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Abstract: Owing to its outstanding electro-thermal properties, such as the highest thermal conductivity
(22 W/(cm·K) at room temperature), high hole mobility (2000 cm2/(V·s)), high critical electric field
(10 MV/cm) and large band gap (5.5 eV), diamond represents the ultimate semiconductor for
high power and high temperature power applications. Diamond Schottky barrier diodes are
good candidates for short-term implementation in power converters due to their relative maturity.
Nonetheless, diamond as a semiconductor for power devices leads to specificities such as incomplete
dopant ionization at room temperature and above, and the limited availability of implantation
techniques. This article presents such specificities and their impacts on the optimal design of diamond
Schottky barrier diodes. First, the tradeoff between ON-state and OFF-state is discussed based on 1D
analytical models. Then, 2D numerical studies show the optimal design of floating metal rings to
improve the effective breakdown voltage. Both analyses show that the doping of the drift region must
be reduced to reduce leakage currents and to increase edge termination efficiency, leading to better
figures of merit. The obtained improvements in breakdown voltage are compared with fabrication
challenges and the impacts on forward voltage drop.

Keywords: diamond; power devices; Schottky barrier diodes; wide bandgap semiconductors; modelling

1. Introduction

During the last decade, wide bandgap power devices have been successfully developed. One of
the key benefits of wide bandgap power devices is to reach the same conduction losses with unipolar
devices as those of legacy bipolar Silicon power devices. Due to the unipolar conduction of wide
bandgap power devices, switching losses are much lower than those of Silicon bipolar devices
(e.g., “zero” recovery current, no tail current). Among the multiple developed device architectures,
SiC MOSFETs, diodes and GaN HEMTs are commercially available, offering significant improvements
in the efficiency vs. power density tradeoff. In this context, diamond is expected to improve the
system-level benefits of wide bandgap power devices in power converters. Indeed, diamond has
a critical electric field as high as 10 MV/cm, high hole mobility (2000 cm2/(V·s)) and the highest
thermal conductivity (22 W/(cm·K) at room temperature), offering (theoretically) the best performance.
Nonetheless, diamond still faces a number of challenges which currently limit the experimental figures
of merit of diamond power devices. Such challenges are typically the incomplete dopant ionization
due to deep donor and acceptor levels, management of high electric fields and voltage breakdown
mechanisms, growth of high quality and low defects monocrystalline diamond, the lack of material
maturity, and the understanding and improvements on the oxide-diamond interface. So far, the most
mature diamond devices are Schottky diodes. In this context, this article highlights the design trade
off applied to diamond and diamond Schottky diodes in particular. The design of the diamond drift
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region and its combination with the Schottky barrier behavior is detailed. In order to reach better
figure of merits with diamond power devices, it is of the highest importance to reach an experimental
breakdown voltage which is as close as possible to the theoretical 1D breakdown voltage. Hence,
dedicated junction terminations are required, related with the specificities of diamond (e.g., large
electric field values and gradients). This article is organized as follows. Section 2 presents a brief review
of diamond diodes where the architectures and the performances are shown. Section 3 discusses the
ON-state versus OFF-state trade off of diamond Schottky barrier diodes. Section 4 presents numerical
simulations to improve the 2D breakdown voltage. The design trade-offs are discussed, based on a
case study at 1 kV. Finally, key results are summarized and future studies are introduced.

2. Brief Review of Diamond Diodes

Tremendous achievements have been made in substrate crystalline quality, and devices have been
fabricated demonstrating the high potential of diamond for power electronics applications. However,
in order to meet the power systems requirements, efforts are required to improve the voltage and
current ratings of the devices. Nowadays, diamond diodes are the most mature/advanced power
switches for integration into power systems.

Since the first development of diamond Schottky barrier diodes (SBDs) in the early 1990s [1–3],
high breakdown voltages of 10 kV [4], high electric field of 7.7 MV·cm−1 [5], good switching
properties [6–8] and elevated operating temperatures (>250 ◦C) have been reported. However,
non-uniformities in the material quality (substrate and homoepitaxial diamond layers) have resulted
in discrepancies between the reported results. Moreover, the breakdown of such devices is mainly
due to the increase of leakage currents rather than by a 1D-avalanche breakdown. In fact, there is a
clear lack of efficient edge termination structures to avoid the premature breakdown of the devices.
Cross-sectional views of several diamond diode architectures which have been reported in the literature
are summarized in Figure 1, and their properties are listed in Table 1. Vertical structures are the most
convenient for power electronics applications in terms of scalability, larger area and better electric field
management. Currents as high as 20 A and operating temperature of 200 ◦C are reported on such
packaged vertical diamond SBDs [9]. However, a complex thinning process of the conductive HPHT
substrate is required to obtain such high currents, which is detrimental for large-scale applications.
The lack of highly-conductive, large area freestanding diamond substrates motivated the development
of pseudo-vertical diamond SBD.
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Table 1. State of the art properties of various diamond diodes (at 300K). Bold values represent
better performance.

