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Abstract
This study presents surface nitriding of 4H-SiC by the irradiation of the fourth harmonics of Nd:YAG laser pulses in liquid 
nitrogen. A nitride layer with a depth of 1 μm is formed on the irradiated area. The irradiated area has a bumpy morphol-
ogy. On the other hand, we also find a nitride layer with a smooth surface morphology in the outside of the irradiated 
area. The concentration of nitrogen is dependent on the laser fluence, and is 1–5%. The diffusion coefficient of nitrogen, 
which is deduced from the depth profile of the nitrogen number density, is much greater than the diffusion coefficient 
in solid SiC, suggesting the transport of nitrogen in melted SiC. Considering the fact that SiC does not have a melted 
state at the atmospheric pressure, it is revealed by the present work that the melted SiC is realized transiently with the 
help of the high pressure driven by the laser irradiation.
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1  Introduction

Semiconductor power devices are utilized in various 
scenes in recent years. A typical example is power transis-
tors used in inverter and convertor modules. The improve-
ment of the energy efficiency and the upper-limit voltage 
of power semiconductor devices is important to construct 
the energy-saving society. At the moment, the majority 
of power semiconductor devices utilizes silicon. However, 
the performance of Si-based power transistors has been 
reaching its theoretical limit in recent years. For this rea-
son, the expectation is focused on SiC as a next-genera-
tion power semiconductor. Because of a wide band gap of 
3.26 eV, SiC-based power semiconductor devices can have 
advantages in the high voltage insulation strength and 
the robustness against high temperature [1–3]. In addition, 
SiC-based metal-oxide-semiconductor field-effect transis-
tors (MOSFETs) have potential advantages in their low on-
resistance and high switching speed [4–6]. However, the 

on-resistance of SiC-based MOSFETs under development 
is much higher than the theoretical expectation.

A reason for the high on-resistance of SiC-based MOS-
FETs is the low carrier mobility in the channel region under 
the gate insulation film [7–9]. The low carrier mobility 
results from defects around the interface between the 
channel region and the gate insulation film. Therefore, it 
is required to develop a method to passivate the surface 
of SiC before depositing the gate insulation film. A first-
principle calculation suggests that the nitriding of the SiC 
surface can be a solution to this problem [10]. In previous 
works, we examined the surface nitriding of 4H-SiC by the 
irradiation of a remote nitrogen plasma [11, 12]. A nitride 
layer with a thickness of 5 nm was formed on the surface 
of 4H-SiC, but this method had a problem of the decrease 
in the carbon concentration by the formation of volatile 
molecules such as C 2N2 . The significant amount of oxygen 
contamination at the top surface was also a problem.
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In many years ago, we reported an experiment on the 
formation of nitride layer on titanium and the production 
of TiN nanoparticles by laser ablation of a titanium target 
in liquid nitrogen [13–15]. A technical advantage of the 
nitriding process in liquid nitrogen is that it does not need 
a vacuum chamber. In addition, we may expect high nitrid-
ing reactivity because of the denser ambient medium than 
the nitrogen plasma. In this work, we repeated a similar 
experiment by using 4H-SiC and the fourth harmonics of 
Nd:YAG laser pulses.

In this paper, we report the depth profile of the nitro-
gen concentration on the 4H-SiC sample irradiated with 
the laser pulses, and discussed the formation mechanism 
of the nitride layer. This paper is composed as follows. In 
the following section, Sec. 2, we report the arrangements 
of the present experiment. The results obtained using the 
experimental arrangement are described in Sec. 3. Sec-
tion 4 is devoted to discussion on the experimental results. 
Conclusions of the present study are summarized in Sec 5.

2 � Experimental method

The experimental setup is schematically shown in Fig. 1. 
The container of liquid nitrogen was made of stainless 
steel, and the outside of the liquid nitrogen container was 
surrounded by a vacuum vessel for the thermal isolation. 
The vacuum vessel was evacuated using a turbo molecular 
pump below 1 × 10−5 Torr. A 4H-SiC target with a size of 
14 × 14 mm2 was immersed in liquid nitrogen. The sample 
was rinsed with 5% hydrogen fluoride solution for 10 min 
before introducing it into liquid nitrogen to remove the 
native oxide. We investigated the nitriding characteristics 
of the carbon-side surface (C-face) of 4H-SiC in this experi-
ment, since it is reported that MOSFETs constructed on 
the C-face have a higher channel mobility than that con-
structed on the Si-face [16, 17]. The vacuum vessel and the 

