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Abstract
This study aims to investigate the photoelectrochemical behavior of the n-type 4H-SiC, focusing on aqueous, hydroxide-
based electrolytes. Despite its high stability, this wide-bandgap semiconductor material undergoes electrochemical reac-
tions, such as anodic oxidation or etching, under specific conditions. Since electrons are the majority charge carriers in 
n-type semiconductors, oxidation processes require above-bandgap illumination. Then, the reaction rate is influenced by 
the number of electron holes available for an oxidation process and the velocity of the transport of hydroxide ions to/from 
the surface. The goal is to focus on the essential reaction parameters (i.e., potential and electrolyte concentration) to clarify 
the reaction mechanism in aqueous (alkaline) electrolytes. Methods with controllable hydrodynamic conditions are required 
to investigate the transport processes in the electrolyte. Even though the rotating disk electrode (RDE) is a commonly used 
and powerful method, it is not well suited for our purpose. Photoelectrochemical etching of SiC is extraordinary because it 
involves both mass transfer phenomena and gas evolution but also needs high-intensity illumination from an appropriate light 
source. Hence, a new concept for an inverted rotating cell was developed and implemented. This setup was used to study 
the effect of the mass transport of hydroxide ions on the photoelectrochemical behavior of SiC in each potential region at 
varying rotation speeds. In order to interpret the experimental findings, a distinct electrical network model was formulated 
for simulating the results, aiding in unraveling the underlying reaction mechanism. Electrochemical measurements were 
complemented by surface-sensitive analytical techniques. XPS was the method of choice to investigate the composition of 
the sample surface before and after etching. SEM and AFM allow the characterization of the surface morphology in the 
initial stages of etching. The totality of this information provides a complete picture of the complex processes in the vicinity 
of the semiconductor electrode.
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Introduction

The past two decades have experienced a rapid emergence 
of the silicon carbide (SiC) technology. The main motiva-
tion for the introduction of wide-bandgap semiconductors 
has been to overcome the limitations of silicon, which has Extended author information available on the last page of the article
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been the standard in the semiconductor industry for more 
than 50 years. Among the long list of desirable material 
properties are high hardness, mechanical stability, thermal 
conductivity, and resistance against oxidation and corrosion. 
The ability to operate under severe conditions sets SiC apart 
from other materials and makes it ideal for devices operat-
ing in harsh environments. Due to its outstanding physical, 
chemical, electrical, and thermal material properties, SiC is 
attractive for a variety/broad range of industrial applications, 
such as power devices [1–3], photonic devices [4], micro-
electro-mechanical systems (MEMS) [4], and sensors [5], 
including biosensors [6].

While 3C-SiC is interesting for MEMS applications, 
power electronics have a strong focus on the 4H material 
due to the high breakdown electric field and saturation drift 
velocity [5]. Power electronics have been following the trend 
towards higher efficiency and power density as well as more 
integrated systems [3]. The low intrinsic carrier concen-
tration compared to silicon, which is a result of the wider 
bandgap, enables the operation at higher temperatures. This 
makes SiC the prime candidate for high voltage, high tem-
perature, and high switching frequency applications [7]. SiC 
technology continues to mature rapidly, with many power 
devices now being commercialized (e.g., Schottky diodes, 
MOSFETs, JFETs, BJTs) [2]. Others, such as SiC IGBTs, 
are still in their infancy. There, a major interest also lies 
in the quality and reliability of the SiC/SiO2 interface [8]. 
Sophisticated manufacturing processes, such as the emerg-
ing silicon carbide on insulator technology (SiCOI), open up 
new opportunities for the use of SiC in photonic circuits [9].

Since the first commercialization of SiC wafers, the inter-
est in the material has seen an impressive boost. Despite the 
impeccable development, the high material and manufac-
turing costs remain the main challenge for the widespread 
implementation of SiC systems. Besides the higher costs 
for the base material, the prices also suffer due to the inten-
sive and, to some point, immature production processes of 
SiC devices. Hence, there is a tremendous demand to reduce 
costs through the improvement of manufacturing processes.

Etching is an essential method in device fabrication for 
the systematic removal of material. Both dry and wet etching 
techniques find specific applications in the semiconductor 
industries. Dry etching processes, such as ion bombardment 
or plasma etching, are based on the physical interaction of 
matter. They are characterized by their low selectivity and 
high anisotropy. Reactive ion etching (RIE) is currently the 
most common microstructuring technique [10, 11]. Disad-
vantageously, the bombardment with ions sometimes leads 
to severe subsurface damage. Also, in comparison to dry 
etching processes, wet chemical etching is relatively inex-
pensive, achieves high etch rates, and requires less com-
plicated equipment [12]. Thus, wet chemical etching is a 
fast and low-cost alternative to dry etching techniques [11]. 

However, no chemical is known to cause damage to SiC 
at room temperature without further external stimulation. 
This chemical stability poses a challenge for manufacturing 
processes. As the crystal structure is impervious to the dif-
fusion of atoms, chemical etchants are not able to attack the 
backbones of the material [11]. Consequently, SiC is unaf-
fected by chemical etching at room temperature. Chemical 
etching only becomes feasible in molten salts at tempera-
tures > 400 °C [12]. In contrast, photoassisted electrochemi-
cal etching is possible under moderate conditions and with 
relatively simple equipment.

