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Simulation and design of junction termination structures for diamond Schottky diodes

In this paper, the first step of the design of a junction termination structure usable on diamond Schottky diodes is introduced. Through the collaboration AMPERE and LAAS laboratories, a study of junction termination structures using field plates and semiresistive materials was carried out. Several results from simulations of P type Schottky diodes protected by MESA coated with several layers of dielectric materials are shown in this paper. The analysis of those simulations, conducted on pseudo-vertical diodes protected by a field plate on a semi-resistive layer deposited on top of a dielectric, shows a great efficiency of such junction termination structures.

I. Introduction:

Diamond is well known for being an exceptional material. It has one of the best thermal conductivity and is amongst the toughest. It is also a promising candidate for power electronics, seeing its numerous theoretical qualities. As a wide band-gap semiconductor [START_REF] Nesladek | Conventional n-type doping in diamond: state of the art and recent progress[END_REF], [START_REF] Butler | Exceptionally high voltage schottky diamond diodes and low boron doping[END_REF], it is expected to be the material best suited for working under extreme conditions [START_REF] Raynaud | Comparison of high voltage and high temperature performances of wide bandgap semiconductors for vertical power devices[END_REF], [START_REF] Shenai | Optimum semiconductors for high-power electronics[END_REF]. The first unipolar diodes made on diamond start to appear in laboratories. They are elaborated on homo-epitaxied and in-situ doped substrates.

All power electronics components need a junction termination structure to limit the peripheral electric field. The particular properties of diamond (like permittivity, band gap, critical electric field) imply an adaptation of this structure.

With those first batches of components, we need to develop junction termination structures that will allow the diamond components to reach their full potential, mainly in terms of breakdown voltage. Since diamond has a huge theoretical critical electric field, the junction termination structure is going to have a major impact on the performance of the components. Those structures will allow us to demonstrate the efficiency of such diamond components.

II. Simulation platform:

The simulation platform has been developed using TCAD SENTAURUS, software based on a finite elements method. We have worked with models already implemented in the software, such as the ones used for silicon or for silicon carbide, tuning them to the diamond properties. The latter values are taken from a large bibliographic study (for instance [START_REF] Rashid | Numerical parameterization of chemical-vapor-deposited single-crystal diamond for device simulation and analysis[END_REF], [START_REF] Teraji | Highly efficient doping of boron into high quality homoepitaxial diamond films[END_REF]). However, it is reasonable to mention the fact that some values collected throughout the bibliographic study are extrapolated from other semiconductors, or underestimate its theoretical capabilities, mostly because of the poor quality of the samples on which the different studies were carried out. Nevertheless, the parameter file is regularly updated with the latest experimental results.

III. Junction termination structure: A: Introduction

The peripheral protection is a structure implemented during the process and is part of the design. This device is developed to reach the theoretical breakdown voltage (equivalent to the breakdown voltage of a plane parallel infinite junction), by spreading out the equipotentials at the junction periphery, hence avoiding local increases in the electric field which can lead to premature breakdown voltage. The efficiency of a peripheral junction protection is evaluated using the percentage of the theoretical breakdown voltage. Some steps of the process, like ion implant in diamond, are yet to be perfected and do not allow the use of standard peripheral protections, like guard rings or JTE (Junction Termination Extension). We then need to imagine peripheral protections based upon etching and layers of dielectrics and metals, such as the field plate protection technique as described in [START_REF] Brezeanu | Termination structures for diamond schottky barrier diodes[END_REF].

Using a layer of semi-resistive material is an alternative technique to minimize local increases of the electric field in the surface dielectric layer at the edge of the metallic contact. Since diamond electronic devices are intended to work at high temperatures, it seems interesting to study the behavior of semi-resistive materials used as field plate Indeed, resistivity decreases in a lot of dielectrics when the temperature rises. The simulated structure is introduced in Fig. 1. To make this pseudo-vertical structure, Schottky contact is deposited on top of the p-layer, doped at 8.10 15 cm -3 and 7 µm thick. To get to the p+ layer (doped at 3.10 20 cm -3 and 5 µm thick) and further to deposit the ohmic contact, the p-layer is etched. One or several layers of dielectric materials and a field plate are what make this peripheral protection. First, we studied the field plate with only one dielectric material. Then, we tested the result of the combination of a semi-resistive layer deposited on the chosen dielectric. The theoretical breakdown voltage of such a structure is 1500V at 600K. This breakdown voltage reaches 1990V at 800K. Taking into account an efficiency of 80% for the peripheral protection, we should reach the breakdown voltage of 1200V at 600K for the real structure.

B: Field plate on a dielectric material

A field plate is defined by two main parameters: the thickness of the dielectric and the length of the field plate.

