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Abstract. The channel carrier mobility in commercially available 4H-SiC MOSFETs with NO
annealed gate oxides is still far below the theoretical limit. It has been suggested that the main reason
is high density of very fast interface traps, labeled NI, located inside the oxide very close to the SiC
conduction band edge. The NI traps are usually not observed at room temperature but can be detected
at cryogenic temperatures. In this study we use conductance spectroscopy and high-low CV analysis
of MOS-capacitors at cryogenic temperatures to show that the very fast NI traps are practically absent
in oxides grown using sodium enhanced oxidation.

Introduction

Silicon carbide (SiC) power devices are now commercially available. However, poor channel
carrier mobility has hampered the development and manufacturing of power devices in the 300 —
650 V range where the channel resistance is adversely affecting the power efficiency of these devices.
The limiting factor is often attributed to high density of interface defects at the SiC/SiO2 interface
[1-4].

The SiC/SiO2 interface contains rather high density of interface traps compared to the Si/SiO2
interface. These interface traps are located at the SiC/SiOz interface or inside the oxide, 1 — 2 nm
from the SiC/SiO2 interface. The most common and successful way to passivate these traps is post-
growth annealing in either N2O or pure NO at high temperatures (1150-1350°C). This method is able
to reduce the density of interface traps for about an order of magnitude in the energy range 0.1 —
0.5 eV below the SiC conduction band edge [5,6]. However, the peak field-effect mobility is only
about 30 — 50 cm?/Vs in low doped epilayers, which suggest that there still is a high density of traps
hampering the mobility, but they are not observed by conventional CV analysis at room temperature
[7-8].

Recent studies using conductance spectroscopy at cryogenic temperatures show high density of
very fast interface traps with energy levels close to the SiC conduction band edge. These traps have
been labelled NI and are observed both in dry thermal oxides and nitrided oxides. Subsequent studies
have shown that the NI signal can be explained by direct tunnelling in and out of traps inside the
oxide very close to the SiC conduction band edge [6]. These findings are in line with Hall-effect
analysis of NO annealed gate oxides, where a high density of near-interface traps aligned with the
SiC conduction band edge was detected. These traps were not detected in oxides made by sodium
enhanced oxidation, and the Hall electron mobility was about four times higher in sodium enhanced
based MOSFETs than in NO annealed MOSFETs [9]. MOS devices based on sodium enhanced
oxidation (SEO) are not useful due to mobile sodium, but the field-effect mobility achieved in such
MOSFETs is two to three times higher than in nitrided MOSFETs [10,11]. Using conductance
spectroscopy and high—low CV at cryogenic temperatures, we demonstrate in this work that the NI
trap is practically absent in SEO oxides.

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)


https://doi.org/10.4028/p-9v5b6v

102 Silicon Carbide MOSFETs and Special Materials

Experimental Details

Samples are grown on 4° off-axis n-epitaxial 4H-SiC layer with net doping of about 1x10'® cm™.

The NO oxide is grown by dry oxidation at 1250°C for 60 minutes and subsequent annealing in pure
NO for 60 minutes at 1250°C, resulting in a 41 nm thick oxide. The SEO sample was grown in oxygen
at 1200°C for 40 minutes using Al2O3 carrier boats that are Na contaminated, resulting in a 52 nm
thick oxide. Quasi-static measurements were performed using Keithley 6517B electrometer by
sweeping the gate voltage, measuring the charge at a rate of 1.67 V/s, and calculating the capacitance
as C = dQ/dV. High frequency capacitance (1 kHz to 1 MHz) and conductance spectroscopy
measurements were performed using Agilent 4980A LCR meter using 10 mV test signal. Quasi-static
and high frequency measurements are done at fixed temperatures between 75 K and 300 K by
sweeping the voltage from -10 V to 10 V with 50 mV steps. Conductance spectroscopy measurements
were performed by cooling the samples to 50 K without applied bias. At 50 K a weak depletion bias
is applied, and the sample is heated to 300 K at a fixed ramp rate of 5 K/min while the conductance
i1s monitored. The applied bias is stepped by 250 mV between measurements and is chosen near the
location of the flatband voltage of the samples. All measurements are done using a Leybold closed
loop helium cryostat that is controlled and monitored using Lakeshore 331 temperature controller.

