Fully vertical AlN-on-SiC Schottky barrier diodes
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We demonstrated fully vertical Schottky barrier diodes (SBDs) that have a Si-doped AlN drift layer directly grown on n-type 4H-SiC substrate by metal-organic chemical-vapor deposition. The AlN SBD with a Ni anode showed a clear rectifying characteristic at 300-500 K and a rectification ratio of about 102. We found that the leakage current of the vertical AlN-on-SiC devices is affected by defects in the AlN drift layer and Schottky interface. 


AlN is an attractive material for deep ultra-violet emission, high-temperature and high-power applications thanks to its large bandgap energy, high critical electric field (Ecrit), and high thermal conductivity. There are reports on a variety of AlN-channel devices, such as light-emitting diodes with a 210-nm wavelength,1) field-effect transistors with a breakdown voltage (VB) over 2 kV,2) and Schottky-barrier diodes (SBDs) capable of operating at 827oC.3) The reported AlN devices have been limited to lateral or quasi-vertical structures,4-6) which suffer from a non-uniform electrical field distribution, a high electrical field at the surface, and current crowding near the mesa edge. By comparison, fully vertical devices would have even higher VB, superior thermal performance, and integration flexibility. However, the AlN substrates currently available have high resistivity due to the high ionization energy of donors, which limits the vertical current and requires the use of back-side ohmic contacts. For fully vertical AlN devices, we propose to use a hetero-epitaxial layer on an electrically conductive substrate, as is done in vertical GaN-on-Si and GaN-on-SiC devices.7-9)
AlN layers have been grown on Si, SiC, and sapphire substrates by metal-organic chemical-vapor deposition (MOCVD),10-14) molecular-beam epitaxy,15,16) sputtering,17-19) and hydride vapor epitaxy.20,21) Here, a thick hetero-epitaxial layer has misfit dislocations and is subject to wafer cracking due to in-plane lattice and thermal expansion coefficient mismatches. A nucleation layer is helpful to reduce the dislocation density and to suppress cracking. However, stress relaxation of mismatched AlN layers is associated with the inclination of threading dislocation lines,22-24) implying that a nucleation layer is unable to cause dislocation annihilation sufficiently. This is why AlN layers are often grown without a buffer layer.12,15) SiC is the most suitable substrate for AlN direct growth because it has a small lattice mismatch (1%) with AlN, a high melting point, and high electrical and thermal conductivity. Moreover, it is commercially available in the form of large-scale wafers. As for fully vertical AlN devices, SBDs are much attractive choice for their simple structure, high switching speed enabling the use of high-efficiency power supply, low on resistance (Ron), and low reverse recovery loss. 
Fully vertical AlN-on-SiC SBDs have two major issues: high Ron due to the discontinuity (Ec = 1.7 eV) in the conduction-band edges between AlN and SiC25) and large leakage current due to threading dislocations and cracking. Direct growth of AlN on SiC forms a triangular potential barrier at the AlN/SiC interface due to the existence of Ec, which increases the Ron and on-state voltage drop (VF). Here, the donor concentration (ND) in AlN should be controlled in order to obtain a high on-off current ratio. The depletion width at the AlN/SiC interface decreases with increasing ND in AlN, increasing the forward current because it enhances quantum-mechanical tunneling through the barrier with Ec. However, a highly doped AlN layer increases the reverse leakage current because of the increased tunneling probability at the anode/AlN interface (supplementary data). An unintentionally or lightly doped AlN layer acts as an insulator due to the high ionization energy of donors. Thus, we decided to use two-step growth of an n-AlN drift layer and then of an n+-AlN initial layer, as shown in Fig. 1 (a). The n+-AlN initial layer is grown to increase the forward current, while the n-AlN drift layer is grown to decrease the reverse current.  
