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Preface


The original version of this paper is available on https://www.scientific.net/MSF.1192.-1.pdf



The progress in the area of silicon carbide ( SiC ) power electronics has been driven not only by the intrinsic advantages of this wide-bandgap semiconductor but also by advances in the engineering of interfaces, dielectric layers, and electrical contacts. While SiC offers exceptional properties for high-voltage and high-temperature operation, the performance and reliability of practical devices depend critically on the quality of the SiC/ oxide interface, the stability of gate dielectrics, and the formation of low-resistance, thermally robust ohmic contacts. These technological elements form the foundation of high-performance SiC MOSFETs, CMOS circuits, and other advanced devices.

The presented special edition focuses on the latest engineering and technological developments in the interface components of the SiC device. The publication explores gate dielectrics and gate stacks fabricated using techniques such as chemical vapour deposition and atomic layer deposition, with particular emphasis on MOS capacitors as fundamental structures for evaluating dielectric integrity and interface properties. Advanced treatments, including surface conditioning and decoupled plasma nitridation, are presented as effective approaches for reducing interface trap densities and optimising channel mobility in both planar and trench MOSFET architectures.

The formation of reliable electrical contacts is another central theme of this edition. Ohmic, Schottky, and backside metallisation contacts are examined with respect to annealing temperature, contact geometry, and interfacial reactions. Parameters such as contact resistivity, contact front resistance, contact end resistance, and backside contact resistance are discussed as critical indicators of device efficiency and manufacturability.

This edition provides a comprehensive perspective on the technologies that govern charge transport across interfaces and contacts in SiC devices and is intended for researchers, process engineers, and graduate students engaged in the development of next-generation wide-bandgap electronics.

We hope that the contributions presented in this edition will advance future research on interface and contact phenomena, the optimisation of fabrication processes, and the continued improvement of reliable and efficient SiC power devices.
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Demonstration of ALD SiO2 as Gate Oxide in the 1.7 kV SiC UMOSFET for High-Power and Embedded CMOS Circuit Integration 
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Abstract

This paper presents process integration of atomic layer deposition (ALD) SiO2 as gate dielectric in the 1.7 kV SiC trench UMOSFET. This integration provides a solution for embedding complementary metal oxide semiconductor (CMOS) circuits into the UMOSFET power device, enabling the realization of smart power management integrated circuit (IC) functions in the future. 4H-SiC power MOSFETs have gained increased attention in medium to high power applications recently due to their wide bandgap, high breakdown electric field, and excellent thermal conductivity. The electric vehicle (EV) is one example of an application where the Tesla Model 3 utilizes SiC 650V VDMOSFETs as driving components in its inverter design. Trench MOSFETs are key to achieving these requirements to further scale down power devices while decreasing the specific on-state resistance ( Ron,sp ). This is challenging with thermal gate oxide on SiC trench MOSFETs due to the anisotropic thermal oxide growth rate on the sidewalls and the bottom of trench or mesa region. Therefore, we propose a novel fabrication process by integrating ALD SiO2 gate oxide into trench UMOSFET. The Ron,sp of the fabricated device can be reduced to 2.3 mΩ−cm2, accompanied by a very low density of interface states ( Dit  ) of approximately 5.36×1010eV−1 cm−2. Another feature of this ALD SiO2 solution for gate oxide is the monolithic integration of the CMOS circuit with the UMOSFET, enabling the realization of smart power IC management.





Introduction


The original version of this paper is available on https://www.scientific.net/MSF.1192.1.pdf



SiC power MOSFET are replacing Si devices in the blocking voltage range from 600 to 6500 V with substantial energy saving in various electric systems courtesy to their low on-resistance and fast switching. This trend is now often supported by trench UMOSFET. In particular significant attention has been paid to monolithic SiC power IC [1] due to its fast-switching capabilities and suitability for harsh environment applications. However, a major challenge remains in achieving a conformal gate oxide thickness on both the UMOSFET and CMOSFET. The strong crystal face dependence of the oxidation rate [2] must be carefully considered in device fabrication. The industry trend has shifted from thermal oxidation to deposition techniques, with ALD offering best quality, superior conformality and precise control of thickness at low temperatures, while also enabling interface engineering using plasma-based processes.



Nobel Fabrication Process for Embedded CMOS and UMOSFET


The original version of this paper is available on https://www.scientific.net/MSF.1192.1.pdf



In this paper, we propose a novel fabrication process for embedding the low voltage (LV) CMOS circuit and high voltage (HV) trench UMOSFET simultaneously on a SiC substrate as presented in Figure 1. Began with the RCA clean process with a nitrogen-doped ( 5×1015 cm−3 ), 4-degree tilted epitaxial layer (15μ m) grown on a heavily doped SiC substrate. A multiple ion implantation process


[image: Fig. 1: Cross-sectional scheme for LV and HV device integration]Fig. 1. Cross-sectional scheme for LV and HV device integrationFig. 1. Cross-sectional scheme for LV and HV device integration


was executed in a high-temperature ( 500∘C ) implanter, including the p -bottom shielding (PBS), p plus ( p+), guard ring (GR), n-plus ( n+), p-well (PW), and side-wall protection (SP) implantations. Among the implantation steps, the PBS and SP processes further utilized the spacer on hard mask sidewall (SHMS) technique to precisely control the lateral doping profile, ensuring a balance between Ron,sp  and breakdown voltage (BV). An implantation hard mask was patterned for the PBS and SP layers, a side wall spacer was then formed on the lateral side wall of the hard mask. High energy ion implantation was executed to the desired junction depth to form the bottom and side wall protection structures for the PBS and SP, respectively. The implanted dopants were activated by 1750∘C thermal annealing with carbon cap. Trench formation was achieved by first patterning a hard mask on SiC, followed by reactive ion etching (RIE) to create the desired depth and profile, resulting in trenches with a width of 1μ m and a depth of 1.5μ m. The sacrificial oxidation followed by the deep trench etching was conducted to repair the side wall damage region induced by the trench etching. A raised CVD field oxide layer of 0.2μ m was subsequently patterned to create the isolation region within the CMOS circuit area. Gate dielectrics were formed under three different conditions for comparison: LPCVD SiO2 deposition followed by nitrogen ( N2 ) annealing at 1000∘C, ALD SiO2 deposition with TDMAS and O3 as precursors followed by nitric oxide (NO) annealing at 1250∘C, and dry thermal oxidation followed by NO annealing at 1250∘C. The ALD SiO2 dielectric stack includes in-situ plasma preclean and a 5 nm interfacial layer deposited by advanced PEALD Atomic Layer Annealing (ALA) [3] prior a thick high-quality SiO2 thermal ALD layer thus tailoring the SiC/ dielectric interface, enhancing leakage current, breakdown voltage, and overall quality of the SiC/SiO2 interface.


[image: Fig. 2: TOF-ERDA composition analysis of the A L D S i O 2 stack [ 33.7 + / − 0.5 % S i , 66.2 + / − 0.5 % O]Fig. 2. TOF-ERDA composition analysis of the ALDSiO2 stack [33.7+/−0.5%Si,66.2+/−0.5%O,<1%C,H<0.3%, N<BDL ]Fig. 2. TOF-ERDA composition analysis of the A L D S i O 2 stack [ 33.7 + / − 0.5 % S i , 66.2 + / − 0.5 % O , < 1 % C , H < 0.3 % , N < B D L ]



[image: Fig. 3: Current density-electric field and Capacitance-voltage Plot]Fig. 3. Current density-electric field and Capacitance-voltage PlotFig. 3. Current density-electric field and Capacitance-voltage Plot



[image: Fig. 5: SEM cross section of trench UMOSFET with (a) PBS implantation (b) without PBS implantation]Fig. 5. SEM cross section of trench UMOSFET with (a) PBS implantation (b) without PBS implantationFig. 5. SEM cross section of trench UMOSFET with (a) PBS implantation (b) without PBS implantation


Fig. 4. (a) Simulated trench UMOSFET with PBS implantation and (b) without PBS implantation

High purity of the ALDSiO2 dielectric stack was confirmed after NO annealing on Figure 2. Current density-electric field and Capacitance-voltage characteristics of MOS test capacitors using the ALD SiO2 dielectric stack are shown on Figure 3. These characteristics are accompanied by a nearly ideal VFB of - 0.69 V , a 0.1 V hysteresis and −6.6×1010 cm−2 charge trapping at the SiO2/SiC interface. Heavily phosphorus-doped polysilicon with a thickness of 1μ m was formed using the deposition-etching-deposition (DED) technique to ensure effective gap filling and conductivity in both the trench UMOSFET and CMOS devices. An inter-metal dielectric (IMD) layer was deposited and subsequently patterned to define the source and gate contact regions, facilitating device interconnections. Nickel silicide ( NiSi ) and titanium/titanium nitride ( Ti/TiN ) was employed for the metal contact in the source and gate contact region, respectively. Pure aluminum (Al) was deposited and subsequently patterned to establish top metal region. Finally, a passivation layer consisting of 0.2 μm of oxide and 0.7μ m of nitride was deposited using PECVD tool. Additionally, a 10μ m polyimide layer was applied to protect the entire chip area, except for the opening region on the electrical pad for probing the power device. This completes the fabrication of the SiC trench UMOSFETs and CMOS circuits on the wafer. The simulated and fabricated UMOSFET are shown in Figures 4 and 5, respectively.



Experimental Results and Discussion


The original version of this paper is available on https://www.scientific.net/MSF.1192.1.pdf



Figure 6 presents the SEM cross-sectional image of trench UMOSFETs utilizing LPCVD SiO2, ALD SiO2, and thermal SiO2 as gate dielectrics. The gate oxide thickness on the trench sidewall is thinnest for LPCVD SiO2, attributed to its poor step coverage. In contrast, the thickness at the trench


[image: Fig. 6: SEM cross section of trench UMOSFET with (a) LPCVD S i O 2 (b) ALD S i O 2 (c) Thermal S i O 2]Fig. 6. SEM cross section of trench UMOSFET with (a) LPCVD SiO2 (b) ALD SiO2 (c) Thermal SiO2Fig. 6. SEM cross section of trench UMOSFET with (a) LPCVD S i O 2 (b) ALD S i O 2 (c) Thermal S i O 2



Table 1. Gate Oxide Thickness Comparison



	Gate Oxide Condition
	LPCVD SiO2
	ALD SiO2
	Thermal SiO2



	Post Oxide Annealing
	N2 1000°C
	NO 1250°C
	NO 1250°C



	Oxide Thickness@ Trench Side Wall
	28.35 nm
[SEM]
	45.3 nm
[SEM]
	48.8 nm
[SEM]



	Oxide Thickness@ Trench Bottom
	25 nm
[SEM]
	43.7 nm
[SEM]
	11.1 nm
[SEM]



	Oxide Thickness@ Trench Mesa
	48 nm
[CV]
	41 nm
[CV]
	15 nm
[CV]



	Mesa Normalized to Side Wall
	169 %
	91 %
	31 %







[image: Fig. 7: CV characteristics of MOSCAP with different gate oxide and annealing]Fig. 7. CV characteristics of MOSCAP with different gate oxide and annealingFig. 7. CV characteristics of MOSCAP with different gate oxide and annealing


Fig. 8. Density of interface states versus energy distribution with different gate oxide and annealing

bottom reveals that thermal SiO2 exhibits only 10 nm compared to the other two deposition methods due to the lower anisotropic thermal oxidation rate at the trench bottom. Table 1 summarizes the gate oxide thickness across three different regions surrounding the trench for the three gate oxide formation methods. ALD SiO2 demonstrates the best step coverage and conformality among the options, indicating a high potential for integrating CMOS circuits into trench UMOSFET power chips. Figure 7 illustrates the CV characteristics of the planar MOS capacitor built on the mesa region under various gate oxide and annealing conditions. The ALD SiO2 exhibits behavior similar to that of the thicker thermal SiO2. In contrast, the LPCVDSiO2 reveals a larger flat band shift and distortion, attributed to accumulated Dit  at the interface. Additionally, the thinner thermal SiO2 raises significant concerns regarding leakage and reliability issues. The Hi−LoCV method was conducted to extract the Dit  in this work. The Dit  at 0.2 eV from the conduction band edge is measured to be 5.36×1010eV−1· cm−2 for ALD SiO2, 6.30×1010eV−1· cm−2 for thermal SiO2, and 6.80×1012eV−1· cm−2 for LPCVD SiO2, as shown in Figure 8. As expected in-situ plasma preclean and deposition of the ALA SiO2 interfacial layer strongly improved Dit  of the Si -face on SiC . Figure 9 presents the transfer characteristics of the planar NMOSFET and PMOSFET utilizing ALD SiO2 as the gate oxide. The extracted threshold voltages ( Vth  ) are found to be 2 V for the NMOSFET and 5.3 V for the PMOSFET. The subthreshold swing (S.S) are 203 and 287mV/ Dec for the NMOSFET and PMOSFET, respectively. The output characteristics of the NMOSFET and PMOSFET exhibit typical linear and saturation behavior as demonstrated in Figure 10. To demonstrate the integration of the CMOS

circuits with power trench UMOSFET by utilizing the ALD SiO2 as the gate dielectric, we also fabricate an inverter circuit composed of both NMOSFET and PMOSFET in this work. Figure 11 presents the transfer characteristics of the fabricated inverter circuit, showing a high noise margin (NMH) of 6.3 V and a low noise margin (NML) of 10.5 V . The observed asymmetry between NMH and NML is attributed to the Vth  mismatch between the NMOSFET and PMOSFET, as previously discussed. The PBS implantation was introduced to the thermal SiO2 wafer to provide protection for the ultra-thin oxide at the trench bottom and corners. Figure 12 illustrates the transfer characteristics of the trench UMOSFET, with the Vth  determined at a gate voltage (VG) corresponding to a current


[image: Fig. 9: Transfer characteristics of NMOSFET and PMOSFET with ALD S i O 2 as gate dielectric]Fig. 9. Transfer characteristics of NMOSFET and PMOSFET with ALD SiO2 as gate dielectricFig. 9. Transfer characteristics of NMOSFET and PMOSFET with ALD S i O 2 as gate dielectric



[image: Fig. 10: Output characteristics of NMOSFET and PMOSFET with ALD S i O 2 as gate dielectric]Fig. 10. Output characteristics of NMOSFET and PMOSFET with ALD SiO2 as gate dielectricFig. 10. Output characteristics of NMOSFET and PMOSFET with ALD S i O 2 as gate dielectric



[image: Fig. 11: Transfer characteristics of CMOS inverter with A L D S i O 2 as gate dielectric]Fig. 11. Transfer characteristics of CMOS inverter with ALDSiO2 as gate dielectricFig. 11. Transfer characteristics of CMOS inverter with A L D S i O 2 as gate dielectric



[image: Fig. 12: Transfer characteristics of UMOSFET with different gate oxide and annealing]Fig. 12. Transfer characteristics of UMOSFET with different gate oxide and annealingFig. 12. Transfer characteristics of UMOSFET with different gate oxide and annealing


of 1 mA . The Vth  values are found to be 2 V for ALDSiO2 and 4.8 V for thermal SiO2. In contrast, the LPCVD SiO2 exhibits an abnormally high Vth , attributed to the elevated Dit  accumulated at the SiO2/SiC interface. In addition to the varying effects of the gate oxide, the higher Vth  observed in the trench UMOSFET with thermal SiO2 is also influenced by the PBS implantation effect. The merged PBS implant profile with the p -well on the left side wall of the trench, resulting from an alignment error as depicted in Figure 5(a), contributes to the higher Vth and the lower conduction observed current. Figure 13 shows the output characteristics of the trench UMOSFET with ALD SiO2 as the gate dielectric. Finally, the benchmark comparison of our work with other studies [4~6] is presented in Figure 14, highlighting a Ron,sp of 2.3~2.7 mΩ· cm2 and a BV of 1755~2349 V achieved in this study. Figure 15 presents the BV characteristics of the fabricated UMOSFET and floating GR. The

wider BV range was attributed to the leakage current originating in the UMOSFET cell region, which likely stemmed from the corner and bottom of the trench structure being inadequately protected by the SP and PBS.


[image: Fig. 13: Output characteristics of UMOSFET with ALD S i O 2 as gate dielectric]Fig. 13. Output characteristics of UMOSFET with ALD SiO2 as gate dielectricFig. 13. Output characteristics of UMOSFET with ALD S i O 2 as gate dielectric



[image: Fig. 14: Benchmark comparison of other studies with this work]Fig. 14. Benchmark comparison of other studies with this workFig. 14. Benchmark comparison of other studies with this work



[image: Fig. 15: BV characteristics of the fabricated UMOSFET and GR in this work]Fig. 15. BV characteristics of the fabricated UMOSFET and GR in this workFig. 15. BV characteristics of the fabricated UMOSFET and GR in this work




Summary


The original version of this paper is available on https://www.scientific.net/MSF.1192.1.pdf



We have successfully demonstrated the monolithic integration of CMOS circuits with power trench UMOSFETs by utilizing ALD SiO2 as the gate dielectric, owing to its superior step coverage and conformality. In-situ plasma preclean of the SiC surface and deposition of a 5 nmALASiO2 interfacial layer strongly improve Dit.  The Dit  of the ALDSiO2 can reach 5.36×1010eV−1· cm−2, which is comparable to or even better than that of thermal SiO2 observed so far. The NMH and NML of the fabricated inverter circuit are 6.3 V and 10.5 V , respectively. The asymmetry between NMH and NML can be further improved through Vth  adjustment or optimization of the channel width design in future work. The Vth  of the ALDSiO2 trench gate oxide UMOSFET is 2 V , and the Ron,sp can be reduced to 2.3 mΩ· cm2 due to the ultra-lower Dit  at the SiO2/SiC interface. The BV of the fabricated ALD SiO2 trench MOSFET and the guard ring is within 1755~2349 V, which is good enough for the 1700 V application. The enabling capability of ALD for the monolithic integration versus thermal oxide and LPCVD, which are just not capable due to conformality across the mesa and trench regions. Future work will require the optimization of the ALDSiO2 process, as well as the SP and PBS implantation processes.
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Abstract

This study investigates the electric dipole effect at Al2O3/SiO2 interfaces deposited by Atomic Layer Deposition (ALD) on 4H-silicon carbide (SiC) substrates for threshold voltage ( VT ) modulation. By incorporating an ultrathin 3 nmAl2O3 layer onto ALD-deposited 30 nmSiO2, they created an electric dipole that produces a 0.65±0.15 V positive shift in threshold voltage after N2O post-deposition annealing. The dipole-induced voltage shift was validated through both MOS capacitor measurements and lateral MOSFET characterization. Importantly, the threshold voltage enhancement occurred without degradation in field-effect mobility, demonstrating that the dipole effect does not introduce additional scattering centers. This technique offers an effective approach for threshold voltage tuning in alternative semiconductor devices where thermal SiO2 growth is not feasible, addressing critical challenges in SiC power electronics that require high threshold voltages (>3 V) for reliable operation.

Keywords: atomic Layer deposition, 4H−SiC power device, dipole effect, VT modulation, VFB modulation.




Introduction


The original version of this paper is available on https://www.scientific.net/MSF.1192.9.pdf



Electric dipole effects at high-permittivity dielectric (high-k)/ SiO2 interfaces have been reported for various dielectrics, including HfO2,Al2O3,LaOx, and Y2O3 on Silicon as well as Silicon Carbide substrates [1-4]. For example, a dipole-induced voltage shift of up to 0.57 V has been observed for Al2O3 on thermally grown SiO2 on Si [2]. Such dipole effects can lead to either positive or negative flatband or threshold voltage shifts, depending on the properties of the high-k dielectric within the stack. Consequently, dipole engineering provides a means to modulate the threshold voltage of metal-oxide-semiconductor field-effect transistors (MOSFETs) [2]. Traditionally, dipole effects of high-k dielectrics have been investigated on thermally grown SiO2 on silicon. However, it is particularly interesting to explore these effects on alternative substrates where threshold voltage control remains challenging, such as in silicon carbide (SiC) MOSFETs. In SiC devices, enhancing channel mobility via nitrogen-based post-oxidation annealing often forces a trade-off between mobility and threshold voltage. For reliable power electronics applications, a sufficiently high threshold voltage ( >3 V ) is typically required. In this work, we report a Vt enhancement method based on the dipole effect of Al2O3/SiO2 stacks deposited by atomic layer deposition (ALD) on 4H−SiC. ALD dielectrics are particularly attractive as gate dielectrics due to their excellent film quality, uniformity, precise thickness control, and low-temperature processing [5]. Here, we demonstrate for the first time the dipole effect in Al2O3/SiO2 stacks deposited entirely by ALD on 4H−SiC.

The origin of the dipole effect is generally attributed to energy band bending at the high- k/SiO2 interface. This effect can arise from either (i) the electronegativity difference between the cations in the two oxides or (ii) differences in oxygen areal density across the interface [3,4]. As a result, the threshold voltage/flatband voltage ( VT/VFB ) shift induced by the dipole effect does not introduce additional interface states or Fermi-level pinning [3,4]. Importantly, unlike charge-induced Vt/VFB shifts, the dipole-induced shift does not generate new scattering centers, and its magnitude is independent of both the SiO2 and high-k dielectric thicknesses. Thus, the dipole effect can be modeled as an intrinsic band bending at the high-k/SiO2 interface, which produces a constant flatband shift for a given dielectric stack. Accordingly, the expression for the MOS capacitor flatband voltage must be

modified under the assumption that any anomalous VT/VFB shift is caused by the dipole effect. The general expression for the flatband voltage of a MOS capacitor is given as:



VFB=Φms−qεox∫0EOTxρ(x)dx+ dipole (1)


In this framework, Φms represents the work function difference between the gate and the substrate, εox is the relative permittivity of SiO2,x denotes the distance from the gate, EOT is the effective oxide thickness of the dielectric stack, and ρ(x) corresponds to the fixed charge density within the dielectric layers or at the interfaces [6]. In the calculation, only fixed charges are considered; these may be located at the SiO2/SiC interface, within the bulk of the SiO2, at the high-k /SiO2 interface, within the bulk of the high-k dielectric, or at the gate/high-k interface. For high-quality SiO2, the bulk charge density can typically be neglected. Any charge or dipole at the dielectric/gate interface can be accounted for by using an experimentally determined effective gate work function. Therefore, in all subsequent equations, Φms should be regarded as the effective work function difference between the gate and the substrate. For a Al2O3/SiO2 dual-layer stack, the flatband voltage equation can be modified as follows:



VFB=Φms−qεox(QSiO2EOT+QAl2O3EOTAl2O3+ρAl2O3EOTAl2O32)+ dipole (2)


Here, QSiO2 and QAl2O3 represent the fixed charge densities at the SiO2/SiC interface and the Al2O3/SiO2 interface, respectively. In the derivation, the bulk charge density within the high-k layer is assumed to be uniform. From Equation (2), it follows that, in the absence of any bulk charge, the flatband voltage should exhibit a linear dependence on EOT. Our experimental results indicate that high- kAl2O3 contains a negligible amount of bulk charge; therefore, the bulk charge term in Equation (2) can be ignored in the following discussion. To verify the presence of a dipole effect, the charge densities QSiO2 and QAl2O3 must be extracted. When the Al2O3 thickness is fixed, Equation (2) can be simplified and written as:



VFB=Φms−qεox(QSiO2EOT+QAl2O3EOTAl2O3)+ dipole (3)


With Equation (3), the fixed charge density at the ALDSiO2/SiC2 interface can be extracted by varying SiO2 thickness while the Al2O3 thickness is fixed.



VFB=Φms−qεox(QSiO2+QAl2O3)EOT+qεoxQAl2O3EOTSiO2+ dipole (4)


Similarly, using another set of capacitors with varying Al2O3 thickness, the fixed charge density at the ALDAl2O3/SiO2 interface can be extracted using Equation (4).



Experiments
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MOS capacitors were fabricated on n-type, Si-face ( 0001 ) 4H-SiC substrates with a nitrogen doping concentration of ND=6×1015/cm3. Following surface cleaning in solvents and diluted hydrofluoric (HF) acid, the samples were immediately transferred to an ALD system for SiO2 deposition at 150∘C. Variation in SiO2 thickness across the MOS capacitors was achieved by wet etching in diluted HF . For the dual-layer capacitors, an ALDAl2O3 layer was subsequently deposited at 200∘C after the SiO2 etching step. Post-deposition annealing (PDA) was carried out in a rapid thermal anneal (RTA) system at 900∘C in pure N2O ambient. The gate electrode was formed by RF sputtering of tantalum nitride (TaN) capped with tungsten (W). A post-metallization anneal (PMA) in N2 ambient was then performed to mitigate sputter-induced damage. The capacitance-voltage ( C−V ) characteristics were measured using an HP 4284A precision LCR meter. Flatband voltage and effective oxide thickness (EOT) were extracted from the 1MHzC−V curves with the CVC program, using 4H−SiC material parameters [7]. Lateral MOSFETs were fabricated on Al-doped ( NA=5×1015 cm3 Si-face (0001) 4H-SiC substrates. Source and drain regions were formed by phosphorus

implantation followed by activation annealing. After field oxide deposition and patterning, the samples underwent the same surface cleaning, ALD dielectric deposition, PDA, and TaN/W gate electrode deposition and patterning steps used for the capacitors. Contact holes were etched in HF solution prior to the N2O PDA. The source/drain ohmic contacts were formed by nickel silicide after the gate stack fabrication. Finally, MOSFET characteristics were measured using a Keithley 4200 semiconductor parameter analyzer.



Results and Discussion


The original version of this paper is available on https://www.scientific.net/MSF.1192.9.pdf



The C−V characteristics of MOS with ALDSiO2 and Al2O3/SiO2 dielectrics are shown in Fig. 1 (a). The C-V curves measured at different frequencies exhibit minimal frequency dispersion. The flatband voltage and effective oxide thickness of the MOS capacitors were extracted to evaluate the dependence of VFB on oxide thickness. The effective work function of TaN gate electrode on Al2O3 and SiO2 dielectrics was individually extracted from measured capacitor C−V data of MOS capacitors with single-layer Al2O3 and SiO2. The effective work function of TaN on ALD SiO2 and ALD Al2O3 is 4.47±0.01eV and 4.56±0.04eV, respectively. As shown in Fig. 1 (b), VFB values of capacitors with only ALDSiO2 and those with dual-layer stacks both show a linear dependence on oxide thickness, indicating a negligible amount of bulk fixed charge in the oxide. The linear fitting line of the dual-layer devices shows a significantly higher y-intercept than that of the ALD SiO2 samples, suggesting the existence of a dipole. The positive slopes of the linear fits indicate negative effective fixed charges, consistent with prior observations in ALDSiO2 dielectrics [8]. Table 1 summarizes the extracted charge density and interface state density. Based on calculations, the dipole-induced VFB shift is estimated to be 0.65±0.15 V. The addition of Al2O3 reduces the gate leakage due to the incorporation of a high-k layer in the oxide stack.


[image: Fig. 1: (a) C-V characteristics of MOS Capacitors and (b) Flatband voltage vs. oxide thickness of MOS Capaci]Fig. 1. (a) C-V characteristics of MOS Capacitors and (b) Flatband voltage vs. oxide thickness of MOS Capacitors with 30 nm ALD SiO2 and ALD Al2O3/SiO2 after 900∘CN2O PDA. Both sets of samples contain ALD SiO2 with various thicknesses.Fig. 1. (a) C-V characteristics of MOS Capacitors and (b) Flatband voltage vs. oxide thickness of MOS Capacitors with 30 nm ALD S i O 2 and ALD A l 2 O 3 / S i O 2 after 900 ∘ C N 2 O PDA. Both sets of samples contain ALD S i O 2 with various thicknesses.


Figure 2 (a) shows the average flatband voltage for ALDSiO2 and Al2O3/SiO2 dielectrics after postdeposition annealing (PDA) at 900∘C and 1000∘C. The Al2O3/SiO2 stack maintains a higher flatband voltage compared to SiO2 indicating the persistence of the interface dipole between Al2O3 and SiO2. Figure 2 (b) presents the gate leakage characteristics, where the incorporation of an Al2O3 layer effectively suppresses gate leakage in the low- and moderate-field regions. These results confirm that the Al2O3/SiO2 dielectric stack provides superior electrical performance, offering both enhanced flatband voltage stability and reduced leakage current relative to a single SiO2 dielectric.


Table I. Extracted parameters from MOS capacitor with ALD SiO2 and Al2O3/SiO2 after 900∘C PDA.




	Dielectric
	Parameters



	Charge Density 
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[image: Fig. 2: (a) Average flatband voltage after two different PDA temperatures and (b) Gate leakage characteristi]Fig. 2. (a) Average flatband voltage after two different PDA temperatures and (b) Gate leakage characteristics of MOS capacitors with single SiO2 and dual Al2O3/SiO2 dielectrics.Fig. 2. (a) Average flatband voltage after two different PDA temperatures and (b) Gate leakage characteristics of MOS capacitors with single S i O 2 and dual A l 2 O 3 / S i O 2 dielectrics.



[image: Fig. 3: Ids-Vgs curves and mobility of MOSFETs with ALD S i O 2 and A l 2 O 3 / S i O 2 .]Fig. 3. Ids-Vgs curves and mobility of MOSFETs with ALD SiO2 and Al2O3/SiO2.Fig. 3. Ids-Vgs curves and mobility of MOSFETs with ALD S i O 2 and A l 2 O 3 / S i O 2 .


Lateral MOSFETs were fabricated to validate the MOS capacitor results. As shown in Fig. 3, the lateral MOSFET with an ALDAl2O3/SiO2 dual-layer gate dielectric exhibits a threshold voltage that is 1.24 V higher than that of the device without Al2O3, accompanied by an increase of 1.5 nm in effective oxide thickness (EOT) due to the additional Al2O3 layer. Considering the effect of the negative fixed charge, the increase in EOT from the Al2O3 layer accounts for approximately 0.6 V of the observed VT shift. The remaining increase in VT is therefore attributed to the dipole effect.

Importantly, no degradation in field-effect mobility or subthreshold swing was observed. These results demonstrate that the ALDAl2O3/SiO2 dual-layer stack is an effective approach to increase the threshold voltage of SiO2-based devices without compromising device performance. Furthermore, the findings confirm that the dipole does not introduce additional scattering centers at the SiC/dielectric interface compared to devices with only ALD SiO2. In addition, the ALD-deposited dual-layer stack can be extended to other alternative semiconductor substrates to induce a positive threshold voltage shift.