Results and Discussion

Figure 1 (a) shows the conductance spectra for the NO sample for different gate voltages that
correspond to weak depletion. The peak at about 200 K at gate bias of -1V is the NI signal due to the
very fast near-interface traps [4-6]. The NI peak shifts to lower temperatures with higher applied
voltage and the peak grows rapidly. The peak of the NI results in density of interface traps, Dit, in the
range of 2x10'1-2x10'2 cm2eV"! in the energy range of 0.05 — 0.25 eV. The broad signal at higher
temperatures is due to slower interface traps labelled OX that are reduced significantly after
nitridation [5]. The peaks at 50 K and 75 K are due to nitrogen donors located at cubic and hexagonal
sites as shown in [5]. Figure 1 (b) shows the spectra of the SEO sample. The NI peak is absent while
the OX signal is reduced significantly as compared to the NO sample. The detection limit of the NI
peak is of the order of 10" cm?eV™!. The small peak at about 140 K is only detected in depletion and
i1s probably due to trace amount of titanium in the SiC epilayer from the growth process. The
activation energy (170 meV) and the peak location in temperature agrees with a previous report on
Ti[12].
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Figure 1. Conductance spectra of NO-annealed (a) and SEO (b) samples at 100 kHz at different
applied voltages.
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Figure 2 shows the quasi static and high frequency capacitance spectra at several temperatures.
Figure 2 (a) shows the NO annealed sample at 300 K, where the small frequency dispersion between
the quasi static and the high frequency curves in weak depletion is due to OX traps. After cooling
down to 200 K (Fig. 2 (b)), a very small frequency dispersion becomes visible as well in the higher
frequency spectra. At 125 K (Fig 2 (c)), this dispersion at high frequencies is further enhanced and
grows even larger when the sample is cooled to 75 K (Fig 2 (d)). This dispersion is attributed to NI
traps, which also give rise to the knee observed at 75 K. This knee appears at similar surface potential
as the NI peak is observed in conductance spectroscopy [13]. The dispersion in weak depletion at
75 K is assigned to the nitrogen donors located at cubic sites that can also be observed in Fig. 1 as a
conductance peak around 75 K.
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Figure 2. Capacitance spectra of NO-annealed (a-d) and SEO (e-h) samples at 300, 200, 125 and
75 K using quasi-static and high-frequency measurements.
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Figure 3. (left) Density of interface traps extracted from CV data in Figure 2, by combining
capacitance data at all four temperatures (solid lines). Dashed lines show Dit when using only data
at 300 K.
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Figure 2 (e) shows the SEO sample at 300 K. Similar to the NO sample, a small frequency
dispersion in weak depletion between the quasi-static curve and the high frequency curves is observed
due to slow OX traps. After cooling down to 200 K (Fig 2. (f)), a small frequency dispersion in the
high frequency curves is observed as in the NO sample. However, at 125 K (Fig 2. (g)), there is a
negligible dispersion in the high frequency while the quasi-static curve deviates from the rest due to
slow OX traps that are only able to follow the quasi-static signal. At 75 K (Fig 2. (h)), a dispersion in
depletion due to the nitrogen donors is visible as in the NO sample. However, the high frequency
dispersion that is observed in the NO sample and attributed to the NI trap is not visible in the SEO
sample. This interpretation agrees with the absence of NI in the conductance analysis in Figure 1 (b).
The 1 MHz curve is strongly affected by high series resistance in the sample at this temperature
resulting in lower accumulation capacitance.

Figure 3 shows the density of interface traps (Dit) extracted from the CV data in Fig. 2. The SEO
sample has lower Dit throughout the energy range. The dashed lines are extended data from the 300
K data. This illustrates that using only 300 K measurements will underestimate the Dit closer to the
conduction band edge in both samples. In the case of the NO annealed sample, the underestimate is
about an order of magnitude.

The mechanism of the sodium oxidation enhancement is still unknown as well as the origin of the
sodium passivation mechanism. What is known is that the sodium accumulates at the SiC/oxide
interface and at the oxide/metal interface, and thus is not equally distributed throughout the oxide
[11]. Removing the sodium from the SiC/oxide interface can be done either using bias + etching, by
applying negative bias to the MOS capacitor to move mobile sodium ions from the SiC/oxide
interface to the metal/oxide interface and etch few nm off the top layer, or by annealing in
Ar/Hz ambient and then etch few nm off the top layer. This does not significantly impact the inversion
channel mobility which remains about 100 cm?/Vs but creates a deep interface trap within the SiC
bandgap [14].

Summary

We conclude that the fast near interface traps NI detected in nitrided oxides with interface state
density Djt in the 10! - 10'2 cm2e V™! range are not observed in SEO oxides. Based on the detection
limit the NI trap density is at least two orders of magnitudes lower in SEO oxides than in NO annealed
oxides. The findings are in line with Hall-effect analysis of NO annealed gate oxides, where a high
density of near-interface traps aligned with the SiC conduction band edge was detected while such
traps were absent in SEO oxides [9]. Based on these observations we conclude that the NI traps are
presumably limiting the channel carrier mobility in NO annealed devices.
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