Device Vertical SBD Pseudo-Vertical SBD Schottky pn Diode PiN Diode

Conduction type Unipolar Unipolar Unipolar Bipolar

BV2/RonS
(MW·cm−2)

25
[13]

166.7
[5]

30.25
[11]

2.9
[12]

BV (V) 1.8 kV
[10]

1.6 kV
[14]

55 V
[11]

920 V
[12]

On state current
density (A·cm−2)

3 kA·cm−2

at V = 8 V [10]
1 kA·cm−2

at V = 6 V [5]
60 kA·cm−2

at V = 6 V [11]
15 kA·cm−2

at 35 V [15]

Switching speed 1.5 V·ns−1

at 20 A·µs−1 [8]
16 V·ns−1

100 V and 200 mA [16]
Turn off speed ≈ 10 ns [6],

lack of information
6 V·ns−1

at 4 A·µs−1 [7]

The pseudo-vertical SBD consisting of a heavily boron-doped layer first grown on a high crystalline
quality electrically insulating monocrystalline diamond substrate on top of which a low boron-doped
layer is deposited makes it possible to increase the trade-off between the ON- and the OFF-state
operation. The drift layer is etched down to the p+ layer in order to deposit the ohmic contact
directly on top of the low resistivity layer. In this structure, the electrical current flows vertically in
the drift layer and laterally in the p+ layer. However, the total current is limited with this design
due to the lateral current flow in the p+ layer. Interactions between diodes are also observed using
this design [17]. Nevertheless, good properties are obtained such as high current density and high
breakdown voltage [5]. Moreover, good switching properties on such diodes are reported with dV/dt
in the order of 10 V/ns [16]. On the other hand, the pseudo-vertical structure is limited to BV in the
order of 3 kV due to the limitation of the etching process.

The highest current density (104 A·cm−2 at 6 V) reported for a diamond diode was achieved using
the Schottky pn diode structure [11,18]. It consists of a Schottky metal deposited on top of a thin n-type
diamond layer which is fully depleted in both ON- and OFF-state operation. The advantage of this
structure is the absence of trade-off between RonS and BV [11,19]. However, the n-type layer thickness
is also the limiting factor for reaching high BV.

PiN diodes are composed of a low boron-doped diamond drift layer sandwiched between an
n+ type layer and a p+ type layer. The use of heavily doped n+ and p+ type layers reduces the
resistivity thanks to the hopping conduction mechanism. The ON-state operation is based on the
conductivity modulation in the base region, i.e., the injection of minority carriers into the drift layer.
Even though the electrical transport in the drift layer is unknown, high current density, high BV
with positive temperature coefficient, high temperature operation and fast switching operation are
reported [7,12,15,20]. Nonetheless, bipolar diamond diodes will be competitive only at high breakdown
voltages (>10 kV), associated to longer carrier lifetimes (>10 ns), to compensate the high built-in
potential (around 4.7 V) due to the wide bandgap of diamond. Hence, a focus is done here on unipolar
diamond diodes, which are good candidates for short-term system-level implementation.

The performances in the ON- and OFF-states of the aforementioned devices are strongly dependent
on the drift region design. There is a trade-off between the ON-state losses represented by the specific
ON-state resistance RonS and the BV, i.e., there is only one drift region design (doping and thickness)
which minimizes the ON-state losses for a given BV and operating temperature [21] as discussed in the
next section. The effect of the Schottky barrier in this trade-off will be also further discussed.

3. ON-State Versus OFF-State Trade-Off

In high voltage power devices, the drift region is responsible for most of the ON-state conduction
losses. Indeed, the drift region is lightly doped and thick enough to offer a high blocking voltage.
Hence, its resistance is typically higher than other sources of total series resistance (e.g., due to
the contacts, channel region or substrate). In Silicon, 95% of the ON-state voltage drop in vertical



Energies 2019, 12, 2387 4 of 17

600V MOSFETs is due to the sole drift region [22]. In bulk diamond, Figure 2 shows the specific
ON-state resistance Ron.S of a vertical drift region as a function of breakdown voltage predicted by
1D avalanche model [21,23] and for a Non Punch Through condition (NPT). This specific ON-state
resistance is the lowest possible with unipolar vertical diamond power devices having a breakdown
voltage between 1kV and 10kV. For a 10kV breakdown voltage and at 500 K, the specific on state
resistance is reduced to 60mΩ·cm2 with diamond at 500 K, whereas it is 210 mΩ·cm2 and 170 mΩ·cm2

