the large area VDMOS at VDS=300 V in one of
the 3.3 kV-rated wafers.
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During the high-voltage characterisation, some devices experienced an unexpected

increase of the leakage current followed by the apparition of some “bubbles” near the gate

pad area (Figure 4-5). FIB cuts were performed to analyse this issue. Figure 4-6 (a) shows

the cross-section of the CNM-SIC032 VDMOS design (larger cell dimensions). Figure 4-6 (b)

shows the cross-section of the newly optimised cell-pitch VDMOS implemented in the new
mask set.

Figure 4-5 Detail of the gate pad area of a fabricated VDMOS showing “bubbles” after being
measured in blocking-state.

(a)

(b)
Figure 4-6 SEM image of the schematic cross-section revealed after a FIB cut. (a) Working
device. (b) Device showing gate “bubble” after measurement. Problematic area highlighted
in yellow.
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As it can be seen, the device cross-section corresponding to the previous cell design shows

a relatively large source metal region on top of the interlevel oxide that protects this region
by acting as a field plate. In the new cell scheme, Figure 4-6 (b), the source metal ended just

before the interlevel oxide, leaving this area unprotected. This premature end of the source

metal was caused by a too tight design of the thick metal layout combined with an over-

etched aluminium during the process. After the problem was identified, the thick metal mask
level was re-designed and the wafers processed after this modification worked properly.

4.1.2 VDMOS on-resistance

VDMOS on-state performances at room temperature
The output current performances of different voltage ranges VDMOS have been extracted

for VDMOS with and without boron treatment on the gate oxide. For instance, Figure 4-7

shows the typical output IDS(VDS) set of curves of a 1.7 kV/20 A rated VDMOS with boron
doped oxide at gate bias from 0 to 25 V. Figure 4-8 depicts the comparison of the output

characteristics at 25 V gate bias for VDMOS rating from 1.7 kV up to 6.5 kV. We can infer a
proper gate control and reasonably good static performances.

Figure 4-7 Experimental IDS(VDS) output characteristics up to VGS=25 V of a 1.7 kV-rated
large area VDMOS.
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Figure 4-8 Comparison of the IDS(VDS) output characteristics of different voltage-rated
VDMOS devices at VGS=25 V.

To allow adequate device comparisons, the output performance of the devices is

commonly expressed in terms of specific on-resistance (RON,SP). Table 4-1 summarises the

averaged output performance for different voltage-rated devices at room temperature. As
expected, device on-resistance increases with rated voltage, thus indicating the contribution
of the drift layer resistance to the total on-state resistance.
Rated voltage
1.7 kV
3.3 kV
4.5 kV
6.5 kV

Rated current
ID [A] (VDS=4 V)

On-resistance
RON [mΩ]

Specific on-resistance
RON,SP [mΩ·cm2]

20

159

26

15
9
7

256

402
569

41

65
92

Table 4-1 Summary of VDMOS resistance extracted at VGS=25 V and VDS=0.5 V for different
rated-voltage devices.

Figure 4-9 plots our experimental values compared to the maximum theoretical

performance obtained by TCAD simulation of a VDMOS with 12 μm cell-pitch considering a

μfe=20 cm2·V-1·s-1 [4]. The measured RON,SP values differ from the simulated trend mainly

because the larger cell pitch of our structure, the slightly higher contact resistivity values

extracted (ρC,n≈5·10-4 Ω·cm2, ρC,p≈10-2 Ω·cm2) and a probably higher channel resistance
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contribution. Nevertheless, these differences are being reduced as blocking voltage

increases, thus indicating a higher contribution of the drift layer resistance to the total device
RON. This trend also agrees most 4H-SiC power MOSFETs reported to date [5].

Figure 4-9 Specific on-resistance of the different voltage-rated VDMOS devices of this work
compared with the theoretical performance of an ideal 12 μm cell-pitch VDMOS obtained
by means of TCAD simulations considering a μfe=20 cm2·V-1·s-1 [4].

It is worth to note that the cell pitch used for the fabrication of these VDMOS is relatively

large (25 μm ~ 36 μm) due to the conservative cell pitch dimensions required to ensure
secure device fabrication taking into account CNM’s cleanroom available technology and
alignment tolerances. Nevertheless, there is still some room for improvements. Adapting the

unit-cell design to be implemented with stepper lithography will stretch its dimensions
down to 12 μm, leading to a 50% integration density increase, and therefore, a similar
improvement of specific on-resistance. Further RON,SP improvements could be also done by
optimising the JFET area, LDS length, substrate thinning, and top and back side contact.

Boron diffusion Impact to RON

As discussed in section 3.4.3, boron diffusion process clearly improves channel mobility.

The average channel mobility measured on lateral MOSFETs test structures (Lch=12 μm)

fabricated in an implanted body VDMOS is close to μfe≈7 cm2·V-1·s-1 with a standard thermal
N2O ambient oxide, and μfe≈40 cm2·V-1·s-1 when gate oxide boron treatment performed.
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Table 4-2 compares the specific on-resistance of fabricated VDMOS devices as well as

their Rdrift and extracted Rch+RJFET value and relative contribution to the total RON. The

Rch+RJFET value is analytically estimated taking into account specific drift layer parameters
of each device and not considering contact resistances.
Voltage rating

1.7 kV

N2O
N2O +B

3.3 kV

N2O *
N2O +B

4.5 kV

N2O
N2O +B

6.5 kV

N2O
N2O +B

177
25

Rdrift
(mΩ)
11.8
9.8

Rch+RJFET
(mΩ)
1088
148

339
69

140
153

1960
275

RON,SP
(mΩ·cm2)

290
42

403
90

42
42

368
315

1758 *
217

2132
244

Rch+RJFET
Rdrift
contribution contribution
1.1 %
98.9 %
6.2 %
93.8 %
2.3 %
16.2 %

97.7 %
83.8 %

14.7 %
56.4 %

85.3 %
43.6 %

6.7 %
35.7 %

93.3 %
64.3 %

Table 4-2 Extracted Rch+RJFET and its contribution to the total VDMOS RON (experimental)
obtained by analytical approximation. Data for 3.3 kV-rated devices without boron is
estimated by linear regression.

Figure 4-10 (a) compares the specific on-resistance of different voltage-class of large area

VDMOS devices with and without boron diffusion into the gate oxide. As it can be seen, the
gate oxide formation with boron diffusion process clearly improves specific on-resistance in

all rated-voltages. Moreover, Figure 4-10 (b) depicts an analytical approximation of the

relative contribution of the Rch and Rdrift to de total device RON. On the one hand, as expected,
the Rdrift contribution increases with voltage rating. On the other hand, Rch contribution is

systematically lower for devices with boron process.

Thus, focusing on Rch, in large area VDMOS, the boron treatment of the gate oxide results

in a factor 8 reduction compared to the reference devices without boron diffusion. This
reduction factor is similar in all voltage classes and is in agreement with the mobility curves

depicted in Figure 3-16. This reduction of the Rch results in a significant reduction of the total

device RON,SP in all voltage-classes. Nevertheless, its impact is lower as rated-voltage increase

due to the major contribution of the Rdrift.

It is important to note that, although the great improvements in RON provided by the boron

treatment, Rch is still the major contributor of the total VDMOS on-state resistance even at

4.5 kV-rated devices (64%).
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(a)

(b)
Figure 4-10 (a) Impact of the boron process to the total device specific on-resistance of
large area VDMOS for different voltage-class devices. (b) Analytical approximation of the
relative contribution of the Rch+RJFET and the Rdrift to the total VDMOS RON. Data for 3.3 kVrated devices without boron is estimated by linear regression.
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Output characteristics evolution with temperature

In power devices, dissipated power during normal device operation rises the junction

temperature well above the ambient thus impacting device performance. Hence, as stated in

section 1.4, the thermal conductivity of the starting material, as well as adequate thermal

properties of the package is crucial. Moreover, in order to check the performance of a power
device, it is important to consider both high and low temperature operation.

As discussed before, boron treatment clearly improves device on-resistance at room

temperature. However, power MOSFETs with and without boron treatment show a different
output current evolution with temperature, thus evidencing differences in interface trap
density (Dit) present into the gate oxide.

Figure 4-11 depicts the output current evolution with temperature of VDMOS without

boron oxide treatment from room temperature and up to 300 °C in devices of several

voltage-classes. As it can be noted, the current capability increases as temperature rises from

room temperature up to about 150 °C and, then, starts decreasing for higher temperatures.

This is attributed to the fact that VDMOS without boron presents a higher interface trap

density [6]. As a result, channel mobility first increases with temperature (up to ~ 150 °C)

since scattering with interface traps predominate (as stated in section 3.4.3), while at higher

temperatures bulk mobility decrease, thus reducing output current capability by channel
mobility decrease and the higher predominance of Rdrift.

Nevertheless, the output current evolution of VDMOS with boron treatment shows a

different trend. Figure 4-12 depicts the output current evolution with temperature of

different voltage-rated VDMOS with boron treatment from room temperature up to 300 °C.
As it can be inferred, the current capability of these devices monolithically decreases when

rising up temperature in all voltage classes. Which is the expected behaviour on low interface
traps MOSFETs, since channel mobility decreases when temperature is increased.

It is also important to note that at 300 °C, for VDMOS rating more than 4.5 kV, the current

capability of the devices with and without boron treatment is quite similar, thus indicating
the predominance of the drift layer resistance to the total RON. At this temperature and

voltage rating, the impact of the boron treatment on gate oxide on the total RON remains low.
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(a)

(b)
Figure 4-11 Output current evolution with temperature at VGS=25 V of VDMOS devices
without boron oxide treatment. (a) 1.7 kV-rated. (b) 4.5 kV-rated.
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(a)

(b)
Figure 4-12 Output current evolution with temperature at VGS=25 V of VDMOS devices with
boron oxide treatment. (a) 1.7 kV-rated. (b) 4.5 kV-rated.
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Figure 4-13 depicts the RON,SP as a function of temperature extracted from the output

characteristics for different voltage-class devices. VDMOS with boron treatment show a
reasonably good specific on resistance value (taking into account the large cell-pitch) and a

positive temperature coefficient of the on-resistance. The same behaviour is observed for all
the voltage classes going from 1.7 kV up to 6.5 kV.

(a)

(b)
Figure 4-13 Specific on-resistance evolution with temperature of different voltage-rating
devices. (a) With boron treatment. (b) Without boron treatment.
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This result is the expected behaviour for MOSFETs with low Dit, in which temperature

evolution of device on-resistance is directed by the temperature dependency of the drift

layer resistance [7]. For N2O oxidation, we see a minimum on-resistance value versus
temperature. The temperature at which the minimum is reached depends on the voltage

class, linked with the ratios of Rch and Rdrift on total on-resistance.