Early work concerning the photoelectrochemistry of SiC 
goes back to 1984 from Morisaki et al. [13], who investi-
gated the properties of n-type single crystals for their poten-
tial use in photoelectrochemical water splitting. Instead of 
water oxidation, they found the formation of a SiOx layer 
(i.e., photocorrosion) of the material. For a long time, the 
investigation of (photoassisted) anodic etching of silicon 
carbide was determined by the availability—or rather the 
lack—of high-quality crystalline wafers. The first studies 
were conducted on cubic (β-) SiC. Shor and Osgood [14, 15] 
published a method for etching n-type SiC using light-gener-
ated carriers in diluted HF. Trenches were formed by direct 
writing using green-light and UV lasers. For etching broad 
areas, the authors used UV lamps combined with metal 
masks and standard lithography technology while apply-
ing a constant anodic voltage. With this, a new technique 
for microstructural patterning of SiC was introduced. Lit-
tle later, Shor and coworkers continued their series of work 
with reports on the photoassisted anodic etching of α-SiC 
[10, 16], performed under similar experimental conditions.

Most of the literature up to this day is focused on HF or 
HF-based solutions as electrolytes. The first description of 
etching 6H-SiC in KOH solutions was given in 2003 by Kato 
et al. [17]. They varied etching parameters, including elec-
trolyte concentration, temperature, UV light illumination, 
and current density. A thorough investigation of the (photo)
electrochemistry of both p- and n-type 4H/6H-SiC wafer 
materials was done by Van Dorp et al. in alkaline solutions 
[18, 19] and in HF [20, 21].

The rapid and cost-saving fabrication of micro-electro-
mechanical systems (MEMS) is one of the main fields of 
interest for wet chemical etching of silicon carbide. Zhao 
et al. employed dopant-selective etching to fabricate micro-
structures in single-crystal 4H-SiC. They achieved the fabri-
cation of cantilevers and suspended bridges by underetching 
p-SiC structures, using a KOH solution as an electrolyte. 
This micromachining process allowed well-controllable, 
rapid, and simple structuring of wafers and the integration 
of electronic devices and circuits on the same chip [22]. In 
the search for novel MEMS device concepts, Leitgeb et al. 
[23, 24] performed metal- assisted photochemical etching 
(MAPCE) prior to the porosification of 4H-SiC in HF to 



New insights into the photoassisted anodic reactions of n‑type 4H SiC semiconductors﻿	

create uniformly distributed pore initiation sites. Recently 
(i.e., in 2023), a work for microstructuring SiC with nanom-
eter-scale precision for use in MEMS and quantum devices 
was published. Whiteley et al. [25] proposed a method to 
prepare single-crystalline 4H-SiC on insulator using photo-
electrochemical etching.

Despite the wide range of publications available in the 
literature, the details of the reaction mechanism are still not 
fully understood. While previous works focus primarily on 
phenomenological studies, this work aims at gaining a deep 
understanding of the electrode processes playing into the 
oxidation and dissolution behavior of 4H-SiC in alkaline 
solutions. For that purpose, a completely new setup, custom-
designed for the investigation of photoelectrochemical pro-
cesses involving gaseous reaction products, was employed. 
Systematic analytical measurements helped to identify and 
distinguish different reaction regimes. With this knowledge, 
new and advanced processes to structure SiC wafers in a 
more inexpensive and less time-consuming manner can be 
developed.

Results and discussion

Measurements in the static cell

The (photo)electrochemistry of SiC in alkaline solutions was 
extensively studied by Van Dorp et al. [18]. For the photoas-
sisted anodic dissolution of SiC in hydroxide solutions, the 
following reaction was proposed:

This reaction again comprises two subsequent steps:

Whether the material is oxidized Eq. (2) or dissolved 
Eq. (2) + Eq. (3) depends of the relative rate constants of 
the two partials reactions. With no hydroxide ions available 
at the surface, water molecules may act as oxygen source 
for the oxidation:

In an alkaline solution, hydronium ions migrate away 
from the surface and react to water in the bulk solution:

In their studies, Van Dorp et al. performed cyclic voltam-
mograms in a concentration range from 0.05 to 0.5 M KOH. 

(1)
SiC + 8OH− + 6h+ →

[

Si(OH)2O2

]2−
+ CO + 3H2O

(2)SiC + 6OH− + 6h+ → SiO2 + CO + 3H2O

(3)SiO2 + 2OH−
→

[

Si(OH)2O2

]2−

(4)SiC + 3H2O + 6h+ → SiO2 + CO + 6H+

(5)H+ + OH−
→ H2O

They found that for low light intensities, the current was 
limited by the photogenerated hole flux. For high light inten-
sities, the curves showed a distinct peak with a maximum at 
around 0.55 VSCE. Afterward, the current quickly decreased 
to a constant value, which is typical for the passivation of 
a semiconductor [19]. The reaction equations proposed for 
aqueous hydroxide solutions in Eqs. (1) and (4) assume that 
silicon would most likely form a Si(IV) product and sig-
nificantly more CO than CO2 is formed [18]. In the present 
work, however, a more general approach, which is valid over 
a wider potential and concentration range, is adopted. Thus, 
the formation of both CO and CO2 as reaction products 
needs to be considered. The further oxidation of CO to CO2 
with either OH− or water molecules is described by Eqs. (6) 
and (7), respectively. These Faradaic reactions become more 
favorable at more positive potentials.

While silicon is oxidized to solid SiO2, carbon is removed 
either as gaseous CO and CO2. In the bulk electrolyte, CO2 
may react soluble HCO3

−/CO3
2− depending on the pH of 

the solution.