Summary
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We have demonstrated the existence of an electric dipole at the Al2O3/SiO2 dual-layer stack deposited by ALD on 4H−SiC substrates. After N2O post-deposition annealing, the dual-layer stack exhibits a dipole-induced voltage of 0.65±0.15 V. Lateral MOSFET results further confirm that the incorporation of Al2O3 induces a positive threshold voltage shift of 1.24 V , accompanied by suppressed gate leakage and without degradation in mobility or subthreshold swing. These results highlight that Al2O3/SiO2 stacks not only enable threshold voltage tuning but also improve dielectric properties. This approach provides an effective pathway to achieve a positive threshold voltage in 4H-SiC MOSFETs and can be extended to other wide bandgap semiconductor devices where thermal oxidation of SiO2 is not feasible.
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Abstract

This work investigates the impact of different gate oxide fabrication schemes on the electrical characteristics of 4H−SiC planar MOSFETs. Three processes with a target thickness of 50 nm were implemented: (1) thermal oxidation with NO annealing at 1350∘C (actual thickness: 52 nm ), (2) ALD-grown oxide with NO annealing at 1250∘C (actual thickness: 43 nm ), and (3) a stacked 20 nm thermal/ 30 nm ALD oxide structure with NO annealing at 1250∘C (actual thickness: 47 nm ). Electrical characterization included IdVg,CV, and IgEox measurements. Results show that Condition 1 exhibits the lowest leakage and best uniformity, and demonstrates strong oxide integrity without soft breakdown events. In contrast, Condition 2 and 3 show increased leakage, higher variability, and evidence of soft breakdown, suggesting greater interfacial weakness likely due to incomplete passivation of ALD-related defects at the lower annealing temperature. However, a surprising trend was observed in the CV analysis: Condition 2's flat band voltage ( VFB ) is closest to the ideal 0 V , indicating a lower fixed charge density than Condition 1[1], which has the most negative VFB(≈−2 V). The hysteresis results further highlight differences, with Condition 3 showing the largest hysteresis window ( ΔVth =0.13 V ). These findings suggest that while the ALD process coupled with a lower-temperature NO anneal (Condition 2) can effectively reduce fixed charges, it does not fully eliminate interfacial defects responsible for increased leakage and soft breakdown. Our results underscore the complex trade-offs in different fabrication schemes, emphasizing that careful interface engineering beyond conventional NO annealing is required to ensure reliable performance in SiC MOSFETs.





Introduction
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Wide bandgap semiconductors such as 4H−SiC have enabled significant progress in high-power and high-temperature electronics, offering advantages in efficiency and miniaturization compared to traditional Si devices [2]. However, the performance and reliability of SiC MOSFETs remain constrained by the quality of the gate oxide and the SiC/SiO2 interface. Unlike Si MOSFETs, where decades of process optimization have led to highly controlled interface states, the SiC/oxide system still suffers from high interface trap density ( Dit ), charge trapping, and threshold voltage instability. While thermal oxidation followed by nitric oxide (NO) annealing remains the industrial standard [3], alternative approaches such as atomic layer deposition (ALD) or composite dielectric stacks are actively investigated [4]. These three specific schemes, thermal, ALD, and stacked oxides were selected in this study to compare the trade-offs between the superior interface quality of hightemperature thermal oxides, the low-temperature deposition benefits of ALD, and the potential synergistic effects of a combined stack. Each oxide scheme affects key device parameters such as threshold voltage ( Vth  ), leakage current, channel mobility, and long-term reliability. Therefore, systematic evaluation of different oxide processes is critical for advancing SiC MOSFET performance.

This work investigates three gate oxide formation schemes applied to lateral n -channel 4H−SiC planar MOSFETs. Both capacitance voltage (CV) and current voltage ( IdVg ) characteristics were measured to capture interface-related effects such as hysteresis and trap activity, in addition to standard parametric testing of leakage and breakdown reliability.



Experimental
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The baseline process flow for lateral n -channel 4 H -SiC MOSFETs is shown in Figure 1. Only the gate oxide formation step differs among the three experimental conditions:


	Condition 1: 50 nm thermal oxidation +NO annealing at 1350∘C for 1 hr (actual thickness: 52 nm ).

	Condition 2: HF surface clean +50 nm thermal ALD +NO annealing at 1250∘C for 1 hr (actual thickness: 43 nm ).

	Condition 3: 20 nm thermal oxidation +30 nmALD+NO annealing at 1250∘C for 1 hr (actual thickness: 47 nm ).




[image: Fig. 1: Baseline thermal oxidation process flow after implantation and activation.]Fig. 1. Baseline thermal oxidation process flow after implantation and activation.Fig. 1. Baseline thermal oxidation process flow after implantation and activation.


Electrical characterization:


	CP testing: threshold voltage (Vth), leakage (IDSS), and body diode forward drop (VSD). Good die rate was defined as the % of dies falling within median ±3σ.

	IdVg sweeps: measured with Vd fixed at a small bias, gate bias swept forward/reverse. Vth extracted at Id=1×10−5 A. Hysteresis window defined as ΔV th between sweeps.

	CV sweeps: small-signal AC capacitance measurement across accumulation and inversion, forward/reverse bias. Frequency dispersion and stretch-out analyzed for trap effects.

	IgEOX test: oxide integrity verified by gate leakage breakdown measurement.





Results and Discussion
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Electrical Properties
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Tables 1 and 2 summarize statistical results.


	Condition 1 shows the highest Vth (2.49 V), lowest leakage (I DSS: 6.1E-5 A), and best uniformity.

	Condition 2 and 3 demonstrate comparable VSD but increased leakage and higher σ, suggesting greater variability.

These differences indicate that ALD-based oxide processes may introduce additional interfacial issues not fully addressed by conventional NO annealing. Furthermore, the variations in Vth and leakage across these schemes are expected to influence the carrier mobility and channel resistance. While not directly measured here, the increased variability in Condition 2 and 3 potentially stems from a higher density of near-interface traps ( Nit ) which can enhance Coulomb scattering, thereby impacting the overall MOSFET conduction performance.




Table 1. Gate oxide thickness and error for Each Gate Oxide Process Condition.



	Experiment
	Condition 1
	Condition 2
	Condition 3



	Ideal = 50 nm
	Measure
	Error
	Measure
	Error
	Measure
	Error



	Thickness (nm)
	52
	4.0%
	43
	14.0%
	47
	6.0%







Table 2. Summary of Electrical Performance and Yield for Each Gate Oxide Process Condition.



	Experiment
	Condition 1
	Condition 2
	Condition 3



	Item
	Median
	RateGood die
STDEV
	Median
	RateGood die
STDEV
	Median
	RateGood die
STDEV



	Vth (V)
	2.49
	100.0%
0.06
	2.13
	100.0%
0.06
	2.28
	97.2%
0.10



	IDSS (A)
	6.1E-05
	100.0%
6.00E-05
	1.0E-04
	88.9%
1.10E-03
	2.9E-04
	83.3%
1.70E-03



	VSD (V)
	3.42
	100.0%
0.04
	3.24
	100.0%
0.04
	3.24
	100.0%
0.04








𝐈𝐝𝐕𝐠Characteristics and Hysteresis
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Representative IdVg curves for the three conditions, measured at a drain bias of VDS=0.1 V, are shown in Figure 2. All devices exhibit complete channel switching behavior. Extracted hysteresis windows are:


	Condition 1: ΔV th =0.10 V

	Condition 2: ΔV th =0.11 V

	Condition 3: ΔV th =0.13 V



Although all shifts are relatively small, the trend clearly indicates that Condition 3 has more active trap states, consistent with its stacked oxide scheme [4]. This increased hysteresis in the stacked structure may be attributed to a higher density of near-interface traps ( Nit ) and border traps, which are often formed at the transition interface between the thermal and ALD layers. Condition 1, with hightemperature NO passivation, shows the most stable switching characteristics, indicating effective reduction of shallow traps at the SiC/SiO2 interface.

[image: Image]
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CV Characteristics
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Figure 3 shows the CV results measured on dedicated MOS capacitor structures, which reveals distinct electrical characteristics, directly correlated with the oxide layer properties.


[image: Fig. 3: CV Curves for 3 Conditions.]Fig. 3. CV Curves for 3 Conditions.Fig. 3. CV Curves for 3 Conditions.


The accumulation capacitance ( Cox ), measured at positive gate bias, inversely correlates with the oxide thickness. Our results show that Condition 2, with a measured thickness of 43 nm , exhibits the highest capacitance ( 8.5×10−8 F/cm2 ). In contrast, Condition 1, at 52 nm , has the lowest capacitance ( 7.1×10−8 F/cm2 ), and Condition 3, at 47 nm , falls in between ( 7.8×10−8 F/cm2 ). This data confirms the expected relationship between oxide thickness and capacitance [5].

The flat band voltage ( VFB ), a key indicator of fixed charge density, shows a surprising trend. The CV curve for Condition 2 is positioned closest to the ideal 0 V( VFB≈−1 V), suggesting it has the lowest positive fixed charge density among the three. Condition 1's curve is the most negatively shifted ( VFB≈−2 V ), indicating a higher concentration of positive fixed charges, despite being a thermal oxidation process. Condition 3's VFB is intermediate ( VFB≈−1.5 V ). This suggests that the NO annealing process at 1250∘C for the ALD film (Condition 2) is more effective at reducing fixed charges than the 1350∘CNO annealing for the thermal oxide (Condition 1). The lower fixed charge in Condition 2 may be attributed to reduced thermal-induced stress compared to the 1350∘C process. In conclusion, while Condition 2 demonstrates the lowest fixed charge density and highest capacitance due to its thinner film, its interface quality is not optimal [6]. This is evidenced by the increased frequency dispersion and stretch-out observed in the CV characteristics, pointing to a higher

density of interface traps ( Dit ) in the ALD-based samples. Conversely, Condition 1 and Condition 3 show better interface quality but suffer from higher fixed charge densities. These results highlight the complex trade-offs between different fabrication processes in achieving optimal electrical properties for MOS devices.



Oxide Reliability (IgEox)
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Figure 4 compares the gate leakage and breakdown characteristics of the three process conditions.

[image: Image]

Fig. 4. IgEox Curves for 3 Conditions.

An examination of the initial leakage current reveals a distinct difference. At low electric fields, Condition 2 exhibits a slightly higher initial leakage current compared to Conditions 1 and 3. This observation strongly suggests that defects are present not only within the bulk of the pure ALD film but, more importantly, at the direct interface between the ALD layer and the SiC substrate. Such an interface, formed without an intervening thermal oxidation layer, may contain a higher density of dangling bonds and defects that act as easy pathways for current, even under low-stress conditions [7]. Specifically, the interface chemistry of ALD films on SiC often suffers from residual carbon clusters or sub-oxides (e.g., SiOx ) formed during the initial deposition stages, which are not effectively removed by the 1250∘C NO anneal.

The breakdown behavior also highlights the critical role of the interface. Condition 3, which combines a thermal oxide layer with an ALD layer, shows the weakest performance, experiencing a hard breakdown at a relatively low electric field of approximately 10MV/cm. This premature failure can be attributed to the combined effects of defects from both processes, creating a vulnerable interface at the junction of the thermal oxide and ALD layers, leading to an early breakdown.

In contrast, while the pure thermal oxide in Condition 1 and the pure ALD film in Condition 2 ultimately fail at a higher electric field, their breakdown characteristics differ. Condition 2's curve is notably smooth and free of significant steps, indicating a high-quality, uniform dielectric with superior integrity. Condition 1, however, shows several soft breakdown events sudden increases in leakage current before its final hard breakdown. Despite these soft breakdown events, the ultimate hard breakdown voltage for both Condition 1 and 2 is remarkably close, both occurring around 11.5 to 12MV/cm. The soft breakdown events in Condition 1 and the increased leakage in Conditions 2 and 3 likely stem from localized defect-assisted tunneling. In the ALD-based samples, this is intensified by the high density of near-interface traps ( Nit ) that facilitate trap-assisted tunneling (TAT) at lower fields, acting as precursors to breakdown.



Summary
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This study systematically compared three gate oxide schemes in 4H-SiC planar MOSFETs, revealing nuanced trade-offs in their electrical performance.


	Condition 1 (thermal + high-temp NO): This scheme demonstrates the best overall device uniformity and lowest leakage current. The IgEox curve confirms its superior dielectric integrity, showing no soft breakdown events. However, its CV curve is the most negatively shifted, indicating the highest concentration of positive fixed charges among the three.

	Condition 2 (ALD + low-temp NO): While this process results in the highest capacitance and the most ideal flat band voltage ( VFB closest to 0 V ), it exhibits slightly higher initial leakage and shows evidence of increased trap activity. This suggests that while the low-temperature NO anneal effectively passivates fixed charges by reducing thermal stress, it is not sufficient to fully mitigate the near-interface traps ( Nit ) and carbon-related defects responsible for gate leakage and soft breakdown.

	Condition 3 (stacked thermal/ALD + low-temp NO): This stacked structure demonstrates the weakest oxide reliability, with the earliest hard breakdown and the largest hysteresis window ( ΔVth  ), pointing to the highest trap activity likely at the stacked oxide interface.

In conclusion, our results highlight that no single process provides a clear advantage across all electrical metrics. While ALD-based approaches offer flexibility for future scaling, achieving stable and reliable performance requires dedicated interface engineering to address both fixed charges and trap-assisted conduction mechanisms. Future work should explore optimized pre-cleaning, alternative passivation chemistries, or modified stack architectures to improve the reliability of ALD-based gate oxides.
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Abstract

The increased demand for SiC power MOSFETs requires gate dielectrics with low defect densities and high reliability under high electric field and temperature conditions. In this work, we examine how oxidant chemistry and deposition temperature affect the electrical properties of Al2O3/SiO2 bilayer dielectrics formed in n-type 4H−SiC MOS capacitors. These structures consist of a thin SiO2 interfacial layer, over which Al2O3 is deposited via ALD using three different oxidants at a temperature of 150−350∘C. Electrical characterization shows that the choice of oxidant influences the flat band voltage shift and leakage current density, with a process-dependent trade-off between optimizing each parameter. These findings highlight that precise control of oxidant chemistry during ALD is essential for balancing flat band voltage stability with leakage suppression, and that multilayer-specific conduction models are critical for accurately predicting high electric field leakage characteristics in advanced SiC gate stacks.

Keywords: 4H−SiC MOS capacitors, MOSFET, bilayer gate dielectric, Al2O3/SiO2 stacks, atomic layer deposition (ALD), oxidant chemistry, flat band voltage shift, conduction mechanisms, interface trap density, dielectric strength, high electric field barrier suppression.
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Silicon carbide (SiC) has emerged as a leading wide-bandgap semiconductor for high-voltage and high-power electronic devices due to its large critical electric field ( ~3MV/cm ), high electron saturation velocity ( ~2×107 cm/s ), and superior thermal conductivity ( ~3.7 W/cm·K ) [1, 2]. These intrinsic material properties enable the fabrication of compact devices with reduced specific onresistance and enhanced efficiency compared to silicon-based power devices [3]. A unique advantage of SiC compared to other wide band gap materials is its ability to form a silicon dioxide (SiO2) through thermal oxidation, enabling the development of SiC MOSFETs with a well-established dielectric system [4]. Thermally grown SiO2/SiC interfaces currently exhibit the lowest interface state density (Dit ) among alternative dielectrics on SiC[5]. However, the Dit  at the SiO2/SiC interface remains one order of magnitude higher than that of conventional SiO2/Si interfaces, leading to mobility degradation, threshold voltage instabilities, and long-term reliability concerns [6-7, 15].

Furthermore, the reliance on SiO2 as a gate dielectric in SiC -based devices constitutes a fundamental limitation that hinders the full exploitation of SiC's superior intrinsic properties. Due to the relatively low dielectric constant of SiO2(κ≈3.9), nearly 2.5 times smaller than that of 4H−SiC(κ≈9.7), a significant portion of the applied bias drops across the oxide rather than the semiconductor, resulting in elevated electric fields within the dielectric [5, 15]. To address this imbalance, high- κ dielectrics have been widely investigated. High-k dielectrics offer several advantages: their higher dielectric constant reduces the equivalent oxide thickness (EOT) while lowering the electric field in the dielectric for a given applied voltage [8, 15]. The significant advantages of using aluminum oxide (Al2O3) are its large bandgap, the large band offsets to SiC, and the high breakdown electric field compared to other high-k dielectrics. [8]. Nevertheless, the direct deposition of high-k dielectrics on SiC surfaces typically introduces higher defect densities than thermal SiO2, mainly due to dangling bonds, oxygen vacancies, and interface reaction products formed during deposition [9, 16]. These

interfacial traps cause charge trapping/detrapping dynamics, manifesting as detrimental threshold voltage shifts in MOSFETs.

A promising strategy to mitigate these challenges uses hybrid gate stacks, where a thin interfacial SiO2 layer (1−2 nm) is thermally grown on SiC , followed by deposition of a thicker high-k dielectric such as Al2O3 by atomic layer deposition (ALD) [6, 9]. This stack architecture leverages the superior interface quality of SiO2 with the enhanced dielectric properties of Al2O3. However, introducing an additional SiO2/ high-k interface creates another potential defect plane, and its structural and electrical properties are strongly influenced by ALD process conditions such as oxidant chemistry, precursor reactivity, and deposition temperature. For instance, oxidants can significantly alter the defect density and chemical bonding at the interface, while deposition temperature dictates the film's density, hydroxyl incorporation, and stoichiometry [10-12]. In addition to interface quality, understanding the conduction mechanisms governing leakage currents is critical for assessing dielectric robustness. Several leakage pathways are typically observed in SiC MOS capacitors with high-k or hybrid dielectrics, including Schottky emission (SE), Poole-Frenkel emission (PFE), trap-assisted tunneling (TAT), and Fowler-Nordheim (FN) tunneling [13, 14]. The dominant leakage mechanism can be extracted by analyzing temperature-dependent leakage current measurements and fitting the respective conduction mechanism models, providing insights into trap distributions and dielectric reliability.

In this work, we systematically study the influence of different ALD oxidants (like O2-plasma, water, Ozone) and deposition temperatures on the dielectric properties of Al2O3/SiO2/SiC stacks, and examine the conduction mechanisms responsible for the observed leakage currents. The breakdown electric field, leakage current density, and conduction mechanisms are analyzed to assess capacitors.
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Metal-oxide-semiconductor capacitors (MOSCAPs) were fabricated on n-type 4H-SiC substrates with a 2 nmSiO2 interfacial layer. A 20 nmAl2O3 film was deposited by ALD using trimethylaluminum (TMA) as the aluminum precursor and three different oxidants (A, B, C), with deposition temperatures between 150∘C and 350∘C. Following dielectric deposition, a 10 nm TiN layer was deposited by reactive sputtering under ultra-high vacuum to serve as the gate electrode. Then, post-deposition annealing at 480∘C for 1 min in an argon ambient was performed, which kept the Al2O3 film in an amorphous state. The electron-beam evaporation of 10 nmTi/30 nmPt circular pads (diameter varying from 100 to 200μ m ) achieved final contact metallization through a precision shadow mask. Device isolation was performed via dry etching to define the active capacitor regions. A schematic of the test structure is shown in Fig. 1.



[image: Fig. 1. Cross-section schematic of the fabricated MOS capacitor on n-typewith ainterlayer, 20 nm ALD]



Fig. 1. Cross-section schematic of the fabricated MOS capacitor on n-type 4H−SiC with a 2 nmSiO2 interlayer, 20 nm ALD-deposited Al2O3, TiN gate, and Ti/ Pt contacts used for electrical characterization.


Electrical characterization employed a Keithley 4200A-SCS parameter analyzer. Capacitance Voltage ( C−V ) measurements were conducted in dual-sweep mode (from depletion to accumulation and vice versa) to assess the flat band voltage shifts ( ΔVfb ), using an AC modulation frequency of 100 kHz with an amplitude of 25 mV . Current-voltage (I-V) measurements were carried out over a bias range extending into accumulation until dielectric breakdown, with additional temperaturedependent I-V measurements performed from 25∘C to 150∘C to elucidate charge transport

mechanisms and thermal activation effects. The reported leakage current density (AVG J throughout the paper) and ΔVfb represent the average value of five MOSCAP devices.



Results and Discussions


The original version of this paper is available on https://www.scientific.net/MSF.1192.21.pdf



When MOSCAPs on n-type 4H−SiC are biased in accumulation (at gate voltages higher than the flat band voltage (Vfb) ), electrons from the SiC conduction band can be captured by interface traps or near-interface oxide traps at the SiO2/SiC interface. In addition, carriers may tunnel through the gate dielectric and get trapped in bulk oxide traps within the dielectric layer [4, 17-19]. The capture of these negative charges perturbs the electric field distribution across the MOS structure, producing a positive ΔVfb, resulting in a shift of C−V characteristics. Such trapping is a critical reliability concern, as it can directly translate into threshold voltage instability in MOSFETs and degrade long-term device performance [8]. This trapped charge is often quasi-permanent due to a lack of minority charge carriers: the emission time constants of the responsible traps are much longer than the measurement timescale, strongly preventing detrapping during standard C−V sweeps [18,20]. For thermally grown SiO2 on 4H−SiC, the ΔVfb magnitude is typically small ( ΔVfb≈0.8 V in our measurements). Nevertheless, still quasi-permanent, as evidenced by subsequent sweeps reproducing the initial sweep's reverse branch (see Fig. 2). This behavior is consistent with deep electron traps possessing long emission time constants, e.g., with high emission activation energies, leading to incomplete detrapping within the experimental time window [17,19,21].


[image: Fig. 2: Normalized capacitance-voltage characteristics of a 15 nm thick pure S i O 2 dielectric on 4 H SiC w]Fig. 2. Normalized capacitance-voltage characteristics of a 15 nm thick pure SiO2 dielectric on 4 H SiC with a TiN top electrode, showing a 0.8 V positive ΔVfb after three successive measurements. Arrows represent the direction of the sweep. Inset: schematic of the fabricated MOS capacitor test structure.Fig. 2. Normalized capacitance-voltage characteristics of a 15 nm thick pure S i O 2 dielectric on 4 H SiC with a TiN top electrode, showing a 0.8 V positive Δ V f b after three successive measurements. Arrows represent the direction of the sweep. Inset: schematic of the fabricated MOS capacitor test structure.


Incorporating a high-k dielectric such as Al2O3 can increase the observed ΔVfb compared to pure SiO2. The oxidant chemistry during ALD determines Vfb stability among the other process parameters [10]. Our measurements for a fixed deposition temperature (Fig. 3) reveal that the leakage current density and the ΔVfb vary significantly with the used oxidant. The Vfb of the ideal MOSCAP is expected to be ~1 V due to the work function difference between the TiN electrode and the n-type 4H-SiC [22]. The difference in Vfb observed during the initial upsweep between the MOSCAPs for different oxidants compared to the ideal expectation most likely arises from different amounts of fixed charges located at the interfaces or within the bulk of the Al2O3 layer [8, 14] (Fig. 3A). Oxidant C might act more aggressively on the interface since it causes the highest initial shift in the MOSCAPs. Furthermore, an additional offset in Vfb can also stem from dipole formation at the high- k/SiO2 interface, irrespective of the electrode material, as reported by Iwamoto et al. [22].

Furthermore, a much smaller ΔVfb is observed in our MOSCAPs when oxidant A(ΔVfb~0.4 V) is used compared to oxidants B and C(ΔVfb>2 V) (Fig. 3A). The reduced ΔVfb for oxidant A can be attributed to electron detrapping from bulk or near-interface traps and escaping to the top electrode during the measurement, reducing ΔVfb. This interpretation is based on observed higher leakage current characteristics for oxidant A compared to oxidants B and C (Fig. 3B), which indicate

enhanced pathways facilitating charge carrier transport in the Al2O3 film deposited using oxidant A . While no compromise seems evident for obtaining low ΔVfb and low leakage current, a trade-off emerges: lowering the ΔVfb can often lead to higher leakage current, and vice versa, solely by altering the oxidant chemistry [10]. For oxidants B and C , the influence of deposition temperature on the electrical performance of MOSCAPs is low (Fig. 4). In contrast, by using oxidant A, the MOSCAP exhibited a pronounced improvement in leakage characteristics and dielectric strength within the 200−250∘C window, suggesting optimal film quality and reduced defect density in this regime. However, this temperature range did not coincide with the minimal ΔVfb  observed near 300∘C (Fig. 4).


[image: Fig. 3: A. Normalized capacitance-voltage characteristics of MOSCAPs with A l 2 O 3 , deposited with differe]Fig. 3. A. Normalized capacitance-voltage characteristics of MOSCAPs with Al2O3, deposited with different oxidants ( A,B,C ). Numbers indicate the average ΔVfb measured in the initial dual sweep (arrows indicate the sweep direction). B. Average leakage current density for Al2O3 films deposited with different oxidants (A, B, C) as a function of applied electric field. Stars and numbers denote the corresponding dielectric breakdown electric field strength ( EBD ) of Al2O3 films for different oxidants.Fig. 3. A. Normalized capacitance-voltage characteristics of MOSCAPs with A l 2 O 3 , deposited with different oxidants ( A , B , C ). Numbers indicate the average Δ V f b measured in the initial dual sweep (arrows indicate the sweep direction). B. Average leakage current density for A l 2 O 3 films deposited with different oxidants (A, B, C) as a function of applied electric field. Stars and numbers denote the corresponding dielectric breakdown electric field strength ( E B D ) of A l 2 O 3 films for different oxidants.



[image: Fig. 4: A. Flat band voltage shift ( Δ V f b ), B. Average leakage current density at 4 M V / c m , and C . ]Fig. 4. A. Flat band voltage shift ( ΔVfb ), B. Average leakage current density at 4MV/cm, and C . Breakdown electric field for Al2O3 films deposited using oxidants A,B, and C as a function of the deposition temperature in Al2O3 ALD deposition.Fig. 4. A. Flat band voltage shift ( Δ V f b ), B. Average leakage current density at 4 M V / c m , and C . Breakdown electric field for A l 2 O 3 films deposited using oxidants A , B , and C as a function of the deposition temperature in A l 2 O 3 ALD deposition.


To further evaluate leakage behavior, temperature-dependent I-V measurements were performed on Al2O3 films deposited at 300∘C using different oxidants (Fig. 5). Among the three, Al2O3 films deposited with oxidant A exhibited the highest leakage with minimal temperature dependence. In contrast, pronounced temperature sensitivity was observed when oxidants B and C were used, particularly beyond 5MV/cm, where leakage current increased by nearly an order of magnitude between 25∘C and 150∘C. Simultaneously, the dielectric breakdown electric field decreased by approximately 3MV/cm over the same temperature range. At low electric fields ( <2MV/cm ), the leakage current density approached the resolution limit of the parameter analyzer, preventing quantitative comparison. Notably, this low-leakage regime terminated at different electric field strengths for each oxidant, likely due to the initial Vfb differences between the oxidants discussed previously. For example, in the case of oxidant C , the leakage onset occurred near 3MV/cm (Fig. 5).

In the moderate electric field regime ( 2−5MV/cm ), leakage current exhibited a rather low temperature dependence. This suggests that thermally activated processes are less dominant in this range.


[image: Fig. 5: Average leakage current density as a function of electric field for A l 2 O 3 films deposited at 300]Fig. 5. Average leakage current density as a function of electric field for Al2O3 films deposited at 300∘C using oxidants A,B, and C in ALD and measured at 25∘C to 150∘C.Fig. 5. Average leakage current density as a function of electric field for A l 2 O 3 films deposited at 300 ∘ C using oxidants A , B , and C in ALD and measured at 25 ∘ C to 150 ∘ C .


To gain deeper insight into the underlying charge transport mechanism. We fitted the measured current using established conduction models with some free parameters to evaluate the conduction mechanism responsible for the observed leakage [13, 14, 23, 24]. The methodology for this calculation is detailed in [13]. This fitting procedure enabled the extraction of free model parameters. In the moderate electric field regime, the calculated current from the TAT model (analytical expression is mentioned in [23]) closely matched experimental data (see Fig. 6), confirming that TAT is the primary conduction mechanism under these conditions with the following argumentation. Since FN tunneling becomes significant only at high electric fields and PFE is highly temperature dependent, both mechanisms can be discounted as a major contributor. Electrode-limited SE can be ruled out as a major contributor due to the large conduction band offset between the SiO2 interlayer and SiC. Moreover, since the electrode was the same in our experiments and using different oxidants during the deposition of Al2O3 produced distinct leakage current levels, SE can also be excluded as the primary mechanism in this electric field range [13,24]. As a result, we attribute the leakage current in the moderate electric field regime mainly to TAT, which aligns with previous studies on high-k and Al2O3 gate stacks with SiO2 interlayer [13, 14]. The extracted model parameters and calculated results for all three oxidants are shown in Fig. 6, offering quantitative insights into trap characteristics and how they depend on oxidant chemistry. According to the calculation results, the high leakage level for oxidant A is governed by the highest TAT trap density ( Nt ) for traps having an energy of 0.8 eV below the conduction band of the dielectric (Fig. 6A). The absolute Nt values from our calculations might be underestimated by several orders of magnitude, as evidenced in the literature [23]. However, they indicate how the Nt can vary by changing the oxidant chemistry during the ALD deposition.

At high electric fields exceeding 5MV/cm, our MOSCAPs exhibit a pronounced increase in leakage current beyond a certain threshold at a given temperature when oxidants B and C are used, ultimately leading to dielectric breakdown as mentioned earlier. In this regime, none of the conventional conduction models in our simulations yielded physically reasonable parameter values across all tested mechanisms (SE, PFE, FN, TAT). Consequently, the applied models cannot meaningfully reproduce the leakage characteristics with their significant measurement temperature dependence. One plausible explanation is that most analytical formulations of conduction mechanisms are derived for singlelayer dielectric systems. However, the gate stack in our experiments comprises a bilayer (SiO2/Al2O3), where each dielectric has a different band offset relative to 4H−SiC. This structural complexity can significantly alter carrier transport, as carriers may experience sequential barriers and/or mixed conduction pathways not captured by single-layer models.


[image: Fig. 7: Simulated energy-band diagrams of the A l 2 O 3 / S i O 2 bilayer dielectric stack on n-type 4 H − S]Fig. 7. Simulated energy-band diagrams of the Al2O3/SiO2 bilayer dielectric stack on n-type 4H−SiC under zero external electric field and close-up at average electric fields of 2.5 and 5.0MV/cm.Fig. 7. Simulated energy-band diagrams of the A l 2 O 3 / S i O 2 bilayer dielectric stack on n-type 4 H − S i C under zero external electric field and close-up at average electric fields of 2.5 and 5.0 M V / c m .


It is therefore plausible that the observed leakage might arise from a combination of bulk-limited and electrode-limited conduction processes, potentially involving multi-step tunneling or hopping conduction through defect states distributed across both layers [25]. Our band-diagram simulations (Fig. 7) show that at high electric fields (above ~5MV/cm ), the electric field-induced band bending becomes so pronounced that the Al2O3 barrier is almost completely suppressed, enabling enhanced carrier injection by direct tunneling through the 2 nmSiO2 layer. This could explain the increase in leakage after 5MV/cm for oxidants B and C. However, our calculation approach was hindered by the lack of a simple analytical expression for direct tunneling through a trapezoidal barrier with a changing electric field. Furthermore, the observed significant temperature dependence of the leakage characteristic in the high electric field region for oxidants B and C may also indicate charge carrier transport through a combination of carrier injection and a bulk trap-related conduction mechanism with thermally activated processes.



Summary
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This study investigates how oxidant chemistry and deposition temperature affect the electrical performance and leakage characteristics of Al2O3/SiO2 bilayer gate stacks on n-type 4H−SiC MOS capacitors. Electrical tests with C−V and temperature-dependent I−V measurements show that oxidant chemistry greatly influences the ΔVfb and leakage current density, with a trade-off between these factors. The impact of the deposition temperature was minimal. Trap-assisted tunneling is identified as the primary conduction process in the moderate electric field range, while PooleFrenkel, Schottky emission, and Fowler-Nordheim tunneling are ruled out. At higher electric fields, simple single-layer dielectric models do not fully explain the leakage behavior, likely due to the complex band alignment of the bilayer system. Band diagram simulations reveal significantly high electric field barrier suppression in Al2O3, suggesting a combination of bulk- and electrode-limited conduction with thermally activated processes. These results emphasize the important role of oxidant chemistry in improving device reliability and highlight the need for modeling methods that consider multilayer dielectric stacks in SiC power electronics.
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Abstract

This work proposes a linear, area-based component separation method to extract an effective trench sidewall capacitance from C−V measurements of 4H−SiC UMOS capacitors. Devices were fabricated with two gate-oxide schemes LPCVD TEOS and low-temperature oxidation of LPCVD polysilicon and characterized by I-V and C-V measurements. Planar capacitors show breakdown strength above 9MV/cm. Least-squares decomposition of layout-dependent capacitances enabled the separation of mesa, sidewall and bottom contributions. Additionally, this applying this approach revealed trench-pitch dependent depletion and larger wafer-level thickness variation for the polysilicon-oxidation flow. Reconstruction errors up to 20% indicate that spacing-dependent depletion, corner curvature, fringe and field-oxide capacitances exceed the simple parallel-capacitor model.





