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Abstract. Electrically active defects at the SiO2/SiC interface can have detrimental effects on the
device performance of SiC MOSFETs. Capacitance- or conductance-based analysis techniques are
commonly used to extract the density of interface defects, despite having the disadvantage of
requiring dedicated test structures for the analysis. Here, we discuss confocal sub-bandgap
photoluminescence (PL) microscopy as a fast and reliable alternative to conventional electrical
characterization techniques. For this purpose, the quality of the SiO/SiC interface after post-
oxidation annealing in N2O is studied both by confocal imaging as well as by the high-low and C-¥
capacitance technique. We find excellent agreement between the optical and electrical analysis and
observe a significant increase of the interface defect density for annealing temperatures below
1050 °C.

Introduction

For the fabrication of commercially viable SiC metal-oxide-semiconductor field-effect transistors
(MOSFETS), the growth of a high-quality gate oxide layer in combination with an abrupt silicon
dioxide (Si02)/SiC interface and a low density of defects is vital. Although conventional dry or wet
oxidation techniques - similar to what is used for Si - can be used to grow SiO; insulation layers on
SiC, the termination of the SiC surface has proven insufficient using these processes alone as they
lead to a high density of both interface defects (Di) and near-interface oxide traps. This has been
linked to very low channel mobilities and thus high channel resistances in SiC MOSFETs [1].

For the characterization of interface and bulk properties of a dielectric layer on a semiconductor,
capacitance-voltage (CV) and conductance-voltage (GV) measurements on MOS capacitors are
routinely used. One major advantage of these well-established techniques is their selective sensitivity
to electrically active defects, facilitating a correlation of measurement results with the device
performance of the final MOSFET. However, the inherently wide bandgap of SiC causes a broad
variation of interface trap response times, setting strict limits to the energy window that can be
investigated at room temperature [2]. In addition, much higher frequencies are required for a correct
evaluation of the Dj close to the conduction band compared to, e.g., silicon devices [3]. Another
disadvantage of CV and GV techniques is that they require dedicated test structures, which can be
cumbersome during process development or for process monitoring purposes. Recently, confocal
photoluminescence (PL) microscopy was shown to present an attractive alternative for a non-
destructive characterization of the SiO2/SiC interface [4], allowing for a quick estimation of the
interface defect density between individual fabrication steps.

In order to improve the low channel mobility in SiC MOSFETs, a variety of oxidation and post-
oxidation annealing (POA) treatments have been suggested [5,6], among which nitridation was shown
to be particularly promising [7-10]. Both direct growth as well as post-oxidation annealing (POA) in
NO or N>0 ambients have been intensively studied and are now commonly used for the fabrication
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of commercial power MOSFETs [6]. During nitridation, nitrogen accumulates at the SiO»/SiC
interface and although the detailed mechanisms are still not fully understood, there seem to be
similarities with Si, where a passivation of the interface defect states via Si-N bonds is responsible
for the observed improvement [11].

In particular, NO was shown to be very effective in improving the channel mobility for all crystal
faces [1,10,12], although its high toxicity sets clear constraints to a widespread implementation. N>O
is less of a safety concern but in order to prove beneficial, careful optimization of the nitridation
temperature is required as high temperatures are necessary for N>O to dissociate into NO, Oz and N2
which then lead to a simultaneous nitration and oxidation [9,13,14].

The upper temperature limit for nitridation in N>O is set around 1300 °C where NO dissociates into
N2 and Oz [15]. The low-temperature limit, on the other hand, is less clearly defined and experimental
reports on the beneficial effect of N>O treatments to efficiently passivate interface defects range from
900 °C to 1150 °C [9,16,17]. A clear understanding of the low-temperature nitridation regime,
however, may be essential for applications where very thin oxides are required or where the thermal
budget of the samples is limited. Furthermore, a large number of academic and industrial research
facilities are restricted both in oxidation temperatures as well as in the choice of processing gases,
emphasizing the need for a dedicated low-temperature study.

Hence, the aim of this work is to explore the effects of POA processes in N2O on the quality of the
S10,/SiC interface in the temperature range between 750 °C and 1050 °C. The interface defect density
is extracted both by conventional capacitance-voltage techniques (i.e. the high-low and C-¥ method)
as well as sub-bandgap confocal photoluminescence (PL) spectroscopy and results are discussed in
light of temperature-dependent N>O dissociation processes.