respectively for vertical n-type GaN and 4H-SiC. This comparison currently underestimates the benefits
of diamond, since the peak electric field for thick and lightly doped drift regions can be further
improved. In this plot, a p-type diamond drift region is considered as presented in Figure 1, since
Boron doping and holes as majority carriers have proven to maximize the diamond conductivity [24,25].
In the case of n-type diamond drift regions, the typical dopants would be Phosphorus or Nitrogen,
but both the extremely deep donor levels (0.57 eV and 1.7 eV, respectively) make such options almost
unsuitable for power electronics applications. For the prediction of the specific ON-state resistance,
up to date models have been used [25]: incomplete Boron ionization (with doping and temperature
dependence: Equations (1)–(3) with p the hole concentration), hole mobility in CVD diamond (with
doping and temperature dependence: Equations (4)–(6)) and the drift region thickness set as the
thinnest possible after reaching NPT condition in OFF-state as predicted by 1D impact ionization
integral [21]. As in [25], the physical parameters were set to gh = 0.25, Nv = 2.17 × 1019 cm−3, βmin = 0,
βmax = 3.11, Nβ = 4.1 × 1018 cm−3, γβ = 0.617, µmin = 0, µmax = 2016 cm2/(V·s), Nµ = 3.25 × 1017 cm−3,
γµ = 0.73. In Equation (1), NA is the Boron doping concentration and ND the compensation (assumed to
be negligible). The doping of the drift region is calculated by the 1D ionization integral in NPT condition,
where one breakdown voltage leads to a unique drift region doping. The doping compensation is
neither taken into account nor its effect on the mobility of free holes [26]. Due to the incomplete
ionization of Boron in diamond, the number of free holes is dramatically increased at temperatures
above room temperature, while their mobility is reduced at higher temperatures [27]. Consequently,
the specific ON-state resistance of p-type Boron-doped diamond drift regions exhibits a Negative
(NTC) then Positive (PTC) Temperature Coefficient [28], above room temperature. Therefore, there
is an “optimal” temperature at which the increased number of holes is compensated by their lower
mobility. Consequently, the specific ON-state resistance exhibits a global minimum at such “optimal”
temperatures, as a function of the doping level and consequent breakdown voltage in NPT condition.
Table 2 summarizes the design and key parameters of the diamond drift region according to the
previous assumptions.

p =
1
2
(Φa + ND)


√

1 +
4Φa(NA −ND)

(Φa + ND)
2 − 1

 (1)

Φa = gh·NVexp
(
−

Ea

kBT

)
(2)

Ea(eV) = 0.38− 4.7877× 10−8
×N1/3

A (3)

µ(T, NA) = µ(300, NA) ×
( T

300

)−β(NA)

(4)

β(NA) = βmin +
βmax − βmin

1 +
(

NA
Nβ

)γβ (5)

µ(300, NA) = µmin +
µmax − µmin

1 +
(

NA
Nµ

)γµ (6)



Energies 2019, 12, 2387 5 of 17

Energies 2019, 12, x FOR PEER REVIEW 4 of 18 

 

In high voltage power devices, the drift region is responsible for most of the ON-state conduction 
losses. Indeed, the drift region is lightly doped and thick enough to offer a high blocking voltage. 
Hence, its resistance is typically higher than other sources of total series resistance (e.g., due to the 
contacts, channel region or substrate). In Silicon, 95% of the ON-state voltage drop in vertical 600V 
MOSFETs is due to the sole drift region [22]. In bulk diamond, Figure 2 shows the specific ON-state 
resistance Ron.S of a vertical drift region as a function of breakdown voltage predicted by 1D 
avalanche model [21,23] and for a Non Punch Through condition (NPT). This specific ON-state 
resistance is the lowest possible with unipolar vertical diamond power devices having a breakdown 
voltage between 1kV and 10kV. For a 10kV breakdown voltage and at 500 K, the specific on state 
resistance is reduced to 60mΩ∙cm2 with diamond at 500 K, whereas it is 210 mΩ∙cm2 and 170 mΩ∙cm2 
respectively for vertical n-type GaN and 4H-SiC. This comparison currently underestimates the 
benefits of diamond, since the peak electric field for thick and lightly doped drift regions can be 
further improved. In this plot, a p-type diamond drift region is considered as presented in Figure 1, 
since Boron doping and holes as majority carriers have proven to maximize the diamond conductivity 
[24,25]. In the case of n-type diamond drift regions, the typical dopants would be Phosphorus or 
Nitrogen, but both the extremely deep donor levels (0.57 eV and 1.7 eV, respectively) make such 
options almost unsuitable for power electronics applications. For the prediction of the specific ON-
state resistance, up to date models have been used [25]: incomplete Boron ionization (with doping 
and temperature dependence: Equations (1)–(3) with p the hole concentration), hole mobility in CVD 
diamond (with doping and temperature dependence: equation (4-6)) and the drift region thickness 
set as the thinnest possible after reaching NPT condition in OFF-state as predicted by 1D impact 
ionization integral [21]. As in [25], the physical parameters were set to gh = 0.25, Nv = 2.17 × 1019 cm−3, 
βmin = 0, βmax = 3.11, Nβ = 4.1 × 1018 cm−3, γβ = 0.617, µmin = 0, µmax = 2016 cm2/(V∙s), Nµ = 3.25 × 
1017 cm−3, γµ = 0.73. In Equation (1), NA is the Boron doping concentration and ND the compensation 
(assumed to be negligible). The doping of the drift region is calculated by the 1D ionization integral 
in NPT condition, where one breakdown voltage leads to a unique drift region doping. The doping 
compensation is neither taken into account nor its effect on the mobility of free holes [26]. Due to the 
incomplete ionization of Boron in diamond, the number of free holes is dramatically increased at 
temperatures above room temperature, while their mobility is reduced at higher temperatures [27]. 
Consequently, the specific ON-state resistance of p-type Boron-doped diamond drift regions exhibits 
a Negative (NTC) then Positive (PTC) Temperature Coefficient [28], above room temperature. 
Therefore, there is an “optimal” temperature at which the increased number of holes is compensated 
by their lower mobility. Consequently, the specific ON-state resistance exhibits a global minimum at 
such “optimal” temperatures, as a function of the doping level and consequent breakdown voltage 
in NPT condition. Table 2 summarizes the design and key parameters of the diamond drift region 
according to the previous assumptions. 
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Table 2. Key parameters of the diamond P-type Boron-doped drift region as a function of breakdown
voltage in NPT condition.