liquid nitrogen container had optical windows to launch 
the laser beam and to observe the target region. We 
employed the fourth harmonics of a Nd:YAG laser (Spectra-
Physics, INDI) at a wavelength of 266 nm in this experi-
ment. The fourth harmonics was necessary to realize the 
deposition of the laser energy onto the target, since the 
target was transparent against the laser beam if its pho-
ton energy did not exceed the band gap of SiC. The laser 
energy was 40 mJ/pulse. The laser beam was focused using 
a lens with a focal length of 7 cm, which was installed in 
the vacuum vessel, onto the sample surface from the nor-
mal direction. The position of the SiC target was movable 
along the optical axis of the laser beam, so that the laser 
fluence on the target surface was varied between 0.05 
and 9.9 J/cm2 (the spot size of the laser beam was varied 
between 0.72 and 10 mm). The repetition frequency and 
the duration of the Nd:YAG laser pulses were 10 Hz and 10 
ns, respectively. The duration of the laser irradiation was 
3 min (1800 laser pulses in total). After the irradiation, the 
sample was pulled up to the atmosphere, and was trans-
ferred to analyses. The atomic composition on the sample 
surface was analyzed by X-ray photoelectron spectroscopy 
(XPS), and the weight density of the sample surface was 
analyzed by X-ray reflectometry (XRR). The spot size in the 
XPS measurement was 1 mm. A secondary electron micro-
scope (SEM) was used for examining the surface morphol-
ogy of the sample.

3 � Results

Figure 2 shows SEM images of the surface of the 4H-SiC 
sample. A crater with an area size of 0.64 mm2 was formed 
on the sample surface, as shown in Fig. 2a. The crater had a 
clear boundary, suggesting that the scattering of the laser 
beam by small bubbles in liquid nitrogen was negligible 
in the present experiment. The laser fluence, which was 

Fig. 1   Schematic of experi-
mental apparatus. The fourth 
harmonics of a Nd:YAG laser 
was guided into a liquid 
nitrogen container with optical 
windows using mirrors. A lens 
was used for focusing the laser 
beam onto a 4H-SiC target 
which was immersed in liquid 
nitrogen. The lens was installed 
in a vacuum vessel which was 
necessary for the thermal 
isolation
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estimated by dividing the laser energy by the crater area, 
was 6.2 J/cm2 . As shown in the magnified images (Fig. 2b, 
c), the surface of the ablation crater had a bumpy mor-
phology. Each grain had a size of several micrometers. 
The depth of the crater, which was measured using a laser 
scanning microscope, was approximately 70  μm. This 
depth corresponded to an etching rate of ∼ 40 nm/pulse 
since it was formed by the irradiation of 1800 laser shots.

The concentration of nitrogen at the top surface of the 
crater, which was examined by XPS, was dependent on the 
laser fluence as shown in Fig. 3. The nitrogen concentration 
increased with the laser fluence, and it was saturated at a 
laser fluence of ∼ 5 J/cm2 . The maximum nitrogen concen-
tration we observed was 5%, which was much lower than 
the chemical composition in Si3N4 and C 3N4 . Figure 4 shows 
the depth profiles of atomic concentrations, which was 
obtained by XPS combined with Ar+ beam sputtering. We 
detected nitrogen even at a depth of 1 μm from the surface. 
The depth profile of the nitrogen concentration was almost 
flat at the center of the ablation crater (0 mm), as shown in 
Fig. 4a. The depth region within 200 nm from the surface was 
contaminated by oxygen, and a low concentration of silicon 
was observed in this region. The source of oxygen may be 
dissolved molecular oxygen in liquid nitrogen. This specu-
lation is supported by the experimental result that a lower 
oxygen concentration was observed when the gas phase 
above liquid nitrogen was filled with nitrogen during the 
laser irradiation. On the other hand, the carbon concentra-
tion was lower than 50% in the entire depth region except 
the top surface, where the carbon concentration is usually 

Fig. 2   SEM images of the sample (4H-SiC) surface with different 
magnification ratios. The laser fluence was 6.2 J/cm2
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Fig. 3   Concentration of nitrogen on the sample surface as a func-
tion of the laser fluence
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enhanced by the contamination. The lower concentration of 
carbon than silicon was also observed in the surface nitrid-
ing of 4H-SiC using a remote nitrogen plasma [11, 12], and 
the mechanism was estimated to be desorption of volatile 
molecules such as C 2N2 . We also observed the nitride layer 
in the outside of the crater, as shown in Fig. 4b, which was 
observed at a lateral distance of 1 mm from the center of 
the ablation crater. The maximum lateral distance where we 
observed the nitride layer was approximately 2 mm from the 
crater center. It is noted that, as shown in Fig. 2a, the outside 
region of the crater had a smooth surface morphology. The 
smooth surface morphology is useful for the application to 
the fabrication process of MOSFETs. The oxygen contamina-
tion and the low silicon concentration in the depth region 
of ≤ 200 nm were also observed in the outside of the crater. 