Introduction
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Reducing the on-state resistance ( RDS(on) ) of silicon carbide ( SiC ) metal-oxide-semiconductor fieldeffect transistors (MOSFETs) remains a major driver for research and development. State-of-the-art SiC trench MOSFETs (UMOSFETs) reduce RDS( on ) by increasing the channel width per unit area and lowering internal series resistance. Consequently, channel resistance becomes more dominant, and low channel mobility remains as a limiting factor for these devices. High channel resistance is mainly caused by the high density of interface traps ( Dit ) present at the SiO2/SiC interface. Sophisticated optimization processes have been developed to reduce these interface traps. These include preoxidation etching in hydrogen atmosphere [1], high temperature oxidation, post-oxidation annealing in N2 and NO[2,3], as well as the use of chemical vapor deposition (CVD) [1,2], low- pressure chemical vapor deposition (LPCVD) [3], and low-temperature oxidation of polycrystalline silicon [2]. Most of the processes have only been evaluated on planar MOS capacitors (MOSCaps) as the measurement and evaluation of Dit  for the UMOS relevant trench sidewall is a challenge. Results from planar devices do not transfer to trench devices one-to-one due to different crystal orientations and the possibility of etch-induced interface modifications. In this work, we investigate the behavior of Trench MOSCaps (UMOSCaps) with gate oxides fabricated by LPCVD and low-temperature oxidation of undoped LPCVD polysilicon. We propose a method to extract an effective sidewall capacitance and an effective Dit, enabling qualitative comparison between gate-oxide fabrication methods. We also investigate the breakdown behavior of the gate oxides.



Device Fabrication
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The MOSCap fabrication process Fig 1 (a) follows the processing of a SiC-UMOS closely [4]. The structure of the UMOSCaps is depicted in Fig. 1 b. To fabricate both samples an n-type epitaxy layer with a thickness of 12.79±0.34μ m and a nitrogen concentration of 9.55*1015±0.34*1014 cm−3 suitable for 1.2 kV class UMOSFETs, was grown on commercial six inch 4H-SiC substrates. A 1.5μ m thick CVDSiO2 hard mask was deposited and patterned by stepper lithography and structured

by dry etching. Subsequently, SiC trenches with a target depth of 1.3μ m were etched using an ICP dry etching process described by Rusch et al. [5]. The trench depth was measured by structured illumination microscopy over the full wafer and was 1.23±0.01μ m for sample 1 and 1.21±0.01μ m for sample 2 (Fig. 1 (d)). A high-temperature H2 reshape was applied to round the trench top and bottom corners, mitigating field crowding and premature gate-oxide breakdown [4]. Trench geometry was confirmed by focused-ion-beam (FIB) cross-section SEM measurement (Fig. 1 (c)). The measurement of 1.27μ m indicated that structured illumination microscopy underestimated the trench depth by approximately 50 nm . This difference between FIB-SEM and microscopy must be considered when using the optical measurement for further wafer level evaluation.


[image: Fig. 1: a) Process flow for UMOSCaps. b) Schematic of fabricated devices. c) FIB-SEM cross-section of a 1 μ ]Fig. 1. a) Process flow for UMOSCaps. b) Schematic of fabricated devices. c) FIB-SEM cross-section of a 1μ m wide trench on sample 1 after trench reshape process. d) Wafer map of trench depth measured by structured illumination microscopy on sample 1. e) FIB-SEM cross-section of a final device on sample 1 (LPCVD TEOS oxide). f) FIB-SEM cross-section on a final device on sample 2 (oxidized LPCVD polysilicon).Fig. 1. a) Process flow for UMOSCaps. b) Schematic of fabricated devices. c) FIB-SEM cross-section of a 1 μ m wide trench on sample 1 after trench reshape process. d) Wafer map of trench depth measured by structured illumination microscopy on sample 1. e) FIB-SEM cross-section of a final device on sample 1 (LPCVD TEOS oxide). f) FIB-SEM cross-section on a final device on sample 2 (oxidized LPCVD polysilicon).


Two approaches to form the gate oxide were used. For sample 1 a sacrificial oxide was grown after the trench reshape process and removed in buffered oxide etch. SiO2 was then deposited by low pressure CVD at a temperature of 710∘C and a pressure of 0.133 mbar using TEOS as a precursor which was subsequently densified at 900∘C to form a layer with 87.7±0.4 nm thickness [3]. For sample 2, undoped polysilicon with a thickness of 32.5±0.4 nm was deposited and oxidized at 850∘C for 8 h in O2 atmosphere. This process was based on a work reported by [2]. Both wafers underwent NO annealing at 1300∘C for 1 h ; post-anneal oxide thicknesses were 94.5±0.6 nm (sample 1 Fig. 1 (e)) and 66.6±0.8 nm (sample 2 Fig. 1 (f)) measured by ellipsometry. In situ phosphorus-doped polysilicon was deposited by LPCVD as the gate electrode and patterned by dry etching to form pads of 1.0 mm2,0.5 mm2, and 0.316 mm2. A 600 nm TEOS oxide was deposited as a field oxide and contact windows were opened by dry etching. Frontside metallization consisted of 100 nm Ti and 3μmAl sputtered onto the frontside and patterned. On the backside, a NiAl contact was sputtered and laser-annealed to form an ohmic contact to the SiC substrate, followed by Al backside metallization [6].



Results and Discussion
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Breakdown Evaluation.
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To evaluate the gate oxides, current voltage measurements (I-V) were done on 40 devices per design. The applied voltage was ramped from 0 V to 100 V and the measurement was stopped at a current compliance of 10 mA . Fig 2 (a) shows the averaged curves of the measurements. Because of the different gate oxide thicknesses of the two gate oxide processes and the variance in the oxide thickness on the trench sidewall, bottom and mesa (Fig. 1 (e) (f)) the current is plotted over the electric field on the trench mesa. To calculate this field the average oxide thickness on the wafer after NO annealing measured via ellipsometry is used (Sample 194.5 nm and Sample 266.6 nm ). The planar designs show a high breakdown field of above 9MV/cm for both gate oxides. Sample 2 shows an earlier onset of Fowler-Nordheim tunneling which might suggest a reduced oxide quality or additional thickness variation in the planar devices.


[image: Fig. 2: Leakage current of planar and trenched devices at room temperature and for trenched devices at 175 ∘]Fig. 2. Leakage current of planar and trenched devices at room temperature and for trenched devices at 175∘C. The electric field is calculated for a) the planar mesa top and b) for the planar devices in the mesa top and for the trenched devices in the smallest oxide thickness.Fig. 2. Leakage current of planar and trenched devices at room temperature and for trenched devices at 175 ∘ C . The electric field is calculated for a) the planar mesa top and b) for the planar devices in the mesa top and for the trenched devices in the smallest oxide thickness.


For the trench devices the breakdown electric field is significantly lower than for the planar devices. This is mainly caused by the difference in oxide thickness at the trench bottom and trench corners that can be observed for both sample 1 and sample 2. The electric field for the trench capacitors becomes closer to that of the planar devices when calculating with the lowest oxide thickness measured via FIB-SEM. For sample 1 this is the trench bottom with 58.7 nm and for sample 2 the top corner with 54.1 nm . However, the breakdown fields using this approach are slightly larger than for the planar devices which is not expected. This overestimation occurs because the simple calculation does not include field crowding effects that occur on the corners of the trench. Here, only one representative trench was measured by FIB-SEM meaning so it is also possible that even lower oxide thickness is present in the device. Moreover, for a given current value, the current density in the UMOSCap is lower than the current density in the planar MOSCap with identical metallization area.



Capacitance-Voltage measurements.
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Full-wafer high-frequency capacitance measurements ( C−V ) at 100 kHz were performed at room temperature. Depicted in Fig. 3 (a) are the forward and backward capacitance curves for 40 devices on both samples for planar MOSCaps (Table 1, design 1) and UMOSCaps (Table 1, design 3), normalized with respect to the accumulation capacitance. No hysteresis can be observed regardless of design and oxide process. When comparing the absolute values of planar MOSCaps on sample 1 and sample 2, an increased spread of Cox can be observed for the polysilicon oxidation process. Most likely this scheme yields a higher variation in layer thickness over the wafer than the TEOS process. For the planar devices the difference in flat-band voltage can be attributed to the different oxide thickness of both samples as well as different interface properties. For the trench devices, several

distinct slopes can be observed in depletion and weak inversion. This is particularly apparent for the devices on sample 2. The steeper slopes at approx. -6.2 V and -2.9 V are attributed to the different oxide thickness that occurs on the trench mesa, bottom and sidewall.


[image: Fig. 3: a) Normalized capacitance-voltage measurements at 100 kHz for trenched and planar designs with 40 de]Fig. 3. a) Normalized capacitance-voltage measurements at 100 kHz for trenched and planar designs with 40 devices respectively and the two different gate oxide processes. b) Capacitance-voltage measurements at 100 kHz for all 12 different designs on one stepper field in the center of sample 1 (LPCVD TEOS oxide).Fig. 3. a) Normalized capacitance-voltage measurements at 100 kHz for trenched and planar designs with 40 devices respectively and the two different gate oxide processes. b) Capacitance-voltage measurements at 100 kHz for all 12 different designs on one stepper field in the center of sample 1 (LPCVD TEOS oxide).


However, the steeper slopes at approx. -10.8 V (sample 2) and -7.7 V (sample 1) are caused by the extension of the space charge region into the trench sidewalls until the trench area is fully depleted and the space charge region starts to extend beyond the trench structure into the semiconductor [7]. This causes a change in effective capacitor surface area leading to in an abrupt reduction in capacitance. This effect is commonly used as the shielding effect in double UMOS transistors and is sensitive to the distance between two trenches [4]. Fig. 3 b) shows representative CV curves of the designs listed in table 1 on one stepper field in the center of sample 1.



Linear Component Separation.
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In this work we expand on work reported by Lim [4], Banzhaf [7] and Guo et al. [8] which all investigated SiC UMOSCaps. The capacitance of a trench MOS capacitor is simplified to consist of three parallel capacitors: the capacitance on the top of the trench Cm, the trench sidewall Cs and the trench bottom Cb. The total capacitance C is the sum of these three contributions:



C(V)=AmCm(V)+AsCs(V)+AbCb(V).(1)


Here, Am,As and Ab, represent the effective areas of the trench top, sidewall, and bottom, respectively. The knowledge about the effective areas allows for determination of the different capacitances by solving a linear system of equations. It is possible to extend this model by adding additional terms in case of significant corner rounding at the trench top and bottom, which has not been done in the scope of this work. A variation of the trench depth might be necessary to increase the accuracy of the method when trying to extract the influence of trench rounding. When no trench depth variation is included in the evaluated devices the influence of the rounding cannot be isolated from the trench sidewall because the area of the rounding is correlated to the trench sidewall area. It should also be mentioned that the behavior of a curved MOSCap is not equivalent to a planar structure and additional considerations to deal with the electrostatics (e.g. field crowding) of such a component must be considered when adding this to the model [9]. In addition to this, the real devices also include a fourth capacitance component which is caused by the field oxide depicted in Fig. 1 (b). Because of the low contribution to the overall capacitance ( <4 %) and insufficient variation of this parameter from design to design, this component is neglected in the investigation. Table 1 lists the different designs that are evaluated. Three different types of designs are used. Planar designs where no trench is etched, recess designs where one large continuous trench is etched, and trench designs were several trench stripes

with the same trench width and spacing (mesa width) are etched. The analytical calculation of the corresponding areas for the designs is described in literature [4,7]. For this calculation, the device areas are taken from the mask layout as drawn, the trench width is confirmed by focused-ion-beam (FIB) cross-section SEM measurements (Fig. 1 (c)), and wafer-level trench depth is measured by structured illumination microscopy (Fig. 1 (d)) which is verified by focused-ion-beam cross-section SEM measurements (Fig. 1 (c)). The area calculation is corrected by the top and bottom corner rounding measured by FIB-SEM. As described earlier, there is some measurement error for the wafer level measurements. For the following investigations, the trench depth measured by FIB-SEM on a device in the wafer center is used and it is assumed that the trench depth does not change from device to device as they are close together on the wafer. For future wafer level measurements, the accuracy of the optical trench depth measurement must be improved and a method to accurately determine the trench depth of each device such as optical critical dimension scatterometry should be considered to increase the accuracy of the method.


Table 1. Sizing of fabricated devices.



	Design
	Type
	Area
[mm2]
	Trench
width [μm]
	Mesa
width [μm]
	Effective area [103 μm2]



	
	
	
	
	
	Sidewall
	Mesa
	Bottom



	1
	Planar
	1
	0
	1000
	0
	100
	0



	2
	Recess
	1
	996
	2
	0.36
	0.72
	99.12



	3
	Trench
	1
	1
	1
	133.83
	20.71
	19.81



	4
	Trench
	1
	1
	2
	79.24
	49.39
	15.39



	5
	Planar
	0.5
	0
	707
	0
	50
	0



	6
	Recess
	0.5
	703
	2
	0.25
	0.51
	49.38



	7
	Trench
	0.5
	1
	1
	66.47
	10.62
	9.84



	8
	Trench
	0.5
	1
	2
	39.34
	24.88
	7.64



	9
	Planar
	0.316
	0
	562
	0
	31.6
	0



	10
	Recess
	0.316
	558
	2
	0.20
	0.40
	31.11



	11
	Trench
	0.316
	1
	1
	42.04
	6.72
	6.20



	12
	Trench
	0.316
	1
	2
	24.91
	15.72
	4.81






With the effective areas shown in Table 1 and equation 1 an overdetermined system of linear equations is formed which is then solved pointwise for every applied voltage. At least three different trench MOSCap designs with different area ratios are needed to solve the system of linear equations. Because of process variation, it is beneficial to increase the accuracy of the estimation by forming an overdetermined system of equations which is then solved by fitting a least-squares solution to the linear matrix equation. This yields an effective per-area capacitance for the trench mesa, trench sidewall, and trench, as bottom depicted in Fig. 4 for both, sample 1 and sample 2.


[image: Fig. 4: Capacitance per area over voltage for trench mesa, bottom and sidewall calculated by linear componen]Fig. 4. Capacitance per area over voltage for trench mesa, bottom and sidewall calculated by linear component separation for the two different gate oxides.Fig. 4. Capacitance per area over voltage for trench mesa, bottom and sidewall calculated by linear component separation for the two different gate oxides.


For sample 1, the area-related oxide capacitance of the trench sidewall is larger than both the mesa and bottom capacitances. This suggests that the oxide thickness of the trench sidewall is lower than the oxide thickness of both the mesa and the bottom. As can be seen in Fig. 1 (e) this clearly is not the case. Sample 2 shows a similar effect even though here the oxide thickness of the sidewall is significantly larger than at the mesa and bottom. Some of this behavior can likely be attributed to the combination of trench sidewall and corner rounding to one capacitance. Previously, we suggested that the different slopes in the C-V curves are caused by the different oxide thicknesses. In the simple component separation, however, all curves show these different slopes. The curve for the mesa should not show this effect as no thickness variation caused by the trench geometries occurs. This leads to the conclusion that the three different components are not sufficiently separated. To verify the accuracy of the method the theoretical C-V curves for different designs are calculated using Eq. 1 (Fig. 5 (a) dashed lines) by multiplying the corresponding areas for sidewall, mesa and bottom listed in Table 1 with the calculated effective per area capacitance depicted in Fig. 4. When comparing them to the actual measurements (Fig. 5 (a) solid lines), good alignment can only be seen for the fully trench recessed devices (designs 2, 6 and 10). Fig. 5 (b) shows the relative error between the measurements and modelled capacitance of all 12 designs. It can be observed that the different design types (planar, recess, 1μ m trench /1μ m mesa and 1μ m trench /2μ m mesa) show characteristic error curves.


[image: Fig. 5: a) Measured capacitance-voltage characteristics at 100 kHz (solid lines) for all 12 designs on one s]Fig. 5. a) Measured capacitance-voltage characteristics at 100 kHz (solid lines) for all 12 designs on one stepper field in the center of sample 1 (LPCVD TEOS oxide), compared with the corresponding curves reconstructed from the linearly separated mesa, sidewall, and bottom capacitances (dashed lines, using Eq. (1) and the areas in Table 1). b) Relative error between reconstructed and measured capacitances as a function of gate voltage for all designs, illustrating the systematic, design-dependent deviation of the simple parallel-capacitor model.Fig. 5. a) Measured capacitance-voltage characteristics at 100 kHz (solid lines) for all 12 designs on one stepper field in the center of sample 1 (LPCVD TEOS oxide), compared with the corresponding curves reconstructed from the linearly separated mesa, sidewall, and bottom capacitances (dashed lines, using Eq. (1) and the areas in Table 1). b) Relative error between reconstructed and measured capacitances as a function of gate voltage for all designs, illustrating the systematic, design-dependent deviation of the simple parallel-capacitor model.


The largest error is observed for the devices with 1μ m trench and 2μ m mesa widths at -7.2 V where the curve calculated via linear component separation underestimates the actual capacitance of the devices by up to 20%. Close to the voltage the error curves of the designs with 1μ m trench width and 1μ m mesa width show a minimum. This leads to the conclusion that there is another effect which the linear component separation assigns to the trench sidewall but is caused by the difference in mesa width. This effect is the previously described extension of the space charge region into the trench sidewalls. Because this effect does not only depend on the area of the different capacitance components but on the spacing of the trenches the simple linear combination of parallel capacitors cannot model this behavior and therefore ascribes the corresponding capacitance to the trench sidewall. A more refined compact model could represent the lateral extension of the depletion region between neighboring trenches by an additional series capacitance that depends on trench pitch and doping, while keeping the oxide-related contributions as parallel capacitors. Corner and field-oxide effects could likewise be represented by separate capacitance elements. However, introducing these additional components would substantially increase the number of unknown parameters. A calibrated TCAD simulations model might allow for a robust extraction of the depletion capacitance. In addition to this the influence of the corner rounding could also be more accurately be described through TCAD simulations.



Density of interface states.
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For the evaluation of the density of interface states manual high and low frequency measurements (quasistatic and 1 MHz ) and manual measurements at 100 kHz for the Terman Dit  determination method equivalent to the full wafer C-V measurements on four devices per wafer were done. Fig. 6 (a) shows the density of interface states for design 1 (planar) and design 3 ( 1μ m trench/ 1μ m mesa) on sample 1. The measured values are in good agreement with previously reported results for planar MOSCaps using LPCVD TEOS oxides annealed in NO [3]. The differences between the high-low method and the Terman method are well reported [9]. However, because of measurement time and setup requirements of the low frequency measurement for the high-low method, it is not suitable for wafer level measurements. When applying the high low-method to the trench devices and assuming a constant surface potential and no variation of the oxide thickness the difference between the planar structures and the trench devices is not too large [10]. The Terman method shows an increased deviation between the trench and planar designs.


[image: Fig. 6: a) Average interface state density determined by the high-low and Terman methods for four devices pe]Fig. 6. a) Average interface state density determined by the high-low and Terman methods for four devices per design for planar and trench MOSCaps on sample 1. b) Calculated effective Dit  for the trench sidewall, mesa and bottom with the Terman method.Fig. 6. a) Average interface state density determined by the high-low and Terman methods for four devices per design for planar and trench MOSCaps on sample 1. b) Calculated effective D it for the trench sidewall, mesa and bottom with the Terman method.


An effective Dit  for the three calculated capacitance components for design 3 is evaluated for sample 1 and sample 2. Overall, these values are not quantitatively accurate as many influences that were previously described are not included in this model. The extracted quantities should therefore be regarded as effective Dit  values, which also contain these parasitic effects. The behavior of the mesa top and trench bottom follows the Terman evaluation for the planar devices, while the trench sidewall follows the trenched devices. Sample 1 shows a lower effective Dit  for the trench sidewall leading to the conclusion that between the two compared oxide processes the LPCVD TEOS oxide is better suited for fabricating UMOSFETs. However, because of the different SiO2 thickness distributions and the model errors of up to 20%, this apparent difference cannot be interpreted as a rigorous quantitative statement about the physical Dit  at the trench sidewall.



Summary and Outlook
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In this work, we demonstrate a linear component separation approach to extract effective sidewall capacitances from 4H-SiC UMOSCaps fabricated with LPCVD TEOS and polysilicon oxidation. While planar MOSCaps exhibit good breakdown performance trench devices show reduced breakdown strength attributed to non-uniform oxide thickness and corner field crowding.

It was possible to separate the capacitance-voltage measurement with the proposed linear component separation. However, significant systematic deviations between measured and reconstructed capacitances indicate that the simple parallel capacitor model inadequately captures the complex electrostatic behavior of trench structures. The observed errors correlate with design geometry, suggesting that mesa spacing-dependent depletion, field oxide contributions, and trench corner effects cannot be neglected. Future improvements should incorporate physics-based models for lateral depletion behavior and an expansion from point wise solving the linear matrix equation to form a linear system of functions and solving for these functions. Integration with TCAD simulations could provide deeper insights into the underlying physics and enable development of more accurate analytical models.
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Abstract

C}-\mathrm{SiC}) with a moderate band gap and a large electron affinity is expected to have superior long-term stability against performance degradation. We have fabricated Al-gate MOS diodes in 3C-on- 4H−SiC and 4H−SiC regions on a simultaneous lateral epitaxy (SLE) wafer. Here, evaluation results of their high-frequency differential capacitance-voltage (C-V) characteristics are reported and, from suggested band diagrams, carrier transport involved in the phenomena are considered. In the case of n−-type 3C-on-4H-SiC MOS diode, increase in capacitance due to fast modulation in the inversion layer charge (hole) concentration can be confirmed in the negative bias below -5 V. 2dimensional hole gas ( 2 DHG ) is considered at the Si -face 3C/4H heterointerface negatively charged by spontaneous polarization and is expected to be an effective supply source of holes. Especially in the case of p-type 3C-on-4H-SiC MOS diode, it is considered that injection of holes from neutral p type region into the heterointerface induces compensation of the fixed charges and lowering of the electron barrier at conduction band, and then, electron injection through the barrier causes the fast response of inversion-layer modulation. Appearance of the larger frequency dependence can be understood by inclusion of the larger-activation-energy phenomena, such as "a deep acceptor level" and "2DHG confined by fixed charges". These findings are believed to contribute to building new production platforms of high-performance power semiconductor devices utilizing the polytype heterostructure of SiC .

Keywords: 3C−SiC,4H−SiC, polytype heterostructure, heterointerface, spontaneous polarization, 2 dimensional hole gas (2DHG), metal-oxide-semiconductor (MOS) capacitor, carrier transport.




Introduction
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Metal-oxide-semiconductor (MOS) transistors using 3C-SiC, which have moderate band gap ( 2.4 eV ) and large electron affinity compared to that of 4H−SiC, are expected to have superior long-term stability against performance degradation due to leakage current in the gate insulator in addition to high blocking voltage, low interface trap density and higher n-channel mobility than 300 cm2/(V−s)


[image: Fig. 1: Optical micrographs of (a) n − -type and (b) p -type Al-gate MOS diodes using the SLE wafer, (c) sch]Fig. 1. Optical micrographs of (a) n−-type and (b) p-type Al-gate MOS diodes using the SLE wafer, (c) schematic cross-sections for a stripe between periodically arranged trenches. SLE trench interval, widths for 3C-SiC stripe, 4H-SiC stripe and length of Al gate square are 150μ m,70μ m, 80μ m and 50μ m, respectively.Fig. 1. Optical micrographs of (a) n − -type and (b) p -type Al-gate MOS diodes using the SLE wafer, (c) schematic cross-sections for a stripe between periodically arranged trenches. SLE trench interval, widths for 3C-SiC stripe, 4H-SiC stripe and length of Al gate square are 150 μ m , 70 μ m , 80 μ m and 50 μ m , respectively.


at 25∘C [1-3]. Recently, a simultaneous lateral epitaxy (SLE) method has been developed in which 3C−SiC and 4H−SiC are simultaneously epitaxially grown along the basal plane and produced 3 C -on4H polytype heterostructure SiC wafers (SLE wafers) [4-6]. In this presentation, we will report on the fabrication of Al-gate MOS diodes in 3 C -on- 4H−SiC and 4H−SiC regions on a single SLE wafer (Fig. 1) and the evaluation results of their high-frequency differential capacitance-voltage (C-V) characteristics.



Experimental
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One piece cut out from a SLE wafer produced from Si -face 4H−SiC(0001) wafer with off angle of 4∘ along [11 2―0 ] (Fig. 1) was used as an n-type SLE wafer (carrier concentration of about 1016 cm−3 ),  and the other was used as an SLE wafer with a pn junction after high-temperature ion implantation ( 500∘C,Al ions) and heat treatment ( 1700∘C,5 min, Ar atmosphere) to make a 500 nm -thick surface p-type layer (carrier concentration of about 2×1017 cm−3 ). Here, a 24−30 nm-thick thermal oxide ( SiO2 ) film was formed by H2−O2 pyrogenic wet oxidation (1050∘C,4 h). Subsequently, about 100 nm -thick Al film was deposited on the surface, and resist patterns were formed on each area of 3C−SiC and 4H−SiC by photolithography using direct laser drawing exposure method, and Al gate electrodes were formed by wet etching. Finally, about 100 nm -thick Al film was deposited on the back surface and H2 sintering was performed at 400∘C ( 95% N2+5%H2, atmospheric pressure). C−V characteristics of the MOS diodes were measured at room temperature and 50−400kHz for the small amplitude signal superimposed on the gate voltage sweep.



Results and Discussion
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The evaluation results of their C-V characteristics are shown in Fig. 2 and, from suggested band diagrams shown in Figs. 3-6, carrier transport involved in the phenomena are considered. Here, following the advanced research on 3C/4H−SiC polytype heterostructure with spontaneous polarization [7-11], discontinuity at conduction band and negative fixed charges at the 3C/4H heterointerface have been included in the band diagrams. In Figs. 4-6, we are assuming situations in which a depletion layer exists inside far away from the MOS interface in relation to heterointerface and/or the pn junction, and stretching/shrinking of the width of the depletion layer are causing charging/discharging of the depletion layer capacitance ( CD ). Therefore, we added CD in the inset pictures of equivalent circuit.



n−-type 4H-SiC Region.
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In the case of n−-type 4 H -SiC MOS diode (Fig. 2 (a)), the C -V curve indicates that free electrons accumulate at the SiO2/4H−SiC interface in the positive bias (Fig. 3 (b)),


[image: Fig. 2: C-V characteristics of the MOS diodes at room temperature and 50 − 400 k H z for the small amplitude]Fig. 2. C-V characteristics of the MOS diodes at room temperature and 50−400kHz for the small amplitude signal superimposed on the gate voltage.Fig. 2. C-V characteristics of the MOS diodes at room temperature and 50 − 400 k H z for the small amplitude signal superimposed on the gate voltage.


while the capacitance decreases monotonically in the negative bias, suggesting the expansion of the depletion layer (Fig. 3 (a)). Here, the depletion is observed near 0 volts, and the flat band voltage is estimated to be about +3 V .



n−-type 3C-on-4H-SiC Region.
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In the case of n−-type 3C-on-4H-SiC MOS diode (Fig. 2 (b)), free electrons accumulate at the SiO2/3C−SiC interface at around 0 V and in the positive bias, while increase in the capacitance due to fast change in the inversion layer charge (hole) concentration can be confirmed in the negative bias below -5 V . The latter indicates a fast response of minority carrier (hole) concentration at the SiO2/3C−SiC interface, although 3C−SiC has a sufficiently wide band gap to suppress carrier generation at room temperature. It has been reported that 2 -dimensional hole gas ( 2 DHG ) is formed at the Si -face 3C/4H heterointerface negatively charged by a spontaneous polarization [7-8] (Fig. 4). Therefore, it is considered that 2DHG can act as an effective supply source of holes. In contrast, on the C -face 3C/4H-SiC heterointerface, formation of a 2 -dimensional electron gas (2DEG) with channel mobility as high as 780 cm2/(V−s) has been observed [9-11].



p-type4H𝐇-SiC Region.
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In the case of p-type 4H-SiC MOS diode (Fig. 2 (c)), holes are considered to accumulate at the SiO2/4H−SiC interface in the negative bias (Fig. 5 (a)), while a monotonic decrease in the capacitance can be confirmed in the positive bias, suggesting the expansion of the depletion layer (Fig. 5 (b)). In

addition, since no increase in capacitance is observed in the positive bias, it is believed that conversion from n−-type to p-type by Al ion implantation is successful, and a high-quality pn junction ( pn isolation structure) is formed.



p-type 3C-SiC Region.
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In the case of p-type 3C-SiC MOS diode (Fig. 2 (d)), a drastic increase in the capacitance in the positive bias is clearly observed, indicating not only fast response of the minority carrier (free electron) concentration at the SiO2/3C−SiC interface but also the drastic change of band alignment. From the suggested band diagram shown in Fig. 6 (b), it is considered that (1) holes are injected from the p-type 3C-SiC, (2) the injected holes neutralize the fixed negative charges at the Si-face 3C/4H heterointerface [7-8] and causes (3) barrier lowering to enhance free electron transport from the n−type 4H−SiC (similarly to "parasitic bipolar effect"). When we assume that most of holes in the ptype 3C-SiC layer are injected into the 2DHG, the sheet density is estimated as high as about 1×1013cm−2 from the implanted p-type dopant dose. Additionally, reported sheet hole density of 2DHG induced by spontaneous polarization ( 9.7×1012 cm−2[7] ) is almost the same order. Therefore, neutralization by compensation can be considered to occur effectively at the heterointerface. Here, it can be suggested that a structure of n−-type 4H−SiC/2DHG/n−-type 3C−SiC acts as an npn heterojunction bipolar transistor with high current gain due to a wider-gap emitter and a narrower-


[image: Fig. 3: Suggested band diagram of the MOS diode on n − -type 4 H − S i C region of SLE wafer under (a) negat]Fig. 3. Suggested band diagram of the MOS diode on n−-type 4H−SiC region of SLE wafer under (a) negative and (b) positive bias.Fig. 3. Suggested band diagram of the MOS diode on n − -type 4 H − S i C region of SLE wafer under (a) negative and (b) positive bias.



[image: Fig. 4: Suggested band diagram of the MOS diode on n − -type 3C-SiC region of SLE wafer under (a) negative a]Fig. 4. Suggested band diagram of the MOS diode on n−-type 3C-SiC region of SLE wafer under (a) negative and (b) positive bias.Fig. 4. Suggested band diagram of the MOS diode on n − -type 3C-SiC region of SLE wafer under (a) negative and (b) positive bias.


gap base, in which holes are supplied from p-type 3C-SiC through the depleted n−-type 3C-SiC to 2DHG. On the other hand, in a negative bias of -5 V or less, holes accumulate at the SiO2/3C−SiC interface as shown in Fig. 6 (a), and the flat band voltage is estimated to be about -7 V . It is considered that the conversion from n−-type to p-type by ion implantation is successful in 3C−SiC as well as 4 H SiC . For example, the holes in 2DHG below the gate electrode are considered to move away out of the electrode area ( 50μ m2 ) due to horizontal electric field caused by applying positive gate voltage. Based on such phenomenology, the holes in 2DHG should move because the band bending changes. Here, we assume that "slow modulation of 2DHG" (shown in Figs. 4 and 6) includes two phenomena such as "wide-range horizontal movement of holes during entering/exiting the electrode area along the 2DHG" and "capture/release in the deeply-confined state at the 2DHG". Because the phenomena seemed to be not so quick due to wide range and deepness, it is considered that the modulation might be slow and induce the frequency dependence.


