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A B S T R A C T   

The wide bandgap and high carrier mobility of silicon carbide (SiC), as well as its physical and chemical stability, 
make it a promising material for a number of applications. One of the key requirements for these applications 
involves oxide formation on SiC. The usefulness of the oxide produced by anodizing is, however, limited since the 
anodic oxide formed on SiC in the usual dilute aqueous solution has a low density and high surface roughness. 
Here, we consider a new parameter in anodic oxide formation by focusing on the concentration of free water in 
the electrolyte, using a highly concentrated aqueous solution. In a concentrated solution, oxygen evolution, 
which results in a reduction in the density of the oxide, is suppressed, and the rate of formation of anodic oxide at 
defect sites effectively decreases to reduce the surface roughness. Furthermore, an interfacial layer with a higher 
density than SiO2 is formed between SiC and SiO2, buffering the difference in density between them. As a result, 
we successfully obtained an anodic oxide with a relatively high density and low surface roughness. This study 
provides a new approach to improving the properties of the anodic oxide formed on SiC.   

1. Introduction 

The wide bandgap, high carrier mobility, high stability, and chemi-
cal inertness of silicon carbide (SiC) make it a promising material for use 
in next-generation semiconductor devices [1,2], gas sensors and catalyst 
supports [3], as well as a substrate for the growth of graphene [4,5]. For 
such applications, surface processing of SiC, especially oxide formation 
on SiC, is in high demand and has been studied from the viewpoint of its 
similarity with Si. However, the technology is not yet fully mature. 

There are two approaches to obtaining oxide on SiC: thermal 
oxidation and anodizing. Thermal oxidation of SiC is a practical method 
for semiconductor devices, but a large number of defects are induced at 
the interface between the oxide and SiC due to the presence of C atoms 
[6]. There is still room for improvement in this method, and many 
theoretical and experimental studies have been performed to reduce the 
interfacial layer [7,8]. On the other hand, anodizing is an electro-
chemical method for surface processing, with the advantage of offering a 
low-cost and low-temperature process using simple equipment. The 
anodic oxide produced on SiC, however, has a lot of pores and high 
surface roughness since gas evolution (water splitting and CO/CO2 
evolution through the oxidation of C in SiC) occurs together with oxide 
formation [9]. This is the reason why the use of the anodic oxide of SiC is 

limited to the surface polishing of SiC [10]. Moreover, the number of 
studies on the anodic oxide of SiC is fewer than that on the thermal oxide 
of SiC, since some groups have already reported that modifying the 
anodizing parameters, such as pH, solute, and applied potential, is not 
very effective in improving the properties of the anodic oxide [11,12]. 
To broaden the application of anodic oxide on SiC, another approach to 
reducing the number of pores and roughness of the anodic oxide is ur-
gently required. 

In previous reports, the concentration of the electrolyte is relatively 
low, so there is a large amount of free water available to oxidize SiC 
[11–15]. In contrast, we focus here on the concentration of “free water” 
as a new parameter in anodic oxide formation on SiC by using a highly 
concentrated aqueous solution, in which the concentration of free water 
is extremely limited. Analysis of the anodic oxide formed in the 
concentrated solution showed an increase in the density and a reduction 
in the roughness of the anodic oxide. This paper explains the electro-
chemical behavior and the improvement in the properties of the anodic 
oxide formed on SiC in a highly concentrated LiCl aqueous solution. 

2. Experimental 

The SiC substrate (Air Water Inc.) was single crystal boron-doped (p- 
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type) 3C-SiC(111) on a Si(111) substrate. SiC film with a thickness of 
2.5 µm was fabricated by chemical vapor deposition (CVD) as a heter-
oepitaxial substrate. Before electrochemical measurements, the sub-
strates were cut into 10 × 10 mm samples and cleaned using the 
procedure we reported previously [16]. We used a three-electrode 
electrochemical cell with a circular window (5 mm in diameter) to 
determine the electrode area. The counter electrode (CE) and the 
reference electrode (RE) were a platinum rod and Ag/AgCl immersed in 
saturated aqueous KCl solution, respectively. 