1 kV 6.5 kV 10 kV

Drift region Boron doping 1.8 × 1017 cm−3 5.5 × 1015 cm−3 2.7 × 1015 cm−3

Drift region thickness in NPT condition 1.75 µm 27 µm 48 µm

RonS at Room Temperature 0.85 mΩ·cm2 70 mΩ·cm2 180 mΩ·cm2

“Optimal” Temperature minimizing RonS 660 K 540 K 500 K

The previous introduction considered a NPT condition and a breakdown voltage predicted by
1D impact ionization integral. As it will be described hereinafter, the breakdown voltage in diamond
devices and in diamond SBDs in particular is currently mostly governed by excessive leakage currents
and premature breakdown due to poor electric field management. Moreover, the NPT condition does
not lead to the minimum specific ON state resistance for each breakdown, since there is an optimal
punch through coefficient under PT condition [21]. For all these reasons, four different designs of
the drift region will be considered—see Figure 3a,b and Table 3—for a 1D breakdown voltage of
1 kV (as predicted by impact ionization integral based on temperature independent impact ionization
coefficients in CVD diamond from [23]). The NPT design has the highest 1D peak electric field
(10 MV/cm at breakdown) and the highest “optimal” temperature (660 K) which minimizes the specific
ON-state resistance. The lowest specific ON-state resistance is obtained at 650 K for the optimal PT
design, whereas lower doping leads to increased specific ON-state resistances and lower “optimal”
temperature. The “optimal” temperature can also be seen as the temperature threshold between NTC
and PTC, which is an important parameter for the system-level design.
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Table 3. Key parameters of the diamond p-type Boron-doped drift region for a designed breakdown
voltage of 1 kV.

Design Drift #a Design Drift #b Design Drift #c Design Drift #d

1 kV NPT 1 kV Optimal PT 1 kV lower
doping 1 kV lightly doped

Drift region Boron doping 1.8 × 1017 cm−3 1.5 × 1017 cm−3 1.5 × 1016 cm−3 2.1 × 1015 cm−3

Drift region thickness in
NPT condition 1.75 µm 1.51 µm 1.35 µm 1.35 µm

Peak electric Field 10 MV/cm 9.3 MV/cm 6.75 MV/cm 6.5 MV/cm

RonS at Room Temperature 0.85 mΩ·cm2 0.77 mΩ·cm2 2 mΩ·cm2 5.5 mΩ·cm2

RonS at optimal temperature 0.195 mΩ·cm2 0.183 mΩ·cm2 0.6 mΩ·cm2 2 mΩ·cm2

“Optimal” Temperature
minimizing RonS 660 K 650 K 560 K 490 K

In the case of diamond SBDs, the effect of the Schottky barrier height (Φb) must be considered on
the compromise between ON-state losses and OFF-state capability (leakage current, OFF-state power
loss and 3D electric field distribution at breakdown). Coupled with the design of the drift region,
the effective Schottky barrier height must be carefully designed, while taking into account the leakage
current in OFF-state, the forward voltage drop and their dependence on bias and temperature [5,29].
For the OFF-state analysis, the thermionic field emission (TFE) leakage current is considered, with the
Schottky barrier lowering effect, as already presented in [29–31]. The multiplication of the TFE leakage
current due to avalanche is not taken into account. Figure 4 presents the reverse characteristics of 1 kV
diamond SBDs at 500 K junction temperature, using the boron doping levels of Table 3. The initial
Schottky Barrier height has been set to 1.7 eV, as previously obtained using Mo/Pt/Au metal stack on
Oxygen terminated CVD diamond in [32]. The effective barrier height is a a function of the metal
work function, the diamond surface and the Schottky contact annealing. In the case of Zr/Oxygen
terminated CVD diamond, the initial Schottky Barrier height is comprised between 0.88 eV (high
temperature annealing) and 1.84 eV (as deposited) [31]. The effective Schottky barrier height is highly
dependent on the fabrication process. The Richardson constant has been set at A* = 90 A·cm−2

·K−2 as
in [29–31]. The purpose of this analytic model is to highlight the design trade-off and the specificities of
diamond SBDs. Although higher doping levels lead to lower specific ON-state resistances (see Table 3),
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the leakage currents for Design Drift #a and #b are too high: for a drift region doping of 1.5 × 1017 cm−3

(design drift #b), the leakage current density is higher than 1 A·cm−2 at 200 V, leading to 200 W·cm−2