A SBD undergoes an electrical breakdown when the maximum electric field (Em) equals Ecrit for avalanche breakdown. At a constant applied voltage, Em just under the anode contact increases with increasing ND in the drift layer. An SBD with a high VB requires a thick drift layer with a low ND. The thickness of the n-AlN drift layer is limited by the critical cracking thickness. Cracking often occurs when growth is conducted at a high temperature (Tg) for a long time.26-28) In particular, the growth rate of AlN in MOCVD increases with decreasing reactor pressure (Pg) and ammonia (NH3) flow rate as a result of suppression of the parasitic reaction between trimethylaluminum (TMAl) and NH3.29) Furthermore, securing a high VB and low off-state power loss requires a low density of threading dislocations. In MOCVD growth, a low Tg is favorable for high-quality AlN growth.30,31) We grew AlN layers at Tg < 1200oC, Pg < 2104 Pa, and V/III ratios < 2000.32) In this paper, we describe a demonstration of fully vertical SBDs with AlN channel layers that were directly grown on n-type SiC substrates.Fig. 1: (a) Schematic structure of fully vertical AlN-on-SiC SBD using two-step growth. (b) Energy band diagram of n-AlN drift layer / n+-AlN initial layer on n-SiC substrate with a Ni anode. 

[bookmark: _Hlk174973031]The Si-doped AlN layers were grown on n-type (0001) 4H-SiC substrates with 4-degree misorientations. The thickness and electrical conductivity of the double-side polished SiC substrates were 35010 m and 212 mcm, respectively. Before loading them into the MOCVD reactor (TNSC, SR-2328HT-RR), the SiC substrates were cut into 1.5 cm1.5 cm samples and were cleaned with acetone and isopropanol. The substrates were thermally cleaned for 5 min in a hydrogen atmosphere, followed by a simultaneous supply of TMAl and NH3 for the AlN growth.11) TMAl and NH3 gas were used as precursors for aluminum and nitrogen, respectively. High-purity H2 gas (99.9999%) was used as carrier gas. The molar flow rates of TMAl and NH3 gas were 106 μmol/min and 8.93 mmol/min, respectively. The V/III ratio was 84. The molar flow rate of the tetramethylsilane (TMSi) gas for the Si doping was varied between 0.01 and 0.11 μmol/min. Pg and Tg were 1.3104 Pa and 1120oC, respectively. The temperature was estimated using a pyrometer. Optical microscopy did not reveal any cracking. The full width at half maximum values for the X-ray rocking curve around the (0002) and (011 (_)4) reflections of the 325-nm-thick AlN layer were 229 and 480 arcsec, respectively (Supplementary data), which are comparable to other reports.10,11) To determine the electrical characteristics of the Si-doped AlN layers for various TMSi flow rates, a Ti (20 nm)/Al (100 nm)/Ti (10 nm)/Au (50 nm) metal stack was deposited by electron-beam evaporation, followed by sintering at 950oC for 1 min in an N2 ambient at 1.0×104 Pa to reduce the contact resistance. The electron mobility (e) and electron concentration (ne) of the AlN layers were measured at 600oC by making DC Hall-effect measurements in a 0.6 T field. We used a 3×3 m2 Van der Pauw configuration. In the AlN single layer with a TMSi flow rate of 1×10-2 μmol/min, e and ne were 15 cm/Vs and 8×1017 cm-3, respectively. Moreover, e and ne in the AlN single layer with a TMSi flow rate of 1×10-1 μmol/min were 9 cm/Vs and 2×1019 cm-3, respectively.