To prepare a highly concentrated aqueous solution, anhydrous 
lithium chloride (LiCl; Nacalai Tesque, extra pure reagent) was dissolved 
in ultrapure water with a molar ratio of LiCl:H2O = 1:3 (18.5 mol kg− 1). 
For comparison, we also prepared a dilute aqueous solution with a molar 
ratio of LiCl:H2O = 1:50 (1.11 mol kg− 1). We chose LiCl as the solute 
because it is highly soluble in water and neither Li+ nor Cl– is involved in 
oxide formation. Although we tried KF and NH4F, which also have high 
solubility in water, the F– ions attacked the SiO2, and no anodic oxide 
was formed. 

Electrochemical measurements were conducted with a potentio- 
galvanostat (Bio-Logic, SP-150) in a dark environment to eliminate the 
effect of ambient light. To investigate the growth of the anodic oxide, 
impedance measurements and anodizing were conducted alternately 
with frequencies from 50 kHz to 5 Hz. To analyze the anodic oxide, we 
used X-ray reflectivity (XRR; RIGAKU, SmartLab-9K), ellipsometry (FE- 
5000, Otsuka Electronics), X-ray photoelectron microscopy (XPS; JEOL, 
JPS-9010TRX), field-emission transmission electron microscopy (FE- 
TEM, JEOL, JEM-2100F), and atomic force microscopy (AFM; BRUKER, 
NanoWizard III NW3-XS-O). 

3. Results and discussion 

3.1. Electrochemical behavior of anodizing in a concentrated solution 

This section deals only with anodizing in a concentrated solution. For 
comparison, details of the anodizing behavior and the analysis of the 
anodic oxide formed in a dilute solution are available in the Supple-
mentary Information. 

On anodizing in LiCl aqueous solution, the possible reactions are 
oxide formation and gas evolution: 

SiC + 3H2O → SiO2 + CO + 6H+ + 6e−

SiC + 4H2O → SiO2 + CO2 + 8H+ + 8e−

2H2O → O2 + 4H+ + 4e−

2Cl− → Cl2 + 2e−

Since the amount of free water in the concentrated solution is 
limited, water splitting (O2 evolution) is suppressed. Furthermore, Cl2 
evolution occurs at a more positive potential than O2 evolution (see also 
Section S1 in the Supplementary Information). 

Fig. 1a shows cyclic voltammograms (CVs) for SiC in the dilute and 
concentrated aqueous solutions at a scan rate of 10 mV s− 1. In the dilute 
solution, one peak appears at around 6.5 V, suggesting anodic oxide 
growth and passivation. The anodic current keeps flowing even in the 
back scan, suggesting that the passivation is not complete. Actually, 
after CV the oxide exhibits cracks, as shown in Fig. S2. By contrast, in the 
concentrated solution there are one peak at 3.5 V and a plateau from 4.0 
V to 5.0 V, with no anodic current above 5.5 V. The current density of 
the peak at 3.5 V decreases steeply as the potential increases, while the 
plateau at 4.0–5.0 V is broad and gently decreases toward 5.5 V. This 
implies that two types of oxide films are formed, corresponding to two 
specific anodic waves in the concentrated solution. Moreover, the cur-
rent density is almost zero after the second plateau, suggesting that the 
oxide formed in the concentrated solution passivates SiC more than that 
produced in the dilute solution. The onset potential in the concentrated 
solution shifts in a negative direction. There is no reasonable explana-
tion for this behavior from the viewpoint of the iR drop of the oxide and 
in the solution. It suggests that the potential thermodynamically shifts in 
the concentrated solution. Since the thermodynamics operating in 

highly concentrated solutions has not been well established, not only in 
anodizing reactions but also in other fields of electrochemistry, further 
electrochemical investigations in highly concentrated solutions are 
necessary to understand the formation of the anodic oxide. 