In the present work, we focused on the low concentration 
regime (below 0.1 M), where mass transport phenomena 
play an increased role in the overall reaction. Cyclic vol-
tammograms were measured under constant UV irradia-
tion (λ = 365 nm) for electrolytes containing 1, 2, 5, 10, and 
20 mM KOH (Fig. 1). KNO3 was added to all solutions as a 

(6)CO + 2OH− + 2h+ → CO2 + H2O

(7)CO + H2O + 2h+ → CO2 + 2H+

(8)CO2 + 2OH−
→ CO2−

3
+ H2O

Fig. 1   CVs measured in the static cell at a scan rate of 50 mV s−1 for 
concentrations from 1 to 20 mM KOH. 1st scan is shown
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supporting electrolyte to keep a constant concentration of K+ 
at 0.1 M. For all solutions prepared this way, conductivities 
were comparable with about 12.3 ± 0.7 ms cm−1. One scan 
was performed for each concentration with a scan rate of 
50 mV s−1. Measurements were conducted starting from the 
OCP (approx. − 1.5 V) to anodic potentials. Four potential 
regions were identified and labeled with 1, 2, 3, and 4. The 
first oxidation peak (1) below − 0.5 V, labeled as “pre-peak”, 
only appears in the first cycle of each measurement, and 
its appearance is easily prevented by shortly polarizing the 
sample at a potential ≥ − 0.75 V. Hence, it must result from 
the initial surface condition of the silicon carbide wafer. 
However, the origins of this “pre-peak” are not the focus 
of this paper. In regions 2 and 3, the curves demonstrate 
a clear concentration dependence. The emergence of this 
peak is the result of a complex reaction mechanism, which 
will be elucidated using a network model in a later section 
(see Fig. 11). The maximum peak current increases with 
hydroxide concentration. Also, the corresponding potential 
(Vi,max) is shifted towards more positive values. Compar-
ing region 2 for 1 mM and 20 mM reveals that the slope 
at the onset of the curve becomes more and more damped 
with the decrease in hydroxide concentration even though 
the conductivity remains the same when KNO3 is used as 
a supporting electrolyte. The shape of the peak is typical 
for a continuous depletion of a reactant, which is likely to 
be OH−. Thus, the different curve shapes in regions 2 and 
3 hint at a lower rate of oxide formation (and dissolution) 
due to the slow diffusion of OH−. The material is etched 
as long as the oxidation is the slowest step, i.e., in 0.02 M 
KOH below the peak potential. It is most likely that holes 
generated close to the interface participate in the reaction. 
At even more positive potentials than 0.75 V (4), dominated 
by the reaction in Eq. (4), all curves show the same behavior 
independent of the amount of OH−. Oxidation currents rise 
once more until a plateau is reached. The photoinduced cur-
rent does not depend on the hydroxide concentration since 
water molecules act as the oxidizing species. Experiments 
with varying light intensities suggest that the current in this 
potential region is limited by the amount of UV light, i.e., 
the photons available for the generation of electron–hole 
pairs. In this potential range, the sample is oxidized for all 
concentrations lower than 0.05 M KOH. This is in good 
agreement with the findings of Morisaki et al. [13], who 
described a shift in onset potential between pH 11 and 12 
in their cyclic voltammograms, which they also explained 
by the oxygen source switching from H2O to OH− beyond a 
specific hydroxide concentration. With it comes the transi-
tion from the photoassisted anodic oxidation to the photoas-
sisted anodic etching of SiC.

Theoretically, the onset potential (Von) of the anodic reac-
tion should be close to the flat-band potential (VFB) of the 
semiconductor material. For potentials more positive than 

the flat-band potential, holes move toward the semiconduc-
tor-electrolyte interface. However, the electric field is not 
strong enough to effectively separate the charge carriers for 
small anodic potentials. Recombination of electrons and 
holes prevails. This results in a significant overpotential, as 
observed in Fig. 1. Redox reactions in the solution (e.g., O2 
evolution) may compete with the anodic dissolution of the 
semiconductor material. In general, it is difficult to predict 
whether a semiconductor mediates a redox reaction or under-
goes photocorrosion [26]. The evolution of O2 has never 
been confirmed for SiC [27].

Instead, the electrode material is altered as soon as the 
applied potential passes Von. Thus, to investigate the reac-
tion mechanism, experimental conditions need to be chosen 
so that the electrode surface is not too severely modified in 
comparison to the initial state. If feasible, the upper vertex 
potential should not extensively exceed Von and only the first 
scan should be evaluated for interpretation since applying an 
anodic bias even for only a few seconds is enough to alter 
the electrode irreversibly [28]. The scan rate determines the 
time scale of an experiment. For high upper vertex poten-
tials and slow scan rates, the surface condition between the 
first and second scan, or even the beginning and the end of 
a scan, may change significantly. Figure 2 illustrates CVs 
measured in 20 mM KOH at three different scan rates. For 
100, 50, and 25 mV s−1, one scan takes 80, 160, and 320 s, 
respectively. For reversible, diffusion-controlled reactions, 
the peak current scales with v1/2 [29]. Even though the reac-
tions investigated here do not fulfill the first requirement, it 
makes sense that the concentration-dependent peaks, i.e., 1 
and 2 in Fig. 1, show some dependence on the scan rate. The 
more pronounced peak structure in potential regions 2 and 
3 results from the abrupt depletion of hydroxide ions that 
occurs when the potential is increased quickly. The transi-
tion from a pronounced peak to a plateau with a decreasing 
scan rate once again underlines the diffusion limitation of 

Fig. 2   CVs measured in the static cell at different scan rates in 
20 mM KOH + 80 mM KNO3. 1st scan is shown
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this regime. In the photolimited regime (4), no dependence 
on the scan rate is expected. The deviations for 100, 50, and 
25 mV s−1 are not significant compared to the deviations in 
light intensity stemming from the experimental setup.