[image: Fig. 5: Suggested band diagram of the MOS diode on p -type 4 H − S i C region of SLE wafer under (a) negativ]Fig. 5. Suggested band diagram of the MOS diode on p-type 4H−SiC region of SLE wafer under (a) negative and (b) positive bias.Fig. 5. Suggested band diagram of the MOS diode on p -type 4 H − S i C region of SLE wafer under (a) negative and (b) positive bias.



[image: Fig. 6: Suggested band diagram of the MOS diode on p -type 3C-SiC region of SLE wafer under (a) negative and]Fig. 6. Suggested band diagram of the MOS diode on p-type 3C-SiC region of SLE wafer under (a) negative and (b) positive bias.Fig. 6. Suggested band diagram of the MOS diode on p -type 3C-SiC region of SLE wafer under (a) negative and (b) positive bias.




Frequency Dependence of Capacitance


The original version of this paper is available on https://www.scientific.net/MSF.1192.39.pdf



From overview of all the C-V curves, frequency dependence of capacitance is found especially in Fig. 2 (b-d). As such frequence dependence can be seen generally in trap and release process of carrier at specific state, it can be imagined that the larger activation energy results in the slower response. In our case, acceptor level of Al atom doped in 4H−SiC and 3C−SiC is reported to have relatively large

activation energy such as 0.25−0.26eV [12-13], while donor level of N atom doped in 4H−SiC and 3C-SiC has as low activation energy as 0.0653 eV and 0.124 eV in 4H−SiC and 0.018−0.047eV in 3C-SiC [14-15]. Therefore, appearance of the larger frequency dependence can be understood by inclusion of the larger-activation-energy phenomena, such as "a deep acceptor level" and "2DHG confined by fixed charges". Here, during modulation of depletion layer thickness by small-amplitude signal at high frequency for capacitance measurement, holes in the trap and release process at deep acceptor level especially at edge of the depletion layer will contribute to frequency dependence. Additionally, because similar relation can be also imagined between holes and the negative fixed charges at Si-face 3C/4H heterointerface, "2DHG confined by fixed charges" will also contribute to frequency dependence in supplying/receiving holes (Figs. 4 and 6). In another typical case of n−-type 4H-SiC region (Fig. 2. (a)), due to shallow donor level without heterointerface, frequency dependence is considered to become small. Thus, it is suggested that frequency dispersion of capacitance is large in Fig. 2 (b-d) and significant especially at negative bias in Fig. 2 (d) with coexisting effect of the Al doped region and 3C/4H heterointerface. For the detailed contribution of each process, further research is needed. Additionally, it should also be noted that frequency dependence in both the accumulation and inversion capacitance of C−V characteristics can be observed if the series resistance is high [16]. Therefore, concerning the actual effect of series resistance as well as contribution of interface traps at the SiO2/SiC, further investigations are necessary.



Summary
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By fabrication of Al -gate MOS diodes in 3 C -on- 4H−SiC and 4H−SiC regions on an SLE wafer, evaluation results of their high-frequency C-V characteristics are reported and, from suggested band diagrams, carrier transport involved in the phenomena are considered. In the case of n−-type 3C-on-4H-SiC MOS diode, increase in capacitance due to fast modulation in the inversion layer charge (hole) concentration can be confirmed in the negative bias below -5 V. 2-dimensional hole gas ( 2 DHG ) is considered at the Si -face 3C/4H heterointerface negatively charged by spontaneous polarization and is expected to be an effective supply source of holes. Especially in the case of p-type 3C-on-4H-SiC MOS diode, it is considered that injection of holes from neutral p-type region into the heterointerface induces compensation of the fixed charges and lowering of the electron barrier at conduction band, and then, electron injection through the barrier causes the fast response of inversionlayer modulation. Appearance of the larger frequency dependence can be understood by inclusion of the larger-activation-energy phenomena, such as "a deep acceptor level" and "2DHG confined by fixed charges". These phenomena can be useful sometimes, but they can also be a hindrance if they are used improperly. Strategy of elimination or utilization for such phenomena will be important for breakthroughs in the novel semiconductor device development. These findings are believed to contribute to building new production platforms of high-performance power semiconductor devices utilizing the polytype heterostructure of SiC.
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Abstract

In this work, we demonstrate a novel oxidation-free gate oxide process consisting of a twostep surface preparation treatment, followed by atomic layer deposition of SiO2 and a post-deposition anneal in nitrogen. The surface treatment includes a 1300∘C anneal in hydrogen and dilute silane, followed by decoupled plasma nitridation (DPN). Long channel MOSFETs fabricated with this process show a 1.5 X improvement in peak field effect mobility compared with devices utilizing a standard thermal oxide and NO anneal. The MOSFETs had a positive threshold voltage, low gate leakage, and a breakdown field above 8MV/cm.

Keywords: atomic layer deposition, decoupled plasma nitridation, MOSFET, H2 etching.




Introduction
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Silicon carbide (SiC) is a wide gap semiconductor that is being rapidly adopted in power electronic applications due to its high critical electric field, high thermal conductivity, the availability of highquality large area substrates, and maturing fabrication technology. However, SiC MOSFETs exhibit poor performance due to a high density of interface states, leading to low channel mobility ( <5% of bulk mobility). To mitigate this, various studies have been conducted using deposited gate oxide processes to avoid thermal decomposition of the substrate. These processes include atomic layer deposition (ALD) [1], plasma enhanced CVD [2] [3], and a process we call "poly-ox", wherein a thin film of Si is deposited by chemical vapor deposition (CVD), followed by oxidation of the Si film at a sufficiently low temperature to avoid oxidation of the underlying SiC [4] [5]. Alternatively, other nitridation techniques including nitrogen plasma [6] [7] [8], N2O [9] and high temperature nitrogen anneals [4] have been explored as an alternative to the NO anneal to maximize the nitrogen coverage and improve interface properties. But these methods have negative side-effects such as the incorporation of nitrogen throughout the bulk of the oxide [4], or lead to only marginal improvements in interface properties. In this study, we use an Applied Materials TM  Centura TM  DPN (decoupled plasma nitridation) process in conjunction with an Applied Materials TM  Picosun TM  P300B ALD tool to form an oxidation-free SiO2 gate oxide. Decoupled plasma nitridation is a remote plasma process, capable of directly nitriding the SiC surface within a few tens of seconds, and is therefore particularly suitable for high-volume manufacturing [10] [11] [12] [13] [14]. Optimization of the DPN parameters allows the introduction of a tunable concentration of nitrogen as high as ~1.5×1021/cm3 in a sharply

defined peak at the SiC/SiO2 interface, making the traditionally hours-long and expensive NO or N2O post-deposition nitridation process unnecessary. When combined with a hydrogen + dilute silane surface pretreatment process as described previously [5] [2] [15], MOSFETs formed by this process show a 1.5 X enhancement in peak channel mobility compared to standard MOSFETs prepared by thermal oxidation and NO annealing, as well as a positive threshold voltage, low gate leakage, and a breakdown field greater than 8MV/cm.



Device Fabrication
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Our oxidation-free gate dielectric process was demonstrated using long-channel MOSFET templates consisting of an n-type 4H−SiC substrate with a 9.0×1015 cm−3n-type epilayer and ion implanted p -body regions having a surface aluminum concentration of 1.6×1016 cm−3, confirmed by SIMS analysis. The source and drain regions consist of highly doped n+regions implanted with nitrogen. The DPN-based process flow used to form the gate oxide is shown in Fig. 1. Before forming the gate oxide, the substrates were first RCA cleaned and subjected to H2 etching in a hot walled CVD furnace (1300∘C,900mbar,10slmH2) for 6 min . During the final 3 minutes of this anneal, a 5%SiH4/H2 mixture was added at a flow rate of 100 sccm , for a silane concentration of 0.05%. This last silane step is critical to minimize and passivate interface defects [5] [2] [15]. Subsequently the samples were subjected to the DPN process with a remote plasma to incorporate nitrogen into the SiC surface, similar to that formed by a post-deposition anneal in NO. A 48 nm thin film of silicon dioxide was then deposited using an Applied Materials Picosun P300B ALD system, and densified by annealing in a N2 ambient at 1200∘C for 30 min . The final MOSFETs were formed with n-type polysilicon gates doped by 800∘C,60 s diffusion from a Filmtronics P509 spin-on phosphorus source, Ni source and drain ohmic contacts formed by rapid thermal annealing at 800∘C for 120 s , and Al top metal pads were deposited and patterned for electrical contacts. The gate poly was also encapsulated by a 300 nm thick PECVD SiO2 prior to the formation of ohmic contacts. The channel length and width are 140μ m and 110μ m respectively. In our experiments, a control sample was prepared by thermal oxidation of SiC in dry O2 followed by NO annealing at 1175∘C for 2 hrs . to give about 50 nm of SiO2 for comparison.


[image: Fig. 1: Process flow diagram for DPN based gate oxide process.]Fig. 1. Process flow diagram for DPN based gate oxide process.Fig. 1. Process flow diagram for DPN based gate oxide process.




Results and Discussion
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The transfer characteristics of a typical MOSFET fabricated in this manner are shown in Fig 2a.


[image: Fig. 2: Transfer characteristics (a) and field-effect mobility (b) as a function of gate voltage for MOSFETs]Fig. 2. Transfer characteristics (a) and field-effect mobility (b) as a function of gate voltage for MOSFETs formed by the DPN process in comparison with a standard thermal + NO process.Fig. 2. Transfer characteristics (a) and field-effect mobility (b) as a function of gate voltage for MOSFETs formed by the DPN process in comparison with a standard thermal + NO process.


The device shows a sharper increase in drain current with a positive but somewhat reduced threshold voltage ( Vth ~1 V ) in comparison to the control sample with a 50 nm thick thermally grown gate oxide and NO anneal. The field effect mobility (Fig. 2b) of a DPN treated device shows a significant 1.5 X improvement ( ~38 cm2/Vs ) as compared to the control sample ( ~25 cm2/Vs ). This increased mobility, reduced threshold voltage, and a sharper turn-on characteristic are all consistent with a significant reduction in the interface state density. It is important to note that these measurements were done on an ion implanted channel with NA=1.6×1016 cm−3. While this p-type doping concentration may be insufficient for practical power devices, it still allows a direct comparison of parameters for the MOSFETs fabricated with the two different gate oxide methods.


[image: Fig. 3: a) Normalized CV characteristics of DPN treated circular MOSCAP device (diameter = 225 μ m ) compare]Fig. 3. a) Normalized CV characteristics of DPN treated circular MOSCAP device (diameter =225μm) compared with Thermal + NO control. b) Comparison of leakage current and oxide breakdown fields for DPN treated device and Thermal + NO control.Fig. 3. a) Normalized CV characteristics of DPN treated circular MOSCAP device (diameter = 225 μ m ) compared with Thermal + NO control. b) Comparison of leakage current and oxide breakdown fields for DPN treated device and Thermal + NO control.


The high frequency CV characteristics (at 100 kHz in dark conditions) are shown for the DPN treated MOSCAPs (Fig 3a). The normalized CV data shows minimal hysteresis, and a -0.8 V shift in the CV curve compared to the control sample. This shift is consistent with that of a reduction in negative interface charges (interface + fixed charge) of q*3.45×1011C/cm2 and is also consistent with the higher mobility shown in Fig 2b. The DPN treated MOSCAPs also exhibit low leakage current and a high breakdown field ( >8MV/cm ) (Fig. 3b), although somewhat lower breakdown field than the thermal+NO control sample. While nearly ideal breakdown fields have been observed in ALD deposited SiO2 films [16], it is not uncommon for such films to have somewhat lower

breakdown fields than thermal oxides. Further optimization of our process is required to achieve an oxide breakdown field comparable to traditional thermal+NO oxides. Fig. 4 shows a transmission electron microscopy (TEM) cross-section image and electron energy loss spectroscopy (EELS) map across the interface. The image indicates that the N2 is preferentially incorporated at the interface during the DPN treatment with small distribution into the oxide bulk.


[image: Fig. 4: TEM micrograph of DPN treated device showing S i O 2 thickness of 48 nm . The EELS map of various el]Fig. 4. TEM micrograph of DPN treated device showing SiO2 thickness of 48 nm . The EELS map of various elements (Nitrogen, Silicon, Oxygen, Carbon) across the device cross section is also shown.Fig. 4. TEM micrograph of DPN treated device showing S i O 2 thickness of 48 nm . The EELS map of various elements (Nitrogen, Silicon, Oxygen, Carbon) across the device cross section is also shown.



[image: Fig. 5: Depth profiles of nitrogen atom concentration near S i C − S i O 2 interface and in the bulk S i O 2]Fig. 5. Depth profiles of nitrogen atom concentration near SiC−SiO2 interface and in the bulk SiO2. The peak concentration at the interface is slightly higher than Thermal + NO control.Fig. 5. Depth profiles of nitrogen atom concentration near S i C − S i O 2 interface and in the bulk S i O 2 . The peak concentration at the interface is slightly higher than Thermal + NO control.


To quantify the concentration of N2 near the interface and in the bulk oxide, depth profiling was performed using SIMS as shown in Fig. 5. The results indicate high concentration of N2 near the interface for DPN treated samples with small amount of N2 present in the bulk of the oxide as well. Further experiments are required to optimize the conditions of DPN treatment and post ALD deposition anneal to further improve the device performance.



Conclusion
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In summary, we have demonstrated a gate oxide process that reduces the interface defect density to yield a 1.5 X improvement in peak channel mobility while maintaining a small positive threshold voltage. The effectiveness of the DPN process in nitriding the SiC surface in a very short time enables a high-throughput fabrication process and is therefore particularly suitable for high-volume manufacturing of SiC devices.
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Abstract

In this work, we present a process flow to optimize the SiC/SiO2 gate interface quality for SiC power MOSFETs. The process incorporates high-temperature N2/H2 pretreatment, followed by LPCVD SiO2 deposition and NO post-deposition annealing (PDA). By tailoring the pretreatment conditions, a substantially improved SiC/SiO2 interface with reduced interface trap density ( Dit  ) can be achieved. Furthermore, the gate oxide quality is also characterized by measuring the leakage current and time-dependent dielectric breakdown (TDDB). The results indicate a noticeable improvement in the average breakdown field ( Eox ), thanks to the enhanced SiC surface condition achieved by the N2/H2 pretreatment.

Keywords: 4H−SiC MOS capacitor, SiC/SiO2 interface, high temperature pretreatment, interface trap density, gate leakage current.




Introduction
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Despite the on-going commercialization, the 4H−SiC power MOSFET still suffers from the traprich SiC/SiO2 MOS gate interface, which affects the field-effect MOS channel mobility, threshold voltage stability, and device lifetime. Attempts to improve the SiC/SiO2 MOS gate interface should continue for improved device performance and reliability. Carbon-related defects (i.e., the carbon clusters) generated during the thermal oxidation process of SiC are identified as a predominant contributor to the high Dit  level [1].

Preventing the thermal oxidation of SiC surface during which the high oxidation temperature (~1,200∘C) could lead to carbon accumulation at the interface, e.g., replacing thermal oxide with deposited oxide (at lower temperature), has been experimented to eliminate the carbon-related defects, thereby improving the quality of SiC/SiO2 interface [2-3]. Nevertheless, carbon-related defects can still form during sacrificial oxidation process. Therefore, an appropriate pretreatment prior to the gate oxide deposition is needed to remove the existing carbon-related defects, thereby obtaining a highquality SiC surface for the subsequent gate oxide deposition process.

In this work, we present a process flow that integrates high temperature N2/H2 pretreatment, LPCVD SiO2 deposition, and NO post deposition annealing (PDA) to optimize the quality of SiC/SiO2 interface. The hydrogen-containing pretreatment enables effective removal of the carbonrelated defects through a layer-by-layer etching process of the defective layers at the SiC surface, preparing a high-quality SiC surface [4]. The LPCVD deposition at 420∘C effectively avoids the thermal oxidation of SiC and the associated carbon clusters, and the subsequent NO PDA further passivates the interface states, pursuing a high-quality SiC/SiO2 gate interface for improved device performance.



Experiment
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SiC/SiO2 MOS capacitors were fabricated on an n-type 4H−SiC(0001) epilayer (donor density: 1×1016 cm−3 ) grown on a n-type substrate [Fig. 1]. The fabrication process starts with a surface pretreatment in a furnace under a gas atmosphere of 95% N2 and 5%H2 at atmospheric pressure. Compared with the pretreatment etching by pure H2[2−3], such N2/H2 gas composition is compatible with standard industrial furnace with high level of safety. Subsequently, a gate oxide layer of ~55 nm was deposited by LPCVD at 420∘C. Afterwards, NO PDA was performed at 1250∘C for 70 min for interface passivation. Finally, circular Al front electrode (diameter: 400μ m ) and Al back contact were deposited and sintered. Following device fabrication, electrical measurements ( C−V and I−V ) and material characterization were performed to evaluate the impact of the proposed process and gain insights into the underlying physical mechanisms.


[image: Fig. 1: Procedure and schematic of the proposed fabrication process of MOS capacitors.]Fig. 1. Procedure and schematic of the proposed fabrication process of MOS capacitors.Fig. 1. Procedure and schematic of the proposed fabrication process of MOS capacitors.




Results and Discussion
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To evaluate the quality of SiC/SiO2 interface, Dit  near the conduction band edge ( Ec ) is extracted from the C-V results by using high ( 100 kHz )-low (quasi-static) method. Fig. 2 (a) shows the Dit  distribution profiles of samples pretreated in N2/H2 mixture gas at 1350∘C for different treatment time duration. The lowest Dit  level is obtained in the 30 -min sample. Further prolonging the pretreatment time to 40 min leads to a noticeable increase of Dit , especially in shallow levels close to Ec. The results could be attributed to the layer-by-layer etching process of the SiC defective surface layers by H2. With 30 -min pretreatment, a clean Si -rich layer is exposed with the lowest level of Dit, but further extending the pretreatment time to 40 min exposes the underlying C -rich layer that inherently leads to higher density of Dit . In addition, two Nitrogen-based treatments, i.e., the N2/H2 pretreatment and the NO PDA, could both introduce Nitrogen atoms to passivate the SiC/SiO2 interface and improve its quality. The XPS C 1s spectra of samples without pretreatment and with a 30− min pretreatment were analyzed and compared. The C-C/C-Si ratio decreases from 0.038 to 0.026 after pretreatment, indicating an effective reduction of carbon clusters on the SiC surface due to the N2/H2 pretreatment.

The temperature dependence of the Dit  level during the 30−minN2/H2 pretreatment is also investigated [Fig. 2 (b)]. Samples pretreated at 1350∘C exhibits the lowest Dit  level. At higher temperature ( 1350∘C ), the accelerated etching and passivation reactions outweigh the trap generation from Si−C bond breaking, so the trap removal and passivation process dominants.


[image: Fig. 2: Energy distribution of D it extracted from samples with different pretreatment (a) time duration and]Fig. 2. Energy distribution of Dit  extracted from samples with different pretreatment (a) time duration and (b) temperature.Fig. 2. Energy distribution of D it extracted from samples with different pretreatment (a) time duration and (b) temperature.


The layer-by-layer etching process of H2 is verified by the AFM image of the SiC surface selective region pretreatment experiment [Fig. 3]. A layer of SiO2 is deposited and patterned to expose a selected SiC surface region to the N2/H2 pretreatment. After the 30−minN2/H2 pretreatment at 1350∘C, a Si−C bilayer of ~0.5 nm is removed from the SiC surface, exposing the Si-rich surface to improve the quality of SiC/SiO2 interface.


[image: Fig. 3: AFM image after selective region N 2 / H 2 pretreatment.]Fig. 3. AFM image after selective region N2/H2 pretreatment.Fig. 3. AFM image after selective region N 2 / H 2 pretreatment.


Any performance benefit introduced by optimizing the fabrication process should come without a penalty in the gate oxide reliability. Most reliability-relevant characteristics including the leakage current and time-dependent dielectric breakdown of the gate oxide from samples with and without the pretreatment ( 1350∘C for 30 min ) were compared. Both the leakage current and the breakdown electric field indicate the N2/H2 pretreatment does not negatively affect the gate oxide quality [Fig. 4 (a)]. Based on the statistical distribution of oxide breakdown electric field in Fig. 4 (b), the devices with N2/H2 pretreatment show a noticeable increase in the average Eox, indicating a better SiC surface was prepared for gate oxide deposition. The relatively large dispersion in the Eox distribution under both conditions is primarily attributed to intrinsic process-induced variations in oxide quality.


[image: Fig. 4: (a) Insulating properties of MOS capacitors with and without the pretreatment. (b) Statistical chart]Fig. 4. (a) Insulating properties of MOS capacitors with and without the pretreatment. (b) Statistical chart of Eox for the two samples.Fig. 4. (a) Insulating properties of MOS capacitors with and without the pretreatment. (b) Statistical chart of E o x for the two samples.


TDDB test was further performed at room temperature to evaluate the reliability of the gate oxide pretreated at 1350∘C for 30 min [Fig. 5 (a)]. The stress electric field is 8MV/cm,8.25MV/cm, and 8.5MV/cm, with the corresponding Weibull slope (β) value of 0.98,1.16, and 0.94 . This value is relatively low in comparison to that of thermal oxide [5], which is attributed to the compromised quality of the LTO. To project the lifetime of the fabricated MOS capacitors, t63% is plotted against the applied gate electric field, as shown in Fig. 5 (b). From the projection, the lifetime of these devices can reach 10 years at room temperature with a maximum operating electric field of 6.74MV/cm.


[image: Fig. 5: (a) Weibull distributions of devices failures at various electric fields; (b) Ten-year lifetime pred]Fig. 5. (a) Weibull distributions of devices failures at various electric fields; (b) Ten-year lifetime predictions by choosing 63% failure rate.Fig. 5. (a) Weibull distributions of devices failures at various electric fields; (b) Ten-year lifetime predictions by choosing 63 % failure rate.




Summary
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To conclude, the discussed process that integrates N2/H2 pretreatment, gate oxide deposition, and NO post deposition annealing demonstrated effective improvement of the SiC/SiO2 interface by removing the thermal-oxidation-related carbon clusters and the associated Dit.  Meanwhile, the quality of the gate oxide is not compromised by the pretreatment process, which could be further improved by optimizing the deposition method and conditions.
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Abstract

We investigate the physical and electrical characteristics of the Al-doped or undoped HfO2/SiO2 gate stacks on 4H−SiC by testing MOSCAP chips fabricated in house. A clear reduction in accumulation capacitance ( Cox ) with increasing chuck temperature from room temperature up to 523 K is observed, with Al-doping playing a key role and aligning with temperature-dependent Landau ferroelectric theory. Chips annealed at 1100∘C in N2 ambient show the highest Cox decrease rates while maintaining functional MOS interfaces with acceptable flatband voltage, hysteresis, and Dit profiles. TCAD simulations on a double trench MOSFET model, based on the extracted data indicate improved electro-thermal performance, demonstrating that Al -doped HfO2/SiO2 gate stacks are a promising approach for enhancing 4H−SiC power devices.

Keywords: Al-doped HfO2, ferroelectricity, paraelectricity, high-k dielectrics, crystallisation, accumulation capacitance, temperature-dependence, Dit  profile, short-circuit ruggedness.




Introduction
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Silicon Carbide ( SiC ) has several material advantages over silicon ( Si ) in power electronics applications, such as its wider bandgap, higher breakdown voltage, and higher operating temperatures of SiC devices. Hence, they could be used for making more efficient power-dense 4H−SiC metal-oxide-semiconductor field-effect transistors (MOSFETs) with lower on-resistances (Ron). Problems surrounding reliability under harsh conditions are still a challenge in 4H−SiC technology in this field. Short-circuit (SC) withstand time has been one of the challenges extensively researched, as the withstand times in 1.2kV4H−SiC MOSFETs have been low compared to their lower-rated 650 V counterparts [1]. Through Landau's theory of the temperature dependence of the dielectric constant and accumulation capacitance ( Cox ) in ferroelectric materials [2], the solution proposed was the integration of a ferroelectric hafnium oxide (HfO2)/ silicon dioxide (SiO2) gate-stack as the gate dielectric, which led to decreased peak current leakage and peak device temperature, resulting in improved electro-thermal behaviour of the device [3, 4]. This is based on the ferroelectric/paraelectric capacitance model from Landau's theory, where the dielectric permittivity increases up to when the operation temperature ( T ) reaches the Curie-Weiss temperature ( TCw ), but then decreases when T is above the TCw [2]. Research in ferroelectricity of HfO2 has shown that doping the HfO2 layer with different dopants, such as Si or aluminium (Al) could enhance the ferroelectric property of HfO2 [5, 6]. Therefore, the investigation will involve doped- HfO2/SiO2/4H−SiC MOS capacitor (MOSCAPs) chips.

In this study, the electrical performance and structural properties of the atomic layer deposited (ALD) Al-doped HfO2/SiO2/4H−SiC will be investigated. The focus will be on the Cox  change rate at increasing chuck temperatures against room temperature (RT) for the validity of Landau's theory. Flatband voltage ( VFB ), hysteresis and density interface traps ( Dit ) at RT are also investigated for studying the electrical reliability and integrity of the MOS interface.



Methodology
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For the fabrication of the MOSCAP chips in this investigation, seven 1 cm×1 cm chips have been cleaved from a 10μ m thick wafer consisting of an epitaxially grown light nitrogen-doped ( 1×1016cm−3 ) drift layer on top of a heavy nitrogen-doped ( >1×1020 cm−3 ) 4H-SiC substrate. The cleaved chips then underwent standard RCA cleaning with an: HF(10%)/RCA1/HF(10%)/RCA2/HF(10%), cleaning cycle. For the deposition of the HfO2/SiO2 gate-stack, 6 nm of SiO2 was deposited followed by 30 nm of doped/undoped HfO2 on top. Oxygen plasma is the oxidant of choice along with bis(diethylamido)silane (BDEAS) and tetrakis(dimethylamido)hafnium (TDMAHf) as Si and Hf precursors. This is all done by plasma-enhanced ALD (PE-ALD) at 200∘C with the Ultratech Fiji G2 PE-ALD system. For Al -doped HfO2 layers ALD cycles ratios of 1:19 and 1:29 of the Al2O3:HfO2 have been used to produce the Al−HfO2/SiO2/4H−SiC MOSCAP chips. Post deposition annealing (PDA) was done on the chips in nitrogen ( N2 ) ambient for one hour leading to a following list of MOSCAP chips produced:


	Undoped HfO2/SiO2/4H−SiC MOSCAP chips annealed in a quartz furnace at 900∘C, 1000∘C, or 1100∘C.

	Al-doped: HfO2/SiO2/4H−SiC MOSCAP chips annealed at 900∘C,1000∘C, or 1100∘C.



500 nm thick aluminium contacts were deposited on the top and bottom of the chips by means of metal sputtering to complete the fabrication of the devices. The top contacts were circular with a surface area of 1.26×10−3 cm2. The bottom surface of the chip was dry etched for the formation of the ohmic contact, before the bottom contact was deposited.

High-low frequency variant ±10 V capacitance-voltage (C-V) sweeps were conducted on at least 15 MOSCAP devices on each chip, with the average VFB, hysteresis and Dit  were extracted at room temperature (RT) (293 K). Dit  profiles of each MOSCAP device are extracted by the high-low frequency method with 100 Hz being the lowest frequency and 1 MHz being the highest frequency, using an Agilent E4980A LCR meter. High frequency C-V sweeps at varying probe station chuck temperature points (between 293 K - lowest and 523 K - highest) were performed on the MOSCAP chips; VFB, hysteresis and Cox(at+10 V) measurements were obtained at those various temperature points. A previously characterised ALD−SiO2/4H−SiC MOSCAP served as a reference for comparative electrical benchmarking. Grazing-incidence X-ray diffraction (GIXRD) measurements are conducted on the HfO2 surface for determining the crystal phase of the HfO2 film after a PDA; further structural analysis and the layer thicknesses have been verified by scanning transmission electron microscopy (STEM).


[image: Fig. 1: A TEM scan verifying the thickness of (a) deposited stacked dielectric as well the (b) element compo]Fig. 1. A TEM scan verifying the thickness of (a) deposited stacked dielectric as well the (b) element composition.Fig. 1. A TEM scan verifying the thickness of (a) deposited stacked dielectric as well the (b) element composition.



[image: Fig. 2: SEM images of a unannealed (left) and N 21100 ∘ C annealed (right) MOS structure.]Fig. 2. SEM images of a unannealed (left) and N21100∘C annealed (right) MOS structure.Fig. 2. SEM images of a unannealed (left) and N 21100 ∘ C annealed (right) MOS structure.



[image: Fig. 3: GIXRD measurements of the undoped/doped H f O 2 films on S i O 2 / 4 H − S i C .]Fig. 3. GIXRD measurements of the undoped/doped HfO2 films on SiO2/4H−SiC.Fig. 3. GIXRD measurements of the undoped/doped H f O 2 films on S i O 2 / 4 H − S i C .




Physical Characterisation
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The STEM analysis of the N21100∘C annealed gate-stack MOS interface cross-section, shown in fig. 1, has confirmed the thicknesses of each insulator in the gate stack. Some crystallinity could be observed in the HfO2 layer from the STEM analysis. This detected crystallinity is like the crystallinity detected on HfO2 layers annealed on Si [9]. Comparative SEM conducted on an as-deposited layer of

HfO2 and then a N21100∘C annealed (both on separate chips of SiO2/4H−SiC ), have been done as shown in fig. 2. Fig. 2 depicts the grains of the annealed HfO2 to be greater than that of the asdeposited HfO2. Similar trends have also been seen on as-deposited or 700∘C annealed 500 nm thick HfO2 films on Si , where the method of deposition was by electron beam evaporation [10]. GIXRD results of fig. 3, show that for all the chips that underwent a high temperature PDA, a monoclinic crystal phase has been detected on the HfO2 film, which is synonymous with paraelectric properties of HfO2 [5]. Thus, links with the paraelectric phase of the ferroelectric theory could be established, especially the Cox decrease at higher chuck temperatures.



Electrical Results
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Fig. 4 shows normalised high-frequency C-V sweep results of a MOSCAP device taken from a 1:19 Al-doped HfO2/SiO2/4H-SiC chip annealed at 1100∘C in N2 at varying chuck temperatures. All recorded capacitance values have been referenced to the Cox  at RT. A Cox  (at +10 V ) decreased by 15%


[image: Fig. 4: Normalised Capacitance-Voltage sweep of a device on an A l 2 O 3 : H f O 2 1:19 Aldoped MOSCAP chip.]Fig. 4. Normalised Capacitance-Voltage sweep of a device on an Al2O3:HfO2 1:19 Aldoped MOSCAP chip.Fig. 4. Normalised Capacitance-Voltage sweep of a device on an A l 2 O 3 : H f O 2 1:19 Aldoped MOSCAP chip.