[bookmark: _Hlk175147535]The AlN SBDs consisted of a 46-nm-thick AlN initial layer formed with a TMSi flow rate of 1×10-1 μmol/min and a 279-nm-thick AlN drift layer formed with a TMSi flow rate of 1×10-2 μmol/min. The energy band diagram of a fully vertical AlN-on-SiC SBD with a Ni anode is shown in Fig. 1 (b). An inversion layer that accumulates electrons is formed at an epilayer/substrate interface.33,34) Some of these electrons may be rapidly captured by near-interface traps inside the AlN layer.35,36) At forward bias (Vf), electrons tunnel through the barrier arising from Ec, and reach the AlN layers, contributing to the forward current. The reported Schottky barrier height (B) at the Ni/AlN interface is 3.4 eV. This large B minimizes the leakage current at elevated measurement temperatures (Tm) and reduces power dissipation in the blocking state. At reverse bias (Vr), leakage currents are limited by the barrier with B, leading to a rectifying behavior. The fabrication process of the SBDs is as follows. As a cathode electrode, 50-nm-thick Ni metal was deposited on the back side of the SiC substrate by electron-beam evaporation, followed by sintering at 1000oC for 2 min in an N2 ambient at 1.0×104 Pa to obtain ohmic behavior. The specific contact resistivity of the cathode electrode was 210-6 cm2 (supplementary data). Circularly shaped 50-nm-thick Ni metal was deposited as an etching mask and anode contacts by electron-beam evaporation. To reduce leakage current, a 325-nm-deep mesa termination was fabricated by reactive-ion etching with Cl2/BCl3 mixing gas at 25/5 sccm at inductively coupled plasma /bias powers of 150/30 W and chamber pressure of 0.6 Pa for 3 min.37) Current density-voltage (J–V) measurements were performed in a high vacuum chamber at about 10-6 Pa and at Tm between room temperature and 900oC by using a Keysight B2902B source-measure unit. 
[bookmark: _Hlk175149231]The J-V characteristics of the AlN SBD at Tm = 300-1100 K are shown on a linear scale in Fig. 2(a). The circular anode contact had a diameter of 100 m. A rectifying characteristic was observed from 20 V to +20 V for all Tm. The differential specific on-resistance (Ron,sp) was obtained from the slope at the linear segment. As Tm increased from 300 K to 1100 K, Ron,sp decreased from 4.0106 cm2 to 1.6101 cm2. The resistivities of the SiC substrate and cathode contact were negligibly small. We consider that thermally enhanced electron diffusion and an increase in the number of thermally excited electrons contributed to the small Ron,sp at high Tm. An on-state voltage (Von) was obtained by fitting the linear segment. As Tm increased from 300 K to 900 K, Von decreased from 15.4 V to 12.4 V due to the reduced Ron,sp. At Tm  900 K, Von was constant at 12.4 V. We speculate that the barrier with Ec, accumulation of electrons in the inversion layer, and the near-interface and bulk traps are dominant at Tm  900 K, in comparison with the diffusion and excitation of electrons. We discuss the effect of defects and traps on Jf later.
[bookmark: _Hlk175149308][bookmark: _Hlk175149665]The J-V characteristics of the AlN SBD at Tm = 300-1100 K are shown on a semilogarithmic scale in Fig. 2(b). At Vf > 10 V, the forward current density (Jf) increased as a result of electrons injected from the conduction band in SiC due to the enhanced tunneling through the barrier with Ec. Jf increased with increasing Tm due to the thermionic emission (TE) current, enhanced ionization of Si donors, and excitation from traps. The maximum values of Jf at Tm = 300, 900, and 1100 K under a bias of +10 V were 3.010-5, 3.610-2, and 1.2 A/cm2, respectively. These maximum values are slightly smaller than those of a lateral Si-implanted AlN SBD.3) The expected current density () in the AlN drift layer at 873 K is estimated to be 1.9 A/cm2, which is much higher than the maximum Jf at Tm = 900 K. Here, e is the elementary charge. Given the low resistances of the SiC substrate and cathode contact, the low Jf mainly results from the resistance at the AlN/SiC interface including the barrier with Ec and the near-interface traps. 
The Jf-V characteristics were analyzed with the TE model expressed as , where JTE (=) is the saturation current density, n the ideality factor, A* ( = 33.0 A/K2cm2) the effective Richardson constant, me* electron effective mass, kB the Boltzmann constant, and h the Planck constant. The Tm dependence of n and apparent B,JV derived from the Jf -V characteristics are shown in Fig. 2(c). The apparent B,JV at Tm = 300 K was 0.92 eV due to the inhomogeneity in the barrier height at the Ni/AlN interface.3) The apparent B,JV increased with increasing Tm, reaching 2.7 eV at Tm = 1100 K. As Tm increased from 300 K to 1100 K, n decreased from 75 to 5; these values are much higher than those in the other reports3,5,6) because of the barrier with Ec and the defect-induced current even at high Tm. Fig. 2: (a) Linear J-V characteristics, (b) semilogarithmic J-V characteristics, and (c) temperature dependence of ideality factor and apparent barrier height determined from the forward J-V characteristics of the vertical Ni/AlN SBD with a 100-m-diameter anode contact at temperatures between 300 K and 1100 K. The solid lines are the experimental results. The dashed lines on linear and semilogarithmic scales are the fitting curves to the linear segment and the curve based on the TE model, respectively. 