OFF-state loss density. The predicted avalanche breakdown of 1 kV cannot be obtained, and a
premature breakdown would occur between 100 V and 200 V due to thermal runaway in OFF-state.
On the other hand, the leakage current density and power loss density of lower doped drift regions
(Drift design #c and #d) lead to leakage currents lower than 1 mA·cm−2 at 1 kV. Figure 5 shows the
forward characteristics of such diamond diodes, for the different drift region doping levels. A doping
of 1.5 × 1016 cm−3 (Drift design #c) is clearly the best compromise between OFF-state and ON-state,
even at a high temperature of 500 K. Decreasing the Schottky barrier height to 1.55 eV will further
improve the compromise between the forward voltage drop and the OFF-state leakage level (blue
curves in Figure 5a,b). Improvements on the metal/diamond interface leading to a lower ideality
factor of 1.2 is also plotted in Figure 5, highlighting the possible short-term performances of 1 kV
class diamond SBDs. An active area of 1.18 × 1.18 mm2 has been set in Figure 5b, similar to a
commercially available 1200 V 2 A SiC “Schottky” diode (i.e., Wolfspeed CPW4-1200-S002B 1200V [33]).
At 500 K and 500 W·cm−2 power loss density in ON-state, the current density (total current) of three
different Schottky barriers on 1.5×1016 cm−3 Boron-doped diamond (design drift #c) are 335 A·cm−2

(4.7 A) at 1.49 V, 283 A·cm−2 (3.96 A) at 1.77 V, and 254 A·cm−2 (3.6 A) at 1.97 V, respectively for
(n = 1.2, Φb = 1.55 eV), (n = 1.5, Φb = 1.55 eV) and (n = 1.5, Φb = 1.7 eV). These biasing conditions are
highlighted by the filled circles in Figure 5a,b. The dependence of the forward characteristics with
temperature is presented in Figure 6a,b for the design drift #c and the (n = 1.2, Φb = 1.55 eV) Schottky
barrier. The high current densities and low forward voltage drop presented in Figure 6b can be obtained
in applications with small or medium duty cycle values (<0.5), to comply with a thermal power
loss density in the order of 100 to 500 W·cm−2. Although the performance of such a diode is clearly
attractive at high temperatures (>400 K), the forward voltage drop has a NTC, even at high current
densities (<1800 A·cm−2 or 4 kW·cm−2) and high temperatures (<640 K). This NTC behaviour will
affect the ability to increase the current capability by paralleling diamond devices in power converters.
However, one should note that diamond has the highest thermal conductivity among typical power
semiconductors, and paralleling at the sample level should not be an issue, albeit additional specific
electro-thermal-mechanical studies must be done. For a diamond Schottky SBD, its thermal stability
and surge capability with this NTC behaviour must also be further assessed, with possible benefits on
these aspects.Energies 2019, 12, x FOR PEER REVIEW 8 of 18 

 

 

Figure 4. Reverse characteristics at 500 K of Boron-doped diamond SBDs, for different drift region 
designs (1 kV predicted avalanche breakdown). The dotted plots indicate a thermal power loss 
density of 1% the ON-state power loss density. 

  
(a) (b) 

Figure 5. Forward characteristics at 500 K for different diamond SBDs. (a) Current density. (b) 
Forward current for an active area of 1.18 mm × 1.18 mm. 

 

Figure 4. Reverse characteristics at 500 K of Boron-doped diamond SBDs, for different drift region
designs (1 kV predicted avalanche breakdown). The dotted plots indicate a thermal power loss density
of 1% the ON-state power loss density.



Energies 2019, 12, 2387 8 of 17

Energies 2019, 12, x FOR PEER REVIEW 8 of 18 

 

 

Figure 4. Reverse characteristics at 500 K of Boron-doped diamond SBDs, for different drift region 
designs (1 kV predicted avalanche breakdown). The dotted plots indicate a thermal power loss 
density of 1% the ON-state power loss density. 

  
(a) (b) 

Figure 5. Forward characteristics at 500 K for different diamond SBDs. (a) Current density. (b) 
Forward current for an active area of 1.18 mm × 1.18 mm. 

 

Figure 5. Forward characteristics at 500 K for different diamond SBDs. (a) Current density. (b) Forward
current for an active area of 1.18 mm × 1.18 mm.

Energies 2019, 12, x FOR PEER REVIEW 9 of 18 

 

 

 

(a) (b) 

Figure 6. Forward characteristics for [B] = 1.5 × 1016 cm−3 (Design Drift #c), n = 1.2 and Φb = 1.55 eV. (a) 
I-Vs for different temperatures. (b) Forward voltage drop as a function of temperature for three 
different constant current bias. 

4. Design and Optimization of OFF-State 

As previously discussed, the breakdown voltage of diamond diodes is limited by leakage 
currents due to thermionic emission and tunnelling mechanisms over and through the Schottky 
barrier rather than by avalanche effect. These leakage currents are enhanced by the presence of 
crystalline defects and by electric field crowding occurring at the edge of the main contact. Therefore, 
it is mandatory to use high crystalline quality diamond and efficient field relief structures to have a 
homogeneous distribution of the electrostatic potential on the surface, thus avoiding the premature 
breakdown of the device. In the absence of edge termination architectures, the maximum electric field 
is typically limited to values of the order of 3 MV∙cm−1 as reported in [9,12,14,20,30,34], which suggests 
that improvements are still possible to reach the commonly cited value of 10 MV∙cm−1 for the critical 
electric field of bulk diamond [35]. Consequently, it would be possible to extract physical parameters 
such as the avalanche impact ionization coefficients that remain experimentally unknown up to now. 