[image: Fig. 5: C o x change vs chuck temperature results for all the PDA Al-doped H f O 2 / S i O 2 gate-stack and ]Fig. 5. Cox change vs chuck temperature results for all the PDA Al-doped HfO2/SiO2 gate-stack and SiO2 benchmark MOSCAP chips.Fig. 5. C o x change vs chuck temperature results for all the PDA Al-doped H f O 2 / S i O 2 gate-stack and S i O 2 benchmark MOSCAP chips.



[image: Fig. 6: C o x change vs Chuck Temperature on retested MOSCAP devices.]Fig. 6. Cox change vs Chuck Temperature on retested MOSCAP devices.Fig. 6. C o x change vs Chuck Temperature on retested MOSCAP devices.



[image: Fig. 7: (a) Hysteresis and (b) V F B results at varying chuck temperatures.]Fig. 7. (a) Hysteresis and (b) VFB results at varying chuck temperatures.Fig. 7. (a) Hysteresis and (b) V F B results at varying chuck temperatures.


has been recorded as the chuck temperature rose from RT to 523 K . This result partially supports Landau's theory of temperature dependence on Cox in ferroelectric materials, especially in the paraelectric phase [2]. Fig. 5 shows the average Cox  change rate for all Al-doped gate stack MOSCAP chips in comparison to the ALD−SiO2 benchmark chip [7] at rising chuck temperatures (in 50 K increments). These results show that, regardless of the deposition cycles for the Al-doped HfO2, the PDA temperature of 1100∘C leads to the most favourable trends in Cox reduction rate with rising chuck temperatures; Hence, the doped MOSCAP chips annealed at 1100∘C have been taken further for further study. Cox change rate for the benchmark MOSCAP chip has been close to zero regardless of chuck temperature level. Moreover, high-frequency C-V sweeps, even with smaller chuck temperature increments of 25 K , have been conducted on a new set of MOSCAP devices on chips annealed at 1100∘C (fig. 6), further confirming the decreasing Cox trend (Fig. 5). This experimentally confirms a similar trend, also observed in silicon-on-insulator MOSFET devices [8].

Fig. 7a and 7b show the average hysteresis and VFB results at varying chuck temperature points for the MOSCAP chips. At all chuck temperature levels, the VFB is shown to be closer to the ideal VFB of ΦMS than that of the ALD-SiO2 2 benchmark. The hysteresis for the MOS interfaces is calculated using Eq. (1); therefore, a positive value indicates that negative charge is trapped in the MOS interface, but a negative value indicates that positive charge is trapped. Fig. 4b shows that positive

charges are trapped in the interface for the Al-doped gate stacks at all chuck temperature points, whereas negative charges are trapped for the ALD- SiO2 benchmark interface.



 Hysteresis =VFB( Acc. → Inv. )−VFB( Inv. → Acc. )(1)


Fig. 8 shows the RT Dit profile results of the Al-doped/undoped gate stacks and the ALD- SiO2 benchmark. The Dit  profile results are lower than 1012eV−1 cm−2 even when at 0.2 eV . Such results confirm that Al-doped gate-stacks can also make functional 4H−MOS interfaces.



TCAD Simulations Based on Experimental Results
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SC TCAD simulations have been conducted on a double trench MOSFET [11] employing similar methods for temperature-dependent dielectric constant ( ε ) curve fitting of the N2,1100∘C annealed 1:19 (Al2O3:HfO2)/SiO2 gate-stack and SC testing parameters, as of [3]. Fig. 9 shows the curve results of the curve fitting for the ε vs chuck temperature based on the electrical characterisation results. Given that no changes have been made on the design dimensions of the double trench MOSFET device, except for the gate insulator, it shows that there is improved electro-thermal performance when the temperature-dependent gate-stack has been adopted over the SiO2 gate insulator. Fig. 10 shows the responses of the MOSFET drain current ( ID ) and the maximum lattice temperature ( Tmax ) when under SC stress. Besides the lower peak Id and TMAX for the MOSFET that adopted the temperature-dependent ε gate-stack, the SC withstand time (SCWT) also increased by 2μ s.


[image: Fig. 8: D it profile results of the MOS interfaces of different gate insulator options.]Fig. 8. Dit  profile results of the MOS interfaces of different gate insulator options.Fig. 8. D it profile results of the MOS interfaces of different gate insulator options.



[image: Fig. 9: Dielectric constant ( ε ) vs Chuck temperature curve fit.]Fig. 9. Dielectric constant ( ε ) vs Chuck temperature curve fit.Fig. 9. Dielectric constant ( ε ) vs Chuck temperature curve fit.


A comparative Tmax  in the TCAD MOSFET lattice model switching from the SiO2 (fig. 11a) to the doped gate-stack (fig. 11b) have recorded a decrease in lattice temperature from 1286 K to 1229 K .


[image: Fig. 10: Simulated SC Id and Tmax for the DT MOSFET with constant S i O 2 (red) and temperature dependent H f]Fig. 10. Simulated SC Id and Tmax for the DT MOSFET with constant SiO2 (red) and temperature dependent HfO2/SiO2 gate-stack gate insulator (blue).Fig. 10. Simulated SC Id and Tmax for the DT MOSFET with constant S i O 2 (red) and temperature dependent H f O 2 / S i O 2 gate-stack gate insulator (blue).



[image: Fig. 11: Lattice temperature distribution in the simulated TCAD double trench MOSFET model with (a) constant ]Fig. 11. Lattice temperature distribution in the simulated TCAD double trench MOSFET model with (a) constant SiO2 or (b) temperature dependent HfO2/SiO2 gate stack.Fig. 11. Lattice temperature distribution in the simulated TCAD double trench MOSFET model with (a) constant S i O 2 or (b) temperature dependent H f O 2 / S i O 2 gate stack.




Conclusion
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Ferroelectric/Paraelectric properties of HfO2 on SiO2/4H−SiC have been investigated for the first time both physically and electrically on various materials/electrical characterisation methods. The physical characterisation through GIXRD and SEM reveals that the doped/undoped HfO2 layers that underwent a high-temperature PDA all exhibit a monoclinic (P21/c) crystal phase, which may justify the Cox  decrease against the rising chuck temperature. Chips that underwent a PDA of 1100∘C in N2 ambient led to the highest rates of Cox decreases between −13% and −18% from RT to 523 K . Furthermore, the VFB/ hysteresis vs chuck temperature, and RT Dit  profile results, all show that the gate-stack could still lead to functional and efficient MOS interfaces for 4H−SiC power MOS devices. Simulation results on a TCAD double trench MOSFET model, based on experimental data of this study, show improved electro-thermal performance when utilising the gate-stack as an alternative.

This study demonstrated that Al -doped HfO2/SiO2 gate-stacks could be a viable gate insulator option in SiC power devices. Further investigations into the stability of pure-ferroelectric property of HfO2 should be conducted in the future, with some changes to be made to the HfO2 doping ratios and the PDA process step thermal budget during the fabrication process of future gate-stack MOSCAP chips. The suitability of those gate stacks for MOSFET device integration will also encompass Dit (for channel mobility) and voltage breakdown (for gate leakage) parameters, as the polycrystalline nature of high temperature PDA HfO2 could sometimes lead to current leakage through the HfO2 layer [12].
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Abstract

In this paper, we study high-temperature H2, N2, and H2/N2 surface conditioning processes prior to the SiO2 deposition as a promising approach for SiO2/4H−SiC interface preparation in metal-oxide-semiconductor field-effect transistors (MOSFET). A thorough electrical analysis is presented, consisting of temperature-dependent transfer characteristics as well as reliability studies regarding bias temperature instabilities (BTI) and dielectric breakdown behavior. Especially N2-containing surface pretreatments were found to greatly suppress electron traps, whereas hole trapping is enhanced. Finally, X-ray photoelectron spectroscopy (XPS) was utilized to elucidate the elemental surface composition after the different annealing procedures. The obtained results are in good agreement with the electrical characterization and complement already published results regarding the formation of surface reconstructions on 4H−SiC through H2 and H2/N2 annealings.
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Within the recent years, the SiC power MOSFET market has been massively grown. The wide bandgap of the 4H−SiC material comes along with a high breakdown field strength, offering the possibility of shrinking the drift zone thickness and ultimately its resistance contribution. Together with other superior physical properties like a high thermal conductivity, 4H−SiC is expected to continuously replace Si -based devices in high-voltage, energy-efficient power electronics application. A fundamental building block of every MOSFET device is the oxide-semiconductor interface. Despite the ongoing efforts to improve the SiO2/4H−SiC interfacial quality, the resulting channel mobility remains below expectation. Hence, metal-oxide-semiconductor (MOS) channel engineering is still a highly interesting matter of applied research.

With progressing scientific achievements in the field of SiO2/4H−SiC interface improvement, it is nowadays common knowledge, that thermal oxidation of 4H−SiC creates various defect states, located at different energetic levels. Exchanging a thermally grown by a deposited SiO2 gate oxide, however, turned out to yield a more abrupt material transition, if combined with an appropriate post-deposition annealing (PDA) process [1]. Hence, low pressure chemical vapor deposition (LPCVD) became the method of choice for high-quality gate oxide formation in 4H−SiC MOSFETs. Along with the transition to deposited gate oxides, the investigation of appropriate surface pretreatment processes prior to the dielectric deposition gained growing scientific interest. In this regard, especially H2-based, high-temperature surface conditioning in combination with a deposited SiO2 gate oxide was recently shown to offer a substantial increase in the channel mobility [2,3]. Even if the physical origin of the remarkable performance improvement is not yet fully understood, it is speculated, that mobilitylimiting defects are heavily reduced by H2 conditioning together with avoiding substrate oxidation.

The surface configuration of H2-annealed Si -face ( 0001 ) 4H−SiC is a matter of scientific interest since decades. Within the published studies, several hints to explain the recently shown mobility improvement can be found. Typically, upon H2 annealing, highly ordered silicate adlayers have been

observed, which provide an atomically sharp, epitaxial material transition to the underlying 4H−SiC [4]. Such silicate layers are expected to provide a well-suited seed layer for subsequent SiO2 deposition. However, it was found out, that the resulting surface reconstruction leaves behind an unsaturated bond per unit cell, which forms a mid-gap interface state. In this regard, researchers discovered an even more promising surface structure by adding a N2 annealing subsequent to the H2 treatment [5]. Such a combined H2/N2 surface treatment was proven to form an epitaxial silicon oxynitride ( SiON ) adlayer in a self-limiting manner, which potentially serves as an ideal insulator/ 4 H SiC transition due to the absence of dangling bonds. Even if first attempts to transfer those theoretical predictions to simple MOS capacitor devices have been published by Rozen et al. [6], to the best of our knowledge, there exists no successful demonstration on 4H−SiC MOSFET devices. In this work, we close this gap by investigating the effect of high-temperature H2, N2 and H2/N2 surface conditioning processes on the electrical performance of lateral 4H−SiC MOSFETs. Besides a thorough evaluation of the resulting transfer characteristics, reliability aspects of the processed gate oxides are discussed. Finally, the electrical results are correlated with XPS analysis.



Experimental
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To study the effect of different high-temperature surface conditioning processes, we fabricated lateral, long channel MOSFET devices on epitaxial n-type layers, grown on conventional 4∘-off axis ( 0001 ) 4H−SiC6′′ substrates. A schematic cross section of the MOSFET devices is shown in Fig. 1 together with the detailed process chain of the investigated gate formation procedures. To prepare the wafers for the variation in high-temperature surface conditioning, three subsequent ion implantation steps were conducted. In a first step, Al was implanted as a p-type dopant to create the channel region. Subsequently, a surrounding p-type border was implanted with a higher Al dose, which later serves as ohmic contact, connecting the channel region to ground potential during electrical characterization. Finally, highly doped n -type source and drain regions were formed by implanting ionized N atoms. Except the ion implantation steps, device fabrication took place in the corporate research cleanroom of the Robert Bosch GmbH. Following the implantation block, dopant activation was conducted by the state-of-the-art process of high-temperature annealing with the wafer surface being covered by a C capping.


[image: Fig. 1: Schematic cross section of the fabricated long channel MOSFET devices. Process chain and details reg]Fig. 1. Schematic cross section of the fabricated long channel MOSFET devices. Process chain and details regarding the gate stack formation including the surface conditioning procedures are given on the right side together with the respective sample nomenclature.Fig. 1. Schematic cross section of the fabricated long channel MOSFET devices. Process chain and details regarding the gate stack formation including the surface conditioning procedures are given on the right side together with the respective sample nomenclature.


Prior to the surface conditioning processes, the wafers were cleaned to subsequently grow a sacrificial oxide layer, which is removed in a wet buffered oxide etch (BOE) solution. Right after, the wafers were processed according to the fabrication scheme, shown in Fig. 1. As a baseline for comparing the electrical results, a reference sample without additional surface treatment, denoted as " SiO2 ", was fabricated. All other samples underwent a dedicated high-temperature surface conditioning process, namely H2, N2 and a combination thereof. The respective processing conditions in terms of temperature profile over time and gas ambient are schematically provided in Fig. 1. All pretreatment processes were performed ex-situ to the subsequent LPCVD SiO2 formation. However,

the anticipated surface passivation layers upon H2 and H2/N2 annealing are published to be very stable against air exposure [4,5]. After the surface conditioning processes, all wafers were put together and processed nominally the same. SiO2 gate dielectrics were deposited by means of LPCVD and annealed in NO ambient at moderate temperatures to avoid reoxidation of interfacial layers. An insitu P doped LPCVD poly-Si layer was subsequently deposited as gate electrode material. Following a dry etching step to structure the poly- Si , a thick SiO2 insulation layer was formed to encapsulate the MOS stack, again via a LPCVD process. Afterwards, electrical contacts to the source, drain, gate and bulk regions had to be defined. Starting with the ohmic contacts to the 4H−SiC, the insulation layer was selectively etched in dedicated areas, followed by NiSi formation via sputtering and rapid thermal annealing (RTA) at elevated temperatures. Finally, to ensure a reliable needle contact to the MOSFET terminals during electrical characterization, thick Al contact pads were formed.

The fabricated MOSFET devices were electrically characterized in a Cascade Microtech probe station. A Keithley 2636 sourcemeter was connected to the probe station to record transfer characteristics and perform BTI, time-zero dielectric breakdown (TZDB) and constant voltage timedependent dielectric breakdown (TDDB) analysis. For analyzing the atomic surface configuration, XPS characterization was carried out in a PHI Quantera II equipment. Si2p, C1s, O1s and N1s core level spectra were acquired by using a monochromatic AlKαx-ray source with a take-off angle of 45∘. The resulting diameter of the analyzed area is roughly 200μ m.



Results and Discussion
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Fig. 2 a)-c) present the transfer characteristics of our devices. In Fig. 2 a), the linear drain current ID curve traces of one exemplary device per wafer are shown. The gate voltage VG was swept in 0.1 V steps from -5 V to +25 V and vice versa. The drain voltage VD was set to 0.3 V . To better compare the turn-on characteristics of the differently processed MOSFETs, a logarithmic illustration of ID in the voltage range 0 V<VG<4 V is given in Fig. 2 b ). Out of the results in Fig. 2 a ) and b), the peak field-effect mobility μFE, threshold voltage Vth  and sub-threshold hysteresis ΔVsub-th  are extracted and shown as box plots in Fig. 2 c) for a statistics of 16 devices per wafer.


[image: Fig. 2: a) Linear transfer characteristics of one exemplary MOSFET device per wafer with a channel length L ]Fig. 2. a) Linear transfer characteristics of one exemplary MOSFET device per wafer with a channel length L=20μ m and width W=300μ m. The measurements were done at room temperature. An extrapolation in the linear curve regime is sketched by dashed lines to indicate the Vth  extraction. The ID−VG turn-on behavior is shown in b ) in logarithmic scale. The current level to extract ΔVsub-th  between up- and down-sweep direction is illustrated by the dashed line. The characteristic MOSFET parameters μFE,Vth  and ΔVsub-th  are derived for 16 devices per sample and shown as box plots in c). The dashed lines indicate the reference level of the SiO2 wafer.Fig. 2. a) Linear transfer characteristics of one exemplary MOSFET device per wafer with a channel length L = 20 μ m and width W = 300 μ m . The measurements were done at room temperature. An extrapolation in the linear curve regime is sketched by dashed lines to indicate the V th extraction. The I D − V G turn-on behavior is shown in b ) in logarithmic scale. The current level to extract Δ V sub-th between up- and down-sweep direction is illustrated by the dashed line. The characteristic MOSFET parameters μ F E , V th and Δ V sub-th are derived for 16 devices per sample and shown as box plots in c). The dashed lines indicate the reference level of the S i O 2 wafer.


Comparing all wafers, a substantial μFE improvement of up to 2.2 times the reference value as well as a reduced ΔVsub-th  value is observed for both wafers, which have been processed with N2-containing surface conditioning. Furthermore, the N2−SiO2 and H2/N2−SiO2 devices turn on with a significantly steeper ID−VG slope, as shown in Fig. 2 b). Those aspects clearly reveal a superior SiO2/4H−SiC

interface quality after N2-containing surface pretreatment. Comparing the N2−SiO2 to the H2/N2−SiO2 sample, the N2-alone process seems to be even more effective to boost the MOSFET's performance. Interestingly, in contrast to the published results [2,3], the H2 surface conditioning process just marginally improves μFE, while energetically deeper interface states are even slightly increased, as ΔVsub-th  is enlarged and the onset of ID increase is delayed, as compared to the SiO2 reference wafer.

To get further insights regarding the SiO2/4H−SiC interface quality upon the investigated pretreatment processes, the temperature dependence of Vth  and μFE was evaluated by measuring the transfer curves between 25∘C and 175∘C in 25∘C steps. The corresponding results are elucidated in Fig. 3 a) and b), respectively.


[image: Fig. 3: a) Temperature-dependent V th for one exemplary device per sample. b) The corresponding μ F E values]Fig. 3. a) Temperature-dependent Vth  for one exemplary device per sample. b) The corresponding μFE values show a different TC, which can be explained by considering the temperature dependence of μC,μSR and μOP. A qualitative drawing of the scattering contributions is given in c). While μSR and μOP are assumed to be comparable between the wafers, especially μC strongly depends on the interface preparation and is therefore significantly improved for the N2−SiO2 sample.Fig. 3. a) Temperature-dependent V th for one exemplary device per sample. b) The corresponding μ F E values show a different TC, which can be explained by considering the temperature dependence of μ C , μ S R and μ O P . A qualitative drawing of the scattering contributions is given in c ) . While μ S R and μ O P are assumed to be comparable between the wafers, especially μ C strongly depends on the interface preparation and is therefore significantly improved for the N 2 − S i O 2 sample.


Regarding Vth , a distinct difference between the devices with N2-containing pretreatment and the SiO2 sample is observed in Fig. 3 a). Already at room temperature, the N2−SiO2 and H2/N2−SiO2 samples show a lower Vth  value, which can be explained by the steeper ID−VG turn-on behavior as a result of a reduced interface trap density around the conduction band edge. The Vth  gap, however, decreases with increasing temperature. The more stable Vth  temperature behavior of the N2−SiO2 and H2/N2−SiO2 samples is another indication for the improved interface characteristics. The superior interfacial quality additionally shows up in the μFE trend in Fig. 3 b). Whereas the samples with lower μFE exhibit a positive temperature coefficient (TC) of μFE, the behavior clearly reverses for the wafers, which were processed with N2-containing surface conditioning. A qualitative explanation for this observation is given in Fig. 3 c ), where the temperature dependence of the dominant scattering mechanisms, namely Coulomb scattering μC, surface roughness scattering μSR and optical phonon scattering μOP, is sketched [7]. The bulk mobility μC is omitted as it is known to be significantly larger than the other contributions. According to Matthiessen's rule, the lowest value dominates the overall μFE behavior. In the case of the SiO2 and H2−SiO2 sample, Coulomb scattering, which has a positive TC, limits μFE . As the interface quality gets remarkably improved by N2-containing pretreatment, the contribution of μC decreases, such that the overall μFE takes over the negative TC from μOP. Similar behavior is typically only reported on non-polar surfaces like (11-20) or (0-33-8), where the SiO2/4H SiC interface quality is inherently much better [3,8].

During long-term operation of a MOSFET, the stability of important parameters like Vth  is crucial. To compare the devices' Vth  stability with differently processed gate oxides, high-temperature gate bias (HTGB) analysis was performed at 175∘C and a gate bias of +20 V and -11 V , respectively. Prior to each Vth  readout, a preconditioning pulse according to Fig. 4 a) was applied to reduce the contribution of fully reversible trap charging/discharging on the shift in Vth . The resulting ΔVth  drift signal is shown in Fig. 4 b) and c) for positive BTI (PBTI) and negative BTI (NBTI) stress. For each

sample and stress bias, six devices were analyzed. The respective measurement data is given together with the averaged values per sample and accumulated stress time t.


[image: Fig. 4: a) Schematic explanation of the HTGB measurement procedure. Prior to every V th readout, a precondit]Fig. 4. a) Schematic explanation of the HTGB measurement procedure. Prior to every Vth  readout, a preconditioning pulse is applied to reduce the ΔVth  drift contribution of fully reversible trap charging/discharging. Note that even if the preconditioning pulse plateau phases are short (~0.1 s), they can add up a parasitic BTI stress. ΔVth  drift signals are shown in b) for PBTI and c) for NBTI stress at 175∘C. The measurement data points of six devices per wafer and stress bias are shown together with the averaged values.Fig. 4. a) Schematic explanation of the HTGB measurement procedure. Prior to every V th readout, a preconditioning pulse is applied to reduce the Δ V th drift contribution of fully reversible trap charging/discharging. Note that even if the preconditioning pulse plateau phases are short ( ~ 0.1 s ) , they can add up a parasitic BTI stress. Δ V th drift signals are shown in b) for PBTI and c) for NBTI stress at 175 ∘ C . The measurement data points of six devices per wafer and stress bias are shown together with the averaged values.


In terms of PBTI in Fig. 4 b), a significantly lower ΔVth  drift is observed for the samples with N2− containing pretreatment. Hence, we speculate, that at least a part of the mobility-limiting interface traps, which are remarkably reduced for the N2−SiO2 and H2/N2−SiO2 samples, can also trap electrons (quasi-) permanently. In contrast, however, interface nitridation prior to the gate oxide deposition seems to contribute to enhanced hole trapping during NBTI stress, as shown in Fig. 4 c ). Such behavior is similarly observed for heavily nitrided SiO2/4H−SiC interfaces upon prolonged NO PDA at high temperatures [9]. The SiO2 as well as the H2−SiO2 sample, on the other hand, show negligible ΔVth  drift during NBTI stress. Even a small positive ΔVth  is observed until t≈103 s, which is assumed to be caused by the parasitic PBTI stress contribution originating from the preconditioning pulse.

Besides the stability of Vth , securing a reliable gate oxide operation over lifetime is indispensable. First evaluations in this regard were done by means of TZDB and constant voltage TDDB analysis. The corresponding results are shown in Fig. 5 a)-c). In Fig. 5 a) the gate leakage current normalized to the device area was recorded by increasing VG with a constant ramp of 0.5 V/s until dielectric breakdown occurred. Per Wafer, ten MOS capacitor devices, built on the n-type doped epi surface, are shown together with a fitted curve, assuming an ideal Fowler-Nordheim (FN) gate leakage behavior. For the calculation of the electric field E, the resulting oxide thicknesses after device processing were considered by performing capacitance-voltage ( C−V ) measurements. The oxide's dielectric constant was assumed to be εr=3.9 for all samples. Compared to the SiO2 reference sample, all pretreatment processes contribute to a narrower distribution of the breakdown field strength EBD. The highest EBD around 11MV/cm is reached for the H2−SiO2 sample, while especially the N2−SiO2 and H2/N2−SiO2 samples show a distinct shift of the gate leakage curves, attributed to a lower energetic FN tunneling barrier ΦB. The shown ΦB values were calculated by considering an effective electron mass of m*=0.42m0[10]. Similar lowering of ΦB was already reported for prolonged interface nitridation via NO PDA [10]. Additionally, at high gate oxide fields, a more pronounced deviation from the ideal FN curve shape is observed for both samples with N2-containing surface conditioning. While at moderate E-fields in the oxide, the leakage current is predominantly governed by FN tunneling, at higher fields, electrons have sufficient energy to generate holes by anode hole injection from the poly-Si electrode and/or impact ionization in the oxide near the anode. The generated holes drift towards the SiO2/4H−SiC interface, get trapped and hence, enhance the electric field, which further reduces the FN tunneling barrier for electrons [11]. In logical consequence, electron and hole injection amplify each other, leading to a deviation from the ideal FN current

behavior in the high E-field regime. The gap between the measured and fitted current is more pronounced for the N2−SiO2 and H2/N2−SiO2 samples. As the bulk SiO2 is assumed to have comparable quality for all samples, the current enhancement at higher fields is expected to originate from increased hole trapping near the SiO2/4H−SiC interface. This conclusion is supported by the observations from NBTI stress analysis, where N2-containing pretreatment was shown to create interfacial defect states, that capture holes during NBTI as well as high-field TZDB characterization.

To investigate a potential impact of the differences in ΦB and hole trap density on the TDDB characteristics, MOS capacitor devices from the SiO2 and N2−SiO2 samples were stressed at three different E-fields at a temperature of 140∘C. For each stress field and sample, eight devices were analyzed. Fig. 5 b) shows the respective leakage current evolution over time, while c) illustrates the time-to-breakdown tBD data together with the t63% values, which we extracted by assuming a Weibull distribution. Interestingly, at least in the investigated E-field range, the resulting tBD values are nearly the same for both samples, even if the initial gate leakage current is significantly higher for the N2 SiO2 devices due to lower ΦB and stronger leakage current enhancement. However, as can be seen by the humps in Fig. 5 b), the chosen E-field values are still in a range, where significant hole injection occurs, which can lead to an overestimation of the gate oxide lifetime. Hence, additional TDDB analysis at lower stress fields would need to be performed to reliably exclude a detrimental effect of N2 pretreatment on the gate oxide lifetime at typical operation conditions.


[image: Fig. 5: a) TZDB measurements of ten MOS capacitor devices per sample at room temperature. At moderate E -fie]Fig. 5. a) TZDB measurements of ten MOS capacitor devices per sample at room temperature. At moderate E-fields, the measurement curves are reproduced by assuming FN-governed electron tunneling through the SiO2. The calculated ΦB values, extracted from the fit, are given. b) Constant voltage TDDB measurements of eight MOS capacitor devices per sample and stress field at 140∘C. The stress time tBD, when dielectric breakdown occurs, is detected and plotted in c) over the E-field. The t63% values are calculated by assuming a Weibull distribution.Fig. 5. a) TZDB measurements of ten MOS capacitor devices per sample at room temperature. At moderate E -fields, the measurement curves are reproduced by assuming FN-governed electron tunneling through the S i O 2 . The calculated Φ B values, extracted from the fit, are given. b) Constant voltage TDDB measurements of eight MOS capacitor devices per sample and stress field at 140 ∘ C . The stress time t B D , when dielectric breakdown occurs, is detected and plotted in c) over the E -field. The t 63 % values are calculated by assuming a Weibull distribution.


In the attempt to correlate the electrical results with compositional surface characterization, we performed XPS analysis. Additional samples were prepared by annealing epitaxial n-type wafers with the same H2, N2 and H2/N2 processes as utilized for the electrical MOSFET devices. A bare 4H−SiC epi wafer was added as reference. The XPS core level spectra were acquired ex-situ to the annealing processes. The corresponding results are presented in Fig. 6 a)-f). In Fig. 6 a), the elemental surface composition is evaluated by weighting the integrated signal intensity of the Si 2 p , C1s, O1s and N1s core level peaks. For all elemental components, three different measurement spots were analyzed. Even if this simple integration method contains some uncertainties regarding the exact compositional values, Fig. 6 a) clearly reveals the formation of O- and N-containing adlayers after all hightemperature surface treatments. While the O-content in the Ref. sample stems from a thin, native oxide layer as well as potential adsorbates from air exposure, the fraction of O and N atoms at the surface remarkably increases for all annealed surfaces by substituting C atoms in the uppermost atomic layers. Regarding the interfacial N coverage, it is often reported, that a higher N amount enhances the μFE of a MOSFET, while especially the device's reliability has to be taken with caution [9]. Interestingly, in terms of μFE and PBTI drift, the N2−SiO2 sample reveals the best electrical

performance, even if its interfacial N density seems to be reduced, compared to the H2/N2−SiO2 sample. Note that the elemental surface composition could be also affected by further MOS stack and device fabrication and might be slightly different in a fully processed MOSFET device. However, also the N binding configuration might have an impact on the defect passivation. As aforementioned in the introductory section, especially for H2[4] and H2/N2[5] treatment of 4 H -SiC surfaces, the formation of epitaxial surface reconstructions is reported. The published structures are shown in Fig. 6 e) and f) for H2 and H2/N2, respectively. Both structures consist of an uppermost SiO layer, which is either directly bonded to the 4H−SiC surface or connected via a bridging SiN interlayer. In case of the H2 treatment, one dangling bond per unit cell is left behind, while the H2/N2 treatment ideally passivates the surface.


[image: Fig. 6: a) Elemental surface composition for the investigated samples was calculated by weighting the integr]Fig. 6. a) Elemental surface composition for the investigated samples was calculated by weighting the integrated Si2p, C1s, O1s and N1s signal intensities. The corresponding core level spectra are shown in b) for Si2p, c) for O1s and d) for N1s for three measurement spots per sample. Energetic positions of the peaks are indicated by dashed lines. The published surface configurations after e) H2 [4] and f) H2/N2 [5] treatments of 4H−SiC are schematically drawn.Fig. 6. a) Elemental surface composition for the investigated samples was calculated by weighting the integrated Si2p, C1s, O1s and N1s signal intensities. The corresponding core level spectra are shown in b) for Si2p, c) for O1s and d) for N1s for three measurement spots per sample. Energetic positions of the peaks are indicated by dashed lines. The published surface configurations after e) H 2 [4] and f) H 2 / N 2 [5] treatments of 4 H − S i C are schematically drawn.


To discuss the potential formation of such surface reconstructions in our experiments, the detailed XPS core level spectra of Si2p, O1s and N1s are given in Fig. 6 b)-d). All spectra were corrected to the theoretical binding energy of the Si 2 p peak in an ideal 4H−SiC crystal. As compared to the reference sample, Fig. 6 b) shows a pronounced shoulder of different shape for the samples with hightemperature surface conditioning. SiO surface components are typically observed towards higher binding energies, whereas SiN bonds are known to energetically lie between the SiO and SiC component [5]. Those considerations are in line with our measurements, where an increased intensity in the SiN region is observed especially for the N2 and H2/N2 surface treatment. Interestingly, the intensity increase of the Si2p spectra for the H2 and H2/N2 sample towards higher binding energy nearly perfectly overlap. This observation is in agreement to the energetical position of the O1s peak in Fig. 6 c), which is identical for both samples. Hence, it is speculated, that the O atoms are similarly bound in both configurations. The H2/N2 sample, however, contains an additional, N-related contribution in Fig. 6 b). Those observations promote the hypothesis, that similar surface adlayers, as shown in Fig. 6 e) and f), are created by the H2 and H2/N2 annealings in our experiment. In contrast, the N2 treatment seems to form a slightly different adlayer, as compared to the H2/N2 treatment. The O1s peak for the N2 sample is slightly shifted, pointing towards a different Si -O binding configuration. The N1s peak, however, seems to have a similar binding energy.