To further distinguish the regimes, transient measure-
ments were carried out for 5 min at a constant light intensity 
for five different electrolyte concentrations from 1 to 20 mM 
and three potentials (0, 0.5, 1 V). Figure 3 illustrates the 
first two minutes of the I–t plots for 0 V. Depending on the 
concentration, this potential is either lower or higher than 
Vi,max. At first glance, the shape of the I–t curves is rela-
tively similar for all concentrations. An exception is seen 
for the concentration 5 mM, where it takes longer until the 
steady state is reached with a short plateau of about 10 s. 
This behavior is typical if the chosen potential falls close 
to the peak potential Vi,max displayed in Fig. 1. The current 
drops rapidly during the first few seconds and approaches 
a constant value afterward. At the beginning of the experi-
ment, a large number of hydroxide ions are available for 
the oxidation reaction. As they are used up in the reaction, 
more hydroxide ions need to diffuse to the electrode surface 
from the bulk electrolyte. The buildup of this diffusion layer 
results in a decrease in current with i ~ t−1/2 before a steady 
state is reached. The diffusion-limited current id as a func-
tion of time is given by the Cotrell equation Eq. (9).

In Eq. (9), z is the number of charges involved in the elec-
trode reaction, F is the Faraday constant, D is the diffusion 
coefficient and A is the electrode area. c0 and cS represent the 
bulk and surface concentration, respectively.

Despite the unstirred solution, the current in Fig. 3 does 
not further decrease but remains (approximately) constant 
(as usually observed for stirred solutions). Natural convec-
tion through density and temperature gradients, as well as 

(9)id(t) = z ⋅ F ⋅ A ⋅

�

c0 − cS

�

⋅

√

(D∕�t)

gas bubble stirring, are probably responsible. For each but 
the lowest concentration, the photocurrent is even slightly 
higher after 120 s than after 60 s. At a concentration of 
1 mM, the sample is oxidized; at higher concentrations, SiC 
is (at least partially) dissolved. This can lead to roughening/
surface enlargement, which could explain the increase in 
current.

Alternating XPS measurements with sputter steps were 
performed to verify if and to what extent the surface was 
oxidized. Six samples (the highest and lowest concentra-
tion at each potential after 5 min) were analyzed with XPS. 
The transition showing the transition from the surface to the 
bulk are displayed in Fig. 4 for two of these samples. The 
SiC peak is still dominant for a concentration of 20 mM 
at 0 V (Fig. 4a). Peaks broaden by a factor of about 1.5 as 
a consequence of Ar+ sputtering from a full width of half 
maximum (FWHM) of 0.8–0.9 to 1.3–1.4 eV. Residual SiO2 
was detected on the surface but was completely removed 
after sputtering the surface for 60 s (approx. 2 nm). After-
ward, only the SiC signal remained. When SiC is etched, 
the chemistry of the samples remains unchanged, and XPS 
spectra resemble those of untreated SiC wafers. Therefore, 
a dissolution process can be assumed. Since XPS spectra 
show an average of the entire area measured without infor-
mation on the spatial distribution, the small amount of 
residual surface oxide is most likely a result of non-uniform 
mass transfer in static cells. In the static setup, i.e., without 
controlled convection, a lack of hydroxide leads to oxida-
tion in some spots of the sample, particularly as the etch 
duration increases. For a concentration of 1 mM (Fig. 4b), 
SiO2 was found on the surface of all samples. In contrast to 
elemental Si, the oxidation of SiC does not lead to the for-
mation of an insulating SiO2 layer. The SiO2–SiC interface 
is reached after the first three sputter steps, i.e., a sputter 
depth of 11 nm. Silicon oxycarbide species are also present 
at the SiO2–SiC interface. XPS measurements confirmed 
that for a concentration of 20 mM, SiC is etched, while in 
1 mM KOH, a SiO2 layer grows due to incomplete oxide dis-
solution. Since the dissolution of SiO2 is extremely slow for 
such low concentrations and XPS measurements have proven 
an increase in layer thickness with time, a constant oxide 
growth must be assumed. In conclusion, the oxide layer 
does not add a large additional resistance to the reaction 
at this stage, which means it is not passivating the surface. 
This is only possible because the layer is non-insulating and 
(at least partially) permeable. At low potentials (e.g., 0 V), 
where the oxidation reaction is slow, such relatively thin 
oxide layers (approx. 12 nm after 5 min) do not yet impede 
the current flow. The same conclusion can be drawn from 
Fig. 5. With the increase in potential (data not shown), a 
significant increase in the SiO2 layer was measured (37 nm). 
Hence, oxidation of SiC happens about three times faster 
at 0.5 V than at 0 V. For 1 V, the interface was not reached Fig. 3   Transient measurements at 0 V and for different concentrations
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after the 7th step, indicating that the SiO2 layer must be at 
least 6 times thicker than for 0 V. This implies that another 
mechanism must take over with increasing potentials. All 
XPS measurements performed in this work suggest only the 
formation of Si(IV) products, as no other oxidation states 
were found.

The potential of 0 V chosen for the transient meas-
urements in Fig. 4 is still below Vi,max for a concentra-
tion of 20 mM. For a concentration of 1 mM, however, 
the potential of 0 V lies in the range beyond the current 
peak, where oxide is formed. For 20 mM, a minimum in 
the current transient is observed before a constant etch 
rate is achieved. Such minima are commonly observed 
in crystallization or etching processes, as a certain over-
potential is required to modify a pristine surface. In this 
case, the overpotential is probably needed to create the 

first etch sites. Afterward, the SiC is etched at a constant 
rate. This constant value represents the constant oxidation 
rate attained under steady-state conditions. The situation 
is different at 1 mM due to the growing SiO2 layer on the 
surface. The residual constant current might be due to a 
constant growth in oxide thickness or an equilibrium of 
oxide formation and dissolution, which would lead to a 
constant layer thickness.