Planar junction terminations formed by the ion implantation and diffusion of impurities cannot 
be applied to diamond due to irreversible structural defects generated during the ion implantation 
process [36]. Moreover, the lack of an efficient n-type doping (shallow donors) to form high quality 
pn junctions in diamond prevents from developing efficient junction termination extension (JTE) 
unlike to other semiconductors (Si, SiC). Consequently, field plated SBDs using various oxides and 
geometries are reported in the literature [34,37-40]. However, they require oxide deposition, i.e., 
multiple lithography steps and a high oxide layer quality are needed. This has motivated the 
development of floating metal rings (FMRs) which efficiency on the reduction of the electric field is 
confirmed by electron beam induced current (EBIC) measurements such as reported in [32]. The 
efficiency of FMRs as field release structures was demonstrated on SiC and GaN devices for 
improving the BV [41–43]. Thus, it is natural to apply this technique to diamond due to the 
aforementioned reasons. 

4.1. TCAD Simulations of OFF-State Diamond Diodes with FMR as Edge Termination 

In order to design the OFF-state of diamond based unipolar devices and for considering the 3D 
effects (current distribution, electric field crowding), the material properties were implemented into 
the database of the TCAD Synopsys Sentaurus finite element based software [44]. The model 
parameters were adjusted to fit the diamond physical properties. Thus, the incomplete ionization was 
implemented by considering the temperature and doping dependence of the ionization energy of 
boron. The temperature and doping dependant mobility model was implemented through a C++ 

Figure 6. Forward characteristics for [B] = 1.5 × 1016 cm−3 (Design Drift #c), n = 1.2 and Φb = 1.55 eV.
(a) I-Vs for different temperatures. (b) Forward voltage drop as a function of temperature for three
different constant current bias.

4. Design and Optimization of OFF-State

As previously discussed, the breakdown voltage of diamond diodes is limited by leakage currents
due to thermionic emission and tunnelling mechanisms over and through the Schottky barrier rather
than by avalanche effect. These leakage currents are enhanced by the presence of crystalline defects
and by electric field crowding occurring at the edge of the main contact. Therefore, it is mandatory
to use high crystalline quality diamond and efficient field relief structures to have a homogeneous
distribution of the electrostatic potential on the surface, thus avoiding the premature breakdown of the
device. In the absence of edge termination architectures, the maximum electric field is typically limited
to values of the order of 3 MV·cm−1 as reported in [9,12,14,20,30,34], which suggests that improvements
are still possible to reach the commonly cited value of 10 MV·cm−1 for the critical electric field of bulk
diamond [35]. Consequently, it would be possible to extract physical parameters such as the avalanche
impact ionization coefficients that remain experimentally unknown up to now.

Planar junction terminations formed by the ion implantation and diffusion of impurities cannot
be applied to diamond due to irreversible structural defects generated during the ion implantation
process [36]. Moreover, the lack of an efficient n-type doping (shallow donors) to form high quality pn
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junctions in diamond prevents from developing efficient junction termination extension (JTE) unlike to
other semiconductors (Si, SiC). Consequently, field plated SBDs using various oxides and geometries are
reported in the literature [34,37–40]. However, they require oxide deposition, i.e., multiple lithography
steps and a high oxide layer quality are needed. This has motivated the development of floating metal
rings (FMRs) which efficiency on the reduction of the electric field is confirmed by electron beam
induced current (EBIC) measurements such as reported in [32]. The efficiency of FMRs as field release
structures was demonstrated on SiC and GaN devices for improving the BV [41–43]. Thus, it is natural
to apply this technique to diamond due to the aforementioned reasons.

4.1. TCAD Simulations of OFF-State Diamond Diodes with FMR as Edge Termination

In order to design the OFF-state of diamond based unipolar devices and for considering the
3D effects (current distribution, electric field crowding), the material properties were implemented
into the database of the TCAD Synopsys Sentaurus finite element based software [44]. The model
parameters were adjusted to fit the diamond physical properties. Thus, the incomplete ionization was
implemented by considering the temperature and doping dependence of the ionization energy of boron.
The temperature and doping dependant mobility model was implemented through a C++ interpreter
according to the semi-empirical model described in [24]. The reverse blocking characteristics were
obtained by using the van Overstraeten-de Man avalanche generation model with the impact ionization
coefficients taken from [23]. Finally, the Schottky barrier lowering effect was considered. All the
models are described in more details in [25,45–47].

