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Abstract


This work focuses on evaluating and demonstrating channeled p-type and n-type implantations in silicon carbide in a repeatable mass-production environment. Range increase of about 3X is observed using channeled conditions as opposed to normal incident conditions for both Aluminum and Phosphorous. The various advantages enabled by this technology for advanced device designs are highlighted. Super-junction devices targeting the same voltage range can be fabricated using 1 or 2 lesser epitaxial regrowth layers. 
Introduction 

Silicon Carbide is rapidly growing in the power electronics industry. It is fueled by several robust long-term growth markets like renewables, cloud computing and electric vehicles. There is a wide release and proliferation of Diode and MOSFET devices from various companies in the marketplace. There is a continuous push in subsequent generations to improve device performance, reliability and efficiency. Some of the advanced design concepts in Silicon like super-junction technology have significant manufacturing roadblocks like diffusion, epi regrowth and implantation. In this work, we present results of both p-type and n-type channeled implants into 4º offcut N-type SiC substrates and Epitaxial layers using a Nissin Ion Equipment IMPHEAT system. Deep-channeled implants can be considered an enabling technology for the fabrication of advanced device designs including super-junction structures. 

Fabricating SiC devices run into challenges that are unique to its material characteristics. One roadblock to selective doping is the absence of diffusion of dopant species. The only practical alternative is the use of ion-implantation accompanied by high temperature activation. This severely limits very deep implantation profiles due to the need for very high energies. Taking advantage of the channeling mechanism along some preferred crystal axes, can extend the range dramatically. The use of channeled implants has been reported on on-axis [1] SiC and 4º offcut using primarily low energies [2,3]. Most commercial SiC devices are grown on 4degree offcut substrates. One major concern while trying to check the feasibility of channeling and implement it in mass-production is the reliability and variation of the off-cut angle. Fig. 1 shows the off-cut angle reported by the substrate vendor and the actual offcut angle as measured by X-ray diffraction. The actual off-cut variation is comparatively low. However, per wafer inline XRD measurements might be needed for accurate channeling.
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One of the concerns with any new fabrication step or process, is the impact of that process on the wafer shape. Since SiC wafers have a built-in stress that can vary, many fabrication and high temp processes can cause a change in shape by relaxation. Fig. 2 shows how a 960kev 1e13cm-2 dose channeled implant changes the wafer shape. This change in shape is consistent with other high temperature treatments like regular high temperature implantation, high temperature activation or even epitaxial layer growth.

Channeling implants rely on the accurate determination of the off-cut angle. Even though all the 4H-SiC wafers are nominally 4 degrees off-cut, there are variations boule to boule. This information is provided by the vendor. However as seen from Fig. 1 there can be a disconnect with the actual measured angle. We re-measured the offcut angles of all the wafers in this work. Fig. 3 shows the room temperature implant of Al+++ at 960 keV on a wafer measured with an offcut of 4.1 degrees. Channeled implants at different angles around the off-cut angle shows good robustness. A sample non-channeled implant is also shown. This angle sensitivity is at the heart of the manufacturability of this process. This also determines how much variation and error is tolerable in various steps of the process.  
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A lot of high dose aluminum implants in SiC are performed at high temperature to heal the damage caused during implantation. It becomes important to assess the impact of both temperature and dose on channeling to know the process limitations. Fig. 4 shows the channeling of Aluminum at room temperature and at higher temperature. As expected the range of the implanted species decrease with increase in temperature. This is expected due to higher thermal scattering within the crystal lattice. The channeled implant profile can be described by two regimes, one is the random implant peak and the other is the channeled implant range. As the dose of the implant is increased more of the crystal structure near the surface becomes amorphized and the implantation switches to the non-channeled regime. Fig. 5 shows the room temperature channeled implantation of Al++ at 640 keV at different doses. The profiles at the higher doses are no longer flat and have species pile up. 
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Channeling can also be used at lower energies to increase range even when very deep ranges are not needed. Fig.6 shows the room temperature channeling implant of Al at 100 keV at different incidence angles for a 4.1-degree offcut wafer. As can be seen the degree of allowable tolerance is much higher at lower energies. The channeling range is much lesser sensitive to errors in incidence angles adding to the process margin. 