The carbon concentration was also lower than 50% in the 
entire depth region. On the other hand, in contrast to the 
depth profile at the crater center, the nitrogen concentration 
decreased with the depth in the outside region of the crater, 
as shown in Fig. 4b.

Figure 5 shows the depth profiles of the weight densities, 
which were evaluated by XRR at the crater center and at a 
lateral distance of 1 mm from the crater center. The weight 
density of virgin 4H-SiC, which is 3.2 g/cm3 , is indicated by 
the horizontal dashed line in the figure. The ambiguity in 
the evaluation of the weight density from the XRR profile 
was estimated to be 0.5 g/cm3 . It is understood from Fig. 5 
that the region with a depth of 1.3 μm from the surface was 
affected by the laser irradiation. This depth region had lower 
weight densities, especially inside the ablation crater. This 
result indicates the desorption of silicon and carbon from 
the sample by the laser irradiation. By combining the depth 
profiles of the atomic concentrations shown in Fig. 4 and 
the weight density shown in Fig. 5, we evaluated the depth 
profile of the number density of atomic nitrogen as shown 
in Fig. 6. The outside region of the ablation crater contained 
more amount of atomic nitrogen. The density of atomic 
nitrogen was almost flat inside the ablation crater, while it 
decreased with the depth in the outside of the crater.

4 � Discussion

The formation of the crater shown in Fig. 2 indicates that 
the laser fluence of 6.2 J/cm2 exceeds the threshold for 
laser ablation of 4H-SiC. The threshold for laser ablation 

Fig. 4   Depth profiles of element concentrations a at the center of 
the ablation crater and b at a lateral distance of 1 mm from the cra-
ter center
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was roughly ∼ 1 J/cm2 . The reason for the constant nitro-
gen concentration in the depth profile in the crater center 
(Figs. 4a, 6) may be the ablation removal of the depth 
region with a high nitrogen concentration. The lower nitro-
gen concentration inside the crater is also attributed to the 
ablation removal. The significant decrease in the weight 
density on the crater surface shown in Fig. 5 is consistent 
with the ablation removal of the top surface. However, the 
formation of the nitride layer on the crater surface reveals 
that the etching depth by laser ablation is shallower than 
the depth with the transport of nitrogen. In other words, 
a part of the depth region with the transport of nitrogen 
remains on the sample surface. The morphology of the 
crater surface shown in Fig. 2b, c suggests high tempera-
ture cracking which was caused by the melting and the 
coagulation in the remained depth region. On the other 
hand, the smooth surface morphology indicates no abla-
tion removal in the outside of the crater. This means that 
the temperature in the outside area of the crater is lower 
than that in the inside with the high temperature crack-
ing. The no ablation removal may result in the decrease 
in the nitrogen concentration with the depth (Figs. 4b, 6). 
However, the slight decrease in the weight density shown 
in Fig. 5 indicates that the desorption of species from the 
sample is not negligible even in the outside area of the 
crater.

We try to estimate the diffusion coefficient of nitro-
gen in 4H-SiC, under the assumption that the dominant 
transport mechanism of nitrogen is diffusion. We assume 
that the number density of nitrogen at the top surface is 

constant and the SiC sample has a semi-infinite depth. 
The solution of the one-dimensional diffusion equation 
is given by [18]