The oxygen terminated diamond surface is reproduced by setting the electron affinity to 1.7 eV [48].
The Schottky boundary conditions are defined thanks to the workfunction so that the Schottky barrier
height is adjusted to the value of 1.7 eV (Mo interface [32]). The FMRs are of the same metal as
the Schottky contact (cathode) and thus Schottky boundary conditions are applied to the FMRs.
Imperfections such as charges or interface states at the Metal/Diamond interface, resulting in Fermi
level pinning or Schottky barrier height inhomogeneities were not taken into account during the
simulations. Their presence modifies the electrostatic potential distribution and consequently influences
the breakdown voltage. Also, bulk defects having an influence on the reverse leakage currents were
not considered. The latter were taken into account using non-local barrier tunnelling models with
the tunnelling masses for electrons and holes mt = 0.5 (default value) and the ratio between the
semiconductor Richardson constant over the free electron Richardson constant g = 0.75. The barrier
lowering effect which influences the magnitude of the reverse leakage currents was taken into account
according to parameters reported in Ref. [47].

4.2. Design for 1kV Breakdown Voltage

Figure 7 shows the 2D axisymmetric device structure of the vertical diamond SBD without
and with up to three FMRs. Two designs are considered which drift layer properties (1D BV and
specific ON-state resistance) are summarized in Table 4. The following discussion considers only
design #1. Drift layer design #2 will be used as a comparison in the next subsection when the number
of rings will be considered as a parameter. The conductive substrate is represented by a 5 µm thick
heavily boron-doped layer ([B] = 2 × 1020 cm−3). The cathode with Schottky boundary conditions is
defined on top of the drift layer and the anode with ohmic boundary conditions at the bottom of the
structure. The expected BV of this 1D drift layer design is BV1D = 1070 V as estimated by 1D analytical
modelling [49].

Figure 8a represents the electric field distribution in the 2D structure at a reverse bias voltage of
200 V. The electric field maximum is located at the edge of the cathode. As soon as the FMR is added
to the structure, this electric field peak at the cathode edge is decreased as highlighted in Figure 8b,
which shows the electric field distribution in the structure for a single FMR located at Ws = 0.15 µm
from the cathode.
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Table 4. Properties of the drift layer designs considered in this work.

1 kV Design #1 #2

Drift layer thickness (µm) 1.5 1.5

Doping (cm−3) 1.5 × 1016 2.1 × 1015

1D BV (kV) 1.07 1.07

RonS300 K (mΩ·cm2) 2 6.3

RonS500 K (mΩ·cm2) 0.5 1.8
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Figure 8. Electric field distribution in the 2D structure, at a reverse bias of 200 V (a) without FMR and (b)
with a single FMR of width WFMR = 2 µm. The spacing between the cathode and the ring is Ws = 0.15 µm.

Figure 9a represents the electric field profile along the cutline depicted in Figure 8b at a reverse
bias voltage of 200 V. The distance between the cathode and the FMR influences the electric field peak
at the edge of the cathode. In fact, its value reaches a minimum value for Ws = 0.15 µm. Figure 9b
shows the simulated reverse leakage currents as a function of the reverse bias voltage at 300 K for the
device structure without and with one FMR with several ring spacings. The BV of the device is defined
when the current reaches a value of 10−6 A which corresponds to a current density of 0.14 A·cm−2

(in the order of tens of W·cm−2 power losses).
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Figure 9. (a) Electric field profile as a function of the distance at a reverse bias voltage of 200 V
performed along the cutline depicted in Figure 8b. The spacing between the FMR and the cathode
influences the magnitude of the electric field peak at the edge of the cathode. (b) Simulated reverse
leakage current as a function of the reverse bias voltage for the various configurations, without FMR
and with one FMR. Ws is the spacing between the cathode and the FMR. The insert shows the reverse
I-Vs in logarithmic scale. The simulated I-Vs are performed at 300 K. The BV is defined when the
current in the structure reaches 10−6 A (0.14 A·cm−2).

Thus, the termination efficiency depicted in Figure 10a reaches 93% of the 1D BV at 300 K when
using a single FMR with parameters Ws = 0.15 µm and WFMR = 2 µm. This termination efficiency drops
to 79% at 500 K. However, this observation needs to be mitigated by the fact that the BV is normalized
by the 1D analytical BV at 300 K. In fact, the analytical model does not take into account the temperature
dependence of the impact ionization coefficients [49]. Figure 10b shows the BV improvement as a
function of the ring spacing Ws normalized to the BV of the device without edge termination for 300 K
and 500 K. One can notice that the optimum spacing between the first floating ring and the cathode,
which is Ws = 0.15 µm, induces a high stress on the fabrication process and lithography. Therefore, it is
necessary to consider the trade-off between either choosing a ring spacing of 0.3 µm and lower the BV
of the device or adding FMRs. The latter is discussed in the next subsection.
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combinations of ring widths. The two FMRs of various widths are separated by a distance of Δ1 = 1 
µm, which is the optimized value leading to the best BV improvement. Using two FMRs improves 
the BV by approximatively 57% (i.e., BV1FMR = 874 V, BV2FMRs = 869 V, BVWo_FMR = 555 V) as compared 
to the BV of the device without FMR. This is comparable to the improvement obtained with one FMR 
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Figure 10. (a) Termination efficiency as a function of the ring spacing Ws. The termination efficiency is
defined as the ratio between the 2D and the 1D BV at 300 K (BV1D = 1070 V). The dotted lines represent
the 2D BVs of the SBD without FMR which are 681 V and 555 V at 300 K and 500 K respectively. Here we
defined the BV of the device when the total current in the structure reaches 10−6 A. (b) BV improvement
obtained by comparing the BV of the device with and without FMR as a function of the ring spacing for
300 K and 500 K. The BV is improved by about 52% using Ws = 0.15 µm and WFMR = 2 µm.
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4.3. Influence of the Ring Number on the BV