Figure 5 illustrates the transient photocurrent values 
taken from Fig. 3 after 60 s as a function of the hydroxide 
ion concentration. A perfectly straight line is obtained, i.e., 
there is a linear relationship between the steady-state cur-
rent and the concentration, regardless of whether the oxide 
is completely dissolved (i.e., SiC is etched or oxidized, 
respectively). Hence, the oxidation reactions must continue 
independently of the dissolution reaction, resulting in oxide 
growth where the dissolution rate of SiO2 is lower than the 
oxidation rate of SiC. Despite the formation of SiO2 for low 
OH− concentrations, the reaction rate at the given potential 
is directly proportional to the hydroxide concentration. This 
relationship indicates that at the given potential, the reac-
tion rate (given through the photocurrent) is limited by the 
hydroxide concentration through mass transfer by diffusion. 
The relationship in Fig. 5 is only valid at sufficiently low 
potentials and short durations. At higher growth rates, more 
hydroxide ions are consumed. At the same time, their dif-
fusion is impeded as the surficial oxide continues to grow 
thicker. The situation is different for higher potentials (e.g., 
0.5 V), where the growth of the oxide layer happens much 
faster (data not shown), and the oxidation reaction with H2O 
as an oxygen source contributes more noticeably to the over-
all current.

Fig. 4   Si(2p) spectra of the sample measured at 0 V in a 20 mM and b 1 mM KOH for 5 min before (initial spectrum) and after the first sputter 
step

Fig. 5   Transient photocurrents after 60 s at 0 V as a function of elec-
trolyte concentration
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To obtain images of the surface, AFM measurements 
were performed for samples prepared at 0 V in 1 and 20 mM 
KOH solutions and compared to as-received samples. Since 
AFM is extremely sensitive to topographical changes, the 
time intervals for transient measurements were reduced to 5 
to 120 s. RMS roughness values are enclosed in the insets. 
Figure 6b and c display two of these measurements for the 
sample oxidized in 1 mM at 0 V after 60 s and 120 s for two 
different scan sizes (1 µm × 1 µm and 5 µm × 5 µm). Paral-
lelly oriented grooves originating from the sample prepa-
ration are visible on as-received samples. From XPS data, 
the surficial changes can be attributed to SiO2 forming on 
the surface. The images show that after about 60 s, a thin 
(approx. 2 nm as calculated from the charge transferred dur-
ing the reaction) and uniform SiO2 layer has formed on the 
surface. The oxide layer is still somewhat porous and, there-
fore, permeable for the electrolyte. This explains why the 
oxide growth continues essentially unchanged. Compared 
to the untreated sample, there is only a slight increase in 
surface roughness. This is probably due to the slow growth 
rate. Also, the higher resistance of SiO2 compared to the 
substrate leads to smoothing at the beginning of the oxide 
layer growth. Thus, oxide formation has a leveling effect. 
The grooves underneath the oxide layer are clearly recogniz-
able after 60 s (Fig. 6b) and still visible after 120 s (Fig. 6c).

Almost no oxide is formed under the same conditions in 
20 mM KOH (Fig. 4a), which is strong evidence that the 
material is dissolved. Figure 6d and e illustrate AFM meas-
urements after two different durations of etching, i.e., 60, 
and 120 s. RMS values show more severe roughening of the 

surface than for the oxidation process. The change in sur-
face morphology within these 5 min was not strong enough 
to be visible in SEM images. Measurement times had to 
be increased in order to observe the surface morphology of 
etched samples using SEM. Such an image after etching for 
20 min is shown in Fig. 7. The image contains some lighter 
areas, indicating that some fraction of the surface was oxi-
dized due to slow OH− transport. After 20 min of polarizing 
the sample at 0 V in 20 mM KOH, etch pits are visible. Etch 
depths were determined using a profilometer after 10 min of 
etching. A maximum and an average value of about 299 nm 
and 209 nm were obtained, respectively. The calculated etch 
depth for this reaction is 294 nm for a reaction valence of 
6 h+ (see Eq. (1)). However, precise calculations are difficult 

Fig. 6   AFM images for samples: as-received (a), treated at 0 V in 1 mM (b, c) and 20 mM (d, e) KOH for 60 s (b, d) and 120 s (c, e). RMS 
roughness values are enclosed in the insets

Fig. 7   SEM images (top view) of samples treated in 20 mM KOH at 
0 V for 20 min
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due to the uneven etching. The profile clearly shows some 
bumps and roughening.

The dissolution of SiC involves mass transfer, charge 
transfer, and the following chemical reactions as relevant 
electrode processes. Hydrodynamic methods help resolve 
the overlap of mass transfer and electron transfer as they 
enable the control of the diffusion conditions. In this way, a 
prevalent concentration dependence becomes more clearly 
visible. The IRDE cell design is most helpful in investigating 
low hydroxide ion concentrations, as hydrodynamic control 
will not contribute additional information in the case of limi-
tation through electrode kinetics or photolimitation.