A positive temperature coefficient is preferable for both device reliability since it allows

preventing internal hotspots and current filamentation. It also favours parallelising of

multiple devices for large current handling. Unlike initial generations of SiC VDMOS, current
commercial devices show an almost linear RON,SP positive coefficient with temperature [8].
Here we show that higher breakdown voltage devices can also exhibit this key feature.

4.1.3 Threshold voltage

As mentioned in section 3.4.1, the threshold voltage value of a MOS device is mainly

determined by the p-type doping profile in the channel region and the gate oxide

configuration. For comparison purposes, for large area VDMOS, the Vth value is defined as

the gate voltage at which drain current is equal to 1 mA. The Vth mean value of our fabricated
VDMOS is about 5 V in all the voltage classes ranging from 1.7 kV up to 6.5 kV.

Figure 4-14 depicts the transfer curve measured on large area 4.5 kV-rated VDMOS with

and without boron treatment in the gate oxide. As it can be seen, the resulting Vth value is
approximately 4 V for the device with boron treatment and close to 6 V for the one without
boron.

It is important to note that VDMOS with boron clearly improves the subthreshold swing

provided by the transfer curve. While the devices with standard N2O oxidation growth show

a subthreshold swing about 2 V/dec, devices with boron reduce it by a factor of ~5 and
provide values in the range of 300 mV/dec to 500 mV/dec. Although it is a significant
improvement, it is still far from the subthreshold values we obtained on small n-MOSFET

test structures with boron treatment (80-110 mV/dec), as well as the ideal subthreshold
slope of <63 mV/dec [9].

This result is especially relevant since the steeper slope present in the boron treated

devices makes the transfer curve to reach the linear region below 8 V gate bias, allowing

VDMOS with boron operating in linear region at a typical gate driver’s operating voltage (15
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V). Nevertheless, N2O devices require gate bias higher than 25 V for an optimal operation. As

a result, the higher output current of the boron treated devices at a given gate bias is
attributed to both, the mobility improvement and the lower Vth value caused by a steeper
subthreshold swing.

Figure 4-14 Transfer I-V characteristic at VDS=0.1 V of large area 4.5 kV-rated VDMOS at
room temperature.

Maximum gate bias
The maximum gate voltage is limited by oxide properties (thickness, permittivity and

critical electric field). In our boron treated devices (Figure 4-15), the maximum gate voltage

we can apply before oxide degradation was 55 V. At that point, gate leakage starts to increase

exponentially. This value is slightly lower than that we have obtained in the reference wafer
without boron treatment (60 V approx.). Consequently, the impact of the boron doping on

the gate breakdown capability remains low.

The gate leakage also suffers from fabrication process flaws, limiting again the number of

parts available. In our devices, gate leakage yield is about 40% on average. It was also
observed that this yield is strongly dependant on device area.
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Figure 4-15 Gate leakage I-V characteristics at with and without boron treatment.

In addition, we also noticed that blocking and gate leakage yields are usually uncorrelated,

thus indicating degradation phenomena of different nature. The total amount of good parts
is, therefore, similar to the expected probability of independent events, i.e. the product of

both yields. As a result, the ratio of large area good dies (with adequate blocking capability

and no gate leakage) was typically in the range of 20-25 %. This yield was similar on all
voltage classes, indicating that yield was mainly limited by fabrication process, not by
starting material.

4.1.4 Threshold voltage instability

As mentioned in section 1.2, SiC is the only WBG semiconductor in which SiO2 oxide can

grow by thermal annealing of the starting material. Nevertheless, it is well known that SiO2

grown on SiC suffers from poor interface quality. With the first generations of commercial
devices, reliability concerns such as Vth drift were evidenced by either temperature or bias

stress instability (BSI) tests. The variation of the Vth could lead the device to operate out of
its main specifications. Therefore, Vth stability is crucial for the long-term reliability of the

device’s target application.
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Vth evolution with temperature

The temperature evolution of the transfer curves is depicted in Figure 4-16 and Figure 4-

17 for VDMOS devices with N2O oxidation and N2O with boron treatment respectively. In
devices with standard N2O oxidation, transfer curves shift to the left, inducing a threshold

voltage drift towards lower values. In contrast, devices with boron treatment show the
opposite behaviour, i.e. transfer curves shift to the right, inducing a positive ΔVth. It is also
important to note that, in all cases, the lowest current in saturation regime (at high VGS) is
obtained at the highest temperature.

Figure 4-18 depicts the temperature evolution of the threshold voltage from room

temperature up to 300 °C in different voltage-class devices. As it can be seen, devices with
standard N2O oxidation show a negative ΔVth (up to -3 V at 300 °C), while VDMOS with boron
treatment exhibit a positive ΔVth with temperature (up to 2.5 V at 300 °C).

Actually, the opposite Vth evolution with temperature derives from the different

behaviour of the subthreshold swing. In devices with N2O oxidation, the transfer curve slope

becomes steeper as temperature rises, resulting in the improvement of the subthreshold

swing and the lowering of the Vth value. However, devices with boron suffers a decrease of

the transfer curve slope with temperature, thus causing the increase of the Vth. The

differences in temperature coefficient as well as in subthreshold swing observed is
potentially due to the type and amount of charge present at the SiO2/SiC interface.

It is important to note that the temperature coefficient of 1.7 kV-rated MOSFET without

boron (-6 mV/ °C at 300 °C) is similar to that of current commercial 1.7 kV SiC MOSFETs

measured up to 125 °C (-6.3 mV/ °C) [10][11]. Nevertheless, 4.5 kV-rated devices provide a
larger Vth temperature coefficient (-11 mV/ °C). These values are still far from the typical
coefficient of -2 mV/ °C in Si-MOSFETs [12].

These results put in evidence that the difference in output current variation with

temperature of VDMOS with and without boron treatment (section 4.2.2) is attributed to
both, the reduction of the bulk mobility, and the threshold voltage drift. As a reminder, the
output current of a MOS device is proportional to μfe and (VG-Vth) term and, therefore, for a
given gate bias, a variation of the Vth has a direct impact on its output current.
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(a)

(b)
Figure 4-16 Transfer IDS(VGS) characteristics evolution with temperature of 1 mm2 VDMOS
devices without boron treatment. VDS=0.1 V (a) 1.7 kV-rated. (b) 4.5 kV-rated.

155

Design and process developments towards an optimal 6.5 kV SiC power MOSFET

(a)

(b)
Figure 4-17 Transfer IDS(VGS) characteristics evolution with temperature of 1 mm2 VDMOS
devices with boron treatment. VDS=0.1 V (a) 1.7 kV-rated. (b) 4.5 kV-rated.
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Figure 4-18 Experimental threshold voltage variation of 1 mm2 different voltage-rated
VDMOS with (blue line) and without (green line) boron treatment. Vth=VGS(IDS=10 μA).

As a result, a device optimised to provide negative Vth temperature coefficient can

compensate the reduction of the output current capability caused by a major Rdrift

contribution with temperature. However, this compromises Vth stability, which is crucial

from application point of view. For instance, a low-Vth device with high interface trap density

could lead even to a normally-on device if temperature is high enough. In this sense, it is
important to remark that in all cases shown above, VDMOS maintains high enough threshold
voltage to provide normally-off characteristics.

Bias stress instability

Bias stress instability (BSI) is mainly attributed to the traps, charges and defects present

at the SiO2/SiC interface and causes a drift of the threshold voltage. To check the Vth stability,

BSI tests were performed cycling the VDMOS gate between negative BSI (NBSI) at -5 V and

positive BSI (PBSI) at +25 V, following the gate stress pattern plotted in Figure 4-19 with a

total accumulated stress time slightly longer than 3 hours.

The maximum positive bias stress applied of +25 V is within the maximum gate bias range

reported in Figure 4-15 with the drain voltage was set to VDS=0.1 V. The Vth values were

extracted from the IDS(VGS) curves measured during the transition between negative and
positive bias. The ΔVth value are calculated referring to the Vth before the BSI test.
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Figure 4-19 BSI gate stress experiment showing the soak times for both +VGS and -VGS
bias, with ramping voltages between the two bias values.

The VTH drift measured at room temperature on large area VDMOS with and without

boron treatment is presented in Figure 4-20. Similar results are obtained in all tested

voltage-classes. The difference in the Vth value of the devices with and without boron is

caused by the steepest transfer curve slope of boron devices.

Figure 4-20 Impact of the BSI stress test to the threshold voltage of 4.5 kV-rated 25 mm2
area VDMOS with (blue line) and without (green line) boron treatment at room temperature.
Vth=VGS(IDS=1 mA).
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From Figure 4-20, it can be inferred that a relatively low Vth drift is observed (< 170 mV)

at the end of the BSI stress tests for both gate oxide configurations. This indicates that boron
treatment does not compromises Vth stability at room temperature. The large difference

between NBSI and PBSI curves shown by the standard N2O oxidation is caused by a

hysteresis of the transfer curves, thus evidencing the presence of mobile charges at the
interface. However, we do not observe such hysteresis in the boron doped samples, which
seems to indicate that boron treatment could passivate these mobile charges.

The whole BSI test pattern was repeated at various temperatures up to 150 °C to

investigate the impact of temperature on ΔVth. Figure 4-21 depicts the ΔVth resulting from

the BSI test performed at high temperature under the same bias stress conditions. On the As
discussed previously, VDMOS with N2O oxidation suffers a reduction of the Vth value. In these
devices, the PBSI stress results in a relatively large ΔVth. Instead, VDMOS devices with boron

treatment show a significant ΔVth (~1.5 V) after both PBSI and NBSI stress at 150 °C.
Additionally, VDMOS with boron at high temperature shows an increased hysteresis, thus
indicating the activation of mobile charges.

It should be also noted that the stress with higher negative bias (-10 V) induce a larger

ΔVth (up to +10% in NBSI) In fact, commercial devices provide ΔVth stability values typically

measured from -5 V to 20 V gate bias, and are not recommended for use at higher negative

gate voltage. Commercial SiC MOSFETs as well as other groups developments reported
similar ΔVth values with a less threatening stress tests [3][13]. It is worth to mention that

commercial showed marginal ΔVth after 1000 h stress time devices after a standard longterm constant bias test [14][15][16]. The optimal BSI stress test for SiC MOSFETs is still
under discussion.

The significant ΔVth increase observed under bias stress at high temperature is attributed

to trapping of electrons near the SiC/SiO2 interface [17][18]. The presence of interface trap

density at the SiO2/SiC interface is determined by the thermal oxide growth conditions. The

resulting SiO2 dielectric suffer from oxygen vacancies and unbounded carbon atoms [19]
thus contributing to a higher interface trap density. Minimizing the interface trap density is

crucial to obtain stable power MOSFET’s threshold voltage especially at high temperatures.