where n(x) is the number density of nitrogen at depth x 
from the surface, �t is the duration of diffusion, and DN 
is the diffusion coefficient. Since eq. (1) ignores the tem-
perature gradient, the diffusion coefficient deduced on the 
basis of eq. (1) gives us the estimation on the order of mag-
nitude. Figure 7 shows the normal probability plot of the 
depth profile of the nitrogen number density observed at 
a lateral distance of 1 mm from the crater center (the same 
data as those plotted in Fig. 6). A straight line is found in 
the normal probability plot, as shown in Fig. 7, and as a 
result, we have evaluated that the diffusion coefficient for 
nitrogen in 4H-SiC is DN ≃ 5 × 10−11 cm2/s. In this estima-
tion, we substituted �t = 180 s (3 min) for the duration of 
diffusion. However, the duration of diffusion in the reality 
is much shorter than 180 s, since the laser irradiation is 
intermittent (pulsed) at a repetition frequency of 10 Hz 
with a pulse duration of 10 ns. Therefore, DN ≃ 5 × 10−11 
cm2 /s gives us the lower limit for the diffusion coefficient. 
According to our simplified heat conduction calculation, 
the duration of the high sample temperature ( ≥ 2000 K), 
which is induced by the pulsed laser irradiation, is esti-
mated to be ∼ 10 μ s. If we assume �t = 18 ms (10 μ s ×1800 
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laser shots) for the duration of diffusion, the diffusion coef-
ficient is estimated to be DN ≃ 5 × 10−7 cm2/s.

The diffusion coefficient of nitrogen in SiC has been 
investigated by several authors. Kroko and Milnes 
reported 10−16 − 10−13 cm2 /s at sample temperatures 
between 2300 and 2800 K [19], whereas Neudeck reported 
2 × 10−13 − 5 × 10−12 cm2 /s at sample temperatures 
between 1800 and 2450 K [20, 21]. The diffusion coeffi-
cient estimated by the present experiment is higher than 
these literature values even if we assume �t = 180 s for 
the duration of diffusion. On the other hand, the diffu-
sion coefficients observed in laser doping experiments 
by Tian et al. [21] and Ikeda et al. [22] are 3.9 × 10−7 and 
5.7 × 10−6 cm2/s, respectively, which are rather similar to 
DN ≃ 5 × 10−7 cm2 /s in the present work when assuming 
�t = 18 ms.

It is known that SiC does not have a melted state with 
the same atomic composition of Si/C = 1∕1 at the atmos-
pheric pressure [23]. However, liquid SiC is predicted by 
Togaya and Sugiyama in a highly pressurized condition 
at a temperature higher than 3000 K [24]. It is well known 
that a pressure wave is generated in the target when it 
is ablated by a laser pulse, and as a result, a high-pres-
sure, high-temperature state is realized in the target tran-
siently [25, 26]. The transient high pressure is especially 
emphasized when the target is ablated in a liquid environ-
ment. Considering the morphology on the crater surface, 
it is speculated that the SiC sample is melted transiently 
with the help of the high pressure driven by laser ablation. 
If the surrounding region of the crater exceeds the phase 
transition temperature, the high diffusion coefficient can 
be explained by diffusion in melted SiC. Another expla-
nation for the high diffusion coefficient is the transport 
of nitrogen in vaporized target materials (Si and C). How-
ever, we believe that this transport mechanism is unlikely, 
since the surface formed by the redeposition of vaporized 
species may have a roughened morphology. The smooth 
surface morphology with the higher nitrogen concentra-
tion may be realized at the optimum temperature where 
the high diffusion coefficient is compatible with the no 
ablation removal.

5 � Conclusions

A nitride layer on a 4H-SiC surface is useful to avoid defects 
in the channel region of SiC-based MOSFETs. In this work, 
we examined surface nitriding of 4H-SiC by the irradia-
tion of the fourth harmonics of Nd:YAG laser pulses in 
liquid nitrogen. A nitride layer with a depth greater than 
1 μ m was formed on the ablation crater as well as the sur-
rounding region. The crater surface had a bumpy morphol-
ogy, while the surface of the nitride layer formed on the 

surrounding region of the crater was smooth. The bumpy 
morphology of the crater surface indicates the melting 
and the coagulation of the sample. The nitrogen concen-
tration at the crater was lower than that in the surrounding 
region, which may be due to the ablation removal of the 
top surface in the crater region. The diffusion coefficient 
evaluated from the depth profile of the nitrogen number 
density, which was observed in the outside region of the 
crater, was much higher than the diffusion coefficient of 
nitrogen in solid SiC. The high diffusion coefficient sug-
gests the transport of nitrogen in melted SiC even in the 
outside area of the ablation crater. The melted SiC may be 
realized with the help of the high pressure driven by the 
laser irradiation. The laser irradiation onto 4H-SiC is not 
applicable to the fabrication process of SiC-based MOS-
FETs without any changes. However, the present work 
gives us the novel insight into the fundamentals of the 
transient phase change driven by the pulsed heating.
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