Method

Samples cut from Wolfspeed 4H-SiC wafers with a 4° off-axis orientation and an epi-layer doping
concentration of Np = 4x10'> cm™ were used in this study. All samples were wet-chemically cleaned
and an oxidation was performed for 11 h at 1050 °C in an O, atmosphere, resulting in an oxide
thickness (fox) of 18.5 nm. Post-oxidation annealing in N2O was carried out in the same oxidation
furnace for 3 h at temperatures ranging from 750 °C to 1050 °C. After the nitridation, aluminum was
deposited on the front side to define contacts with a radius of 300 um. Finally, the oxide on the
backside was removed and 100 nm Ni was deposited for the Ohmic back contact.

High-frequency (HF) and quasi-static (QS) CV measurements were performed on a wafer probe
station with a Keithley 4200A-SCS parameter analyzer. For the high-frequency measurements, an
AC frequency of 1 MHz and an AC amplitude of 25 mV were used. Quasi-static CV curves were
obtained by measuring the displacement current in response to a slowly varying DC gate voltage. The
ramp rate was fixed to 0.1 Vs™!. For each nitridation process, several MOS capacitors were analyzed
and a negligible variability between different devices was found. All CV measurements presented
here were performed at room temperature. In addition to the capacitance measurements, the oxide
thickness of three of the samples were also measured by X-ray reflectometry (XRR) using a Bruker
D8 micro-source X-ray diffractometer.

The confocal PL setup used in this study consisted of a 532 nm continuous wave Nd:YAG laser,
a dichroic mirror, a high numerical aperture (0.95) 100x air objective, a 560 nm long pass filter and
a fiber-coupled single photon counting module. The theoretical diffraction-limited spatial resolution
was 280 nm for emission wavelengths of 600 nm. The samples were mounted onto a piezoelectric
XYZ scanning stage allowing for scan sizes of up to 100 pm x 100 pum. All confocal images presented
here were collected at room temperature. More details on the setup and the PL analysis are given in
Ref. [4].
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Results & Discussion

For the electrical extraction of the Di, quasi-static and HF capacitance-voltage measurements were
performed and results are presented in Fig. 1. The high-frequency CV curves in Fig. 1a show an
increasing stretch-out of the capacitance for decreasing annealing temperatures as expected for
increasingly large interface defect densities. For the two lowest annealing temperatures, a small bump
is observed in depletion, which is even more pronounced for the quasi-static measurements in Fig. 1b
(indicated by the arrow). From the oxide capacitance, the oxide thickness was then extracted and
results are presented in the inset of Fig. 1b. With increasing temperature, more and more O from the
N2O dissociation is available, giving rise to additional oxide growth and hence to an increase of the
overall oxide thickness to 20 nm. The sample annealed at 750 °C, on the other hand, showed a slightly
reduced Si0> thickness which might be connected to the very large defect density and hence a larger
error of the electrically determined oxide thickness.
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Figure 1. Normalized capacitance-voltage curves for different N>O annealing temperatures. (a) High-
frequency measurements at 1 MHz. The quasi-static curve for the non-annealed sample is also shown
(dash-dotted line). (b) Quasi-static CV curves. The inset shows the oxide thickness as function of the
N20 annealing temperature as extracted from CV (filled symbols) and XRR (open symbols)
measurements. Additional oxide growth is only observed for temperatures > 950 °C.

Also indicated in the inset of Fig. 1b are the results of thickness measurements using X-ray
reflectometry (XRR) performed on three of the five samples, which show a similar trend as the
electrical analysis. Similar to earlier reports [18], the systematic overestimation of fox from the CV
data may be explained by a smaller relative permittivity for thermal oxides grown on SiC compared
to Si, i.e. €sio2 = 3.7 instead of €sio2 = 3.9. A variation of the oxide density for different annealing
temperatures was not observed during the XRR measurements.

Using both the C-Y¥ [3] and high-low [19] CV method, the interface trap density Dj; was extracted.
A comparison of the two methods is presented in Fig. 2. As previously reported, the high-low method
is not sensitive to very fast states, which still respond to the probing frequency of 1 MHz, hence
leading to an underestimation of the interface defect density close to the conduction band [3]. Apart
from the absolute offset between the two methods, a very similar trend is observed for the N>O-
annealed samples shown in Fig. 2: a strong increase in Dj is detected for the samples annealed at
750°C, indicating a deterioration of the interface caused by the POA in N2O as also observed
previously [11,20]. With increasing temperature, the Di; decreases again and only for the samples
annealed at 1050°C, a small but consistent improvement to the non-annealed samples is observed.
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Figure 2. Density of interface defects as a function of the trap energy position. (a) Trap distribution
extracted from the CV measurements in Fig. 1 using the high-low method. (b) Trap distribution
according to the C-¥ method. (¢) Comparison of the high-low and C-¥ method for the non-annealed
sample.