The presence of boron in the gate oxide improves the effective channel mobility, but has also
a negative impact on the threshold voltage stability above 100 °C. Although the considerable

ΔVth observed after the BSI stress test at high temperature, VDMOS still operate as normally159
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off devices with an acceptable Vth value. Moreover, the shift in threshold voltage observed
does not causes permanent damage and the Vth fully recovers after the stress test.

(a)

(b)
Figure 4-21 Impact of the BSI stress test to the threshold voltage of 4.5 kV-rated 25 mm2
at 150 °C. (a) Without boron treatment. (b) With boron treatment. Dashed lines correspond
to the reference curves at room temperature. Vth=VGS(IDS=1 mA).
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Besides, even though gate oxide boron treatment negatively impacts Vth stability, our

results are still encouraging since they evidence that significantly higher mobilities are
feasible in 4H-SiC MOS devices. The next goal is to fully understand the mechanisms for the

mobility improvement and develop processes to fulfil performance requirements of power
devices while ensuring long-term reliability and high temperature operation.

Cell design impact

The impact of the cell design presented in chapter 3 on the Vth stability have been also

evaluated. The BSI test described above was applied to various vertical single-stripe test

MOSFETs with boron treatment having different JFET width, and having or not the lower
doped n+-source region LDS

Figure 4-22 depicts the threshold voltage drift resulting after the last 1 h stress bias of the

BSI test to VDMOS with different JFET widths. As it can be seen, the impact of the stress test

remains low. Only a marginal ΔVth is observed in devices with wider JFET area.

Figure 4-22 Impact of the BSI stress test at room temperature as a function of the JFET
width measured on single stripe VDMOS on a 3.3 kV-rated substrate.

On the other hand, comparing MOSFETs with and without LDS in the same wafer, no

significant variation on the ΔVth is observed, thus indicating that threshold stability is not
influenced by the presence of the LDS region.
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4.1.5 Third quadrant operation

Planar VDMOS offers reverse conduction, allowing the current flow for negative drain

voltages. Moreover, the planar VDMOS includes a built-in PiN diode, formed by the p-body

and the n-drift layer, which can be exploited in applications requiring antiparallel
conduction, such a power converter.

Ensuring that the channel is fully off (VGS=-5 V), the current in the 3rd quadrant (VDS<0)

only flows through the built-in PiN diode. Figure 4-23 shows the IDS(VDS) characteristics of
the body diode of a 4.5 kV-rated VDMOS. As it can be inferred, the knee voltage of the body

diode is close to the SiC pn built-in potential (Vbi≈2.3 V). Furthermore, as temperature rises,
this knee voltage shifts to the right, to a slightly lower value, and the current capability

increases significantly, as expected for bipolar conduction [20].

Nevertheless, we also observe a second change of current slope at high current, at current

densities above 400 A·cm-2. This change occurs at high drain voltage, so at high total
dissipated power. This behaviour is not expected in pure PiN diodes, and could not be
reproduced by simulation. This effect could be caused by the activation of parasitic PiN diode
areas like the termination or gate pad area.

Figure 4-23 Experimental 3rd quadrant IDS(VDS) characteristics evolution with temperature
at VGS=-5 V of a 4.5 kV-rated VDMOS.
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The 3rd quadrant operation mode with the MOS channel biased in on-state is depicted in

Figure 4-24. With positive gate bias (solid lines), the current is contributed by both the
current flow through the built-in diode and that the current through the MOS channel. The

total resulting current increases linearly from VDS=0 V until the body diode current

contribution prevails (above the PiN diode activation voltage Vbi).

Moreover, the MOSFET channel resistance shows a positive temperature coefficient,

whereas the body diode presents a negative temperature coefficient of its differential
resistance. As a result, at high temperature, the PiN current contribution to total current

becomes even more relevant [21]. The different evolution with temperature of the two
current flow contributors justifies the cross-point of its electrical characteristics, as it can be
seen in Figure 4-24.

Figure 4-24 Experimental IDS(VDS) characteristics evolution with temperature of a 4.5 kV
device in 3rd quadrant operation mode. Solid lines VGS=20 V. Dashed lines VGS=-5 V.

A zoom view of the current contribution up to -15 A at two different gate voltages (-5 V

and +20 V) is shown in Figure 4-25. Dashed line represents the supposed VDMOS channel
contribution in the 3rd quadrant, obtained by subtracting the PiN current characteristic

measured at VGS=-5 V to the VDMOS total current measured at +20 V. Again, the MOSFET
channel presents the same RON in both directions in the ohmic region. Nevertheless, it is
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important to note that the 3rd quadrant output current seems to reach the saturation regime
at lower drain voltages biasing than in 1st quadrant.

Figure 4-25 Experimental IDS(VDS) characteristics of a 4.5 kV device at VGS=-5 V (red line),
VGS=20 V (blue line), and extracted channel contribution in the 3rd quadrant (dashed line).

Besides, Figure 4-26 shows a picture of a packaged VDMOS (25 mm2 die area) biased in

3rd quadrant with the channel fully off. It can be observed a turquoise light glowing from the

die edge. This light emission is an additional evidence of the bipolar current conduction
nature of the built-in PiN diode, resulting from the recombination of electron-hole pairs.

Figure 4-26 Light emission as a result of electron-hole recombination during VDMOS body
diode conduction.
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As a result, although relatively large amount of current (in the range of ~100 A) can flow

through the PiN in the SiC MOSFET, it requires a considerable voltage drop, thus evidencing

the poor injection and conductivity modulation performance of the PiN. The low injection
efficiency is caused by the implanted p-body, as well as by the low minority carrier lifetime

provided by the starting substrate. Although these results discourage the use of this diode
for freewheeling in power converters, it is suitable to struggle a current overshoot event.

In addition, the built-in p-body diode may suffer from bipolar degradation. When the

current flows through the PiN diode, it may induce the expansion of stacking faults

originating from dislocations generated during growth and processing [22]. The bipolar
degradation phenomenon causes the shift of the p-body diode forward voltage drop (VF) to

higher values [23] and could affect the MOSFET performances by increasing its RON [24].

To check a possible degradation in our samples, a bipolar degradation test was performed

on the PiN diode of several 25 mm2 3.3 kV VDMOS. For this test, gate bias is set to -6 V to
force a fully-off MOSFET channel and then ensure a current flow only through the PiN. A

source-drain current density of 20 A⋅cm-2 is sustained for 10 h while the VF is monitored.

Figure 4-27 shows the PiN diode’s forward voltage drift (ΔVF) resulting of this test on two
VDMOS samples.

Figure 4-27 Forward voltage drift of two VDMOS body-diode after 10h bipolar degradation
test at 20 A·cm-2 (VGS, off = -6V). Adapted from [25].
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As it can be inferred, both tested devices showed an increase in the body-diode forward

voltage drop VF. Nevertheless, while device #1 show an almost negligible forward voltage

drift of only 40 mV, device #2 showed a much higher drift of ΔVF=370 mV. This voltage drift

was not reversible and visualises the PiN bipolar degradation most probably due to the

presence of stacking faults. However, in any case, and independently of the ΔVF amplitude,
the drift does not have a noticeable impact on the VDMOS forward characteristics [25].

3rd quadrant behaviour as interface quality indicator

The 3rd quadrant I-V characteristics can be used as a partial indicator of the MOS interface

quality. As stated before, in this operation mode, two paths contribute to the current flow;
i.e., through the PiN body-diode and through the MOS channel. Even if the threshold voltage

is about 5 V, an excessive presence of charges at the SiO2/SiC interface can maintain a weak
inversion channel at 0 V gate bias, and a negative gate bias may be required to fully close the
MOS channel.

This can be seen in Figure 4-28 (a), which depict the 3rd quadrant I-V characteristics

(drain biased negatively) of a N2O oxidised VDMOS (without boron treatment) at 0 V and -4

V gate bias. As it can be seen, the drain current at VGS=0 V starts increasing for drain voltages

lower than the PiN diode activation voltage, (Vbi ≈2.3 V), thus indicating a current conduction

path through the MOS channel. At VGS=-4 V the channel is fully off and the drain current starts

to flow around VDS=-2.1 V, when the intrinsic reverse diode is activated.

In the case of VDMOS devices with boron treatment (Figure 4-28 (b)), drain current starts

to increase at VDS=-2.1 V for both VGS=0 V and VGS=-4 V biases, thus indicating a fully closed

MOS channel at 0 V gate bias. Given that the devices have the same cell design, it can be

concluded that boron treated VDMOS present a lower interface charge density since the 3rd

quadrant I-V curves get closer to that of an ideal SiC PiN diode, even under 0 V gate bias.

Similar behaviour was observed in the 1st generation and 2nd generation of 1200 V

commercial SiC MOSFET. This can be seen in Figure 4-29 were our VDMOS with N2O is

compared with two commercial MOSFETs. The 3rd quadrant I-V characteristics of the

fabricated VDMOS without boron are similar to available commercial devices. Figure 4-29
also infers that the 3rd quadrant I-V curve of the 1st and 2nd generation of Wolfspeed
MOSFETs at 0 V gate bias were far from an ideal PiN diode characteristic.
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(a)

(b)
Figure 4-28 IDS(VDS) current characteristics of 4.5 kV-rated VDMOS in the 3rd quadrant
operation mode at VGS=0 V and VGS=-4 V to check the contribution of the MOS channel
conduction. (a) Without boron treatment. (b) With boron treatment.
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Figure 4-29 IDS(VDS) characteristics in the 3rd quadrant operation mode at VGS=0 V and
VGS=-4 V of 1.7 kV VDMOS of this work compared to 1.2 kV-rated commercial devices.

4.2 Dynamic characterisation
4.2.1 VDMOS capacitances

The switching transient times of unipolar devices are typically determined by the time

required to establish voltage changes across device internal capacitances. VDMOS switching

performances are then limited by internal parasitic capacitances and by the gate intrinsic
and external resistances.

Figure 4-30 Schematic cross-section of the VDMOS cell showing its parasitic capacitances.
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The VDMOS present several intrinsic capacitances. Although the most relevant ones are

located in the active unit-cell, it is important to take into account that non-active regions such

as die termination, gate runners, and gate pad also contain parasitic capacitances and

resistances distinct from those of the unit cell. Figure 4-30 depicts the main parasitic
capacitance of the VDMOS unit-cell.

(a)

(b)
Figure 4-31 VDMOS capacitance of a large area VDMOS device with boron measured at 1
MHz. (a) From the application point of view. (b) From the device point of view.
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Figure 4-31 (a) depicts a measurement of the internal capacitances extracted from a large

area VDMOS. CDS corresponds to the capacitance associated with the built-in body diode, CGS

is the capacitance due to the overlap of the gate electrode to the n+-source region and CGD is

the capacitance between gate and drain electrodes in the JFET region [26].

However, from the application point of view, it is more common to evaluate the switching

MOSFET model equivalent capacitances. In this sense, Figure 4-31 (b) shows the

experimental input (Ciss=CGS+CGD), output (Coss=CDS+CGD) and Miller (Crss=CGD) capacitances
of the large area VDMOS.