Fig. 1. (a) Cyclic voltammogram for SiC in concentrated (solid line) and dilute 
LiCl solution (dotted line). Development over time of the current density when 
SiC was anodized at (b) 3.0 V and (c) 5.0 V in the concentrated solution. (d) 
Magnification of the time development of the current density in Stage 2. 
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To discuss the anodic oxide formed in the concentrated solution, we 
conducted anodizing experiments with constant potentials of 3.0 and 
5.0 V, which correspond to the first peak and second plateau in the CV. 
Fig. 1(b–d) indicates the changes in current density over time during the 
anodizing. The current density has a plateau at about 1.0–2.0 mA cm− 2, 
and is then reduced and saturated at smaller values. The former plateau 
region, as well as the latter saturated region, are denoted Stage 1 and 
Stage 2, respectively. This behavior is observed at both 3.0 and 5.0 V, 
but the current density is higher, and the duration of Stage 1 is shorter at 
5.0 V than at 3.0 V. Also, in Stage 1 at 5.0 V, a large current density (>20 
mA cm− 2) is observed at the beginning of the anodizing, and the satu-
rated current density at 5.0 V in Stage 2 (Fig. 1d) is larger than that at 
3.0 V. This is probably due to Cl2 evolution in addition to oxide for-
mation and O2 evolution. Note that gas evolution was observed only at 
5.0 V, which suggests that Cl2 evolution occurs in addition to water 
splitting at 5.0 V. A detailed discussion of Stages 1 and 2 is given in 
Section 3.2. 

We also conducted electrochemical impedance spectroscopy (EIS) to 
investigate the growth of the anodic oxide. The resulting Nyquist plots 
are shown in Fig. 2a and b. The time labels refer to the duration of 
anodizing. From the obtained Nyquist plots, we calculated the resistance 
and capacitance of the anodic oxide using an equivalent circuit 
composed of resistances (R) and a constant phase element (CPE; Q) 
instead of capacitance (C). Such circuits are commonly used for the 
analysis of anodic oxide growth [9]. R1 is the resistance of the electro-
lyte, and the parallel RQ circuits come from oxide resistance and 
capacitance. Fig. 2a and b show that the Nyquist plots are composed of 
one semicircle in Stage 1 but two semicircles in Stage 2. This means that 
the anodic oxide has one layer in Stage 1 but two layers in Stage 2. Note 
that the Nyquist plot has two semicircles in both Stage 1 and Stage 2 
under an applied potential of 5.0 V, but the Nyquist plot in Stage 1 
(Fig. 2(b-2)) is close to one semicircle. Thus, Fig. 2 (b-2) shows the 
Nyquist plot in the transition region from Stage 1 to Stage 2. The pa-
rameters calculated from the Nyquist plots are shown in Fig. 2c and d. R2 
and Q2, which are due to the oxide formed in Stage 1, are almost con-
stant (Fig. 2c); on the other hand, R3 and Q3, which come from the oxide 
formed in Stage 2, change greatly with increasing anodizing time. The 
oxide growth causes the resistance to increase and the capacitance (CPE 

in this experiment) to decrease, as expressed in the equation C = εrε0S/d 
. Here εr and ε0 are the relative permittivity of the oxide and the 
permittivity of a vacuum. S and d represent the surface area and thick-
ness of the oxide, respectively. Consequently, one oxide layer with a 
constant thickness is formed in Stage 1 and another oxide layer keeps 
growing in Stage 2. Considering the difference between the applied 
potentials, although the value of R3 keeps changing at 5.0 V, the value at 
3.0 V is saturated after an anodizing period of 15 min. This means that 
the thickness of the oxide formed at 3.0 V is saturated even in Stage 2. 
The value of Q3 also varies between 3.0 and 5.0 V. This suggests that the 
oxide formed at 3.0 V passivates SiC more than that produced at 5.0 V. 

3.2. Analysis of the anodic oxide formed in the concentrated solution 

We investigated the thickness, bulk density, crystallinity, chemical 
state, and surface roughness of the anodic oxide using XRR, ellipsom-
etry, STEM, XPS, and AFM. 