First, the kind of dielectric used in the simulations is chosen between SiO2 and Si3N4, which are both available in the clean room of the laboratory. Simulations show that the bigger the permittivity is, the better is the breakdown voltage, as shown in Fig. 2. shows that the best breakdown voltage is obtained for field plates on Si3N4. We notice that the behavior is similar with both dielectrics: the thickness allows obtaining a critical value for the breakdown voltage and the field plate length provokes a saturation of the breakdown voltage for its higher values. Fig 3 . shows how the electric field spreads across the AA' axis of the structure. We notice two maximums: one at the edge of the Schottky contact and one at the edge of the field plate.

The best configuration is obtained when the two maxima have the same value, which is when the field plate is 10µm long. Hence, the maximum breakdown voltage is 1720V (84% efficiency) for a Si3N4 layer with a thickness of 900nm and a field plate of 10µm. In this case, simulations indicate that the carrier generation in diamond due to avalanche multiplication occurs at the Schottky contact edge. show respectively the equipotentials in the structure and the electric field in the silicon nitride at breakdown voltage. These results show that the value of the electric field in the dielectric layer is twice as much as its value in diamond (see Fig . 3), risking a rupture of the dielectric. Hence using a semi-resistive material may help the device breakdown value being closer to the theoretical one.

C: Field plate on a semi-resistive deposited on a layer of dielectric

1The simulated structure is the same, with an added layer of a semi-resistive material on a layer of Si3N4. 4Simulations show that the thickness of the semi-resistive layer does not influence the breakdown voltage: only its resistivity changes the level of leakage currents. 3The resistivity of a typical semi-resistive material is between 10 7 and 10 12 Ω.cm, depending mostly on the temperature. 2The main parameters used to tune the breakdown voltage of the structure are the thickness of the nitride, the thickness of the semi-resistive layer, the resistivity of the semi-resistive layer and the length of the field plate. 5Thus, the breakdown voltage is tuned using the same method as previously with the same two parameters: field plate length and Si3N4 thickness. Fig. 6 and Fig. 7 results show that the maximum breakdown voltage obtained is 1830V, for an efficiency of 92%, with a thickness of 540nm and a field plate length between 5 and 10 µm. Equipotentials are spread out along the whole semi-resistive layer (Fig. 6), which contributes to avoid the breakdown to occur at the edge of the field plate and instead puts it at the side of the p-layer, where the equipotentials tighten. Moreover, in Fig. 6 b), we notice that the value of the electric field is more than twice less in the nitride layer. By moving the position of the electrode of the ohmic contact, we can "choose" where the breakdown is going to happen, hence being able to deduce where the device is the most fragile.

D. Conclusion and perspectives

The peripheral junction protection based upon a combination of semi-resistive material resting upon a layer of silicon nitride seems to give promising results. The returned simulation efficiencies are respectively of 84% for a field plate on silicon nitride and of 92% with the help of a semi-resistive material. Optimizations can still be made on those designs. Hence extensive studies of diamond etching process and of the behavior of semi-resistive materials with temperature have to be carried out. New optimized devices will be realized in the near future.
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 1 Fig 1: Simulated pseudo-vertical structure. The question marks are relative to the parameters we have modified.
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 23 Fig 2:3D views of the simulations of the diamond diode reverse characteristics protected by a field plate on two different dielectric materials. SiO2 is used on the left and Si3N4 is used on the right.
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 2 Fig 2. shows that the best breakdown voltage is obtained for field plates on Si3N4. We notice that the behavior is similar with both dielectrics: the thickness allows obtaining a critical value for the breakdown voltage and the field plate length provokes a saturation of the breakdown voltage for its higher values.
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 4 Fig 4: Equipotential lines in the structure, corresponding to the best structure configuration, while at breakdown.
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 5 Fig 5: Electric field in the Si3N4 at the nitride/field plate interface, for different field plate length (between 5 µµ and 18 µµ), at the corresponding breakdown voltage values .

Fig 4 and 5

 5 Fig 4 and 5 show respectively the equipotentials in the structure and the electric field in the silicon nitride at breakdown voltage. These results show that the value of the electric field in the dielectric layer is twice as much as its value in diamond (see Fig .3), risking a rupture of the dielectric. Hence using a semi-resistive material may help the device breakdown value being closer to the theoretical one.
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 7 Fig 7: Equipotential lines in the structure protected by a semi-resistive layer on top of a dielectric for the best structure configuration, while at breakdown.
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 6 Fig 6: a) 3D view of the simulations of diamond diodes reverse characteristics protected by a field plate on a semi-resistive layer deposited on a Si3N4 layer. b) Value of the electric field at breakdown voltage on the AA' axis (top curves) and on the top edge of the nitride (bottom curves)