Input capacitance, Ciss together with gate resistance are the most important factors

affecting MOSFETs transition times. Output capacitance, Coss mainly contributes to the turn-

off ringing, since the current flows through drain-to-source parasitic inductance in series
with the output capacitance [8]. Crss is the main cause of the Miller plateau, and contributes

to the slew rate of the dV/dt and thereby, affects switching performance of the MOSFET [27].

4.2.2 Switching performance of first VDMOS batch

The first switching tests were performed in the University of Oviedo on our VDMOS batch

based on our former mask set CNM-SIC032. As it can be inferred from Figure 4-32 (a),

switching curves evidenced long transient times in VDMOS with stripe topology. A closer
look reveals that the current curve reaches nearly ~30% of the nominal value during the
first few nanoseconds, but requires about 20 μs to fully reach the on-state. Figure 4-32 (b)

depicts the turn-off ramp. As it can be seen, these devices also presented a large delay of the
turn-off from the gate signal (td≈1.5 μs).

This slow switching performance was not observed in VDMOS of the same batch with

hexagonal-cell topology, which showed transient times below 500 ns. Then, the longer

transient times measured in VDMOS with stripe topology were attributed to a larger internal
gate resistance (RG). Internal RG value is mainly determined by the polysilicon layout and
layer properties (such as thickness and resistivity). The slow switching issues analysis
pointed to an inadequate design of the gate polysilicon layout of the VDMOS with stripe

topology. An electrical model for the gate resistance was made to study the gate electrode
design [28].
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(a)

(b)
Figure 4-32 Transient curve of a large area VDMOS with stripe topology of the 1st VDMOS
batch. (a) Turn-on. (b) Turn-off.

The weakest points of the polysilicon layout are presented above and can be identified in

Figure 4-33:

1. Highly resistive tracks: Due to the large dimensions of the VDMOS die (25 mm2),
polysilicon gate tracks are formed by stripes of about 4 mm long and 20 μm wide.

2. Bottleneck: The gate signal must travel from the gate pad to each polysilicon stripe
by a narrow peripheral track. Only 17 stripes are directly connected to the gate pad.

3. Uneven resistance distribution: The VDMOS stripes topology requires multiple

gate polysilicon tracks, electrically connected only at their ends, thus leading to a
progressive distribution of the internal RG.
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(a)

(b)
Figure 4-33 Top view of the polysilicon mask layout of a large area VDMOS device included
in the former mask CNM-SIC032. (a) General view. (b) Detail of the gate-pad area.

The study of the RG model evidenced that the initial faster current increase identified on

turn-on curve mentioned before (Figure 4-32), corresponded to the switching of the 17 cell

stripes directly connected to the gate pad. These stripes activate faster due to a lower gate
access resistance.

4.2.3 Switching performance improvement

To reduce the internal gate resistance value and make more uniform its distribution, we

first modified the fabrication process. We implemented a second-iteration devices using the

same CNM-SIC032 mask set in which internal RG was reduced depositing a thicker and higher

doped polysilicon layer for the gate electrode. It is important to note that these tested
VDMOS still not include gate runners.
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The switching performances of the VDMOS were evaluated in ABB CRC laboratory using

the double pulse test (DPT) clamped inductive switching circuit shown in Figure 4-34. The

purpose of choosing the DPT for this evaluation is to select an operating scenario that does
not induce device self-heating. DPT tests were performed under different load currents, DC
bus voltage, gate resistance and temperature.

(a)

(b)

Figure 4-34 DPT switching circuit. (a) With a dedicated freewheeling diode. (b) Using the
VDMOS body diode for freewheeling.

Figure 4-35 depicts turn-on and turn-off waveforms resulting from DPT of 3.3 kV-rated

devices at 40 °C. Switched current is fixed at IDS=22 A (150% nominal current at RT) and DC

bus voltage is varied from 1800 V up to 2400 V in a stepwise manner with 200 V steps.
VDMOS DUT is driven on at VGS = +25 V and off at VGS = -5 V. An identical device from the

same batch is used as the top freewheeling diode biasing its gate at -5 V to force the off-state

of the MOSFET channel.

As it can be inferred, fabricated devices are successfully switched at high-voltage DC bus

values (70% of rated breakdown voltage), despite large delay time, especially at turn-on

(td=~3 μs), are obtained. The dI/dt and dV/dt are 44.3 A/μs and 5.3 V/ns at turn-off, and

114.5 A/μs and 0.78 V/ns at turn-on, measured with an 18 Ω gate resistance at 22 A drain
current.

As a result, smaller transient times (~ few μs) are obtained compared to those measured

in the 1st batch and shown in Figure 4-32. This confirms that the switching performances of
our first VDMOS were strongly limited by its internal gate resistance. However, although the

transient times provided by these devices are a significant improvement, these results are
still far from the <100 ns switching capability reported in [29] for 6.5 kV-rated SiC VDMOS.
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Figure 4-35 Turn-on and turn-off switching performance with DC bus voltages variations of
a 3.3 kV-rated VDMOS with enhanced polysilicon gate processing. RG=18 Ω.

Dynamic tests are repeated at 90 °C to check the VDMOS switching performance evolution

with temperature (Figure 4-36). Turn-on current overshoot starts increasing significantly

(higher than 65% load current) for RG=10 Ω, resulting in maximum drain current of 32 A.

Moreover, it is important to note that the dI/dt and dV/dt rates at turn-on increased with
temperature, while they decreased at turn-off. This is due to the reduction of the Miller
plateau and threshold voltage drift with temperature [27].

Figure 4-36 Turn-on and turn-off switching performance with external RG variations of a
3.3 kV VDMOS with enhanced polysilicon gate processing at 1800 V bus voltage at 90 °C.
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The information derived from this study helped to develop a new VDMOS layout including

gate runners to reduce internal RG and, therefore, improve switching performance. As

already described in section 3.7.1, the VDMOS devices in the newly design CNM-SIC042
mask-set included a 30 μm wide peripheral aluminium track as well as buried polysilicon

gate runners. It is expected that the VDMOS with gate runners present a much lower internal

RG, with a better access resistance uniformity across the device, leading to faster switching

times (lower losses). Nevertheless, it will also increase the dV/dt and dI/dt rates, thus
increasing overshoot and ringing. This undesired ringing/overshoot can be reduced to an
acceptable level by adding an adequate external RG.

Unfortunately, at the moment of writing this document, there were no devices with gate

runners available to perform the full switching characterisation. As a consequence, the
promising dynamic performance of the new design could not be experimentally evaluated.

4.2.4 DC-DC converter

The performance of the 2nd batch of power VDMOS has been analysed in a simple DC/DC

converter as a proof for a typical application. Figure 4-37 depicts the prototype of a boost

converter developed in Universidad de Oviedo and used to test the switching behaviour
under inductive load. A PWM signal has been applied to the MOSFET gate using a driver to

increase switching speed. The applied gate voltages to turn the MOSFET on and off were +20
V and -5 V, and the switching frequency is 50 kHz.

Figure 4-37 DC-DC boost converter test circuit.

The experimental waveforms at Vin=0.5 kV, Vout=1 kV by the boost converter of

approximately 1 kW are shown in Figure 4-38. In this operation point, the efficiency of the
boost converter was around 95%. As a result, fabricated VDMOS show relatively good
performance in a basic boost converter.
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Figure 4-38 Experimental waveforms of the DC-DC boost converter test at room
temperature. Vin= 500 V, Vout= 1000 V and P=1 kW.

Nevertheless, some devices were damaged during the DC-DC converter test, resulting in

a permanent variation of its electrical characteristics. This issue affects the performance of
the DC-DC converter as presented in Figure 4-39. A more in deep analysis of this
phenomenon is discussed in section 4.3.3.

Figure 4-39 Experimental waveforms of the boost converter at room temperature damaged
during DC-DC test. Vin= 300 V, Vout= 548 V.

4.3 Reliability and robustness

In HV application, not only on-resistance, blocking capability and switching performance

are important. Reliability and robustness are also key requirements [30]. Actually, despite
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the considerable progress in device performance carried out in the last few years, reliability

may be a limiting factor for the definitive introduction of SiC MOSFETs in power applications
[31]. As a result, before they widespread in HV applications, SiC power devices need to be
properly evaluated in terms of robustness and long term stability and reliability.

This section shows the description of the tests performed to check the robustness of the

SiC VDMOS as well as the results obtained for the fabricated devices. Moreover, the critical
regions are also identified taking into account the robustness dependency on the device

design and technology.

4.3.1 Short-circuit

VDMOS short-circuit behaviour was experimentally analysed at room temperature using

the test circuit type 1 [32] shown in Figure 4-40. These tests were performed in ABB CRC

laboratory. With the device in blocking mode (VGS=-5 V) and the bus voltage set at 1800 V, a

25 V voltage pulse of a given duration is applied to the gate forcing the device short-circuit.

Voltage pulse duration is varied to check device short-circuit capability limit.

Figure 4-40 Set-up circuit for the short-circuit test of type 1 used in ABB CRC.

Figure 4-41 shows the resulting short-circuit waveforms for a 3.3 kV 2nd batch VDMOS. As

it can be inferred, short-circuit times of more than 15 μs can be reached with our VDMOS.

The resulting values are larger than those measured on commercial MOSFETs (typically 5 to

8 μs). In these measurements, an unusual shape of the current, which decreases initially and

then increases again, is observed. This shape of the short-circuit waveform is probably due

to changes in gate oxide at high temperature and high current stress, such as a Vth drift
and/or variation of the channel mobility [33].
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Figure 4-41 Short-circuit waveforms of a 3.3 kV-rated VDMOS at VDS=1800 V and 25 °C.
Gate voltage -5 V to 25 V.

The root cause of the short-circuit failure is mostly related to the high internal

temperature increase induced by the energy dissipated during the short-circuit event. The
energy-to-failure of the fabricated devices is around ~1.1 J. Similar values were reported by
other groups, attributing failure mechanism to the melting of aluminium metallisation due
to high temperature peaks below the gate areas [34]. This partially justifies the larger short-

circuit times provided by our VDMOS are the result of the larger cell pitch, that offers lower

channel density and a larger thermal dissipating area [35].

We also think that the use of a lower doped LDS source region limits saturation current

and improves short circuit capability (as already discussed in section 3.6) in a similar way

reported in [36]. Moreover, the presence of a lower doped n-type region below the oxide also
prevents hot carrier injection into the oxide thus limiting channel mobility reduction effect

and improving oxide reliability [37]. These results evidence the trade-off between device onresistance and saturation current impact the short-circuit performance.