Dynamic measurements in the newly developed 
IRDE cell

Prior to experiments using rotation, static measurements 
were carried out in the IRDE setup at different light intensi-
ties (iLED) and concentrations at a fixed potential of 0.5 V. 
The corresponding photoanodic currents (transient current 
measured after 10 s, after current becomes constant) vs. 
iLED are depicted in Fig. 8. When the reaction is photolim-
ited, i.e., for sufficiently high electrolyte concentrations and 
potentials, the photocurrent is directly proportional to the 
incident light intensity, which is governed by the forward 
current of the LED. This can be seen for the concentration of 
20 mM, the photocurrent steadily increases with the forward 
current. The non-linearity stems from the non-linear rela-
tionship between iLED and the radiant flux observed for this 
type of LED due to thermal effects, that lead to a non-linear 
relationship between the radiant flux and the forward current 
[30]. A similar trend is seen for lower concentrations for the 
first few points. However, the dashed line indicates a plateau 

starting above 1.25 A and 1.75 A for 5 mM and 10 mM, 
respectively. In this region, the concentration is perspicu-
ously dominant over the light intensity and, therefore, the 
most interesting for further investigation in the IRDE cell. 
These results coincide with what has been reported previ-
ously by Van Dorp et al. [18], where for low KOH concen-
trations (< 10 mM), a similar current plateau was observed 
when the light intensity was further increased. They con-
cluded that in this range, the reaction was limited by the 
diffusion of hydroxide ions.

To further investigate the mass transport by diffusion of 
OH−, cyclic voltammograms were performed in our newly 
developed IRDE cell [31]. The results are shown in Fig. 9 
for rotation speeds from 0 to 1000 rpm. A concentration 
of 1 mM KOH was chosen to leave room for the rise in 
photocurrent expected from the increase in rotation speed. 
Smaller concentrations of the diffusing species are prefer-
able for finding mass transport limitations, especially when 
working at a moderate light intensity (iLED = 1.5 A). Two 
regimes are visible: (1) from − 0.2 to 0.7 V, the current 
depends on the rotation rate. (2) For potentials higher than 
0.8 V, the rotation (i.e., the thickness of the diffusion layer) 
does not influence the current, indicating that this region is 
not under diffusion control. The current is instead limited 
by hole generation and dependent on the light intensity, as 
demonstrated in Fig. 8.

A higher rotation rate leads to a thinner Nernst diffusion 
layer (dl), equivalent to an increase in concentration in OH−. 
The the diffusion-limited current id under stationary condi-
tions follows Eq. (10) [29].

In Fig. 9, the peak potential Vi,max shifts anodically with 
the rotation rate. Similar observations were made for the 
concentration dependence of the static CV measurements 

(10)id = z ⋅ F ⋅ D ⋅ A ⋅ (c0 − cS)∕dl

Fig. 8   Photoinduced anodic current measured for different concentra-
tions of hydroxide ions as a function of LED driving current (light 
intensity) at a potential of 0.5 V after 10 s

Fig. 9   CVs measured in the IRDE at different rotation speeds in 
1 mM KOH (+ 99 mM KNO3) at a scan rate of 50 mV s−1
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in Fig. 1. The peak current imax increases with the rotation 
rate, strongly suggesting diffusion control. This is in contrast 
to measurements by Van Dorp et al. who measured cyclic 
voltammograms in a conventional RDE cell at higher con-
centrations. Contrary to expectations, a decrease in the peak 
current with the increase in rotation rate was found in RDE 
measurements in 0.1 M solutions. In contrast, the shape of 
the current–potential plot remained basically unchanged. 
They concluded that improving the hydrodynamics may lead 
to faster passivation of the surface, which was linked to an 
enhanced interlinkage of silicate species with the removal 
of CO from surface sites [19]. As described previously, the 
concentration of the electrolyte solution is crucial for the 
mass transport. Thus, a real diffusion limitation might only 
become visible for such low concentrations as used in this 
work.

Similar to Fig. 1, the peak potential Vi,max is shifted anodi-
cally with the rotation speed. As more hydroxide ions are 
available for the oxidation reaction, OH− only becomes 
depleted at a higher current and, thus, potential. With an 
increase in rotation speed and a decrease in dl (equivalent to 
an increase in hydroxide ion concentration), the oxidation 
reaction goes on longer before OH− becomes depleted.

To derive a quantitative relationship for the influence of 
hydroxide ions, two parameters, x and y, are introduced, 
where x is the fraction of CO3

2− formed and y is the frac-
tion of SiO2 dissolved. For x = 0 and x = 1, CO and CO2/
CO3

2− are exclusively formed as carbonous reaction prod-
ucts, respectively. A value of y = 0, therefore, is equal to 
the complete oxidation of SiC to solid SiO2, whereas y = 1 
represents a complete dissolution of SiC. The number of 
unit charges consumed in relation to the consumption of 
OH− during the reaction is represented by z and ν is the 
stoichiometric number.

The slope of the curve in the Levich plot is determined 
according to

with an active surface area A of 0.25 cm2, a bulk concentra-
tion c0 of 10−6 mol cm−3, the kinematic viscosity for water 
(vkin = 0.00992 cm2 s−1), and the diffusion coefficient for 

(11)
(1 − x) ⋅

{

SiC + 6OH− + 6h+ → SiO2 + CO + 3H2O
}

(12)
x ⋅

{

SiC + 10OH− + 8h+ → SiO2 + CO2−
3

+ 5H2O
}

(13)y ⋅
{

SiO2 + 2OH−
→

[

Si(OH)2O2

]2−
}

(14)
z = �h+∕�OH− = (6 + 2x)∕(6 + 4x + 2y) = (3 + x)∕(3 + 2x + y)

(15)ilim = 0.62 ⋅ z ⋅ F ⋅ c0 ⋅ A ⋅ D
2∕3

⋅ �
−1∕6

kin
⋅ �

1∕2

OH− (D = 5.27 × 10−5 cm2 s−1, [32]). It can be assumed that 
the diffusion coefficients of OH− in free water (i.e., for infi-
nite dilution) and 0.1 M KNO3 are not significantly different 
since water molecules are determinative for the diffusion of 
both hydronium and hydroxide ions in aqueous solutions 
[33]. For comparison, the diffusion coefficient of OH− is 
5.8 × 10−5 cm2 s−1 in 0.1 M KOH [34]. From Eq. (14), it can 
be seen that the maximum and minimum for z are zmax = 1 
(for x = 0 and y = 0) and zmin = 2/3 (for x = 1 and y = 1), 
respectively. Lines for these two values for z are plotted in 
Fig. 10.