First, XRR was performed to investigate the oxide thickness and bulk 
density. The XRR and its fitting results are shown in Fig. S3. The fitting 
was conducted with the GlobalFit software (Rigaku Cooperation) until 
the smallest chi-square (χ2) value was under 0.01. For the fitting, we 
assumed the following 3-layer structure: SiO2, an interfacial layer, and 
single crystal SiC (3C). The interfacial layer is suggested in the electro-
chemical impedance spectroscopy as discussed above, and its existence 
was also reported in XRR and secondary ion mass spectrometry (SIMS) 
of the thermally produced oxide on 4H-SiC [17]. Note that χ2 ≤ 0.01 
could not be achieved when we assumed a two-layer structure involving 
only SiO2 and SiC layers. The oxide thickness was also determined by 
ellipsometry. In ellipsometry, (Ψ, Δ) spectra were fitted using a two- 
layer structure (SiO2 and SiC) because the optical constants of ideal 
SiO2 and SiC are well-known, but that of the anodic oxide, especially the 
interfacial layer, is not. For this reason, the residuals of the fitting were 
high in the ellipsometry results, and the thickness is slightly different 
from the values calculated from XRR. The calculated thickness and 
density are summarized in Table 1, indicating that SiO2 and the inter-
facial layer are formed in Stage 1, and only a SiO2 layer is grown in Stage 
2. In addition, the density of the interfacial layer is higher than that of 
amorphous SiO2 (ρ = 2.2 g cm− 3). This result coincides with that of 

Fig. 2. Nyquist plots measured at (a) 3.0 V and (b) 5.0 V in the concentrated solution. The time labels indicate the duration of the anodizing. The blue and red 
markers show the Nyquist plots corresponding to Stage 1 and Stage 2, respectively. The equivalent circuits used are shown below each Nyquist plot. The time 
dependence of (c-1 and d-1) R (resistance) and (c-2 and d-2) Q (constant phase element) were calculated from the Nyquist plots shown in Fig. 2a and b. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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thermal oxide formation, where an interfacial layer with a high density 
is assumed to be SiOxCy [17]. Though the density of the SiO2 layer 
formed at 3.0 V (ρ = 1.26 g cm− 3) is higher than that at 5.0 V, both are 
lower than that of amorphous SiO2. In the dilute solution, however, the 
density of SiO2 is quite low (ρ = 0.58 g cm− 3) and the interfacial layer is 
negligible in the dilute solution, as discussed in Section S4 of the Sup-
plementary Information. Thus, we conclude that the concentrated so-
lution makes it possible to fabricate a high-density anodic oxide by 
selecting a suitable applied potential. The charge density during anod-
izing is also shown in Table 1. The charge in Stage 1 at 5.0 V is the same 
as that in Stage 2 at 3.0 V since the large current density is observed at 
5.0 V in Stage 1 (Fig. 1c). The oxide thickness in Stage 1 at 5.0 V, 
however, is quite a lot smaller than that in Stage 2 at 3.0 V. This means 
that the high current density of Stage 1 at 5.0 V mainly comes from Cl2 
evolution due to the extremely high concentration of Cl– ions. Note that 
it is difficult to obtain an accurate value of the efficiency of anodizing 
since the theoretical numbers of charge carriers in the oxidation re-
actions from SiC to the interfacial layer and from the interfacial layer to 
SiO2 have not yet been clarified. Nevertheless, a set of rough efficiency 
values is summarized in Table S2. It shows that the current efficiency in 
both Stages 1 and 2 at 5.0 V is low, suggesting that the Cl2 evolution 
occurs in addition to the O2 evolution, but the current efficiency in Stage 
2 at 3.0 V is relatively high. This indicates that the gas evolution re-
actions, which cause the reduction in the density of the oxide, are 
effectively suppressed at 3.0 V in the concentrated solution. 