4.3.2 Power cycling

To further check the MOSFET robustness, we propose a cycling method to test the impact

of self-heating on the device performance. It consists in applying 1 million cycles of 10 ms
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half sine current wave [38] on the VDMOS drain under two biasing configurations (Figure 4-

42): a) with a fixed gate bias, and b) in forced saturation mode, setting VGS=VDS by connecting

gate and drain electrodes.

(a)

(b)

Figure 4-42 Test circuits for the power cycling test. (a) fixed gate bias. (b) forced saturation
mode (VGS=VDS)

Fixed gate bias configuration
With a fixed bias of VGS=19 V the stressed zones are mainly the gate-drain and drain-

source ones. The test circuit for the cycling at fixed bias test is shown in Figure 4-42 (a).

Figure 4-43 depicts the effects of power cycling on a 4.5 kV VDMOS under fixed bias stress.

Cycling in this configuration did not affect device’s output characteristics in its linear region.
Only a slight reduction of current capability in saturation region was observed. However,
this test impacted the gate oxide integrity inducing a factor 10 gate leakage increase.

Forced-saturation configuration

In saturation mode test configuration, the device is forced to operate in saturation regime.

The gate-source and the drain-source are the most stressed regions. Figure 4-42 (b) depicts

the test circuit for the forced-saturation power cycling.

After 106 cycles in saturation mode configuration, only a slight reduction of current

capability was observed. Figure 4-44 depicts the resulting I-V curves of the power cycling

stress in saturation mode.

Despite to the fact that the total energy dissipated in these two tests configuration is

similar (~2 J), the gate is more impacted by the fixed bias test configuration. This indicates
that the critical region is the gate-drain one, so the JFET region.
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(a)

(b)
Figure 4-43 Effects of power cycling in fixed-bias mode. (a) Impact on output current. (b)
Impact on gate leakage.
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(a)

(b)
Figure 4-44 Effects of power cycling in saturation mode. (a) Impact on output current. (b)
Impact on gate leakage.
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4.3.3 Permanent Vth drift

Under some DC-DC switching stress conditions, VDMOS with boron diffusion into the gate

oxide were permanently damaged. A more precise look up into the damaged samples allow

to attribute degradation to a large drift of the ΔVth. Figure 4-45 (a) depicts the transfer curve
of the damaged device before and after the test. A ΔVth of 15 V is observed, leading the device

to operate out of its specifications. In addition, CGS was also affected by the performed test.

These data indicate that the test induced a damage in the gate oxide and/or at the SiO2/SiC
interface.

Moreover, the induced damage was permanent, and the VDMOS characteristics did not

recover even after a DC biasing or after 2 hours unbiased annealing at 150 °C. This behaviour

differs from that reported in section 4.1.4, where the shifted transfer curve recovers almost

the original values after the stress test finished. These differences suggest alternative
instability phenomena.

Different parameters are involved in the switching of the VDMOS that may result in a

permanent Vth drift. The most critical ones are the dV/dt and dI/dt (adjusted by the external
RG), device’s internal temperature raise and reverse bias stress. The permanent Vth drift may
be caused by any of these parameters, or by the interaction of several of them.

Figure 4-45 Changes observed in the transfer curve of the damaged VDMOS. VDS=1 V.
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In order to identify the possible causes of the observed permanent change, it is important

to check the impact of each parameter separately. A new 3.3 kV VDMOS (with boron

diffusion into the gate oxide) sample from the same batch used for DC/DC converter tests
(section 4.2.4) was tested in a 600 V buck converter with inductive load. The switching

pattern is depicted in Figure 4-46. It is made of two 4 μs pulses separated by 16 μs, and
repeated once per second to avoid device self-heating. The maximum current was set to

IDS=2.48 A for the first pulse and to IDS=4.68 A for the second one. The gate bias switched
from +20 V to -5 V to force the device to change from on-state to off-state respectively. The

device was operated using this switching pattern with different external gate resistance,
from RG= 56 Ω down to 1 Ω.

Figure 4-46 Switching waveform using a pattern to avoid self-heating of the device under
test.

At room temperature, no degradation was observed after continuously switching the

device during 13.5 hours. Nevertheless, the VDMOS resulted permanently damaged after

being switched at temperatures higher than 90 °C (using an external heater). A similar Vth

drift was observed in this test, similarly to the parts damaged in the initial DC-DC converter
tests done in Universidad de Oviedo.

Figure 4-47 compares the transfer curve of the VDMOS after the described switching test.

The transfer curve after switching at room temperature matches the initial one (before
testing). However, switching at high temperature induced a shift on the transfer curve
equivalent to a ΔVth of 4 V. Moreover, it is important to note that after the switching test at

high temperature, the transfer curve of VDMOS with boron in the gate oxide approaches to
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the one of an equivalent VDMOS without boron diffusion. It seems that the boron effect on
the gate interface disappear after the temperature stress.

Figure 4-47 Impact of switching without self-heating at room temperature and at 90 °C to
the transfer curve of a VDMOS with boron treatment.

Temperature is then identified as one of the critical players for the permanent Vth drift.

Therefore, we had a deeper insight in the output and blocking characteristics with
temperature to check the impact thermal stress. In on-state, the transfer curve evolution
with temperature of the VDMOS with boron shows a slight shift to higher values, equivalent

to a Vth drift (Figure 4-48) but, as opposite to the switching test, it fully recovers after cool
down. As a result, degradation does not seem to be generated during on-state.

Consequently, we performed a long term DC stress test at high temperature with the

device in off-state. The device is stressed at VDS= 500 V drain voltage and VGS= -5 V gate bias

for 2 hours at different temperatures from RT up to 125 °C. Figure 4-49 depicts the impact
of this reverse bias stress test on the device’s transfer characteristics at different

temperatures. As it can be seen, VDMOS transfer curve shifts to the right with each
temperature step. The shift is stopped when the curve reaches the transfer curve of an
equivalent transistor without boron doping, as seen previously. Again, after the test, transfer

curve does not return to its original location. However, the transfer curve is recovered after
an unbiased 1 hour annealing at 125 °C.
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Figure 4-48 Transfer curve evolution with temperature for devices with boron (blue lines)
and without boron (green lines). VDS=10V. Variation is temporary and IDS(VGS)
characteristics fully recover after cooldown.

Figure 4-49 Effects of DC bias blocking test at different temperatures on the VDMOS transfer
characteristics. VGS=-5 V and VDS= 500 V. Variation is temporary and IDS(VGS)
characteristics fully recover after unbiased 1 hour 125 °C annealing.
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Moreover, the same test performed on a VDMOS without boron diffusion into the gate

oxide produce no significant variation of its transfer curve. As a result, the permanent Vth

drift of the transfer curve was only observed on VDMOS with boron treatment and is caused
by a combination of a high electric field below the gate (JFET area) in the off-state, and the
internal self-heating generated during on-state.

A possible origin of this permanent Vth drift is the generation of interface traps where the

oxide exchange carriers with the SiC via a thermodynamic energy barrier as reported in [39].
As a result, the boron diffusion process that improves channel mobility also alters the
interface, being this effect especially remarkable at high temperatures. Another explanation
could be that boron acts as a mobile charge when submitted to high electric field combined
with high temperature.

From the light of these results, it can be inferred that reliability of SiO2/SiC interface with

boron is seriously compromised at high temperatures. Nevertheless, although various tests
show a significant transfer curve shift, only the switching at high temperature induce a
permanent damage in the device.

4.4 SiC bipolar devices

When increasing the breakdown voltage capability to higher levels, (> 6 kV), the specific

on-resistance of unipolar devices increases to unacceptable levels. Bipolar devices, due to
the conductivity modulation effect, should achieve lower power dissipation than unipolar

counterparts in high-voltage application fields.

Therefore, SiC structures with bipolar current conduction could be an alternative choice

for better efficiency [40]. Typically, the main limitations of bipolar technologies in SiC are

the low carrier lifetime (best current electrons life times are about ~1 µs) and the low
injection efficiency of implanted pn junctions resulting from implantation damage.

4.4.1 SiC unipolar performance limits

This section evaluates the experimental performance of SiC high-voltage devices by

comparing unipolar and bipolar output characteristics. We used SiC JBS diodes as unipolar
device for comparison purposes since current JBS performances are very close to the SiC
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unipolar limit and mainly limited by the drift layer resistance. It is important to take into
account that although VDMOS starts to conducts from VDS=0 V, SiC JBS diodes presents a
voltage activation offset related to the metal used for the Schottky contact.

In bipolar devices such as IGBTs and PiN diodes, the current flows through a forward

biased PiN junction that inject minority carriers. The presence of these minority carriers
modulates the conductivity of the drift layer, thus reducing the voltage drop for a given

current. As a result, the I-V characteristic is non-linear and cannot be described as a simple
resistance. However, bipolar devices present a large conduction offset (knee) that

significantly increases the forward voltage drop. Whereas in Si the typical knee voltage is

around 0.7 V, in SiC, due to the larger band gap it is about 2.1 V. Consequently, in this

comparison, we will use the differential on-state resistance of the bipolar devices (diodes
and IGBTs later-on) as reference parameter.

Figure 4-50 shows the forward characteristics of our fabricated JBS and PiN diodes. JBS

diodes have a knee around 0.7 V ~ 1 V, depending on the metal used for the Schottky contact.
They exhibit a typical resistive behaviour with performance according to its voltage class.
On the contrary, PiN diodes have a knee around 2.5 V and current rapidly rises due to
conductivity modulation in the drift region.

Figure 4-50 Forward I(V) diode characteristics at room temperature for different voltagerated substrates. Active area is 16 mm2 for all JBS diodes and the 10 kV PiN, and 4 mm2
for the 5 kV PiN diode.
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As it can be inferred, at 10 A rated current, PiN diodes show lower on-state losses than

JBS diodes for blocking capabilities higher than 4.5 kV. Bipolar devices show a steeper I-V

characteristic compared to unipolar ones. The current capability of 10 kV JBS diodes is

significantly limited by the associated drift region resistance. However, it is important to take

into account that bipolar devices store a non-negligible amount of charge during switching
operation, thus limiting transition times.

Moreover, as stated previously, in all comparisons involving power devices it is important

to consider both room and high temperature operation. Output characteristic evolution with
temperature of JBS and PiN diodes is different due to the conduction mechanisms involved
in each device type. Figure 4-51 depicts the on-state I-V characteristics of 10 kV-rated

devices at two temperatures, 25 °C and 150 °C. By one hand, JBS diodes under nominal

current conditions behave as unipolar devices Therefore, VF increases with temperature due
to the decrease of the bulk mobility. On the contrary, PiN diodes are bipolar devices with

conductivity modulation in the drift layer, resulting in a VF reduction as temperature rises.
In addition, the knee voltage of the PiN diode also decreases when increasing temperature,
as expected.