Summarizing the XPS analysis, our observations are in good agreement with published considerations and our electrical data. The N2-containg pretreatments were shown to efficiently suppress mobility-limiting traps by passivating the surface. H2 treatment, in contrast, leaves behind one dangling bond per unit cell, which could be a potential explanation for the less pronounced μFE improvement after this annealing. However, the reliability of SiO2 gate dielectrics upon N2-containing surface conditioning has to be taken with caution, as the resulting surface configurations, even if they slightly differ from each other, were shown to be prone to hole trapping.



Summary


The original version of this paper is available on https://www.scientific.net/MSF.1192.67.pdf



In this work, we investigated the impact of high-temperature H2, N2, and H2/N2 surface conditioning processes on the electrical performance of lateral SiO2/4H−SiC MOSFETs and correlated the results with compositional XPS surface analysis. Especially N2-containing surface treatments were shown to greatly suppress electron trapping states around the conduction band edge, leading to a remarkably improved conductivity of the gate-controlled 4H−SiC/SiO2 interface. However, similarly to heavily NO-nitrided SiO2/4H−SiC interfaces, hole traps arise, which could have a detrimental effect on the device's reliability during long-term operation. In contrast to recently published results regarding H2 treatments, its beneficial effect on μFE could not be reproduced to the same extent.
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Abstract

In this work, the electrical properties of Mo2C/4H−SiC Schottky contacts were studied at different annealing temperatures. In particular, the Schottky barrier height was derived by currentvoltage measurements on as-deposited and 400∘C and 700∘C-annealed contacts. The Schottky barrier height was comparable for the as-deposited and 400∘C-annealed Mo2C/4H-SiC contact (0.94 and 0.96 eV , respectively), while it increased ( 1.07 eV ) for the 700∘C-annealed Mo2C/4H−SiC one. For the sample annealed at 700∘C, the electrical characterization of the diodes was combined with the study of the surface and interface electrical properties, by Kelvin-probe force microscopy (KPFM) and frequency dependent capacitance-voltage measurements ( C−f−V ) and discussed assuming a Mo/4H−SiC Schottky contact ( ΦB=1.39eV ) as a reference. The KPFM measurements revealed a similar value of the surface potential, thus suggesting that the work function of the metal is the same in both cases. On the other hand, a higher density of interface state was obtained by C−f−V for the Mo2C/4H-SiC system. This latter can explain the reduction of the Schottky barrier height observed for this system.
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Introduction
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The Schottky-barrier diode (SBD) on 4H-SiC is a well-established technology, currently employed in several power electronics applications within the medium-to-high voltage range [1]. Although the advantages (namely fast switching, low forward voltage drop, high temperature operations) of using 4H-SiC-SBD are undoubted, further technological optimizations are still necessary to fully exploit the potential of 4H−SiC [2]. To this end, various approaches have been explored to improve the properties of the metal /4H−SiC interface, which underpins the performance of the SBDs, with particular attention to the metal choice and its interaction with 4H−SiC during thermal annealing for the Schottky contact formation [3]. In recent years, molybdenum (Mo) has attracted interest due to its good thermal stability and ability to form contacts with low Schottky barrier height, which is beneficial for minimizing the conduction power losses [4]. However, a wide variability in the Schottky barrier height has been observed in Mo/4H−SiC Schottky contacts, depending on several factors, such as surface passivation treatments [5], temperature of the metal deposition [6] and metal stack composition [7], with the ΦB varying between 1.0 and 1.5 eV . Recently, we investigated Mo/4H−SiC Schottky contact subjected to annealing treatments up to 950∘C, observing a reduction of the ΦB from 1.42 eV to 1.29 eV upon annealing at 950∘C, without any evidence of interface reaction between metal and semiconductor [8]. In that case, the reduction of ΦB was associated with

the enlargement and preferential orientation of the metal grains, as demonstrated by X-Ray Diffraction (XRD) and Transmission Electron Microscopy (TEM) [8]. Nevertheless, based on the ternary phase diagram of the Mo-Si-C system, solid-state reactions can occur between Mo and both silicon ( Si ) and carbon ( C ), leading to the formation of carbides and silicides. This tendency opens the possibility to further explore and tune the Schottky barrier properties to 4H−SiC, potentially broadening the range of achievable ΦB values. As an example, Mo-based contacts containing C have been recently investigated, either deposited in laminated layers or obtained from Mo-C alloyed targets [7,9], demonstrating stable electrical characteristics even at high annealing temperature. However, the origin of this electrical behavior is not fully clear yet.

In this paper, the behavior of the Schottky barrier height ΦB in Mo-carbide /4H−SiC contacts was investigated, as a function of the annealing temperature. The electrical characterization of the diodes was combined with the study of the surface and interface electrical properties, by Kelvin-probe force microscopy (KPFM) and frequency dependent capacitance-voltage (C-V-f) measurements, to get information on the surface potential and the energy of interface state density (Nss). While similar values of surface potential were found for the Mo2C and Mo/4H−SiC contacts, the higher level of Nss in the Mo2C/4H−SiC can explain the reduction of the Schottky barrier in this contact compared to a Mo/4H−SiC one.



Experimental Details
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The starting material for this study consisted in a 4H−SiC epitaxial layer with a n-type doping concentration of 1.5×1016 cm−3 grown onto a n+-doped substrate. Schottky diodes were fabricated starting from the deposition of a large-area back-side Ohmic contact by sputtering 100 nm-thick Ni layer, followed by a rapid thermal annealing (RTA) treatment in a furnace at 950∘C in N2 for 60 s [10]. Then, for the front-side Schottky contact, 100 nm -thick film was sputtered from a Mo2C target. The contact pads were defined by optical photolithography and lift-off processing steps. Rapid thermal annealing (RTA) treatments were carried out in a furnace for 10 min in N2 atmosphere at temperatures of 400∘C and 700∘C. For comparison, 80 nm -thick Mo/4H-SiC contacts were fabricated in the same manner. The electrical characteristics of a set of contacts were investigated by means of current-voltage (I-V) and capacitance-frequency-voltage (C-f-V) measurements in a KarlSuss MicroTec probe station equipped with a parameter analyzer. Kelvin Probe Force Microscopy (KPFM) measurements were carried out in PeakForce Tapping Mode Amplitude Modulation (AM)KPFM with a Dimension Icon system by Bruker. Silicon tips with a triangular geometry (nominal radius of 5 nm ) were employed to evaluate the variation of the surface potential of the contact.



Results and Discussion
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Firstly, we investigated the electrical characteristics under forward bias for a set of as-deposited, 400∘C and 700∘C annealed Mo2C/4H−SiC contacts. The related current density-voltage (J-V) curves are reported in Figs.1a, 1b and 1c, respectively.


[image: Fig. 1: Forward J − V curves of the a) as-deposited, b) 400 ∘ C and c) 700 ∘ C -annealed M o 2 C / 4 H − S i]Fig. 1. Forward J−V curves of the a) as-deposited, b) 400∘C and c) 700∘C-annealed Mo2C/4H−SiC Schottky contacts.Fig. 1. Forward J − V curves of the a) as-deposited, b) 400 ∘ C and c) 700 ∘ C -annealed M o 2 C / 4 H − S i C Schottky contacts.


The J-V characteristics exhibited good reproducibility, with the 700∘C-annealed sample showing a more extended linear region. The Schottky barrier height values, extrapolated from a fit of the linear part of the J-V curves, according to the thermionic emission (TE) model [11], are reported in Fig.2. As one can see, the as-deposited and 400∘C-annealed Mo2C/4H-SiC contact showed similar barrier height, with ΦB=0.94±0.02eV and ΦB=0.96±0.04eV, respectively. After thermal treatment at 700∘C, the barrier increased up to 1.07±0.04eV.

To understand the origin of the barrier reduction, we investigated the surface potential, which is linked to the work-function of the contact material. The surface potential mapping was performed by KPFM, carried out on both the Mo (reference) and Mo2C contacts. Specifically, 4H−SiC was employed as a reference to evaluate the variation on the surface potential of the contact material with respect to the semiconductor. Figs. 3a and 3b show the histograms of surface potential values extracted from the KPFM maps.


[image: Fig. 2: Schottky barrier height ( Φ B ) for the as-deposited and annealed M o 2 C / 4 H − S i C contacts.]Fig. 2. Schottky barrier height ( ΦB ) for the as-deposited and annealed Mo2C/4H−SiC contacts.Fig. 2. Schottky barrier height ( Φ B ) for the as-deposited and annealed M o 2 C / 4 H − S i C contacts.



[image: Fig. 3: Histograms of the KPFM surface potential values associated to the maps for a) M o / 4 H − S i C and ]Fig. 3. Histograms of the KPFM surface potential values associated to the maps for a) Mo/4H−SiC and b) Mo2C/4H−SiC contacts. 4H−SiC was taken as reference.Fig. 3. Histograms of the KPFM surface potential values associated to the maps for a) M o / 4 H − S i C and b) M o 2 C / 4 H − S i C contacts. 4 H − S i C was taken as reference.


These surface potential distributions were fitted by Gaussian functions to derive the peak corresponding to the average surface potential values. Noteworthy, a surface potential variation of 0.16 eV was observed for Mo and 4H−SiC while is of 0.19 eV for Mo2C and 4H−SiC one. This corresponds to very similar surface potential values for Mo and Mo2C, differing by only ~0.03eV. Such a small variation alone cannot account for the difference observed in the Schottky barrier height between the two contacts. Hence, we extended the investigation to the interface electrical properties by a C-f-V study [12]. This technique enables the evaluation of the density of interface states (Nss) in Schottky diodes from capacitance measurements as function of the frequency (f) and forward bias (V). In fact, at low frequencies, the measured capacitance contains contributions from both the spacecharge region (Csc) and the interface states (Css), whereas at high frequencies only the space-charge capacitance contributes [13]. This can be expressed according to the following eqs. 1 and 2, where the total capacitance is given by a parallel of Csc and Css at low frequencies whereas the total capacitance can be approximated to only Csc at high frequencies [14]:



Clf=CSC+CSS( at low frequency )Chf≈CsC( at high frequency )(1)(2)


From the difference between the two cases, CSS is derived. This term is proportional to the NSS, as given in eq. 3 [15]:



CSS=qANSSarctan(ωτ)ωτ(3)


with ω=2πf (f varying between 1 kHz and 1 MHz ), q the elementary charge, A the device area, and τ a time parameter depending on the thermal velocity of carriers, the cross-section of interface states and the doping concentration.

The NSS derived according to eq.3, results of 2.2×1010eV−1 cm−2 for Mo/4H−SiC contact and of 9.5×1013eV−1 cm−2 for Mo2C/4H−SiC. This high difference in the density of interface state can be at the base of the reduction of the Schottky barrier occurred in Mo2C contacts.


[image: Fig. 4: C − f − V characteristics for 700 ∘ C annealed Mo and M o 2 C / 4 H − S i C contacts.]Fig. 4. C−f−V characteristics for 700∘C annealed Mo and Mo2C/4H−SiC contacts.Fig. 4. C − f − V characteristics for 700 ∘ C annealed Mo and M o 2 C / 4 H − S i C contacts.




Summary


The original version of this paper is available on https://www.scientific.net/MSF.1192.75.pdf



The electrical characterization of Mo2C/4H−SiC Schottky contacts demonstrated a Schottky barrier height around 0.95 eV for the as-deposited and 400∘C-annealed contact and of 1.07 eV for the 700∘C-annealed contact, the latter exhibiting a more extended linear region. The Mo2C/4H−SiC contact properties were compared with those of a reference Mo/4H−SiC contact, fabricated under same processing conditions, with surface and interface electrical properties investigated by Kelvinprobe force microscopy and capacitance-frequency-voltage study, respectively. The study indicated comparable surface potential values (derived by Kelvin-probe force microscopy) for the two systems, whereas a higher density of interface state was extracted for the Mo2C/4H−SiC contact. This latter finding accounts for the reduction in Schottky barrier height observed in the Mo2C/4H−Si contact.
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Abstract

Laser annealing is considered an enabling process for a new generation of SiC power devices, since it allows the formation of ohmic contacts on very thin wafers, significantly reducing their total ON resistance. Ni silicide and Ti silicide ohmic contacts have been widely investigated and reported in literature, exploring in detail the role of laser features, metal thickness and thinning process. Nevertheless, adding a small amount of Si to the contact layer could represent an opportunity to increase process options. In this work, a NiSi alloy has been used as a contact metal to study the role of the addition of Si to Ni in the reaction process under UV laser irradiation. Morphological and structural properties of the reacted layers have been investigated by means of Transmission Electron Microscopy (TEM) and X-Ray Diffraction (XRD) analyses. The electrical characterization of reacted contacts has been performed by measuring their Sheet Resistance ( Rs ) by Four Point Probe (FPP) method and, at device level, by measuring the forward voltage drop ( Vf ) of Schottky Barrier Diodes (SBDs) fabricated on 150 mm -diameter 4H−SiC wafers. Furthermore, a comparison has been made between Ni and NiSi alloy under the same irradiation conditions. It has been found that adding Si to Ni in the contact metal layer moves the silicide reaction forward, driving the strong relationship observed between structural, morphological and electrical properties of the reacted contacts.





Introduction
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Silicon carbide has attracted increasing attention in recent years for power electronics and detectors applications, thanks to its excellent physical properties, which allow for obtaining higher breakdown voltage, higher switching frequency, lower resistance, higher heat dissipation, and smaller devices [1-6]. Laser annealing process has been widely adopted in silicon carbide device fabrication, for dopant activation [7,8] and ohmic contact formation [9, 10]. In particular, among the alternative processes to Rapid Thermal Annealing (RTA) for silicide formation [11-13], laser annealing, thanks to its limited heat diffusion, is the most suitable one for the formation of ohmic contact on thin wafers, therefore allowing to significantly reduce the total ON resistance of SiC power devices [14]. Ohmic contacts on SiC based on Ti silicide [15, 16] and Ni silicide [17-28] have been already deeply investigated, and the reaction process has been also studied in detail from a theoretical point of view [29-31]. Nevertheless, the behavior of a NiSi alloy as a contact material under laser irradiation has not completely described and understood so far. In this work, the role played by the addition of a small amount of Si to Ni of the contact layer, in the ohmic contact formation by means of excimer UV laser annealing, has been investigated. A comparison between Ni and NiSi alloy under the same irradiation conditions is reported.



Experimental Setup
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Schottky Barrier Diode (SBD) devices have been fabricated on 150 mm -diameter 4H-SiC wafers, thinned at 180μ m. A 100 nm NiSi alloy layer has been deposited by sputtering in Ar ambient, at a base pressure of 1×10−3mbar, on the ground face of the wafers. Wafers have then been irradiated on the backside by using an excimer UV laser, with pulse duration of 160 ns and wavelength of 308 nm . Structural properties of the reacted layers have been characterized by means of X-Ray Diffraction (XRD) analyses, using a Bruker AXS D8 DISCOVER diffractometer, working with a Cu−Kα source and a thin film attachment. Morphology of reacted layers has been investigated by means of Transmission Electron Microscopy (TEM) analyses, using a JEOL-JEM microscope working at 200 keV . The electrical characterization of reacted contacts has been performed by measuring their Sheet Resistance ( Rs ) by Four Point Probe (FPP) method and, at device level, by measuring the forward voltage drop ( Vf ) at nominal current of Schottky Barrier Diodes (SBDs), by using a semiconductor device parameter analyzer (Agilent B1500A) and a high-power curve tracer (Sony Tektronix 371A).



Results and Discussion
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It has been reported [17] that the typical Rs curve, as a function of laser fluence, shows an increase of Rs values for low laser fluences, due to the initial intermixing between metal layer and Si , and then a rapid drop of Rs to a final plateau, above a threshold fluence. In particular, the value of threshold fluence depends on contact material and its thickness, number of laser pulses, and SiC roughness.


[image: Fig. 1: Comparison between threshold fluence for the R s drop of Ni and NiSi alloy, as a function of number ]Fig. 1. Comparison between threshold fluence for the Rs drop of Ni and NiSi alloy, as a function of number of laser pulses. Fixed the laser conditions, the threshold fluence of NiSi alloy is lower than that of Ni .Fig. 1. Comparison between threshold fluence for the R s drop of Ni and NiSi alloy, as a function of number of laser pulses. Fixed the laser conditions, the threshold fluence of NiSi alloy is lower than that of Ni .


As shown in Fig. 1, the threshold fluence at which the Rs drop is observed decreases with the increasing number of laser pulses, both for Ni and NiSi alloy, but the threshold fluence of NiSi alloy is lower than that of Ni , at the same number of laser pulses. This could mean that, fixed the laser annealing conditions, the addition of Si to Ni moves the reaction forward.


[image: Fig. 2: Forward voltage drop ( V f ) at nominal current ( I 0 ) of Schottky Barrier diodes annealed at 3.8 J]Fig. 2. Forward voltage drop ( Vf ) at nominal current ( I0 ) of Schottky Barrier diodes annealed at 3.8 J/cm2 with two pulses. As a reference, the Vf of diodes treated with RTA is reported.Fig. 2. Forward voltage drop ( V f ) at nominal current ( I 0 ) of Schottky Barrier diodes annealed at 3.8 J / c m 2 with two pulses. As a reference, the V f of diodes treated with RTA is reported.


This hypothesis is confirmed by the measurement of Vf of SB diodes. As reported in Fig. 2, in fact, NiSi sample annealed at 3.8 J/cm2 with two pulses shows a Vf significantly lower than the Ni sample annealed at the same conditions, and even lower than that of a Ni sample treated by Rapid Thermal Annealing (RTA), reported as a reference.


[image: Fig. 3: XRD pattern, acquired in grazing incidence configuration, of NiSi alloy sample after laser annealing]Fig. 3. XRD pattern, acquired in grazing incidence configuration, of NiSi alloy sample after laser annealing at 3.8 J/cm2, two pulses, and corresponding deconvoluted component peaks.Fig. 3. XRD pattern, acquired in grazing incidence configuration, of NiSi alloy sample after laser annealing at 3.8 J / c m 2 , two pulses, and corresponding deconvoluted component peaks.


Structural properties of Ni and NiSi alloy samples, annealed at 3.8 J/cm2 with two pulses, have been characterized by XRD, performed in grazing incidence configuration. Fig. 3 shows the XRD pattern of the annealed NiSi sample and the deconvoluted contributions of the main peaks. The extracted quantitative fractions reveal the predominant presence of Ni3Si2 and NiSi phases, with lower contribution of Ni2Si and NiSi2.

[image: Image]

Fig. 4. Comparison between XRD patterns, acquired in grazing incidence configuration, of Ni and NiSi alloy samples annealed at 3.8 J/cm2, two pulses.

The same approach has been adopted to characterize the annealed Ni sample, revealing the presence of Ni3Si,Ni31Si12,Ni2Si and Ni3Si2 phases. The comparison between NiSi alloy and Ni annealed samples, reported in Fig. 4, shows the presence of Si-rich phases in NiSi alloy sample, confirming that adding Si to Ni moves the reaction ahead, fixed the laser annealing process parameters. In fact, the Ni−Si reaction starts at the interface between Ni and SiC and moves from Ni− rich phases towards Si-rich ones. As the silicide reaction moves forward, the electrical behaviour of ohmic contact improves, as shown by Sheet Resistance and Forward Voltage measurements reported in Fig. 1 and Fig. 2.


[image: Fig. 5: Cross sectional TEM analysis of NiSi alloy sample annealed at 3.8 J / c m 2 , two pulses. The reacte]Fig. 5. Cross sectional TEM analysis of NiSi alloy sample annealed at 3.8 J/cm2, two pulses. The reacted material shows an interfacial layer, a Ni -Si network region, and a graphite layer on top (a). HR-TEM micrographs show the presence of NiSi2 regions and C -clusters in the Ni -Si network area (b), and the presence of stacking faults in the interfacial layer with 4H−SiC (c).Fig. 5. Cross sectional TEM analysis of NiSi alloy sample annealed at 3.8 J / c m 2 , two pulses. The reacted material shows an interfacial layer, a Ni -Si network region, and a graphite layer on top (a). HR-TEM micrographs show the presence of N i S i 2 regions and C -clusters in the Ni -Si network area (b), and the presence of stacking faults in the interfacial layer with 4 H − S i C (c).


The morphology of NiSi alloy sample annealed at 3.8 J/cm2 with two pulses has been investigated by cross-sectional TEM analyses (Fig. 5). As visible in Fig. 5a, the reacted material shows an interfacial layer, a Ni-Si network region, and a graphite layer on top. NiSi2 regions and C -clusters are included in the Ni-Si network area, as shown by cross-sectional High-Resolution TEM micrograph reported in Fig. 5b. The presence of stacking faults in the interfacial layer with 4H−SiC has been revealed by HR-TEM (Fig. 5c).



Summary
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The silicide reaction between a NiSi alloy and 4H−SiC under excimer UV laser annealing has been investigated, with the aim of finding an alternative to Ni and Ti for the ohmic contact formation on thin SiC wafers, enlarging the range of process options. It has been found that, fixed the laser annealing conditions, the addition of Si to Ni in the contact metal layer moves the silicide reaction forward. Moreover, a strong relationship has been observed between the electrical behavior of the annealed contacts and the structural and morphological properties of the reacted layers. Exploring the role of Si content in the NiSi alloy, by changing the composition of starting material, could shed additional light on the reaction process. NiSi alloy could represent a valuable opportunity for the formation of ohmic contacts on SiC by laser annealing.
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Abstract

Accurate characterization of low-resistance ohmic contacts on 4H−SiC is crucial for device development, but is complicated by the limitations of the standard Transfer Length Method (TLM). TLM test structures are widely used for extracting the specific contact resistivity ( ρC ) between metal and semiconductor layers, as well as the sheet resistance of doped layers. The contact formation process itself, particularly the annealing step, modifies the SiC layer under the contact. This results in a sheet resistance below the contact ( RSK ) that deviates from the sheet resistance of interest between the contacts ( RSH ), which invalidates a key assumption of the standard TLM evaluation of a constant RSH throughout the whole TLM test structure. This study uses 2D TCAD simulation of TLM test structures to investigate the influence of the contact length L, while using an advanced evaluation method for extracting ρC with the help of a third contact. Consequently, it is necessary to measure the contact end resistance RCE, which is derived from the potential at the end of the TLM contact. The findings provide a deeper understanding of the TLM technique's robustness and offer valuable guidelines for optimizing TLM test structures to ensure accurate characterization of ohmic contacts on 4H−SiC.





Introduction
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In recent years, 4 H -Silicon Carbide (4H−SiC) has emerged as a leading semiconductor material for high-power, high-frequency, and high-temperature electronic devices, owing to its superior material properties, including a wide bandgap, high critical electric field, and excellent thermal conductivity [1]. The overall performance and energy efficiency of these devices are critically dependent on the quality of the metal-semiconductor interface, specifically the formation of low-resistance ohmic contacts. However, achieving such contacts on 4H−SiC is challenging compared to silicon, primarily due to three factors: Its wide bandgap creates a large Schottky barrier, its chemical inertness complicates surface preparation, and there is a lack of metals with suitable work functions [2]. To characterize and optimize ohmic contacts, the Transfer Length Method (TLM) has become an industry-standard technique [2]. The standard TLM evaluation allows for the extraction of the specific contact resistivity (ρC) and the sheet resistance ( RSH ) of the semiconductor layer between the contacts [3]. The accuracy of these extracted parameters is highly dependent on the design of the TLM test structure and the assumptions made during the analysis [4,2].

This work presents a systematic simulation-based study using TCAD Sentaurus [5] to investigate and quantify the impact of the contact length L on the extraction of contact front resistance RCF and contact end resistance RCE in 4H-SiC TLM test structures. Scenarios where RSK and RSH differ are analyzed, exploring the conditions where the regular TLM analysis comes to its limits.



Standard TLM Evaluation and Parameter Extraction
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According to the standard TLM evaluation, the total resistance RT measured between two adjacent ohmic contacts is linearly dependent on the spacing di between them, as described by the following equation [4]:



RT=(RSH/Z)d+2RCF(1)


Here, RCF is the contact resistance, RSH is the sheet resistance of the doped semiconductor layer, and Z is the contact width of the TLM test structure. The standard model relies on the assumption of a uniform sheet resistance ( RSH=RSK ) [6, 7]. In this work, ideal material properties and interfaces are assumed in the simulation, resulting in a linear relationship between RT and di (i.e., with a coefficient of determination R2=1 ), this criterion is not always matched in real measurements. The analytical procedure begins by determining RT from simulated current-voltage (I-V) characteristics for a range of different contact spacings di. The resistance values are then plotted as a function of d, as shown in Fig. 1. A linear regression applied to this data allows for the extraction of key parameters: The slope of the fit yields RSH/Z, the y -axis intercept corresponds to 2RCF, and the x -axis intercept corresponds to −2LT.LT is the distance after which the potential under the contact drops to 1/e, i.e., it describes


[image: Fig. 1: Graphical representation of the standard TLM evaluation. The total resistance R T is plotted against]Fig. 1: Graphical representation of the standard TLM evaluation. The total resistance RT is plotted against the contact spacing d. The sheet resistance RSH is extracted from the slope of the linear fit, while the contact resistance RCF and transfer length LT are determined from the y - and x -axis intercepts, respectively.Fig. 1. Graphical representation of the standard TLM evaluation. The total resistance R T is plotted against the contact spacing d . The sheet resistance R S H is extracted from the slope of the linear fit, while the contact resistance R C F and transfer length L T are determined from the y - and x -axis intercepts, respectively.


the length of the contact that mainly contributes to the current flow and is calculated by the following equation:



LT=RCF·Z/RSH(2)


The specific contact resistivity ρC, which is a measure of the contact quality independent on geometry, can be calculated either through the coth, which considers the potential distribution under the contact, or by an approximation, which is only valid for long contacts (L≫LT) [4]:



ρC=RCF·LT·Z/coth(L/LT)ρC=RSH·LT2(3)




TLM Evaluation with Contact End Resistance
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To account for the discrepancy between RSK and RSH, the evaluation can be extended by additionally measuring the contact end resistance RCE[8].RCE describes the resistance at the trailing edge of the

TLM contact. The contact front resistance RCF and the contact end resistance RCE can be derived as [4]:



RCF=V(x=0)I(x=0)=RSKρCZcoth(L/LTk)=ρCLTkZcoth(L/LTk)RCE=V(x=L)I(x=0)=VCEI=RSKρCZ1sinh(L/LTk)=ρCLTkZ1sinh(L/LTk)(4)(5)


Here, L is the contact length, and LTk is the transfer length defined as LTk=ρcRSK. Note that LTk is the true transfer length under the contact, which may differ from the apparent transfer length LT extracted from the standard TLM plot, as LT is derived assuming RSK=RSH. The ratio of RCE to RCF depends only on L relative to LTk :



RCERCF=1cosh(L/LTk)(6)


This relationship, in combination with Eq. 4 and 5, allows the determination of LTk,ρC, and RSK.LTk can be calculated by rearranging the resistance ratio equation:



LTk=Larcosh(RCF/RCE)(7)


With LTk known, ρC is calculated without the implicit assumption of RSK=RSH, which does not account for a differing RSK :



ρc=LTk·Z·RCEsinh(L/LTk)(8)


Finally, RSK is determined using the definition of LTk :



RSK=ρCLTk2(9)


The advanced analysis with RCE enables a more accurate determination of ρC and an insight into the impact of the contact fabrication on the underlying semiconductor layer.



Simulation Methodology
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A three-contact TLM test structure is investigated in 2D using Synopsys TCAD Sentaurus, using standard physics models for 4H−SiC, including models for doping-dependent mobility and incomplete ionization of dopants. The simulated structure, depicted in Fig. 2, consists of a p-type doped layer on a lightly doped n -type epitaxial layer with a background concentration of 1×1015 cm−3. The doping of the p-type implanted layer is fixed to a concentration of 1×1019 cm−3. The specific contact resistivity is set to ρC=0.5 mΩ cm2. To investigate the impact of the contact processing, the sheet resistance directly under the contacts RSK  was independently controlled by varying the net active doping concentration within the top 100 nm of this implanted layer. This setup allows for a systematic study of the effects of a non-uniform sheet resistance ( RSK≠RSH ). RCE is determined by measuring the potential at contact C 3 . This potential is identical to the potential of the trailing edge ( x=L ) of the currentcarrying contact C2 relative to the leading edge ( x=0 ) of C2, where the current injection takes place. Contact C3 is modeled as a floating voltage probe by constraining its current to zero. The resistance value of RCE is independent on the spacing di between the contacts, but strongly dependent on L and the sheet resistance of the layers under the contact. Current-Voltage (I-V) characteristics (Fig. 3) are simulated across a range of contact lengths L and contact spacings di by sweeping the voltage and measuring the current between the contacts C 1 and C 2 . This approach addresses a significant limitation of the standard TLM evaluation: The assumption of a uniform sheet resistance ( RSH=RSK ), which is often invalid in practice. For instance, forming nickel silicide ( NixSiy ) contacts to n -type SiC


[image: Fig. 2: Cross-section and top view schematic of the simulated device for a TLM test structure with a third c]Fig. 2: Cross-section and top view schematic of the simulated device for a TLM test structure with a third contact, which serves as a voltage probe.Fig. 2. Cross-section and top view schematic of the simulated device for a TLM test structure with a third contact, which serves as a voltage probe.



[image: Fig. 3: I-V characteristic for two different d i and L for determining the resistance values for the standar]Fig. 3: I-V characteristic for two different di and L for determining the resistance values for the standard TLM evaluation (left) and RCE  (right).Fig. 3. I-V characteristic for two different d i and L for determining the resistance values for the standard TLM evaluation (left) and R CE (right).


selectively consumes silicon [9], while forming TiAl-based contacts to p-type SiC consumes SiC to form TixSiCy[10]. Both processes alter the stoichiometry and doping profile, leading to a discrepancy ( RSK≠RSH ) that can cause errors in the extracted ρC.

The measurement of RCE enables the separation of the sheet resistances RSK from RSH, leading to a more accurate determination of ρC[11]. However, the ability to accurately measure RCE depends on the geometric design. The contact length L must be carefully chosen relative to the contact length [3] as shown in the simulation data presented in the following sections. The simulation results are normalized to a standard device width of Z=1μ m, which corresponds to the contact width. RSK is controlled independently of RSH  by defining a separate net doping concentration in that region. This idealized approach allows for a direct investigation of the impact of the RSK/RSH ratio on the extracted parameters, decoupled from the complex and process-specific physics of contact formation.

The simulation procedure is designed to extract RCF and RCE. To determine RCF, the total resistance RT between adjacent contacts is simulated for several structures with systematically varied contact

spacings di.RCF is then extracted from the y -intercept of a linear fit of RT versus d and RSH from the slope of the same plot, consistent with the standard TLM analysis:



RT=VCF(d)/I(d)(10)


To determine RCE, the current I between C 1 and C 2 is measured, and the potential difference between the current-carrying contact C 2 and the floating contact C 3 is recorded. RCE is then calculated by:



RCE=VCE/I(11)


The entire procedure is repeated for different L and RSK/RSH to analyze their combined influence on the extracted parameters.



Discussion of Simulation Results
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Fig. 4 compares the ideal case ( RSK=RSH ) with a uniform sheet resistance across the TLM test structure with a more realistic scenario where the sheet resistance under the contact is higher ( RSK>RSH ). The specific contact resistivity ρC and sheet resistance values extracted from these linear fits show


[image: Fig. 4: Standard TLM evaluation plot: R is shown in dependence on d i for different contact lengths L , for ]Fig. 4: Standard TLM evaluation plot: R is shown in dependence on di for different contact lengths L, for L=5μ m also the case of RSK>RSH is shown.Fig. 4. Standard TLM evaluation plot: R is shown in dependence on d i for different contact lengths L , for L = 5 μ m also the case of R S K > R S H is shown.


good agreement with the input parameters of the simulation for the ideal case, confirming the validity of the model and the extraction methodology.