From the slope of the regression lines, the exact value of 
z is derived (0.87 and 0.78 for 400–1600 and 100–1000 rpm, 
respectively). However, the variance of these values caused 
by the experimental error is too large compared to the dif-
ference between the theoretical values to derive clear indica-
tions for the reaction mechanism. Still, Fig. 10 proves that 
the reaction is governed by the diffusion of hydroxide ions 
in this specific potential range.

Also, with the ongoing dissolution of the material, the 
concentration of available OH− ions in the bulk solution 
decreases. Due to the uptake of OH− ions during the reac-
tion, a decrease in pH is expected. Typically, the difference 
in pH before and after the measurement was considerably 
larger than expected from the sheer use of OH− in the reac-
tion. A systematic determination of pH and conductivity 
values before and after each experiment could also help to 
calculate the amount of CO2.

Simulation using an electrical network model

For sufficiently low scan rates, no peaks but limiting current 
plateaus are expected as the concentration at the boundary 
layer is held constant by means of controlled convection, 

Fig. 10   Levich plots for two measurements in different rotation 
ranges. Calculated values are plotted for zmax = 1 and zmin = 2/3
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i.e., the thickness of the diffusion layer does not expand over 
time. In contrast to voltammetric peaks, which are typically 
observed at higher scan rates or lower rotation rates, the 
peaks in Fig. 9 do not vanish at higher rotation rates but 
become more prominent. We hypothesize that the occur-
rence of the peak, as well as the dependence of the current 
maximum and minimum on the rotation rate, is due to the 
competing oxidation and dissolution processes or the change 
of the surface properties during the oxide formation. The 
relation between the oxidation rate of SiC and the dissolu-
tion rate of SiO2 determines the peak current.

In this paper, we demonstrate that through meticulous 
selection of the reaction mechanism and potential-dependent 
reaction rates, it is possible to replicate the observed peak 
in a simulation. This clarification highlights that the peak 
is not a conventional voltammetric peak stemming from a 
dynamic process but rather can be attributed to stationary 
behavior. Nevertheless, it might coincide with the response 
associated with the transient formation of the diffusion layer. 
A more intricate understanding of the reaction mechanism is 
essential for elucidating the voltammogram shapes. The per-
tinent equations for the simulation are presented in Fig. 11.

For non-selective dissolution, where Si and C dissolve 
simultaneously, their dissolution rates are equal. Initially, 
the Faradaic reaction in Eq. (2) occurs, requiring oxygen 
from OH− ions for oxide formation. As the OH− concen-
tration remains relatively high, SiO2 dissolves as given by 
Eq. (3), resulting in Eq. (1) as the overall reaction at lower 
potentials. At more positive potentials, a limiting current 
emerges due to the diffusion-controlled mass transport of 

hydroxyl ions across the Nernst diffusion layer, controlled by 
the IRDE. This constrains the overall oxidation rate. As the 
potential increases further, the reaction mechanism shifts. 
With fewer OH− ions no longer available, water becomes 
the main oxygen source (see Eq. (4)). Since this reaction 
does not depend on hydroxyl ions, SiC oxidation is no longer 
diffusion-limited. However, the protons produced Eq. (5) 
consume hydroxyl ions, which are then unavailable for other 
reactions. Moreover, at high positive potentials, CO may 
further oxidize to CO2 Eq. (6) or Eq. (7), consuming 2 addi-
tional OH− ions and forming a carbonate.

The reaction was simulated using electrical network 
simulation due to the specialized nature of tools tailored 
for network simulation and their effectiveness in transient 
analysis. To achieve this, (electro-)chemical reactions were 
represented using electrical circuit elements, illustrated in 
Fig. 12. Specifically, a forward-connected diode model (D1) 
served as a substitute for the charge transfer reaction, with 
its parameters adjusted to mimic the exponential shape of 
the polarization characteristic observed in Faradaic reactions 
with charge transfer limitation. Similarly, a diode in reverse 
connection (D2) was employed to model stationary diffusion 
limitation, with the reverse current set to the required limit-
ing current. The saturation current of the diode represents 
the limiting current of a diffusion-controlled electrochemi-
cal reaction. Thus, the change in saturation current stands 
for the different rotational speeds in the experiments. In 
the simulation circuit, "behavioral current sources" (BOH, 
BH2O) were employed to account for the effects of partial 
currents associated with the consumption of OH− ions. The 

Fig. 11   Reaction model used as basis for network simulation



New insights into the photoassisted anodic reactions of n‑type 4H SiC semiconductors﻿	

simulation results, depicted in Fig. 13, accurately captured 
the potential-dependent behavior of the diffusion-controlled 
current. Both the shift in peak potential and the peak cur-
rent are distinctly observable. The peak maximum is clearly 
diffusion-dependent, reinforcing the experimental findings 
presented above. The residual deviation between simulated 
and experimental data, especially in the transition region 
between the peak and the photolimited current, is likely 

attributed to the potential dependence of variables x and y, 
as outlined in Eqs. (11–13).