Figure 4-51 Experimental forward I(V) characteristics of 10 kV-rated SiC JBS and PiN
rectifiers at 25 °C and 150 °C.
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Although PiN diode output current show evidences of bipolar conduction, it is important

to note that conductivity modulation strongly depends on carrier recombination lifetimes of
the layer. Consequently, the relatively low increase of the current capability observed in
Figure 4-51 suggests a low minority carrier lifetime in the drift layer.

4.4.2 SiC n-channel IGBT

We used our VDMOS technology to co-integrate bipolar conduction devices for the sake

of comparison with unipolar devices. Concretely, we designed and built a lateral IGBT test
structure. The device structure is shown in Figure 4-52 (a). The lateral IGBT includes the

standard MOSFET cell, with a horizontal drift region and an implanted p-collector at the
surface of the structure.

(a)

(b)
Figure 4-52 Schematic cross-section of integrated lateral power devices. (a) Lateral IGBT.
(b) Lateral DMOS.

The IGBT collector was formed using the p++ implantation of the ohmic contact of the

VDMOS. Nevertheless, it is known that an implanted p++ collector is not as good as an p-

epitaxial one in terms of efficient pn junction formation for hole injection. This will be a

limitation in the final device electrical performances. The source and gate structures are the
same as the DMOS, with a self-aligned submicron channel length, an LDS and the double p-
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well of the DMOS. For comparison purposes, we also built a lateral MOSFET with similar
structure as the IGBT, replacing the p++ collector by an n++ drain, as seen in Figure 4-52 (b).

These devices were integrated on the different batches of VDMOS, with different epilayer

characteristics. The drift length (20 μm) was defined by mask layout. Figure 4-53 depicts the

mask layout of the designed lateral IGBT as well as a microscope picture of one of the
fabricated devices.

(a)

(b)

Figure 4-53 (a) Mask layout of the fabricated lateral power devices. (b) Picture of one of
the fabricated lateral IGBTs.

The output characteristics of the IGBTs measured at room temperature are plotted in

Figure 4-54. We can see a proper gate control, a positive Vth and the typical knee in output

curves with close to the built-in voltage (~2.1 V). However, when comparing the differential

resistance of the Lateral IGBTs with the lateral DMOS, we see a higher on-resistance of the
bipolar device at room temperature. This is not expected as we should have conductivity
modulation in the lateral IGBT generation a decrease of the drift region resistance.

Nevertheless, the existence of drift region conductivity modulation can be confirmed

through the characterisation of the output current at different temperatures up to 150 °C
(shown in Figure 4-55). As it can be seen, the output current capability of the IGBT increases

with temperature, while that of the DMOS decreases mainly because of the dependency of
drift layer resistance with Temperature. Moreover, IGBT knee voltage is also reduced as
temperature increases, as expected from a bipolar behaviour.
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Figure 4-54 Output characteristics of a fabricated lateral IGBT.

Figure 4-55 Comparison of the output current evolution with temperature of a lateral IGBT
(red lines) vs an equivalent lateral DMOS (blue lines) on the same wafer die.

The RON,SP evolution with temperature of these devices is depicted in Figure 4-56.

Although at room temperature the IGBT shows a higher RON,SP, this value decreases
monolithically being a 40% smaller at 150 °C. On the contrary, the RON,SP of DMOS transistor
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increases with temperature, showing a 25% greater RON,SP at 150 °C. Actually, at 140 °C both

devices exhibit similar RON,SP values. This RON,SP evolution suggests and effective conductivity

modulation on the lateral IGBT drift layer, which is capable to compensate bulk mobility
reduction in the drift region at high temperature.

Figure 4-56 Specific on-resistance evolution with temperature of an IGBT (red line) and a
DMOS (blue line) on the same wafer die.

These results differ from that previously reported showing and almost constant RON,SP

evolution with temperature in SiC-IGBT [41]. It is important to note that the results shown

correspond to devices with the lower doped epilayer we used in or experiments (6.5 kVclass). This should play in favour of the IGBT versus the DMOS. However, we can see that the
on-resistance of the lateral DMOS is still lower than that of the lateral IGBT for temperatures

below 140 °C. This means that we must increase the carrier lifetime in the drift region in
order to improve the IGBT performance. But beside this point, the SiC IGBT should be
competitive for even lower epilayers than that used here.

Regarding blocking capability, even if the drift layer of these devices corresponds to 6.5

kV VDMOS, the lateral drift region length which will withstand the applied voltage is only 20
μm long. This means that in the best case the breakdown voltage will be in the range of 3 kV.

Figure 4-57 depicts the blocking characteristic of one of the lateral DMOS built on this 6.5 kV
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epilayer. As it can be inferred, devices suffer from a destructive premature breakdown
around 900 V.

Figure 4-57 Measured I-V blocking characteristic of a lateral DMOS device.

The analysis of this premature breakdown issue was studied by means TCAD simulations.

Figure 4-58 (a) depicts the two-dimensional electric field distribution of the lateral DMOS in

blocking mode. In this figure, it can be clearly identified a high electric field peak in the oxide

at the end of the gate electrode. The magnitude of this peak is depicted in Figure 4-58 (b) for

different applied drain voltages. The electric field into the oxide approaches its critical value

for drain voltages close to 1000 V, a similar value to that of experimental curve. These results
identify the SiO2 oxide breakdown as the cause of the premature device breakdown shown

in Figure 4-57. Actually, this issue can be amended modifying the mask layout to extend the

source metal on top of the field oxide.

Even with this blocking capability limit, lateral devices are still usable with a safe drain

voltage up to 500 V and, especially, for technology evaluation purposes. In any case,

comparing these results with that obtained in the PiN diode study of the previous section, it
can be inferred that IGBT should performed much better than the DMOS. This indicates we

deal with a low conductivity modulation in the drift region of our LIGBT. Therefore, there is
still a large potential to optimise the IGBT on-state performance mainly focusing on the
improvement of the collector injection efficiency and substrate’s carrier lifetime.
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(a)

(b)
Figure 4-58 Electric field simulation of the lateral DMOS. (a) Two-dimensional electric field
distribution a 1000 V. (b) Maximum electric field peak at different drain voltages.
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Static characterisation
We have demonstrated experimentally functional large-area (25 mm2) planar SiC power

MOSFETs with voltage ranges up to 6.5 kV. The edge termination scheme chosen is a RA-JTE,

showing adequate blocking capability on fabricated 1.7 kV, 3.3 kV, 4.5 kV and 6.5 kV-rated

VDMOS devices. Moreover, the boron treatment added to improve on-resistance does not
affect the edge termination efficiency.

Although the specific on-resistance values obtained values on the VDMOS batch are not as

good as the theoretical ones, our fabricated devices show reasonably good values taking into

account the large cell-pitch. Actually, it is certainly a good improvement and a step forward
towards a high-voltage capability, lower channel resistance, and lower total on state

resistance SiC MOSFETs.

The process of boron diffusion into the gate oxide has demonstrated an excellent

capability to improve the total on-resistance of the VDMOS for all voltage-classes. Boron
treatment induced a factor ~8 reduction on the channel resistance in all voltage classes,
having a direct impact in the total on-state resistance.

It is important to note that, although the improvements in RON provided by the boron

treatment, Rch is still the major contributor of the total VDMOS on-state resistance even at

4.5 kV-rated devices (64%). This evidences that the SiC MOS interface is one of the major
factors limiting the on-state performance of the HV VDMOS.

Moreover, devices with and without boron treatment exhibit different temperature

behaviour. On the one hand, devices with boron show a positive temperature coefficient of

the specific on-resistance for all voltage classes. On the other hand, on-resistance of devices

without boron first decreases up to 100~150 °C and then increases when the drift layer

resistance contribution prevails. As a result, devices without boron show an alternating
temperature behaviour, attributed to a large Dit at the SiO2/SiC interface.

The evaluation of the transfer curve of the VDMOS with boron treatment puts in evidence

Vth with a reasonably good value (Vth≈5 V) that ensures a normally-off operation. Moreover,
device enters in linear regime at a relatively low bias (VG>8 V) thus requiring a relatively low

gate bias to operate the device.
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Furthermore, the stability of the threshold voltage is key parameter for the long-term

reliability of the VDMOS, especially critical from the application point of view.

BSI test were performed to check the Vth stability under -5 V to +25 V gate bias stress. At

room temperature VDMOS device show a relatively low Vth drift (up to 160 mV) at the end
of the BSI test. There were no significant differences between devices with and without

boron, but the fact that VDMOS without boron exhibit a larger hysteresis evidences a large

amount of mobile charges. On the one hand, the results of the BSI test at 150 °C revealed a

significant Vth drift in devices with boron treatment (up to 1.7 V). We also observed that JFET
width and LDS does not have a relevant impact on Vth drift.

As a result, boron gate oxide treatment effectively improves VDMOS forward electrical

performances. Although this process does not have a significantly impact the gate oxide

integrity, it affects Vth stability at high temperature. SiO2/SiC interface must be further

engineered to fulfil on-state performance requirements while ensuring long term reliability
under typical operating conditions.

3rd quadrant operation mode
In the 3rd quadrant operation mode, the current may flow through both the MOS channel

and through the body diode. With the MOS channel fully-off, the current only flows through

the body diode and shows a knee voltage close to the SiC built-in potential (~2.3 V). The

current capability of the built-in PiN diode increases with temperature, which is the expected

behaviour for bipolar devices.

Furthermore, we have also used the 3rd quadrant characteristics as a quality indicator of

the MOS interface. Due to the fact that the current through the channel is strongly affected
by the SiO2/SiC interface quality, a parasitic inversion layer could be created even at 0 V gate
bias. This parasitic channel was observed in VDMOS without boron, while that of VDMOS

with boron treatment was closer to an ideal PiN diode. The results are similar to currently
available commercial devices, and much better than that of the previous commercial SiC
VDMOS generations.

Dynamic characterisation
In our first batch of VDMOS devices considerably long switching times were noticed in

VDMOS with stripe topology (td=20 μs). The limiting factor was identified as a large internal
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gate resistance value due to an inadequate gate layout design that presented highly resistive
tracks connected by a narrow peripheral track. This design leads to a high and non-uniform
resistance distribution, leading to an uneven activation of the VDMOS cells.

In second VDMOS batch, a thicker and higher doped polysilicon gate layer was used to

reduce internal RG without changing the layout. In this case, the transient times were below

4 μs, thus confirming the issue of with the internal RG. Tests were performed at high DC bus
voltages, with different external RG and at different temperatures. Lower external RG values

lead to slightly quicker transient times, but induce a higher current overshoot, especially at
high temperature.

Furthermore, as a proof for a typical power conversion application, the performance of

these VDMOS were analysed in a simple DC/DC converter. The VDMOS show promising
results with a 95% conversion efficiency in a 1 kW boost converter. However, some devices
were permanently damaged after this test.