When RSK>RSH, the total measured resistance increases, resulting in a significantly larger yintercept. A standard TLM analysis would erroneously attribute this entire increase to a higher RCF, leading to an inaccurate calculation of the specific contact resistivity ρC. These simulations underscore the necessity of measuring RCE to correctly separate the different resistance contributions. As seen in Fig. 4, using a contact length L shorter than LT results in a higher extracted RCF. Meanwhile, increasing L reduces the contact resistance only up to a certain limit, with similar y -axis intercepts observed for L=5μ m and L=20μ m in Fig. 4).

Impact of contact length L on extracted resistances. L has a significant effect on the extracted values of RCE. This relationship is illustrated in Fig. 5, which shows the simulated resistances as a function of L. The data reveals a design trade-off for accurate parameter extraction. While RCF remains largely independent of the contact length for L>LT,RCE shows a strong dependence.

For short contacts ( L≈LT ), RCE is easily measurable, but becomes sensitive to manufacturing variations in L. In contrast, for long contacts (L≫LT),RCE diminishes exponentially and approaches zero. Thus, a correct extraction of RCE is not possible due to measurement limitations. The observed trend


[image: Fig. 5: Dependence of R C F and R C E on the contact length L shown for different R S H and R S K . R C E is]Fig. 5: Dependence of RCF and RCE on the contact length L shown for different RSH and RSK.RCE is approaching zero and thus not measurable for large L. Meanwhile, RCF  shows an asymptotic approach to a fixed value for large L. The distance between contact C2 and C3 is equal to the one between C1 and C2 in this simulation, the value of RCE is independent of the spacing di.Fig. 5. Dependence of R C F and R C E on the contact length L shown for different R S H and R S K . R C E is approaching zero and thus not measurable for large L . Meanwhile, R CF shows an asymptotic approach to a fixed value for large L . The distance between contact C2 and C3 is equal to the one between C1 and C2 in this simulation, the value of R C E is independent of the spacing d i .


in Fig. 5 reveals a fundamental trade-off. For L≫LT the current transfer is essentially completed well before the physical end of the contact. Consequently, VCE (and thus RCE ) becomes vanishingly small. In an experimental setting, this small voltage would be lost in the measurement noise, making an accurate extraction of RCE  impossible. Without a reliable RCE  value, the separation of RSK  from RSH  is not possible. For short contacts, small absolute variations represent large percentual variation in L, making the extracted values of RCE highly susceptible to manufacturing tolerances, leading to poor statistical reproducibility across a wafer. Consequently, an effective design requires a L comparable to the contact's specific LT. This is a critical consideration for 4H−SiC, where LT can vary significantly (e.g., LT≈0.5μ m for contacts to n-type SiC vs. LT≈4μ m for contacts to p-type SiC - this data was extracted by using the standard TLM evaluation) [12].

Comparison between ρC values from both analyses. To quantify the error introduced by the standard TLM evaluation, we compared ρC obtained from the two different sets of equations explained in the previous section: For the standard analysis, ρC is calculated using the standard TLM evaluation with and without the approximation for the coth according to Eq. 3, which assumes a uniform sheet resistance ( RSK=RSH ). In contrast, for the TLM analysis with RCE,ρC is calculated using the more comprehensive model that incorporates the measured RCE, as described in Eq. 8.

The results are plotted in Fig. 6. For the more realistic scenario with RSK>RSH, the standard analysis significantly overestimates the true ρC (grey dotted line). In contrast, the TLM analysis with RCE, which accounts for the non-uniformity, extracts ρC more accurately. This result confirms that the RCE measurement is essential for the accurate characterization of real ohmic contacts. For the case of RSK=RSH, both methods yield similar results as expected.


[image: Fig. 6: ρ C determination with different evaluation routines are shown. The ρ C determination with R C E is ]Fig. 6: ρC determination with different evaluation routines are shown. The ρC determination with RCE is more accurate for RSK>RSH, while there is no significant difference for the ideal case of RSK=RSH.Fig. 6. ρ C determination with different evaluation routines are shown. The ρ C determination with R C E is more accurate for R S K > R S H , while there is no significant difference for the ideal case of R S K = R S H .




Conclusion


The original version of this paper is available on https://www.scientific.net/MSF.1192.89.pdf



Through 2D TCAD simulations, this work has quantitatively demonstrated that the contact length L is a critical design parameter for the accurate characterization of 4H−SiC ohmic contacts using RCE, i.e., the determination of ρC and the decoupling of RSK and RSH. This implies that TLM test structures must be carefully designed: L must be within the range of the transfer length. This makes L a critical design parameter, as LT is not a fixed value. Contacts to n - and p -type 4 H -SiC require different L, as their respective processing conditions and contact schemes yield significantly different transfer lengths LT. LT strongly depends on the contact material and the semiconductor doping. Therefore, an optimized TLM design for different contacts and materials is required. Measuring RCE  is essential for correctly determining the specific contact resistivity ( ρC ) in realistic scenarios where the sheet resistance is nonuniform ( RSK≠RSH ). Adopting these guidelines will enable the design of more accurate TLM test structures.
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Abstract

In this study, 4H−SiC bonded substrates (bonded- SiC ) with an average resistivity of 2.431.5 mΩ· cm were prepared, and attention has been directed toward the relationship between the resistivity of bonded- SiC and the contact resistance at the backside where metal Ti/Ni was applied. A circular transmission line model (cTLM) was used to accurately measure the backside contact resistance. A linear correlation was found between ρC and the resistivity of bonded-SiCs at room temperature (RT). This result indicates the existence of a threshold resistivity at which the specific contact resistance ( ρC ) in the range of 2.2×10−6 to 1.5×10−5Ω· cm2 can be achieved without contact annealing; it also indicates that the temperature dependence of ρC between 17.4 and 34.4 mΩ· cm of the resistivity on bonded-SiCs is eliminated. This phenomenon can occur because ρC is dominated by tunneling current above the nitrogen concentration at the threshold resistivity, which is driven by the high nitrogen concentration and sufficient carrier activation in the polycrystalline portion (polycrystalline layer) of bonded-SiCs. These are important properties resulting from a polycrystalline layer with a 3C structure in bonded-SiC.





Introduction
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The 4H−SiC bonded- SiC ( SiCkrestTM ) consists of a thin monocrystalline 4H−SiC layer with a thickness of less than 1μ m, which is bonded to an n-type low-resistivity polycrystalline 3C-SiC substrate via surface-activated bonding. Fig. 1 shows (a) the photogram and (b) the schematic structure of SiCkrest TM. Some features of this substrate, for example, no unstable interlayer at bonded interface, which is shown in this cross-sectional transmission electron microscope (TEM) image, enables to apply various high temperature process of SiC . And the polycrystalline layer exhibits a low resistivity of under 10 mΩ· cm, which is significantly lower than that of the 4H−SiC monocrystalline substrate. This hybrid structure can be applied to the same epitaxial growth and device processes as conventional 4H−SiC bulk substrates [1,4]. In addition, compared with traditional 4H-SiC bulk substrates, it has reduced on-state resistance [1] and suppressed forward bias degradation in PiN diodes [2, 3] and a significant decrease in switching loss within the body-diode of MOSFETs [4].

In a previous study, this low-resistivity bonded-SiC not only reduced the on-resistance of SBD but also provided a low-resistance backside contact without the need for contact annealing and reduced temperature dependence [5]. However, the effect of resistivity on the necessity for contact annealing and the temperature dependence of ρC remains unclear because the resistivity of the bonded- SiCs tested in our previous research was only 10 mΩ· cm. In this study, bonded-SiCs with an average resistivity ranging from 2.4 to 31.5 mΩ· cm were prepared, and attention has been directed toward the relationship between the resistivity of the bonded- SiC and the contact resistance at the grinded

backside where metal Ti/Ni was applied. A cTLM was used to accurately measure the contact resistance. The relationship between the resistivity of the bonded- SiC and the backside contact resistance was clarified, and the mechanism underlying such a relationship was investigated.


[image: Fig. 1: (a) the photogram and (b) the schematic structure of SiCkrest T M and TEM image of bonded interface.]Fig. 1. (a) the photogram and (b) the schematic structure of SiCkrest TM and TEM image of bonded interface.Fig. 1. (a) the photogram and (b) the schematic structure of SiCkrest T M and TEM image of bonded interface.




Experimental
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Fig. 2 presents the resistivity of the bonded-SiCs prepared in this study, which possessed an average resistivity ranging from 2.4 to 31.5 mΩ· cm compared with 10 mΩ· cm of the previous study. The polycrystalline layer of the bonded-SiCs with different resistivities was prepared by changing the nitrogen concentration through chemical vapor deposition. he resistivity of the bonded-SiCs was evaluated by using Eddy current measurements, whereas the nitrogen concentration in the polycrystalline layer was analyzed by using secondary-ion mass spectrometry (SIMS), and the carrier concentration was determined through Hall measurements, as shown in Fig. 3 (a). Fig. 3 (b) shows the measurement position within a substrate of the resistivity, nitrogen concentration, and carrier concentration. Resistivity and ρC were measured at 37 points across the entire surface and five points, respectively. Other analyses were performed at the same position (see Fig. 3 (b)) within the substrate for accurate comparison.


[image: Fig. 2: Resistivity of the bonded-SiCs prepared in this study.]Fig. 2. Resistivity of the bonded-SiCs prepared in this study.Fig. 2. Resistivity of the bonded-SiCs prepared in this study.



[image: Fig. 3: (a) Evaluation items and methods for bonded- SiCs and polycrystalline layers. (b) Measurement positi]Fig. 3. (a) Evaluation items and methods for bonded- SiCs and polycrystalline layers.

(b) Measurement position within a substrate in this study.Fig. 3. (a) Evaluation items and methods for bonded- SiCs and polycrystalline layers. (b) Measurement position within a substrate in this study.


cTLM was used to accurately measure the ρC [6, 7]. Fig. 4 illustrates (a) the process flow, (b) schematic structure, and (c) a split table of the cTLM samples. Three types of samples were tested in this study: (1) 4H−SiC monocrystalline substrate (mono- SiC ) with contact annealing, (2) bonded- SiCs with contact annealing, and (3) bonded-SiCs without contact annealing. I-V measurements were conducted using an Agilent 4156C, with the temperature controlled at RT, 75∘C,125∘C, and 175∘C using a hot plate.


[image: Fig. 4: (a) Process flow, (b) schematic image of the cTLM structure, and (c) split table for cTLM samples in]Fig. 4. (a) Process flow, (b) schematic image of the cTLM structure, and (c) split table for cTLM samples in this study.Fig. 4. (a) Process flow, (b) schematic image of the cTLM structure, and (c) split table for cTLM samples in this study.
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Relationship between the resistivity of the bonded substrate and theρ𝐂
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Fig. 5 illustrates the relationship between the resistivity of bonded- SiCs and ρC at RT. Both measurements were conducted at the same locations on the substrate (center and four peripheral positions) to accurately investigate the correlation between resistivity and ρC. This result indicates a linear correlation between the resistivity of bonded-SiCs and ρC when the resistivity is 17.4 mΩ· cm or lower at RT. Even without contact annealing, at the lowest resistivity point in the substrate, the resistivity of the bonded-SiC is 1.9 mΩ· cm, whereas ρC is approximately 2.2×10−6Ω· cm2 at RT, which is equivalent to an ohmic contact to a mono-SiC using n+doping and high-temperature annealing [6]. Furthermore, as indicated by the symbols ■ and • for ρC without and with annealing, respectively, no difference in ρC between the two was observed for any resistivity values of

17.4 mΩ· cm or less. However, for resistivity values exceeding 17.4 mΩ· cm,ρC increased and varied across the substrate without contact annealing.

Fig. 6 shows the distribution of ρC within a substrate (Fig. 5 (a) and (b)). Bonded-SiCs with resistivities of approximately 17 and 34 mΩ· cm showed minimal variations in ρC with annealing. By contrast, bonded-SiCs with a resistivity near 34 mΩ· cm without annealing exhibited a significant variation in ρC similar to mono- SiC because of unstable silicide formation with a backside metal.


[image: Fig. 5: Relationship between the resistivity of bonded-SiCs and ρ C at RT. The symbols ■ and • indicate ρ 𝐂 ]Fig. 5. Relationship between the resistivity of bonded-SiCs and ρC at RT. The symbols ■ and • indicate ρ𝐂 without and with annealing, respectively.Fig. 5. Relationship between the resistivity of bonded-SiCs and ρ C at RT. The symbols ■ and • indicate ρ 𝐂 without and with annealing, respectively.


Fig. 6. Distribution within a substrate of ρ𝐂 : (a) bonded-SiCs with a resistivity near 17 mΩ· cm, as plotted in Fig. 5 (a); (b) bonded-SiCs with a resistivity near 34 mΩ· cm, as plotted on Fig. 4 (b); and (c) mono-SiC.

Fig. 7 (a) shows the temperature dependence of ρC for mono- SiC with annealing and bonded- SiCs without annealing, as well as for bonded- SiCs as a function of resistivity. Mono- SiC showed a strong temperature dependence in the previous study [5], whereas bonded-SiCs exhibited no temperature dependence at 17.4 mΩ· cm or less and a weak negative temperature dependence at 34.4 mΩ· cm. Fig. 7 (b) presents the relationship between the resistivity of bonded-SiCs and ρC at RT,175∘C, and the difference ( ΔρC ) between RT and 175∘C. In mono- SiC and bonded- SiCs with a resistivity of 34.4 mΩ· cm or more, ΔρC indicates a negative value (negative temperature characteristic).

These results indicate the existence of a threshold resistivity at which the ρC in the range of 2.2×10−6 to 1.5×10−5Ω· cm2 can be achieved without contact annealing; it also indicates that the temperature dependence of ρC between 17.4 and 34.4 mΩ· cm is eliminated.


[image: Fig. 7: (a) Temperature dependence of ρ 𝐂 of bonded- S i C s ( 𝐦 ) and mono- S i C ( • ) . Resistivity varie]Fig. 7. (a) Temperature dependence of ρ𝐂 of bonded- SiCs(𝐦) and mono- SiC(•). Resistivity varies from 2.6 to 34.4 mΩ· cm for the bonded-SiCs. (b) Relationship between the resistivity of bondedSiCs and ρC at RT, 175∘C, and the difference ( ΔρC ) between RT and 175∘C.Fig. 7. (a) Temperature dependence of ρ 𝐂 of bonded- S i C s ( 𝐦 ) and mono- S i C ( • ) . Resistivity varies from 2.6 to 34.4 m Ω · c m for the bonded-SiCs. (b) Relationship between the resistivity of bondedSiCs and ρ C at RT, 175 ∘ C , and the difference ( Δ ρ C ) between RT and 175 ∘ C .




Analysis of a polycrystalline layer of a bonded substrate
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Fig. 8 presents the results of SIMS and Hall measurements, illustrating (a) the relationship between the resistivity of bonded-SiCs and nitrogen concentration and (b) the relationship between nitrogen concentration and carrier concentration, as compared with mono-SiC. The nitrogen concentration in bonded-SiCs correlates with the resistivity of the polycrystalline layer and is one order of magnitude higher than that in mono-SiC with similar resistivity (see Fig. 8 (a)). This is due to the low carrier mobility in the polycrystalline layer; however, it is easy to increase the nitrogen concentration by an order of magnitude in the polycrystalline layer. Furthermore, the nitrogen and carrier concentrations in the polycrystalline layer of bonded-SiCs were nearly identical, indicating that the nitrogen in the polycrystalline layer was nearly 100% activated (see Fig. 8 (b)). Yu et al. have presented the relationship between ρC and donor concentration (ND) [8], and it is known that ρC depends on carrier concentration. Below, we discuss the effect of high carrier concentration in polycrystalline bonded SiC on ρC.


[image: Fig. 8: Relationship between (a) the resistivity of bonded- SiCs and nitrogen concentration and between (b) ]Fig. 8. Relationship between (a) the resistivity of bonded- SiCs and nitrogen concentration and between (b) nitrogen concentration and carrier concentration in the polycrystalline layer of bondedSiCs as compared with mono-SiC.Fig. 8. Relationship between (a) the resistivity of bonded- SiCs and nitrogen concentration and between (b) nitrogen concentration and carrier concentration in the polycrystalline layer of bondedSiCs as compared with mono-SiC.


Fig. 9 (a) presents the band diagram for the ohmic contact of mono- SiC as reported [6, 9]. For mono-SiC, n+doping with a concentration exceeding 1×1019 cm−3, combined with high-temperature annealing, can provide low-resistance ohmic contact to 4 H mono-SiC. n+doping increases the Fermi level ( EF ) of the mono-SiC above its conduction band energy ( EC ), resulting in a thin Schottky barrier. Considering that the conduction between mono-SiC and a metal is dominated by tunneling current, extremely low-resistance ohmic contact can be achieved. In this case, the carrier transport mechanism is known as field emission.

Fig. 9 (b) illustrates the band diagram for a polycrystalline layer of bonded-SiC with ohmic contact, as predicted based on results in this study. As shown in Fig. 7, the ρC of the polycrystalline layer on bonded-SiC exhibited no temperature dependence below the threshold resistivity, indicating that tunneling current is the dominant conduction mechanism between the polycrystalline layer and the backside metal. By contrast, the ρC on mono-SiC shows temperature dependence, indicating that thermally excited current and tunneling current contribute to the conduction. In this case, the mechanism underlying current transport through the barrier is known as thermionic field emission. Similarly, above the threshold resistivity, ρC of the polycrystalline layer on bonded-SiC exhibits temperature dependence, indicating that thermally excited current becomes dominant alongside tunneling current in the conduction between the polycrystalline layer and the backside metal.

Furthermore, a linear correlation exists between the resistivity of bonded- SiCs and ρC below the threshold resistivity (Fig. 5). Similar to the mechanism underlying the ohmic contact of mono-SiC

(Fig. 9 (a)), a high nitrogen concentration in the polycrystalline layer leads to a thinner barrier width and increased tunneling current. Thus, ρC is primarily determined by the resistivity of the polycrystalline layer of bonded-SiC. Considering that ρC is primarily governed by ND and barrier height (ϕB)[8], when tunneling current dominates the ohmic contact, the current depends on ND. In addition, the polycrystalline layer has a high nitrogen concentration (Fig. 8), with nearly 100% activation, resulting in a carrier concentration of 1.5×1020 cm−3 (at a resistivity of 2.6 mΩ· cm ). This value is an order of magnitude higher than the n+doping concentration required for mono-SiC tunnel ohmic contacts ( ≥1×1019 cm−3 ). Therefore, the EF value of the polycrystalline layer can be close to or above Ec , which is similar to the band structure of n+doped mono-SiC ohmic contact [6]. Under these conditions, a large number of electrons exist above the conduction band, which could be a key factor that increases tunneling current. These results also support that, above the nitrogen concentration at the threshold resistivity, tunneling current is the dominant conduction mechanism between the polycrystalline layer and the backside metal.

As shown in Fig. 9, by simplifying the equation presented by Yu et al. [8], ρC is proportional to exp(ϕB/N). In order to analytically model a linear relationship between ρC and resistivity of the polycrystalline layer of bonded-SiC, it is necessary to clarify the relationship between carrier concentration and resistivity; however, this has not yet been achieved. Additionally, the formation of Ti/Ni silicide in the backside contact affects both the ϕB at the silicide interface and the thickness of the natural oxide layer (tunneling distance) at the interface. However, since the contact between the polycrystalline layer and Ti/Ni is ohmic, it is difficult to measure the barrier height, and thus the influence of ϕB has not been separated. These remain issues to be addressed in future work.


[image: Fig. 9: Band diagrams of the (a) tunnel ohmic contact of 4 H − S i C using n + doping and the hightemperatur]Fig. 9. Band diagrams of the (a) tunnel ohmic contact of 4H−SiC using n+doping and the hightemperature annealing [6] and (b) ohmic contact of 3C-SiC polycrystalline with a backside metal.Fig. 9. Band diagrams of the (a) tunnel ohmic contact of 4 H − S i C using n + doping and the hightemperature annealing [6] and (b) ohmic contact of 3C-SiC polycrystalline with a backside metal.




Summary
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In this study, bonded-SiCs (SiCkrest TM ) with an average resistivity of 2.4−31.5 mΩ· cm were prepared. The relationship between the resistivity of the bonded-SiCs and the backside contact resistance was clarified, and the mechanism underlying such a relationship was investigated.

In the polycrystalline layer of bonded-SiC, the correlation between the resistivity of bonded-SiCs and ρC indicates the existence of a threshold resistivity at which low ρC can be achieved without contact annealing; it also indicates that the temperature dependence of ρC is eliminated. This phenomenon is attributed to the dominance of tunneling current above the nitrogen concentration at the threshold resistivity, which is driven by a high nitrogen concentration and sufficient carrier activation in the polycrystalline layer of bonded-SiCs. These are important properties resulting from a polycrystalline layer with a 3C structure in bonded-SiC.
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Fig. 1. Cross-section schematic of the fabricated MOS capacitor on n-type 4H-SiC with a 2 nm SiO>
interlayer, 20nm ALD-deposited ALOs, TiN gate, and Ti/Pt contacts used for electrical
characterization.

— e 44 .. . . vy e 11 o~ A~~~ - o P





EPUB/images/paper_003_image_006.jpeg
I;Eox Curve

—~Condition1 —Condition2 —Condition 3

I (A/cm?)

1E+03
1E+02
1E+01
1E+00
1E-01
1E-02
1E-03
1E-04
1E-05
1E-06
1E-07
1E-08
1E-09
1E-10
1E-11

o
=
N
w
IS

56 7 8 9101112131415

ox (MV/cm)

m






EPUB/images/paper_003_image_005.jpeg
CV Curve
—~Condition1 —~Condition2 —Condition 3

1E-07
9E-08
8E-08
7E-08
6E-08
5E-08
4E-08
3E-08
2E-08
1E-08

Capacitance (F/cm?)

<10-9-8-7-6-5-4-3-2-101 23 456 7 8 910

V (V)






EPUB/images/paper_004_image_005.jpeg
0.1

. 0.01 Oxidant B

= 0.001

£

S 1E4

< 1E-5

= 1E-6 4 ——25°C

O 1E7 = =500

> - = 75°C

< 1E-8 — - 100°C
1E-9 ) — - 125°C
1E-10 34 == =150°C

6 8 10 0 2 4 6 8

0 2 4
E (MV/cm) E (MV/cm)

Oxidant C
— 25°C
— -50°C
- - 75°C
— - 100°C
— = 125°C

- B0

2

4 6 8
E (MV/cm)

10





EPUB/images/paper_004_image_004.jpeg
Flatband Voltage Shift (AVy,) >

350
Deposition temperature (°C)

150 200 250 300

B I-= R0 Jat4amvicm _C a0
001" * 0 EM] e 03
- 4 0, Plasma 510—"— O, Plasma
0.001{ = .- on | =9 TR P PR
§ “” B gl {; Al o ¥
£ 1E-44 . = o 1
e 2. i
s 7 -
< 1E-5 £ 6] ,} b
(5] . .
Q 1E61 8s5] | .
< B il PO U:J 4] « n
1E-7 . S 3
che A [*) |
o 5 i
S i, A i -
©
<
o

150 200 250 300
Deposition temperature (°C)

(]

+
150 200 250 300 350
Deposition temperature (°C)





EPUB/images/paper_004_image_003.jpeg
A i o 1
iol AL,0, deposited at 300°C B 3 AlLLO, deposited at 300°C
Oxidant A - ot .
— — OxidantB vy 0.01 —— Oxidant A
08+- - - OxidantC 2T }— — OxidantB
J 0.001§- - - OxidantC 4.7 MViem
06 sa A T e 81 MVicm e
5 o s “
3 by & < s o
O 0.4 f s = i .
f,r I l OrE=s = .+ B.5MVicm
g * - °s
J T < g7 ’ ST
0.2 i H . 5
s 1E-8
0.0 1E-9
1E-10 + T T T T
40 8 -6 4 2 0 2 4 6 8 0 2 8 10

4 6
Voltage (V) E (MV/cm)





EPUB/images/paper_004_image_002.jpeg
1.0 H

Pure SiO, MOSCAP

-2 0 2 4 6 8

Voltage (V)





EPUB/images/paper_005_image_002.jpeg
(@) |—— s1 25 °C planar — — S2 25°C planar (b) —— s1 25°C planar — — §2 25°C planar
= 81 25°C W,y epn=THm W, . =1pm — — 82 25°C W, =1pm W, . =1pym [ 81 25°C W, ey =TUm W, =1pm — — 82 25°C W, .,=1um W .=1pm
| 81 175°C Wy =Tm W, =1pm — — S2 175°C W, =1um W, . =1um 81 175°C W, o, =TIm W, =1pm — — 82 175°C W, =1pm W ___=1uym
0.01 0.01 F T T
0.001 0.001 E
1E-4 1E-4 |
1E-5 1E-5
< <
£ 1e6 £ el
= =
c c
o o
£ 1E-7 E E-7k
3 S
o (5]
1E-8 1E-8 |
1E-9 1E-9 |
1E-10 1E-10 |
1E-11 L 1E=11 e
-1 0 1 2 3 4 5 6 7 8 9 10 M1 -1 0 1 2 3 4 5 6 7 8 9 10 M1

Electric field in MV/cm Electric field in MV/cm





EPUB/images/paper_005_image_001.jpeg
Epitaxy
Trench formation

LPCVD poly

Sacrificial Oxide i :
silicon deposition

LPCVDTEOS Low temperature
deposition dry oxidation

POAiInNO

Doped poly silicon deposition and
structuring
TEOS field oxide deposition and
structuring

Top side metal sputtering and structuring

Backside ohmic contact formation by
laser annealing

Backside contact metal sputtering

[ sic (n-Typ1-10) [l Doped poly Si
Sic (nTyp 1+10%) Si
Field-Oxid [ Aluminium

B Gate-oxid

1.07 pm (cs)

Al

AL+Ti

s






EPUB/images/paper_004_image_006.jpeg
Current Density (J) (A/cm?)

= 1014 25°C Calculated |

'?E o 25°C Experimental |

[v]

< 1073

2 1071

A7)

=

[

o 10771

e Extracted Parameters

£ 1079 A Fit: © T=0.88 eV

=1

v N_t=21le+18m-
10711 T T T T T

0 2 4 6 8 10
Electric Field (E) (MV/cm)

C

Extracted Parameters

25°C Calculated )

-1
10 o 25°C Experimental |

Fit: 0 T = 0.71 eV
1073 | Nt=78e+12m—
1075
1077

10~°

Current Density (J) (A/cm?)

1011

0 2 4 6 8 10
Electric Field (E) (MV/cm)

Zero External Electric
Field

Extracted Parameters —— 25°C Calculated |

o !
10 e 25°C Experimental |

Fit ® T=0.79eV

1073 | Nt=68e+14m-
10—5 4
10774

1072 4

10-11

2 4 6 8 10
Electric Field (E) (MV/cm)

o4

Fig. 6. Calculated leakage current density ¢
a function of electric field using the TA
model for A. oxidants A, B. oxidant B, and (
oxidant C. The extracted model parametes
from the fitting, trap barrier height (® T) i
electron volts (eV), and the density of tra
states (N_t) in m~ are mentioned in the pl¢
for each oxidant.






EPUB/images/paper_005_image_006.jpeg
(a)

Interface state density D, in eV"'cm™

1E14

1E13

1E12

-

T s T -
+— 81 planar high-low
~+ 81 trench high-low
+— 81 planar Terman
+ 81 trench Terman

Ec-EineV

(b)

Effective Interface state density D¢ in eV'cm?

o
=

1E12

1E1

1E10
0.

- - -
—=— 81 Sidewall Dy,
© 81 Mesa Dyyeym

[ 4 81 Bottom Dyeqy, | |
S2 Sidewall Dy e
: $2 Mesa Dyfnm
L P . $2 Bottom Dy, ||
Ll I R -
k L . = E_— -
L] ]
LN e
L A {
E A i
[ LY ]
S S " S— |
2 03 0.4 0.5 0.6

Ec-EineV





EPUB/images/paper_005_image_005.jpeg
Capacitance in nF

o
™

&
3

o
o

(3
o

o
>

b
w

(=3
N

°

°
°

A SR R P e |
—— 1mm’ planar

—— tmm’ fully trenched

MM H Wy =1 Wi, =Tim
MM H Wy =M Wy, =26m
[ [——0.5mm? planar

——0.5mm? fully trenched
——0.5mM? H Wiy =1HM Wi =11

-20 -15 -10 -5 0 5
Voltag in V

(b)

Relative Error

20%

15%

10%

5%

0%

=-5%

-10%

-15%

AT Wy 0 Ve =t
e AT Wy A0 Vi, 20m
—o0.5mn’ planar

—0.5mn fuly trenched
0.5 Wy =M Wiy tim
0.5 Wy, =M Wiy =20m
316mm’ planar

316mm futy trenched

ST Wy 1T Wi =1
—

-20 -15 -10 -5 0 5
Voltag inV





EPUB/images/paper_005_image_004.jpeg
Effective capacitance per area in F/um?