Next, we discuss the crystallinity and chemical state of the anodic 
oxide in Stage 2 from the XPS spectra and cross-sectional STEM images 
shown in Fig. 3. The XPS spectra were calibrated according to C 1s band, 
using the signal for C–C (285.0 eV) peak. Fig. 3a shows that the anodic 
oxide is confirmed to be SiO2. Other peaks were detected in the C 1s and 
Cl 2p spectra. The peaks in the C1s spectrum are assigned to C–C, C–OH, 
and COOH, which are attributed to anodized carbon in SiC and carbon 
contamination. This suggests that SiOxCy, which exists in the SiO2/SiC 
interface, gradually transitions to SiO2 as C is removed as CO and/or 
CO2. In the Cl 2p spectrum, the small peaks, which are assigned not to 
LiCl (199 eV) but C–Cl (200.5 and 202.1 eV: Cl 2p3/2 and 2p1/2, 
respectively [18]), are observed. The peak exists only on the outermost 
surface, as shown in Fig. S4, and thus this comes from an intermediate in 
Cl2 evolution. The cross-sectional STEM bright-field images and nano- 
beam electron diffraction results indicate that samples obtained at 
both 3.0 V and 5.0 V have an amorphous SiO2 layer. The interfacial 
layer, which was proposed by EIS and XRR, was not detected, suggesting 
that it was thin and gradually changed to SiO2. In Fig. 3c, the SiO2 layer 
formed at 5.0 V has dark spots, which EDS analysis showed to contain 
gallium (Ga). This Ga comes from sample preparation with a focused ion 
beam (FIB), which uses Ga ions for sputtering. Presumably some of the 
Ga ions were trapped in the small pores in SiO2 formed at 5.0 V. Since 
gas evolution (mainly Cl2 evolution) seems to occur not at 3.0 V but at 
5.0 V, the gas evolution and diffusion develop the pores to cause further 
degradation of the density of the anodic oxide at 5.0 V. In the case of the 
dilute solution, the density of the anodic oxide is even lower since O2 
evolution occurs in addition to Cl2 evolution. Note that pores are not 
recognized with TEM in the sample anodized at 3.0 V, although its 
density is lower than that of amorphous SiO2. This suggests that the size 

and number of pores formed at 3.0 V are too small to be observed using 
TEM. Consequently, the suppression of gas evolution by controlling the 
concentration of free water and the applied potential is significant in the 
formation of a high-density anodic oxide. 

Finally, we focus on the surface roughness of the anodic oxide in 
Stage 2 using AFM. The root mean square (RMS) roughness of the oxides 
formed at 3.0 and 5.0 V are 19.55 nm and 20.17 nm, respectively. Since 
the RMS of the original SiC is 17.66 nm, the surface roughness of the 
anodic oxide is almost the same as that of the original SiC. Fig. 4 shows 
AFM images of the original SiC, and the anodic oxides formed at 3.0 V 
and 5.0 V. All surfaces feature triangular shapes of various sizes, which 
means that anodic oxide formation occurs homogeneously in the 
concentrated solution. This shape is formed during single-crystal SiC 
deposition by CVD and results from the emerging (111) plane, which is 
the most stable plane of 3C-SiC. By contrast, in the dilute solution the 
surface is covered with protruding SiO2, as shown in Fig. S8, and the 
RMS roughness is 25.13 nm. The difference in the RMS roughness is 
small, but the surface morphology is totally changed in the dilute so-
lution. To increase the difference in the surface roughness, anodizing 
(oxide formation) and HF etching (oxide removal) were conducted 
repeatedly. A detailed discussion of this is given in Section S5. The re-
sults indicate that the roughness of the anodic oxide formed in the 
concentrated solution is almost constant, even after repeated anodizing. 
On the other hand, the roughness of the anodic oxide produced in the 
dilute solution is greatly increased (Fig. S12). This means that the 
concentrated solution reduces the surface roughness of the anodic oxide 
by preventing the formation of the protruding SiO2. Anodic oxide for-
mation on SiC in dilute solutions has been investigated in various 
different solutions. Examples include 20 wt% HCl, NaCl, NaNO3, and 
NaOH [11], 1 wt% NaCl [13,14], 0.13 M KCl [12], molten KOH [19], 
and 0.1 M H3PO4 [15]. In these reports, the roughness of the oxide in-
creases with anodizing due to the formation of protruding SiO2, since 
oxidation preferentially occurs on surface defects and atomic pits [14], 
and the difference between the density of SiO2 (<2.2 g cm− 3) and SiC 
(3.21 g cm− 3) is high. In contrast, the oxidation rate is slow in both 
defect-rich areas and areas without defects in the concentrated solution, 
due to the lack of free water. Also, SiOxCy, which has a density relatively 
close to that of SiC, is formed between SiC and SiO2 as a buffer. As a 
result, SiO2 with a low surface roughness is obtained in the concentrated 
solution. 