Reliability and robustness

In high-voltage applications, device robustness and especially short-circuit capability, is

critical, and even more relevant than in lower voltage applications. In our case, a unit-cell

design with a wide JFET region and a lower doped source implantation limited saturation
current, allowing to reach short-circuit times of more than 15 μs. Therefore, our VDMOS

show good short-circuit behaviour at the expense of specific on-resistance. An optimal unit-

cell design will take into account the final application requirements to find the best
compromise between short-circuit time and output current.

Under some switching stress conditions, VDMOS devices suffer a significant threshold

voltage drift (ΔVth >15 V), leading to permanent modification of their electrical

characteristics. This permanent drift was caused by the shift of their transfer characteristics,
and was only observed on VDMOS with boron treatment. After experimental analyses, we

attributed this issue to the combination of an internal self-heating generated during on-state

and the presence of a high electric field below the gate (JFET area) in the off-state. As a result,
reliability of SiO2/SiC interface with boron is seriously compromised at high temperatures.

SiC bipolar devices

We have successfully integrated a lateral IGBT device into the VDMOS process. A Lateral

DMOS was also added for comparison purposes. IGBT show proper gate control and a
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conduction offset about 2.3 V, which is the expected value for SiC bipolar devices. Further
evidences of the bipolar behaviour are found comparing the output characteristics evolution
with temperature. Nevertheless, the conductivity modulation observed is low, probably due

to a low p-collector injection efficiency and low carrier lifetime.

Concerning blocking capability, fabricated lateral devices suffer from oxide breakdown

prior the avalanche, thus resulting in a breakdown voltage below 900 V.
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5. Conclusions

5.1 General conclusion

The overall aim of the research presented in this thesis was to evaluate novel approaches

to improve the design and fabrication process of SiC power MOSFET technology of the IMB-

CNM. This work targeted to fabricate SiC MOSFETs with voltage ratings ranging from 1.7 kV
up to 6.5 kV taking also into consideration device reliability.

Edge terminations

To ensure an adequate periphery protection of high-voltage planar SiC devices, several

edge terminations were modelled and experimentally evaluated. Schemes based on JTE, FGR

and an innovative scheme combining JTE with p+-rings (RA-JTE) were optimised by means
of TCAD simulations. To experimentally check their performances, several designs were

implemented on vertical PiN diodes within the planar VDMOS batches. The terminations are
built using the technological steps optimised for the VDMOS cell (p++ and p+-well
implantation profiles, interface gate oxide, field oxide, metallisation, passivation …)

Experimental measurements confirm that both p+-body FGR termination and simple JTE

show good efficiency of breakdown voltages up to 4.5 kV, but further optimisation is
required to be applied in higher voltage rated devices. The novel RA-JTE termination scheme

provided blocking capability up to 6.5 kV and demonstrated to be less sensitive to process

steps deviations like implantation dose and surface charges. For these reasons, RA-JTE was
the design chosen to implement on our high-voltage large-area VDMOS.
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SiC power MOSFET design

SiC VDMOS cell was engineered to optimise cell-pitch aiming to improve specific on-

resistance while ensuring adequate device ruggedness. Starting from a double-implanted

vertical power MOSFET design, several techniques were added to improve the VDMOS
performance. The final VDMOS presents the following characteristics:
-

-

Retrograde p-body: to provide low Vth and p-body punch-through resistance.

Self-aligned channel definition: sub-micron channel lengths and uniformity.

Offset two-step p-body implant: reducing the damage in the channel region.

-

Distributed p++ contact: to reduce cell-pitch.

-

improving short-circuit capability.

-

specific on-resistance and maximum electric field in the gate oxide.

-

Lower doped n++ source: limiting hot carrier injection into the oxide and
Optimised JFET region (width and CSL doping): Optimising the trade-off between
Gate oxide with novel boron diffusion treatment: to improve SiO2/SiC interface.

Gate runner’s layout: Reducing internal RG, thus improving switching
performance.

Aside from the VDMOS, additional smaller structures were designed and fabricated to

evaluate the fabrication process and check the simulation results, as well as to explore
alternative applications of the SiC power MOSFETs technology.

MOSFET fabrication

Large area (up to 25 mm2) 4H-SiC power MOSFET were successfully fabricated. Wafers

with different epilayers properties were used to target blocking voltages from 1.7 kV up to

6.5 kV. The whole fabrication process required more than 115 steps, with 14
photolithographic masks levels.

Electrical characterisation
We have demonstrated functional large-area (25 mm2 die size) planar SiC power

MOSFETs which presented high output current, adequate blocking capability, gate control,
and positive temperature coefficient of the on-resistance, which is the desired behaviour
from the application designer’s point of view.
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Conclusions

The RA-JTE termination scheme proved its efficiency on large area square devices with a

corner curvature radius of 90 μm, showing adequate blocking capability in blocking voltages
ranging from 1.7 kV up to 6.5 kV.

In spite of the remarkable improvements achieved on the VDMOS on-resistance in

comparison to our previous experiments, the values of the specific on-resistance of the
fabricated SiC MOSFETs are still quite far from the theoretical values. This is mainly because

of the large cell-pitch of the designed structure compared to commercial devices produced

with advanced automatic photolithographic equipment (steppers). As a result, channel
resistance is dominating the static losses, especially for lower voltage ratings.

In addition, a great achievement compared to previous work was that we successfully

provided an adequate Vth value (~5 V) and sufficient p-body shielding. The boron diffusion

during the gate oxide formation improves channel mobility and Vth, but it comes at the

expenses of Vth instabilities, especially at high temperatures. Actually, the temperature

evolution evidenced an opposite behaviour of the Vth drift, shifting towards a higher value in

devices with boron, and towards a lower value in devices without boron, which is the usual
behaviour of a silicon MOSFET Vth.

On the other hand, as part of our extended characterisation plan, we investigated the third

quadrant operation mode of our MOSFETs. We measured the reverse conducting behaviour

at different positive and negative gate bias. Unlike first generation of commercial MOSFETs,

we did not observe leakage current through the channel at VGS= 0 V. We have a PiN like

behaviour from 0 V to -5 V gate bias. When VGS=15 V is applied, we have a conduction though

the channel with a similar resistance to the forward on-state resistance. When the PiN diode
is activated, we may have stacking faults activation and diode degradation. We used low BPD
starting materials, thus indicating that staking faults are probably generated by the
implantation and annealing process.

Fabricated VDMOS devices were capable to switch at more than 80% rated voltage, and

their performances were evaluated at room temperature and high temperature.

Nevertheless, the first dynamic test performed evidenced long transient times (td=20 μs)

attributed to an inappropriate design of the gate layout, leading to a high internal RG. In a
second fabrication batch, a thicker and higher doped polysilicon electrode was used to

reduce the internal resistance, with a considerable improvement of the transient times (td<4
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μs). This result drove us to add gate runners in the new VDMOS mask set to further reduce
the internal RG.

Concerning device ruggedness, short-circuit test evidenced good capability (> 15 μs)

mainly due to the VDMOS cell design considerations. Specific power cycling tests were also
performed. These did not affected device output performance but revealed a sensible point

in the gate-drain region (the MOS on top of the JFET area). A switching stress test at high
temperature resulted in the permanent voltage drift of devices with boron treatment.
Consequently, fabricated VDMOS devices provide a reasonable good robustness except for
the gate oxide reliability in boron-doped parts.

SiC bipolar devices

To explore different application fields of the SiC VDMOS technology, alternative structures

were also added to the VDMOS batch. A first SiC IGBT was successfully integrated and
showed evidences of the conductivity modulation such as: conduction offset (~2.5 V) and
negative temperature coefficient of the RON,SP.

A comparison between fabricated unipolar and bipolar diodes was made to evaluate the

performance limit of SiC unipolar devices. The results show that the voltage drop of unipolar

devices becomes unacceptable, especially for > 6 kV voltage ratings. The crossover voltage
between SiC MOSFETs and SiC IGBTs will be particularly determined by the switching
frequency.

This study also shows that the results obtained with our first lateral IGBT are far from

what can be expected from a SiC bipolar device conduction. This is due to the specific
structure of the lateral IGBT, which is highly dependent of the surface charges and the

injection performances of the p+ collector. These points must be strongly improved, but in

this case, we will lose the compatibility with the VDMOS technology.

In annex A, we also reported results about a preliminary SiC CMOS cell, which has been

also integrated. Its performance was evaluated at different temperatures. Although it is a

functional device, it requires further optimisation and suffers from a noticeable variation of

its electrical characteristics with temperature. Again, the VDMOS technology is not optimal
to monolithically co-integrate efficient CMOS devices.
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5.2 Further work

Conclusions

In this thesis, 4H-SiC vertical power MOSFETs have been successfully fabricated and

considerably enhanced. Nevertheless, there is still room to further improve its performance
and reliability. Actually, the results presented in this work allow to identify the weakest

points of the fabricated VDMOS, and could serve as a starting point for further research. The
main improvement directions can be split in cell layout optimisations and advances in
interface oxide quality.

The optimisation of the cell layout aims to obtain the lowest possible specific on-

resistance while ensuring an adequate device robustness. This can be addressed by using

stepper lithography, thus breaking the critical dimensions determined by currently used
hard-contact photolithography. Another possible approach is moving to a SiC trench
MOSFET scheme, which allows a smaller cell-pitch and, therefore, a higher integration
density.

Improving the SiC MOS interface will have a direct impact on the overall performance

of the power MOSFETs, and its reliability. Actually, it is still one of the most limiting factors,

and the focus of multiple researches. Nevertheless, many of the fundamental questions
remain open. A significant improvement of the MOS interface can come with the use of trench

architecture. But this structure is not suitable for very high-voltages (>3.3 kV) as the trench
bottom is highly sensible to electric field peaks, and therefore, a complex trench protection
must be implemented.

Besides, to target higher blocking voltage capability (> 10 kV), further developments are

still required to achieve suitable edge termination scheme. Furthermore, it does not seem

realistic to use SiC MOSFETs in most of >10 kV applications, as unipolar conduction limits
will significantly penalise the device on-state performance. Two groups of solutions are

proposed to overcome this limitation:

The use of SiC bipolar devices allows a significant reduction of the on-state losses in

high-voltage devices, as we have seen with our preliminary study on diodes. Nevertheless,

vertical SiC IGBTs are still difficult to implement in an industrial context as no SiC p++

substrate can be produced, and a complex and costly backside polishing and processing is
required.
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To use different WBG semiconductor is the second approach proposed for higher

voltage devices. The higher critical field of diamond or gallium oxide (Ga2O3) will extend the

feasibility of unipolar devices to higher voltage ratings. However, the current existing issues
with the processing technology, especially regarding local doping, limit the successful
implementation of a normally-off MOS gated device on these two materials.