 The reverse current density (Jr) was linearly proportional to the area, indicating that surface leakage was not dominant. Jr significantly increased with increasing Tm. The rectification ratio at 20 V for Tm  500 K was over two orders of magnitude, while that for Tm  600 K was only about 10, which is much smaller than that of the lateral Si-implanted AlN SBD3) because of the Jr over 10-6 A/cm2. Jr was much higher than in electrode-limited processes, such as TE and thermionic field emission conductance. The excessive leakage currents in hetero epilayers are caused by several carrier-transport mechanisms,8.38) as shown in Fig. 3 (a). Thermal excitation supplies electrons from traps to the conduction band. At a low electrical field (E), current can arise from the electrons hopping along dislocation mini-band instead of the conduction band. In variable range hopping (VRH) conduction, the current is proportional to , where  is a coefficient depending on the hopping mechanism.39) At a high E, electrons in a semiconductor with deep traps can have a high tunneling probability through trap centers. In the trap-assisted tunneling (TAT) conduction, the current is proportional to .40) The high E reduces the potential barrier and enables electrons to escape from traps into the conduction band, thereby increasing the current through thermal excitation. In Frenkel-Poole emission conduction, current is proportional to .41) By applying a high enough E to a lightly doped semiconductor, the injected electrons can have a higher density than thermally generated free electrons, causing drift current. In space-charge-limited current (SCLC) conduction, current is proportional to En.42-44) A trap-free semiconductor has n=2 in the mobility regime, whereas a semiconductor with deep traps can have n > 2 when the deep-level states are filled by electrons. Fig. 3: (a) Schematic diagram of reverse leakage near the Ni/AlN interface. Reverse I-V characteristics and fitting data based on (b) variable-range hopping and (c) trap-assisted tunneling conductions. The open circles are the experimental results. The solid lines in (b) and (c) are the fitting curves related on the ln(Jr)  E and the ln(Jr)  1/E, respectively, for various measurement temperatures.

Jr had strong Tm and E dependences. The ln(Jr) for various Tm is plotted as a function of E and 1/E in Figs. 3(b) and (c). Under the assumption that all the donors are ionized for all Tm, we used the value given by , where Wd is the depletion width. At E < 1 MV/cm and Tm < 600 K, the leakage current was low. At E < 1 MV/cm and Tm > 600 K, Jr increased and there was a linear relationship between ln(Jr) and E. This indicates that VRH conduction dominates on the reverse leakage because increase in temperature causes electron hopping through high-density intrinsic traps in the depletion region, corresponding to the result of the Jf-V characteristics. At E > 1 MV/cm, the relationship between ln(Jr) and 1/E was linear. This indicates that TAT conduction dominates the reverse leakage because increase in the electric field within the depletion region enhances electron tunneling by reducing the distance between the traps and states in the conduction band. The reduction of ND may be able to suppress the TAT conduction. The elimination of the dominant traps and dislocations would reduce both VRH and TAT conductions, increasing the rectification ratio.
We demonstrated fully vertical SBDs with AlN channel layers, that were directly grown on n-type SiC substrates. The AlN SBD with a Ni anode showed a rectifying characteristic at 300-1100 K. The differential specific on-resistance and on-state voltage at Tm = 300 K were 4.0106 cm2 and 15.4 V, respectively. The differential specific on-resistance and on-state voltage at Tm = 1100 K were 1.6101 cm2 and 12.4 V, respectively. The rectification ratio at 20 V for Tm  600 K was only about 10, which is attributed to the high leakage current over 10-6 A/cm2. We found that the leakage current of the vertical AlN-on-SiC devices strongly depends on the traps in the AlN drift layer and Schottky interface. The differential specific on-resistances and on-state voltage could be reduced by suppressing the traps and dislocations.
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