Figure 11 shows the comparison between two devices with drift layer design #1: Figure 11a
the structure with one FMR with WFMR = [2; 4] µm and Figure 11b with two FMRs with multiple
combinations of ring widths. The two FMRs of various widths are separated by a distance of ∆1 = 1 µm,
which is the optimized value leading to the best BV improvement. Using two FMRs improves the BV
by approximatively 57% (i.e., BV1FMR = 874 V, BV2FMRs = 869 V, BVWo_FMR = 555 V) as compared to
the BV of the device without FMR. This is comparable to the improvement obtained with one FMR
when using Ws = 0.15 µm and WFMR = 4 µm as evidenced by Figure 11a. Thus, in this case increasing
the number of FMRs in the design does not improve the BV of the device.
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the improvement can reach up to 57% of the BV of the structure without FMR. The spacing between
the two FMRs is ∆1 = 1 µm. The simulations were performed at 500 K.

The efficiency of the FMR in reducing the peak electric field strongly depends on the doping
level of the drift region. In fact, the lateral extension of the depletion layer needs to punch through
the FMR when a reverse bias is applied in order that it ends at the edge of the FMR instead of the
cathode. Thus, Figure 12 compares the BV improvement using one and two FMRs for the drift layer
design #2. The width of FMR1 and FMR2 is varied and the spacing between the two FMRs has a
constant value of ∆1 = 2 µm, which is the optimized value. The drift layer design #2 has the same
BV rating as design #1. However, the specific ON-state resistance is about three times larger than
the one calculated for design #1, resulting from the lower doping level of 2.1 × 1015 cm−3 instead of
1.5 × 1016 cm−3, as shown in Table 4. From Figure 12b, it can be seen that in the optimum case, the BV
can be improved by approximately 87% when using two FMRs, as compared to the device without
field release structure (i.e., BV1FMR = 739 V, BV2FMRs = 911 V, BVWo_FMR = 487 V).

To complete the analysis, the ring number was increased up to three. In Figure 13, it can be seen
that there is no need to increase the number of rings for drift layer design #1, since the BV improvement
is almost constant for one and two rings and decreases when adding a third ring. On the other hand,
the optimum number of rings for drift layer design #2 is two. In fact, the BV improvement reaches 87%
when using two rings and drops to 69% when adding a third ring.
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design #2.

The observation that increasing the number of ring for design #1 does not improve the breakdown
seems to corroborate the EBIC measurements reported in Ref. [32], where the doping of the drift layer
was in the range of 1016 cm−3, comparable to design #1 (1.5 × 1016 cm−3). It was observed that the
EBIC signal was only significant over the first 4 rings on a SBD having 21 rings. Thus, it might not
be relevant to develop diamond SBDs with a large number of FMRs. With design #2, two FMRs are
required to obtain the largest BV, thanks an efficient reduction of the peak electric at the cathode edge
and at the edges of both FMRs.

Finally, Table 5 summarizes the BV improvements and optimized BVs obtained for drift layer
design #1 and drift layer design #2 in the case of a single FMR or multiple FMRs. Figure 14 shows the
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consequent figure of merit for all considered designs: the design closest to the 1D theoretical limit
at 500K is obtained with the higher drift region doping (design #2) and a single FMR, whereas the
highest breakdown voltage is obtained with the lower drift region doping (design #1) and two FMRs.

Table 5. Optimized values for the two drift layer designs. BV improvement (%) and optimized BV (V)
@ 500 K in the case of a single, two and three rings design respectively.

Design #1 Design #2

Number of ring 1 2 3 1 2 3

BV improvement @ 500 K (%) 57.4 56.6 49.2 51.7 87 69

Optimized BV @ 500 K (V) 874 869 828 739 911 823
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5. Conclusions

Thanks to the high critical electric field of diamond, the drift region doping level of diamond
power devices can be largely increased. However, in the case of diamond Schottky diodes, this leads to
possibly large leakage currents in the OFF state. The trade-off between the Schottky barrier height, drift
region Boron doping level, ON-state current and power loss densities, OFF-state leakage current and
power loss densities, and breakdown voltage has been presented and discussed. To further improve the
figure of merits of diamond Schottky diodes, Floating Metal Rings (FMRs) have been designed, taking
careful note of the fabrication challenges (e.g., rings widths and spacing). Thanks to the designed FMRs,
the breakdown voltage at 500 K is improved from 487 V to 911 V, and a ON-state specific resistance
of 0.5 mΩ·cm2 is obtained at 500 K for a breakdown voltage of 869 V. Experimental investigations of
optimized diamond Schottky diodes with FMRs are ongoing, while diamond models must also be
continuously verified (e.g., impact ionization coefficients, leakage currents). With optimized designs
and high-quality growth techniques, diamond devices will offer new opportunities for the power
electronics community.
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