To sum up, the results presented in this thesis, as well as the research reported by other

groups together with the increasing availability of commercial SiC devices demonstrate the

maturity of 4H-SiC power device technology. It is evident that the performance of SiC devices
improved significantly and, during the last years, SiC based power conversion systems are

being accepted by industry. In fact, the adoption of SiC power devices by system’s designers
is continuously growing, and most of the semiconductor manufacturers worldwide already
shown a strong interest in this SiC technology.

Consequently, SiC devices are sketching a promising future, and there is no doubt that

advancements in SiC MOSFETs will rule the new era of power electronics giving way to a
more efficient and sustainable energy future.
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Integration compatibility

Our VDMOS technology integrates more than 115 process steps, including, among others,

5 different ion-implantations and two metal levels. With all these processing steps, it is

possible to contemplate the co-integration of other devices. Our group already explored the

feasibility of integration of temperature and current sensors within the VDMOS [1]. In this

work, we intended to evaluate other devices that could be of interest such CMOS cells.

SiC CMOS integration

With the increasing emphasis on energy efficiency, especially in the manufacturing and

transportation sectors, distributed sensing and control electronics are being seen as key

enablers for progress. Adding sensors, and digital circuits to a power device can be seen as

an added value solution. Nevertheless, the optimum location for SiC based electronics is in a
high-temperature environment, as it cannot compete with silicon below 100 °C.
Furthermore, some systems are simply not feasible without high-temperature integrated

circuits, such as Venus or near-sun space missions, avionic engines, well-logging, etc.

CMOS is the silicon preferred technology for both integrated digital circuits and smart

power. CMOS technology is based on two complementary transistors with no need of passive

elements to integrate logic gates (as opposed to MESFET or JFET logic gates technology
[2][3]. Furthermore, it is generally accepted that SiC power devices will need more co-

integrated smart functions in the next generation of medium-high-voltage power
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applications. Therefore, the fabrication of CMOS devices in SiC is important for both a higher
operating temperature capability and the integration with SiC power devices [4].

In order to explore the feasibility of SiC CMOS processing, n-channel and p-channel signal

MOSFETs have been integrated with the same process technology of our HV SiC VDMOS, and
a preliminary SiC CMOS inverter cell has been integrated.

Complementary SiC MOSFETs

In our SiC-CMOS fabrication process, both a p-well and an n-well are created in twin tub

technology for the n-MOSFET's and p-MOSFETs integration respectively (Figure A-1). This

technique is independent of the starting epilayer, which makes it suitable to be used in

typical HV SiC substrates. Therefore, twin well process allows a separate optimisation of the

n-type and p-type MOSFETs and, consequently, independent optimisation of threshold
voltage (Vth), body effect, and gain is possible.

Figure A-1 Schematic cross-section of the CMOS twin-tub (double-well) technology.

In our case, we used the available implantation steps in the VDMOS process to form the

wells. More specifically, the p+-body implantation (~5·108 cm-3) and the LDS implantation
(~1·108 cm-3) were used to form the p-well and n-well respectively. The gate oxide
configuration includes the use of boron to improve SiO2/SiC as described in section 3.4.3.

Figure A-2 depicts characteristic curves of isolated p-type MOSFETs of 1 µm and 4 µm
channel length.
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(a)

(b)
Figure A-2 Electrical I-V characteristics of p-channel MOSFETs at room temperature. (a)
Transfer curve. (b) Output curve.

First, although Vth is slightly higher in the case of the L=4 µm MOSFET, drain current is

almost equal for gate voltages greater than -6 V at VDS=-2 V. Looking at the output

characteristics, p-type devices show proper gate control and fairly good current levels. It is
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also important to note that L= 4 µm MOSFET enters in saturation region for a given gate bias
before L=1 µm one does, thus indicating the presence of short-channel effects in the 1um

channel. In addition, we have observed that p-MOSFET shows higher sub-threshold swing,
and a much lower (in abs value) Vth value than n-MOSFET.

SiC CMOS digital circuits

As a proof of concept, we have integrated a preliminary SiC CMOS inverter within the

fabrication process of the VDMOS wafers. The CMOS cell was designed with the integration
of a p-type and an n-type MOSFET together on the same cell. Channel length is the same for

both structures (4 μm) and channel width (Wch) has been adjusted by a factor of 6.8 in order
to compensate the theoretical difference between electron and hole bulk mobility. The mask
layout and the equivalent circuit of the fabricated inverter is shown in Figure A-3. The design
also allows a separate measurement of the two transistors.

Figure A-3 Mask layout and equivalent schematic circuit of the SiC CMOS inverter designed.

Figure A-4 compares the electrical characteristics for both n-type and p-type MOSFETs of

the CMOS cell. Regarding transfer curve (Figure A-4 (a)), it is clearly seen that n-MOSFETs
present higher Vth values in comparison with p-type counterparts. This is because the

implantations used for the formation of the p-type and n-type CMOS wells were optimised

for the HV VDMOS process. This corresponds to a highly doped p-well and lower doped nwell, thus leading to the different Vth observed.
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(a)

(b)
Figure A-4 Electrical I-V characteristics at room temperature of the n-channel and p-channel
MOSFETs integrated in the CMOS cell. (a) Transfer curve. (b) Output curve.

In the case of the output characteristics, both devices show proper gate control.

Nevertheless, different phenomena can be observed. On the one hand, n-MOSFETs present

proper ohmic contact and show evidences of Kink effect for drain bias higher than 8 V. On
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the other hand, p-MOSFETs have a slightly rectifying behaviour, but they offer fairly good

output current characteristics. This rectifying output behaviour observed in p-type devices
is mainly caused by the Ni metallisation configuration used for drain/source ohmic contact
formation, which is mainly optimised for n-type doping.

Clearly, p-channel MOSFET behaves better than n-channel in terms of lower Vth and

superior subthreshold swing. Then, p-type MOSFET is driving more current for a given gate
bias compared with n-type counterparts. A better current level balancing could be achieved

either by reducing Vth difference or by adjusting p-MOSFET channel width. Although the area
ratio is properly chosen, a reduction of p-MOSFET width would save area.

Figure A-5 shows the extracted channel mobility for both MOSFETs of the CMOS inverter.

As it can be seen, n-type μfe is higher than p-type one by a factor ~ 6. This value is similar to
the channel width ratio we chose for the MOSFETs design (6.8) However, μfe peak values of

p-type and n-type MOSFETs are not located at the same gate bias mainly because the Vth

difference.

Figure A-5 Absolute value of the field effect mobility curve of n-channel and p-channel
MOSFETs integrated in the CMOS cell CMOS n-type p-type mobility.

We have also performed BSI test on fabricated CMOS devices following the stress pattern

presented in section 4.1.4 adjusted for each device type, i.e. n-type MOSFETs were stressed
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from 0 V up to 20 V while p-type MOSFETs bias were -15 V to +5 V. After the last step of the

BSI test, n-type MOSFETs show only a slight variation of the Vth, which is a similar behaviour
to that already seen in Figure 4-20 on n-type VDMOS. Nevertheless, p-type MOSFETs show a

much higher ΔVth, especially in NBSI (Figure A-6). It is also worth to note that BSI test

revealed that the low Vth value of p-channel MOSFETs together with its large ΔVth under
certain conditions, make them to behave as normally-on devices.

Figure A-6 Impact of the BSI stress test to the threshold voltage of n-type (green lines)
and p-type (red lines) SiC MOSFETs at room temperature. Vth=VGS(IDS=100 nA) |VDS|=2 V.

Moreover, electrical characteristics curves for p-type and n-type MOSFETs behaves

differently in temperature. Figure A-7 depicts the transfer curve and output current

evolution with temperature up to 250 °C. Concerning transfer curve, increasing temperature,

n-MOSFET characteristics shift to a higher value (separates from zero) while p-MOSFET gets

closer to the y-axis, even becoming normally-on device at 250 °C. Output current also shows

different temperature behaviour. While n-MOSFET current suffers a slightly decrease with
temperature, p-MOSFETs current capability strongly increases.
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(a)

(b)
Figure A-7 Electrical I-V characteristics evolution with temperature of the n-channel and pchannel MOSFETs integrated in the CMOS cell. (a) Transfer curve. (b) Output curves.

The integrated SiC CMOS inverter has been measured to check its electrical performance.

Figure A-8 depicts the input-output voltage-transfer characteristic. The asymmetry
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observed in voltage-transfer curve is strongly related to n-type and p-type MOSFETs Vth

unbalances. The high value of switching point (about 12 V) is mainly given by the high Vth
value of the n-type MOSFET.

Figure A-8 SiC CMOS Input-output curve at room temperature.

Figure A-9 depicts the inverter gain evolution with temperature up to 250 °C. As it can be

inferred, at room temperature CMOS inverter shows a switching point close to 12 V and a

gain of about 120. However, when rising temperature, the switching point shifts to a higher
value and gain is reduced down to 40.

Figure A-10 summarises the evolution of the switching point and gain with temperature.

As temperature increases, switching point is shifted to a 23% (+3 V) higher value, and
inverter’s gain suffers a 70% reduction. It is important to note that this first SiC CMOS

inverter shows a very good gain value (~ 120) at room temperature, in comparison with
traditional Si inverters (~ 60), and although the considerable shift of the electrical
characteristics evidenced, is able to operate at temperatures above Si limits.
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Figure A-9 Voltage gain evolution with temperature of the fabricated SiC CMOS inverter.

Figure A-10 SiC CMOS inverter performance’s evolution with temperature.
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Switching performance of SiC CMOS inverter has been tested at room temperature

measuring its output to a pulse train of 1 kHz and 5 kHz (Figure A-11). In this case, even

though CMOS cell seems to be working properly at 1 kHz, it is unable to work beyond 5 kHz
due to cell unbalances.

(a)

(b)
Figure A-11 Switching output of the SiC CMOS inverter (a) at 1 kHz (b) at 5 kHz.
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Consequently, although our SiC inverter shows high gain value, it provides poor dynamic

performance. The switching frequency of the SiC inverter is mainly limited by the nchannel/p-channel Vth differences. For CMOS devices, a more stable Vth is preferred to a high

mobility value. In a further optimised CMOS batch, the doping should be adjusted to reduce
Vth differences. In addition, p-type ohmic contact metal stack can be amended with an
optimal separated metallisation.

Taking into account these results, it is clearly seen that we have potential to equilibrate

n-type and p-type transistors, which is crucial to develop appropriate design and
fabrications of SiC CMOS cells. However, this require HV MOSFET process fabrication
modifications, adding more complexity to the technology, which may not be justified in terms

of final application. Nevertheless, although the superior material properties of SiC for hightemperature integrated circuits [5], the opposite temperature evolution of the

complementary MOSFET I-V characteristics as well as the issues associated with the gate

oxide compromise the performance of the SiC integrated circuits based on CMOS technology.

Indeed, recent studies reported impressive results using SiC JFET technology for digital cells
[3], which may be the best choice for future high temperature electronics developments.
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