3.3. Model of anodic oxide formation in the concentrated solution 

To summarize the previous sections, anodizing in a concentrated 
solution produces an anodic oxide with a higher density and lower 
roughness than anodizing in a dilute solution. Moreover, the anodic 
oxide has two layers, SiOxCy and SiO2. The SiOxCy layer has a strong 
passivation effect on SiC. Fig. S13 shows a scheme representing the 
anodizing of SiC in a concentrated solution. In Stage 1, SiC is partially 
oxidized to SiOxCy by the diffusion of H2O toward the SiC surface, and 
H+ ions are released to the layer (Stage 1). After passivation by the 
SiOxCy layer, SiOxCy is gradually oxidized to SiO2 by the diffusion of 
carbon atoms from SiOxCy and H2O from the electrolyte. Since the for-
mation rate of SiOxCy is balanced with that of SiO2, only the thickness of 

Table 1 
Ellipsometry and XRR results for the anodic oxide on SiC in the concentrated solution. The SiO2 thickness was calculated with ellipsometry, assuming the samples are 
composed of two layers (SiO2 and SiC). The thickness and the density of each layer were also calculated from XRR, assuming three layers (SiO2, interface, SiC).  

Applied potential/V Stage Charge density/C cm− 2 Ellipsometry XRR 

Thickness/nm Thickness/nm Density/g cm− 3 

SiO2 Total SiO2 Interface SiO2 Interface 

3.0 Stage 1  0.31  7.32  5.44  3.67  1.77  0.89  1.95 
Stage 2  0.50  52.75  52.19  50.78  1.41  1.26  2.82 

5.0 Stage 1  0.50  14.12  7.97  4.97  3.00  0.69  2.73 
Stage 2  0.59  56.93  46.19  43.63  2.56  0.37  2.67  
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SiO2 increases (Stage 2). When SiOxCy is oxidized to SiO2 by H2O, CO/ 
CO2 is released from the interface to the electrolyte as a gas phase. The 
gas evolution and diffusion produces pores in the SiO2 layer, thus 
explaining the fact that the density of SiO2 is lower than the theoretical 
value of amorphous SiO2. Additionally, since Cl2 gas evolution also oc-
curs at 5.0 V, the density of the oxide formed at 5.0 V is lower than that 
produced at 3.0 V. In a dilute solution, the transition from SiOxCy to SiO2 
is rapid due to the abundance of free water, and much more gas 

Fig. 3. (a) XPS spectra of SiC anodized at 3.0 V (red) and 5.0 V (blue) in the 
concentrated solution. STEM bright-field images and nano-beam electron 
diffraction of the samples anodized at (b) 3.0 V and (c) 5.0 V in the concen-
trated solution. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 4. AFM images of (a) original SiC and (b, c) anodized SiC. The anodizing 
was conducted at (b) 3.0 V and (c) 5.0 V in the concentrated solution. 
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evolution occurs at the same time. As a result, the SiOxCy layer is not 
detected and the density of SiO2 is quite low. Considering the CV in 
Fig. 1a, the first peak is assigned to SiOxCy formation and passivation. 
After SiO2 formation and Cl2 evolution after the first peak, a SiO2 layer 
containing pores is formed at the second plateau. Since the thickness of 
SiO2 increases as the potential is scanned, passivation occurs again with 
SiO2. 

4. Conclusions 

We investigated anodic oxide formation in a concentrated aqueous 
solution. Anodizing in concentrated LiCl solution produces an anodic 
oxide with a higher density and a lower surface roughness on SiC than in 
a dilute solution. The increase in the density is a result of the suppression 
of O2 evolution by the depletion of free water. The applied potential is 
significant in producing a high-density anodic oxide since Cl2 evolution 
causes pore formation. Additionally, the concentrated solution reduces 
the surface roughness of the anodic oxide. This is because the oxidation 
rate at defect sites is effectively slow, and the interfacial layer, which has 
a higher density than SiO2, acts as a buffer between SiC and SiO2. In this 
paper, we demonstrated the effect of the concentration of free water on 
anodic oxide formation on SiC. We believe that this study suggests a 
pathway for further research into anodizing in concentrated aqueous 
solutions, which has great potential for electrochemical surface 
processing. 
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