B6E-16

5E-16

4E-16

3E-16

2E-16

1E-16

OE+0

Sample 1

1
-15

1
=10 -5

Voltage in V






EPUB/nav.xhtml

    
      Interface, Dielectrics and Ohmic Contact in SiC Power Devices


      
        		
          Cover
        


        		
          Home
        


        		
          Preface
        


        		
          Table of Contents
        


        		
          Demonstration of ALD SiO2 as Gate Oxide in the 1.7 kV SiC UMOSFET for High-Power and Embedded CMOS Circuit Integration
        


        		
          Threshold Voltage Control in 4H-SiC MOS Devices by Atomic Layer Deposited Al2O3/SiO2 Interface Dipole Engineering
        


        		
          Electrical Performance of 4H-SiC MOSFETs with Different Gate Oxide Processes
        


        		
          Impact of ALD Oxidant and Deposition Temperature on Electrical Characteristics of Al2O3/SiO2/SiC MOS-Capacitors
        


        		
          Extraction of Trench Sidewall Capacitance by Linear Component Separation towards Wafer Level Evaluation
        


        		
          Characterization of AI-Gate MOS Capacitor on Thermally Oxidized 3C/4H Hybrid Polytype-Heterostructure Si-Face SiC(0001) Wafer Fabricated by Simultaneous Lateral Epitaxy (SLE) Method
        


        		
          Enhanced Mobility in SiC (0001) MOSFETs Using a Decoupled Plasma Nitridation (DPN) Process and Oxide Deposition
        


        		
          Characterizations of 4H−SiC/SiO2 Interface by High-Temperature 𝐍2/𝐇2 Pretreatment
        


        		
          Preliminary Study into Ferroelectric Properties of ALD AI-Doped HfO2/SiO2/4H-SiC MOS Capacitors for Improved Short Circuit Reliability
        


        		
          High-Temperature 𝐇2 - and 𝐍2-Containing Surface Conditioning for SiO2/4H-SiC Interface Optimization
        


        		
          Electrical Characterization of Mo-Carbide Schottky Contacts on 4H-SiC
        


        		
          NiSi Alloy/4H-SiC Reaction and Silicide Formation under Excimer Laser Annealing for Ohmic Contact
        


        		
          Influence of Different Contact Lengths on the Correct Extraction of the Resistance Parameters of TLM Test Structures on 4H-SiC
        


        		
          Analysis of Backside Metal Contact Resistance on Low-Resistivity Polycrystalline in 4H-SiC-Bonded Substrates
        


        		
          Keywords Index
        


        		
          Authors Index
        


      


    
  

EPUB/images/paper_005_image_003.jpeg
(a)

(b)

CI/Cox
o

52 Wyrench=1Hm Winesa=1pm

1 planar
2 planar
$1Wirench=1Hm Winesa=1hm

" L " L " L

Il 1
=15 -10 =5 0 5

Voltage in V

Capacitance in nF
e o o o
N w > CJ

e
&

=4
o

1mm? planar ]
—— 1mm? fully trenched

e AMM? H Wy =1Hm W, =1pm
—— AmM? H Wy, =1HM W, =20m
- 0.5mm? planar

——0.5mm? fully trenched
——0.5mm? H Wy, ., =1hm W, .=1um
0.5mm? H Wy, =1im W, ,=2pm
—— 0.316mm? planar

——0.316mm? H Wy, =1um W,.,=1pm
—— 0.316mm? H Wy, =1pm W, ., =2pm

—_ )
-20 -15 -10 -5 0 5
Voltage in V





EPUB/images/paper_006_image_004.jpeg
Inversion with 2DHG Modulation

Cox Co *Fast

. Electron
HF ' Transport
*Slow| <E,
n-lype T TEg
Surface

Inversion *Fast Hole . Slbw
(Deep Level)Tr“"‘st't Modulation

— of 2DHG n~
Al SiO, 3C-S|C 4H-SiC

(@)

Accumulation with 2DHG Modulation

Cox Cp Fast Fast
—{H =, Electron Electron
Transport
<> EC
..................... EC
Ev
Modulation
n— of 2DHG n—
Al SiO, 3C-SiC 4H-SiC

(b)





EPUB/images/paper_006_image_003.jpeg
Depletion
Cox Cp
_I H I_ *Fast Electron

Transport

(.....)é .....
*Suppression of
Recombination/Generation
(due to Wide Bandgap)

n
Al SiO,  4H-SiC

(2)

Accumulation

*Fast Electron
Transport

-
4H-SiC

(b)





EPUB/images/paper_006_image_002.jpeg
n -type SLE wafer

p-type SLE wafer

——Cp_GB(50k)

(b)

3.0E-12 | ——Cp_GB(60k) 3.0E-12
—_— ——Cp_GB(70k) —
. e Cp_GB(80k) .u_'.
——Cp_GB(90k) Q
= § 2.0E-12 —(ziasnmn g 2.0E-12
LS5 Cp_GB(200k) M ——Cp_GB(50K)
8015 Co-ala00K S osion
p_ ——Cp_GB(70k)
2|8 10612 8 LOE-12 F—gaeon 400KHZ 7 ¢
——Cp_GB(90k)
®) 8 8 —(z GB(100K)
- p— ~——Cp_GB(200k) -
7] 0.0E+0 0.0E+0 Cp_GB(300K) p-Type 4H-s|c
m. Cp_GB(400K)
- 25 20 -15 -10 5 0 5 10 15 25 20 -15 -10 -5 0 5 10 15
Voltage[V] Voltage[V]
(a) (c)
= -
S | w
‘Bo| @ o
R g
——Cp_GB(50K) p—y
43 —Cp_ s
- E GB(60K) pii P
U g ] ——Cp_GB(70k) (=} ——Cp_GB(70k)
o= | @ ——Cp_GB(80K) s ——Cp_GBI(80K)
(? ® ,“ ~—Cp_GB(90k) © —— Cp_GB(90k)
S ——Cp_GB(100k) S —— Cp_GB(100k)
m Ep g:ggg:; —— Cp_GB(200k)
o p Cp_GB(300K)
: :
L X
= 25 20 -15 -10 -5 O 5 10 15 25 20 -15 -10 -5 0 5 10 15
@) Voltage[V] Voltage[V]
e

(d)






EPUB/images/paper_006_image_001.jpeg
|3C|4H|3C|4H | |3C|4H|3C |4H |

I~
o
'150pm 5 150 pm

(@) (b) (c)





EPUB/images/paper_006_image_006.jpeg
Accumulation with 2DHG Modulation
. COX CD -Fast

HH Electron

: Transport

— >
i*Fast 2DHG Ey
Hole Transport =Slow

Modulation
*Slow p-Type Surface

Accumulation (Deep Level) b
p n— n-
Al SiO, 3C-SiC 4H-SiC

(a)

Inversion under Parasitic Bipolar Effect

cox CD @ Slow ® Barrier *Fast
_| H I_ Electron Lowering Electron

Jrdnsport ¥ Transport
' < F,
................. i i

—_—
' 2DHG
@ Slow Hole 'Charge from
p-Type Region (Deep Level)

*Slow Modulation of 2DHG
p n- n-
Al SiO, 3C-SiC 4H-SiC

(b)





EPUB/images/paper_006_image_005.jpeg
CoxCp Accumulation with Depletion

*Fast
Electron Transport

:Slow p-Typ:e Surface Accumulation *
p - (Deep Level)

Al SiO, 4H-SiC

*Slow p-Type Junction Depletion

(Deep Level)

(a)

Cox Cp Depletion
_| |_| |_ Fast

Suppressed Electron
_ Transport
for Surface

P
Al SiO, 4H-SiC Inversion

=Slow Modulation of p-Type Depletion
(Deep Level)

(b)





EPUB/images/paper_007_image_001.jpeg
P-Well Implant

Base Contact 1.6x10% cm3

P+ Implant \‘

RCA cleaning

H, etching / Surface passivation
H,—1300°C, 900 mbar, 3 min
H, + SiH, = 1300°C, 900 mbar, 3 min

Decoupled Plasma Nitridation (DPN)
N,-1200W, 30 s

Atomic Layer Deposition
SiO, thickness 48 nm

N, anneal
1200°C, 30 min

LI

Source/Drain

N+ Implant
\
(W
n-type 4H-SiC 9 x 10%° cm3

H, / SiH, treatment — Clean Si-rich
surface for subsequent processing

N, incorporation on SiC surface

Deposited gate oxide (ALD)

Densification anneal





EPUB/images/paper_001_image_010.jpeg
Drain Current (A)

10
1073
10

107

10° §

10"
101

1018

4

[——LPCVD si0, (N, annealing)
——ALD si0, (NO annealing)
|—— Thermal Si0,_10nm (NO annealing)|

6 8 10 12 14
Gate Voltage (V)

16





EPUB/images/paper_014_image_006.jpeg
(2) (b)

9.0E-05
. Unit: x10%¢ Q-cm?
80E-05 - = Mono-SiC w anneal
7.0E-05 | . 20mQcm Resistivity of pc at
bonded-SiC peatRIN N 7e0C acc
_ 60E-05 |
g 5.0E-05 i ) (Ref) Mono 20mQ-cm 78.5 522 -26.3
2, 0B |- BoRied-SIC Wolanneal  SEEEEEEEEE SRS REEE PR =
Q
Q 3.0E-05 [ g e m 34.4/mQ-cm Bonded 17.4mQ-cm 14.1 14.0 -0.001
20E-05 |
- —_ . » 17.4/mQ-cm Bonded 10.8mQ-cm 92 9.5 0.3
1.0E-05 | 10.8\mQ-cm
: B 2.6mQ- 2; 4.1 1.2
GOEI00 2.6mQ-cm onded 2.6mQ-cm &
0 50 100 150 200

Temperature (°C)





EPUB/images/paper_014_image_005.jpeg
pc (Q-cm?)

12E-04

1.0E-04

8.0E-05

6.0E-05

4.0E-05

2 0E-05

0.0E+00

B Without annealing
@ With annealing

0.00 10.00 20.00 30.00 40.00 50.00

Resistivity (mQ-cm) %1
1 The same locations on the substrate with pg

3.0E-04

2.5E-04 [

2.0E-04

1.5E-04

c (Q-cm?)

& 1.0E-04

5.0E-05

0.0E+00

[__Withanneal |

(a) Bonded-SiC (b) Bonded-SiC (c) Mono-SiC
near 177mQ-cm near 34mQ-cm 20mQ-cm
Lm m momo l
f EN L L FENL L RENL L
O & & & & O & & & & & X &
TESEY TFSEY TFLES

Measurement position of cTLM substrates





EPUB/images/paper_014_image_004.jpeg
(a)

® Prepare Bonded substrate
(Use the grinded back side)

A) Bonded-SiC 2.4-32mQ-cm
B) Mono-SiC 20mQ-cm

¢ Field Oxidation

® Ohmic Metal: Ti/Ni

® RTA, 1200 °C:

(c) Split table

® Top Metal: Al 3um

@ |V measurement

_ | (3) Bonded-
(1)Mono-SiC @ Bs"igded SiC wo

anneal
Mono-SiC 20mQ-cm 20mQ-cm 20mQ-cm
* Apparattis ; Agilent 4156C Bonded-SiC No 2.8-32mQ-cm  2.4-31mQ-cm
+ Temperature : RT, 75, 125, 175°C (Hot Plate) (Sample No.) (2,4,6,8) (1,3,57)
+ Temperature control method: TC RTA anneal Yes

Yes No





EPUB/images/paper_014_image_003.jpeg
(@) (b)
|_____tem | _ Method | Location

Resistivity of substrate Eey et Sipuints |
measurement Full substrate
Specific contact resistance 1V measurement
(pc) of backside of cTLM
!\lltrogen congentratlon SIMS (
in polycrystalline layer T
Carrier concentration Hell raastrement e
in polycrystalline layer 6-inch substrate





EPUB/images/paper_002_image_001.jpeg
Capacitance (pF)

=y
N

= si0,
= ALLO,/SIO,

-
o

(-]

[ ® ALD AIL0,/Si0,/-
¢ ALD SO, \

Flatband Voltage (V)
o

1 1 L 1 1 L 0 1
0 2 4 6 8 10 12 14 0 10 20 30 40

Voltage (V) Oxide Thickness (nm)





EPUB/images/paper_001_image_013.jpeg
Drain Current (A)

10"
102
10°
10+
10
108
107
10°¢

10"

UMOSFET with PBS and SP
VG=0V

Floating GR

500 1000 1500 2000 2500
Drain Voltage (V)

3000





EPUB/images/paper_001_image_012.jpeg
100

10

Ronsp (mQ-cm?)

0.1

Theoretical

This work (ALD SiO, UMOSFET)
This work (ALD SiO, UMOSFET)
Reference (4)
Reference (5)
Reference (6)

OO * %

L 2

2 4 6 8 10
Breakdown Voltage (kV)






EPUB/images/paper_001_image_011.jpeg
Drain Current (A)

20

 UMOSFET

18 FvG=0~20V;step=4v

16
14

4 6
Drain Voltage (V)

10





EPUB/images/paper_014_image_007.jpeg
(@ soe0 (b)

- No needed contact 5.0E+20 =
E annealing _ ¥
= ;
9, No temperature £ [
F :
s depepdence S Bonded-SiC
= =
© L )
= =m S 50E+18 N
c E .
8 soe+ig SESSEES - £ |
5 : = 2 ~
53 Bonded-SiC w g
=
o f 5.0E+18 |
g 3
£ 5 ® Mono-SiC
® Mono-SiC o
5.0E+18
0.00 10.00 20.00 30.00 40.00 50E+17 L . .

5.E+17 5.E+18 5.E+19 5.E+20

Resistivity (mQ-cm)

Nitrogen concentration (cm)





EPUB/images/paper_002_formula_fallback_85e8151eb6d3.png





EPUB/images/paper_002_formula_fallback_b19605e978b4.png
(em~*)





EPUB/images/paper_002_image_003.jpeg
(s-As;w2) Ayjiqoy

14 16

12

Gate Voltage (V)

10

/

,04/Si0,

ALD SiO,
ALD Al

=

1 I 1
<t ™ N A
o

?.Mv Emhwso :_mho






EPUB/images/paper_002_image_002.jpeg
-
(2}

- o
N A

-
o

Average Flatband Voltage (V)

o

— - Si0, 900°C
——Si0, 1000°C

— - = Al,0,/Si0, 900°C
—— AL,0,/SiO, 1000°C

900°C PDA

[ 1000°C PDA

akage Current (A)

(2}

N

1071 L I L L L .
0 2 4 6 8 10

Si0,  AlLO,/SIO, Effective Field (MV/cm)






EPUB/images/paper_002_formula_fallback_92f3a57a47af.png





EPUB/images/paper_002_formula_fallback_eb2209964383.png





EPUB/images/paper_002_formula_fallback_4e7735517c3a.png





EPUB/images/paper_002_formula_fallback_e095724c3d66.png
—3.71 =< 10"
% 10" 4+ 1.5 x 10**





EPUB/images/paper_002_formula_fallback_c4c710faef0e.png
Al;O4/8510,





EPUB/images/paper_002_formula_fallback_189eb29f9521.png
20 % 10'¢





EPUB/images/paper_002_formula_fallback_3d6166868e40.png
—3.19 = 10"
% 10" 4+ 4.3 x 10**





EPUB/images/paper_003_image_004.jpeg
(c) 13V, Curve (d) 13V, Curve
——~Condition 2_Forward -+ Condition 2_Reverse ——~Condition 3_Forward - Condition 3_Reverse
E-03 E-03
E-04 E-04
E-05 E-05
< 1E06 < 1606
:u E-07 :u E-07
E-08 E-08
E-09 E-09
E-10 E-10
0 05 15 2 25 3 35 4 0 05 15 2 25 3 35 4
V, (V) V, (V)






EPUB/images/paper_003_image_003.jpeg
(b)

13V, Curve

——~Condition 1_Forward - Condition 1_Reverse

E-03
E-04
E-05
E-06

(A)

o 1E-07
E-08
E-09

E-10

0.5 1.5 2 2.5 3 3.5 4

v, (V)






EPUB/images/paper_003_image_002.jpeg
(a)
——Condition 1_Forward

——Condition 2_Forward
——Condition 3_Forward
1E-01

13V, Curve

~~~~~~~ Condition 1_Reverse
....... Condition 2_Reverse
~~~~~~~ Condition 3_Reverse

1E-02

1E-03

1E-04

1E-05

1E-06

la (A)

1E-07
1E-08

1E-09

1E-10

10






EPUB/images/paper_003_image_001.jpeg
Implantation

. . Baseline
and Activation
Thermal Oxidation
to form Gate Oxide
Variable

NO annealing at
1250°C for 1 hour

Electrode Patterning Baseline






EPUB/images/paper_010_image_006.jpeg
N
o
o

534 532 530
Binding Energy (eV)

Intensity x10° (a.u.)

SiO " SIN'SIC b)
104 102 100 98
Binding Energy (eV) Binding Energy (eV)

Elemental Composition (at.-%)

400 398 396 394






EPUB/images/paper_010_image_005.jpeg
Electric Field E (MV/cm)

10"

Current Density J (A/cm?)
o

----- 9.16 MV/cm
---9.0 MV/cm
— 8.83 MV/cm

5
10101

P | A sl i sl L
10° 10° 10*

Stress Time £ (s)

b)
10°

Time-to-Breakdown tgp (S)

te)
re-data points *
e tea% values

88 9.0 092

10°
E-Field E (MV/cm)





EPUB/images/paper_010_image_004.jpeg
N
©
<

Gate Voltage Vg

Preconditioning
- S -

Drift AV, (mV)

25

N
(=]

-
(&)

_
o

—i— S|02

-0- H,-SiO,

-8- N,-SiO,

—A- H,/N,-SiO,
-- data points

PBTI
T=175°C

/&

/3

averaged

values
/

- . . > b).

10’ 10° 10°
Accumulated Stress Time ¢ (s)

1

1

10*

5 ——
S
0 _$=ﬂ—.,‘§0 é\ . l?
5 = \&A
i positive AV,, due to ’\l\
parasitic PBTI from .
-10 preconditioning pulse -
-15
-20
251 T=175°C
-30

10? 10°

10’
Accumulated Stress Time £ (s)





EPUB/images/paper_010_image_003.jpeg
Threshold Voltage Vi, (V)

_ A a a
o = N W

—Tr—TTTT T T

o N o ©

© —m-SiO
'\. —e— H,-5i0,

—o— Nz'SiOz

l§=
\‘\ \'

/\. —A— H2/N2'Si02—_

\ AN
g
‘\ % 72}.

a)

3

IR WS W——-v—|

1 " 1 1 1 " 1 1 n 1 " 1
25 50 75 100 125 150 175

Temperature T (°C)

Peak Mobility pee (cm?/Vs)

30
28
26
24
22
20
18
16
14
12
10

Negative TC
A—A—A A A 4 4,

T T T T T T T T

Matthiessen’s rule:

(pg omitted, significant larger)

e 1 _1_>’1
Hre _(IJc+IJSR+IJoP

qualitative drawing

transion region pos.<»>neg. TC fii

=3

>

o—o— %1 =¢

n—"N 3

./. ./. _——VTC [e)

a—" positive =

[b

Ll).l 1 1 | 7 VN R YR T W - -

" 1 " 1 n
25 50 75 100 125 150 17
Temperature T (°C)

Temperature T (°C)





EPUB/images/paper_011_image_003.jpeg
o
o

2

(A®) 1ybioH Jauueg Axoyos

700 °C

°C

400

AsDep





EPUB/images/paper_011_image_002.jpeg
Current Density (A/lcm?)

T T
10*F a) as-deposited 10°gb) 400 °C 10°fc) 700 °C
10'

o~ 10 <10
E g
107 < 107 < 10!
= >
10° 2 10° S 10%
[ =
< [
10° & 10% Q 10°
- =
107 g 107 g 107
5 =
10° O 10° O 4o
10—11 L 1 L 10711 1L L 1 10-11 L 1 1
0.0 05 1.0 15 2.0 0.0 05 1.0 15 20 0.0 05 1.0 15 2.0

Forward Voltage (V) Forward Volatge (V) Forward Voltage (V)





EPUB/images/paper_011_image_001.jpeg
9giuseppe.greco@imm.cnr.it, Praffaella.lonigro@imm.cnr.it, ‘patrick.fiorenza@imm.cnr.it,





EPUB/images/paper_012_image_002.jpeg
22}
i _ ® RTA

2'0_' ® Laser annealing
— 1.8+
= [
S, 16¢ ®
= 14]
® | 1

1.0F ]

0.8} .

Ni NiSi alloy

Sample





EPUB/images/paper_012_image_001.jpeg
Threshold fluence [J/cm?]

Laser pulses





EPUB/images/paper_011_image_005.jpeg
Capacnance (F)

1.0x10°1°

5.0x10°"

Mo - 700 °C

/ V decreasing

10* 10°
Frequency (Hz)

108

Capacnance (F)

Mo2C-700°C

104 10°
Frequency (Hz)

108





EPUB/images/paper_011_image_004.jpeg
Counts (a.u.)

Surface Potential (eV)

Counts (a.u.)

AV=-0.19 eV

Surface potential (V)





EPUB/images/paper_001_image_009.jpeg
NMH=5.7V

NML=10.5V
—
-
£
> %
3 g
>° CMOS Inverter :
NMOSFET W/L=20/1pm NMH=6.3V
PMOSFET W/L=40/1pm NML=10.3V :
i
i

0 5 10 15 20
vin’ vout (V)






EPUB/images/paper_013_image_001.jpeg





EPUB/images/paper_001_image_008.jpeg
Drain Current (A/um)

- N N w
o o o o
x x x x
s = a =3
(=] o o o
& IS IS [

1.0x10*
5.0x10°°

0.0

PMOSFET ‘NMOSFET

| WiL=20/1um {W/L=20/1pm

VG=0~-20V;step=-4V ' VG=0~20V;step=4V
Drain current x 10

20 16 12 8 4 0 4 8 12 16 20

Drain Voltage (V)





EPUB/images/paper_012_image_005.jpeg
Graphite layer

"






EPUB/images/paper_014_image_008.jpeg
Tunnel ohmic contact

(b)
g
pex exp(¢B/ i

\

Metal

No temperature
dependence of pc
-

Tunnel current

Low-resistivity Poly-SiC






EPUB/images/paper_012_image_004.jpeg
Intensity (a.u.)

-Ni - NiSialloy

Grazing Incidence XRD Geometry






EPUB/images/paper_012_image_003.jpeg
Intensity (a.u.)

- NiSi alloy
- Fitting convolution curve

- 5-Ni,Si
(orthorhombic)

- Ni3Si,

(bc orthorhombic)

- NiSi
(orthorhombic)






EPUB/images/paper_001_image_005.jpeg
26.7nm,

394m | 200011 | 42






EPUB/images/paper_001_image_004.jpeg
PBS merged with P-well






EPUB/images/paper_001_image_007.jpeg
Drain Current (A/pum)

10+ [ VD=-20V
10°%
10°®
10"

10-12

PMOSFET ; NMOSFET
104 E WIL=20/pm WIL=20/1pum

10-16

1018 i
20 16 12 -8 -4 0 4 8 12 16 20

Gate Voltage (V)





EPUB/images/paper_013_image_003.jpeg
74 | L="11, ds—"1071

—— L=5pm, d;=10um
B« | === L= lpm, d,—=40pm
=== Le=bum,; d;=40um

ot
1

I, in pApm™!
e

0.00

Rsk = Rgu

0.05 0.10 0.15 0.20 0.25
VCE inV





EPUB/images/paper_001_image_006.jpeg
2.5x107

2.0x107

1.5x107

'S 1.0x107

5.0x10°®

Capacitance (F/cm?)

MOSCAP

[——LPCVD si0, (N, annealing)
[——ALD si0, (NO annealing)
|—— Themal SiO,_10nm (NO annealing)|

|~ Themmal SiO,_50nm (NO annealing)

20 15 10 -5 0 5 10

Gate Voltage (V)

f=100kHz

15

D, (#/eVicm?)

1013

MOSCAP LPCVD SiO, (N, annealing)
=g
S

1012 L

ALD SiO, (NO annealing)
10 L N Thermal SiO, (NO annealing)
1010 L

109 1 I 1 | | |
00 0.1 0.2 0.3 04 05 06 0.7

E-E (eV)





EPUB/images/paper_013_image_002.jpeg
<eee gy
contact (C1) A | contact (C2) | contact (C3)
4H-SiC
x=0 x=L

I Ohmic contact
Il Rsk: Sheet resistance under the contact modified with implantation

contact
(C1)

Rgp: Sheet resistance of p-type SiC (not disturbed by contact formation process)

n-type epitaxial layer

contact

contact
(C3)






EPUB/images/paper_001_image_001.jpeg
NMOSFET PMOSFET

PBS
Trench UMOSFET SiC n-epi 15um; 5x10'° cm™





EPUB/images/paper_013_image_004.jpeg
Rt in mQm

w

[S~]

—— Rsk = R, L=1pm
= Rsx = Rspg, L =5pm
~——— Rsk = Rsu, L =20pm
—== Rgk > Rsu, L =5pm

d; in pm

40





EPUB/cover.jpg





EPUB/images/paper_001_image_003.jpeg
|

01234567 89101112

re ] e bt et oelailed ods el

eld E (MV/cm)

fi

f=100kHz

0 5 10 15

bias voltage V (V)

-5





EPUB/images/paper_001_image_002.jpeg
600

sdast

e ® oo %o
44449qdeaqan e 44999 aqqqq s
P

200 400
Depth (10" at./cm?)

0

o
~

1 L L L 1 L
o O O O o O
O UV < O N -

(%3e) ‘uonenusOU0)

o
o
o





EPUB/images/paper_014_image_002.jpeg
40.0

35.0 ==
£ * x
G 30.0
G 250 | -
£
S 200
."§ s o2
2 150 =[x
é 100 | S Fe
5.0
e W
0.0 .
Bonded-SiC
oot B ‘ 2 3 ‘ 4 ‘ 5 6 7 ‘ 8 ‘
AVERAGE | 235 284 997 999 1490 1499 31.21] 3152
MAX 266 323 11.15 1154 17.83 17.42] 3500 39.01
MIN 187 250 8. 855 1360 1365 2625 27.5
o 023 o018 065 073 124 123 263 441






EPUB/images/paper_014_image_001.jpeg
(b)

Thickness of 4H-SiC
monocrystalline layer : <1uym

Monocry: talline
4H-SiClayer

Cross-sectional
TEM image

8-inch SiCkrest ™






EPUB/images/paper_013_image_006.jpeg
pe in mOQ cm?

—
w

—_
no

—
—_

=
o

I
©

=
o0

o
3

=
=y

e
13

=
=~

Pec, standard (+coth)» RSK = RSH

=== pc,standard RSK — RSH
—— pe,withReg» sk = Rsu

Pc, actual

Pec, standard (+coth)> RSK -2 RSH
=== pc,standard, Rsk > Rsu
—— Pc,withRem, Fsk > Rsu






EPUB/images/paper_013_image_005.jpeg
Rcr and Reg in mQm

200

100

0.0

2.5

5.0

7.5

10.0
L in pm

12.5

17.5

20.0





EPUB/images/paper_007_image_005.jpeg
3
?
?

H,-SiH, + DPN + ALD + N,
Thermal + NO

— SiC

-

Si0, ~——

Lusies L Lses s o
- o ) © ~
o~ Y - - -
o o o o o
b . . e -

(09/swoe) 2uo) °N

20

10

-10

o
o

Depth (nm)





EPUB/images/paper_007_image_004.jpeg
COQWW155 —
C4 Purdue

4H-SiC





EPUB/images/paper_007_image_003.jpeg
Q
~

Capacitance (10° F/cm?)

H,-SiH, + DPN + ALD + N,
6 ol \
Thermal + NO
4
24
-6 -4 -2 0 2
Gate Voltage (V)

10°

H,-SiH, + DPN + ALD + N,

Y
<

2 4 6 8
Oxide Electric Field (MV/cm)

Thermal + NO

10






EPUB/images/paper_007_image_002.jpeg
Q
~

Drain Current (pA)

1.5

0.5

0.0

-4

H,-SiH, + DPN + ALD + N,

N

Thermal + NO
Vps =50 mV

0 a 8 12 16 20
Gate Voltage (V)

Field Effect Mobility (cmZ/Vs)

o
o

H,-SiH, + DPN + ALD + N,

w
o

N
o

\

Thermal + NO

Vps = 50 mV
O T T T
-4 0 4 8 12

Gate Voltage (V)

6 20





EPUB/images/paper_008_image_004.jpeg
[u—y [a—

[a—y
< < =)
o - i

Current Density (A/cm?)
—
=

2

4

6

E,, (MV/cm)

w/o N,/H,

Device type

N,/H, 30min





EPUB/images/paper_008_image_003.jpeg
N,(95%)/H,(5%)

Sio,
L
sic |

10F
g 0.8 | Unetched

3kl

= 0.2 2 o L

<0.0

0 2 4 6 8 10
Relative Position (um)





EPUB/images/paper_008_image_002.jpeg
D, (emZeV?)

1011

0.2

N,/H, 20min
N,/H, 30min

N,/H, 40min

0.3 0.4 0.5
EE, (eV)

D, (cm?eV?)

—

<
—
S

10"

0.2

-~ N,/H, 1150 °C
- N,/H, 1250 °C
- N,/H, 1350 °C

0.3 0.4
Ec-Er (eV)






EPUB/images/paper_008_image_001.jpeg
4H-SiC Si-face wafer cleaning

Al
N,/H, high temperature pretreatment N,(95%)/H,(5%) &
Si0, deposition (LPCVD, 420°C) - E> - E> I:‘J>
NO PDA (1250°C, 70min)
|
Al electrode formation Wafer cleaning Pretreatment  SiO, deposition & PDA Contact formation





EPUB/images/paper_008_image_005.jpeg
In(-In(1-F))

102 10" 10° 10" 10* 10° 10* 10°
tgp ()

te30, (5)

1010
10°
108
107
10°
10°
104
10°
102
10!

10 years

~6.74 MV/cm

@ Room temperature

01 23 456 7 8910
Electric Field (MV/cm)





EPUB/images/paper_009_image_002.jpeg





EPUB/images/paper_009_image_001.jpeg
10 nm 10 nm 10 nm





EPUB/images/paper_009_image_006.jpeg
C,x Change [%]

15

-
o

v

o

[l
o

[
Y
o

1
-
w

-20

=25

1100°C Anneal|

[-@- Si0, Benchmark]
129 ALLO, HIO,
1:19 Al,O, HfO,

300 350 400 450
Chuck Temperature [K]

500 550





EPUB/images/paper_009_image_005.jpeg
C,x Change [%]

X
5
L

&
o
1

!

[N

=3
fi

I

N

a
!

[F9—Si0, Benchmard
- 1:29 ALO HfO,
|-@—1:19 ALOHfO,

900°C Anneal

1000°C Annealj

1100°C Anneal

T T T
300 400 500

T
300 400

T T
500 300 400

Chuck Temperature (K)

T
500





EPUB/images/paper_009_image_004.jpeg
© © < ~
o o o o

(*°n/0) @sueyoede) pasijewioN

1.0
0.0

Voltage (V)





EPUB/images/paper_009_image_003.jpeg
Intensity [a.u.]

& & T<ssgsc § ©
=} T raoQax 2«
E Filcesch § o

1100°C

UL | e}

P

|
\ )
W sttt oMLt s i mir iAot
hl
A W f |
L LRS- W w’L‘A NN csaahenst A AN W

T o s R s 1 TN 1

1:19
1:29
1100°C
1000°C
900°C

As-
depo





EPUB/images/paper_009_image_010.jpeg
400

3004

{=—DT MOSFET (& - temp.dep.)

— T = T =
= DT MOSFET (¢ - constant)

T - i)

0 4 8 12
Time (ps)

16





EPUB/images/paper_009_image_009.jpeg
Dielectric constant (g)

400

600

. i-lxpcrlmcn-l Data
~— Fit: ¢ = §812.76 / (T +1220.54)

800 1000 1200 1400
Temperature (K)





EPUB/images/paper_009_image_008.jpeg
Al,0,:HIO, 1:19, N, 1100°C

Al,0,:HfO, 1:29, N, 1100°C
No-doping, N, 1100°C
40 nm ALD-SiO, Benchmark

Ec'ET [.v]





EPUB/images/paper_009_image_007.jpeg
Hysteresis [V]

4
3
2
1
0
=
-2
11 00"C Anneal -3
+ $i0, Benchmark|
1:29 AL,O  HIO, -4
119 ALO, mo,
-5

300 400 500 300 400 500
Chuck Temperature [K]

Ves [V]





EPUB/images/paper_010_image_002.jpeg
Drain Current I (UA)

100

ET=25°C

Vp =03V
[ L=20pm
F W=300 pm

T

5 20
Gate Voltage V; (V)

‘|‘1'|'|'il|o|1
——y
——— st
LT i don s s e S S
e
q)lxlnlnl?l
O .0
6\0 5\0 6 %\





EPUB/images/paper_010_image_001.jpeg
n PP + ach W AH.Q
Gate Stack Formation: Starting material: implanted + activated 6" 4H-SiC wafers

RCA clean + sacrificial OX|dat|on + BOE etch

H, Treatment N2 Treatment H2 + N, Treatmen
Temp 7 mp.
H A! T1I Ar - T IAr H, N,
t1 Time T Time T’T’ Time
p-type body implant 'LPCVD SiO, + NO PDA

Poly-Si Deposition )
¥ ¥ L 4
Sio2 H,-SiO, N,-SiO, H,/N,-SiO,






EPUB/images/paper_009_image_011.jpeg
Lattice Temperature (K)
300

540

775

1010

i @ (b

1250