In addition to the electrical characterization of the defect states generated during the low-temperature
nitridation, confocal PL microscopy was deployed for optical analysis. While this technique is already
extensively used for the analysis of bulk defects using above band-gap light excitation [21,22], it is
gaining increasing attention as defect mapping tool for the SiO2/SiC interface [4,23,24].
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Figure 3. (a) Confocal PL maps of thermally oxidized 4H-SiC. (b) Comparison of the emission center
intensity median (/ef?) and the Dj as extracted by the C-¥ method (right) as a function of the annealing
temperature. Presented D;; values refer to a bandgap energy of Ec-Ei = 0.35 eV.

Figure 3a shows confocal PL maps of the nitrided samples after excitation with a sub-bandgap 532
nm laser. Diffraction-limited spots can be observed which are associated with single defects residing
at or near the SiC/Si0; interface. In accordance with the electrical analysis, the integrated intensity
of these single defects is observed to decrease as the N>O annealing temperature increases while the
density of defects remains around 1 pm (equivalent to 10® cm™) in each map. These values are much
lower than the defect densities discussed above since only a small energy window is probed with the
sub-bandgap energy laser. The decrease in intensity is assumed to be due to modification of the
radiative recombination rate due to the presence of nitrogen at the interface [4]. An increased number
of defect centers is also observed in vicinity to crystal defects or surface damage (e.g., scratches) of
the epitaxial layer. After removal of the SiO» layer from the samples, the PL intensity and hence
defect density is significantly decreased. The corresponding room-temperature ensemble PL spectra
for the studied samples exhibit a large spectral variability, leading to a broad PL peak centered at 750
nm (not shown here).
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A direct comparison of the two analysis methods is shown in Fig. 3b where both the integrated PL
intensity of the presented confocal PL maps and the electrically extracted Dj as a function of the N>.O
annealing temperature are presented. Very good agreement between the two analysis methods is
found. With both methods, a small improvement of the interface quality compared to the non-
annealed sample could be observed for the highest annealing temperature. A further decrease of the
Dit 1s expected as the annealing temperature is further increased [13,17].

In order to explain the observed degradation of the interface at low annealing temperatures, it is
valuable to consider the nitridation process in more detail: for efficient nitridation of the interface,
the dissociation of N>O into NO, N> and O is essential, which only occurs at temperatures well above
1000 °C. This is also apparent in our measurements where a reduction of Dj is only detected at an
annealing temperature of 1050 °C. The significant increase of interface defects at lower temperatures
is less intuitive, especially when considering that the diffusion of N2O in SiO> should be very slow
due to their large molecular size [13]. However, several studies confirm this observation: slow-trap
profiling of N>O-annealed SiC revealed increased densities of slow interface traps, (whereas NO
annealing led to a significant decrease of the slow traps) and in experiments with diluted N>O an
improvement was only achieved when the carbon removal rate from the interface exceeded the carbon
accumulation rate [7-9,25]. The strong increase in D;; observed in the CV and PL measurements may
be an indication for a hampered out-diffusion of carbon away from the interface and emphasizes the
need for careful optimization of the N>O annealing process.

Conclusion

In this work, a comparison between capacitance-voltage methods and sub-bandgap confocal
photoluminescence microscopy for the characterization of oxidation-induced defects at the S10,/SiC
interface was presented. The samples, annealed in N2O at different temperatures, exhibited an
increasing density of interface defects for decreasing annealing temperatures. At an annealing
temperature around 1050 ° C, the nitridation had beneficial effects on the Dit. Although confocal PL
does not allow for a quantitative analysis, already small variations of the defect density at the
Si02/SiC interface are detectable and a similar trend for increasing annealing temperatures is clearly
observed. This study emphasizes the great potential of confocal PL as a quick and reliable
characterization method for a variety of oxide/semiconductor systems without the need of fabricating
a full device. Although this work has been performed on smaller sample sizes, an extension of
confocal PL to full-wafer mapping is feasible. As the measurement does not require surface contacts,
very thin oxides (a few monolayers) can also be accurately measured. Furthermore, measurements
can be performed directly on the oxidized wafer and at room temperature, making it an attractive tool
for a quick and reliable interface analysis during device fabrication.
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