Silicon Carbide wafers have much higher residual stress compared to silicon wafers. The added fact that SiC wafers are much thinner at 350µm, results in wafers having higher bow and warp. Since any wafer deformation changes the incidence angle of the implant, it is important to have the wafer clamped firmly to flatten the shape profile. To test out the effectivity of this method, two wafers with the same offcut angle but with very low bow/warp of -1 µm/11 µm and -50 µm/70 µm are chosen for implantation. Fig. 7 shows the SIMS implantation profiles from both the wafers from different regions on the wafer. The results are indistinguishable from each other, resulting in very repeatable implant profiles.
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The primary objective of this work is to achieve deep p-type doping in SiC via aluminum implantation. However there exists other species of interest as well. Boron can also be used as a p-type dopant. N-type doping is usually achieved using nitrogen during epitaxial growth. However, doping during epitaxial growth has intra-wafer non uniformities of 5%-10%. N-type doping by ion-implantation can reduce the non-uniformities in a wafer to less than 2%. Therefore, channeled implants of both boron (p-type) and phosphorous (n-type) are investigated. Fig. 8 shows the channeled implant profile of boron at 640 keV. As can be observed the achieved profile is not flat and thus not very usable. Fig. 9 shows the channeled implant profile of phosphorous at 960 keV. A good flat profile is seen. However, the range achieved is lower than the channeled aluminum implant for the same implant energy.
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To start using this technique in practical SiC device design, a few more things need to be developed and characterized. First the electrical activation of channeled implants needs to be checked. To achieve this, a low doped epitaxial wafer was channel implanted with aluminum. The wafer was then activated using a carbon cap at 1650°C. After stripping the carbon cap, metal Schottky contacts were deposited and the capacitance voltage measurements were conducted. Fig. 10 shows the comparison of the SIMS profile and the capacitance voltage profile. Almost complete activation is seen.
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Current TCAD models do not accurately predict channeled implants in SiC. From the empirically determined SIMS profiles, the data is fitted to a double Pearson VI distribution. Fig 11. shows a good usable model for all the doping concentrations of interest across all energy ranges. This can then be used to model and design optimal and advanced devices. We do expect that these models will get better with more work in this area.

One such design than can greatly benefit from this technique is the superjunction device in SiC. Fig. 12 shows the design and simulations of such a device. With these deep implants such a device can be achieved using lesser epi growth/implantation loops for the same blocking voltages.  This greatly reduces the process complexity and cost which also improving yield. The inherent advantage of the superjunction design that of the flat electric field distribution is also shown in Fig. 12.
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Conclusions


The application of channeled implants for mass-production of SiC devices is explored. Numerous facets and hurdles like sensitivity to incidence angles, bow/warp, temperature, dose, and off-cut measurements are detailed. In general the method is found to be very reproducible and production worthy. Both p-type and n-type species like Al, B, and P are evaluated. The activation of the channeled implantation regime is found to be close to 100%. TCAD designs and modeling of this mechanism is performed for superjunction devices in SiC. 
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Acronyms

SiC:  Silicon Carbide

SIMS:  Secondary Ion Mass Spectroscopy
XRD:  X-Ray Diffraction/
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Fig. 1.  Shows the vendor as-reported offcut values to actual XRD measurements
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Fig. 2.  Shows the wafer shape before and after channeled implants. The shape change is consistent with regular implantation and other high temperature processing.
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Fig. 3.  Shows the room temperature channeled implant of Al+++ 960keV with a dose of 1e13 cm-2. The range variation with off-cut mismatch is not very sensitive.
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Fig. 4.  Shows the channeled implants at various temperatures. As expected, the channeling effect reduces with an increase in temperature.
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Fig. 5.  Shows the room temperature channeled implant of Al++ 640 keV with increasing doses. Higher doses cause pile up of species due to amorphization near the surface
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Fig. 6.  Shows the room temperature channeled implant of Al at 100 keV with a dose of 1e13cm-2. The implant profiles show much higher insensitivity to incident angle. 
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Fig. 7.  Shows the SIMS profiles from two wafers having the same off-cut angle but extremely different bow/warp and from different regions of the wafers. The implant profiles have no observable variation. 
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Fig. 8.  Shows the room temperature channeled implant of boron 640keV with a dose of 1e13cm-2. The implant profile shows some channeling, but a non-flat profile. 
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Fig. 9.  Shows the room temperature channeled implant of phosphorous at 960 keV with a dose of 1e13 cm-2. The implant profile shows a usable flat profile, but with a lower range than aluminum.








�


Fig. 10.  Shows the comparison of the SIMS profile and capacitance voltage profile of channeled Al into an epitaxial wafer after 1650°C activation. Almost complete activation is observed. 
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Fig. 11.  Shows the experimentally observed SIMS data with the modeled data. Very good agreement is seen in all the energy ranges and all doping concentrations of interest enabling practical device designs.
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Fig. 12.  A superjunction design in SiC utilizing the deep channeled implant of Aluminum is shown. It offers a similar blocking voltage with lesser epitaxial regrowth layers and processing steps. The construction schematic and field distribution are also shown.
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