Conclusion

The electrochemical behavior of 4H-SiC is strongly 
impacted by the formation of SiO2 as a solid oxidation prod-
uct. Etching and/or oxidation occur depending on the poten-
tial applied in relation to the reaction rates of SiC oxidation 
and SiO2 dissolution. Particularly for electrolytes below a 
specific concentration, the dissolution rate of SiOx products 
was too low, resulting in a surficial oxide layer. Changes in 
chemical composition (SiC → SiO2) were reliably detected 
using XPS, allowing to distinguish between different reac-
tion regimes. AFM measurements illustrate the progress of 
surface oxidation and dissolution in the first minutes of the 
photoelectrochemical reaction and show the corresponding 
differences in surface roughness. At constant light intensity 
and electrode potential, the hydroxide ion concentration 
determines whether the material is oxidized or dissolved. 
This study leverages a novel electrochemical setup to inves-
tigate the influence of mass transfer on the photoassisted 
anodic reactions of silicon carbide (SiC). While similar 
studies exist in the literature, our redesigned cell offers 
distinct advantages, providing a more suitable platform for 
this specific type of reaction. Cyclic voltammograms in the 
IRDE cell at different rotation speeds allowed for a clear 
distinction between regimes limited by mass transfer (ion 

Fig. 12   LTspice © model used for network simulation

Fig. 13   Simulation of a total current (IR1) and b currents for the partial reaction involving OH− for different limiting currents (= saturation cur-
rents of D2) corresponding to different rotational speeds
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concentration) and light intensity (hole concentration). 
The availability of OH− ions determines the reaction rate 
at potentials below 0.75 V. The Levich plot analysis veri-
fied that the reaction in our specific potential range is gov-
erned by the diffusion of hydroxide ions and demonstrated 
information about the reaction mechanism. With this, it has 
been effectively confirmed that mass transport phenomena 
play a prominent role for KOH concentrations up to 0.02 M. 
Notably, our observations contrasted with previous studies, 
utilizing conventional RDE measurements, emphasizing the 
importance of a reliable electrochemical setup and the influ-
ence of the experimental parameters. Utilizing a network 
model grounded in a comprehensive reaction mechanism, 
our study substantiated both the diffusion-controlled dynam-
ics and the distinct electrochemical behavior arising from 
competing reactions. In summary, our work not only contrib-
utes to advancing the understanding of photoassisted anodic 
reactions on silicon carbide but also underscores the criti-
cal role of experimental setup design in unraveling complex 
electrochemical processes.

Materials and methods

Electrochemical measurements

Silicon carbide wafers were supplied in the form of 
square-cut pieces of 10 mm × 10 mm with a proprietary 
backside metallization providing an Ohmic contact. The 
material has a nominal doping level of 8 × 1015  cm−3, 
and its resistivity ranges from 0.012 to 0.025 Ω cm. All 
experiments were performed on the Si face (0001), with 
substrates being 4° off-axis. When smaller pieces were 
required, samples were cleaved into quarters with a dia-
mond scriber. Procedures for sample preparation varied 
depending on the electrochemical setup utilized. In any 
case, a wire (copper or platinum) was soldered onto the 
backside of the wafer for electrical contact. For measure-
ments performed in the IRDE, embedding was required 
to avoid contact between metals (i.e., backside metalliza-
tion, solder, and wire) and electrolyte solution. ProntoFix® 
resin and a ProntoFix® hardener from Struers were mixed 
in a ratio of 3.6:1 for embedding samples into cylindrical 
resin bodies with a diameter of 15 mm and a height of 
10 mm. Embedded samples used in IRDE experiments 
were additionally provided with a thin gold layer on the 
backside to increase electric contact. Sputter deposition 
was done using an Ar+ sputter device. Only square sam-
ples were available. To improve the current density distri-
bution on the surface of the semiconductor, samples were 
quartered (5 mm × 5 mm) for experiments in the IRDE. 
All samples (with or without embedding) were cleaned 
using ethanol and deionized water before each experiment. 

Chemicals used for the preparation of electrolytes include 
solid potassium hydroxide (KOH, Merck, per analysis) 
and potassium nitrate (KNO3, ≥ 99.0%, crystals, BAKER 
ANALYZED® ACS, J.T. Baker®). A potentiostat/galva-
nostat Autolab PGSTAT204 by Metrohm operated with 
Nova 2.1 was used for all electrochemical measurements. 
All potentials reported in this study were measured versus 
an Ag|AgCl|1 M KCl reference electrode unless otherwise 
mentioned. Either a platinum sheet or a platinum wire was 
used as a counter electrode. For cyclic voltammograms, 
both the scan rate and the number of scans directly influ-
ence the duration of an experiment. Experiments were 
kept as short as possible to prolong the lifetime of the 
UV-LED light source and electronic components, avoid 
thermal effects, and preserve constant experimental con-
ditions. Typically, only 1–3 scans are performed with a 
scan rate of 50 mV s−1. Aqueous solutions of KOH with 
concentrations ranging from 0.1 to 50 mM were prepared. 
KNO3 was added to each of these solutions as a supporting 
electrolyte to decrease the solution resistance. Further-
more, the supporting electrolyte minimizes the number of 
reactant ions involved in the migration process.

Two different concepts for experimental setups are 
described for this study. A static electrode cell allowed for 
the preparation of samples for surface analysis in a wide 
range of electrochemical process parameters. This sample 
holder does not require the sample to be embedded. The 
electrolyte reservoir with an inner diameter of 30 mm holds 
a liquid volume of about 3–6 cm3. A platinum wire placed at 
the inner sidewall leads outside through a small side opening 
and is used as the counter electrode. The reference electrode 
is placed in a separate liquid reservoir. A hose filled with 
electrolyte solution connects the two liquid reservoirs to 
provide ionic contact. Leak tightness is provided by press-
ing a backplate and the sample against the inner opening of 
the holder. Only a circular section with a diameter of 4 mm 
is exposed to the electrolyte and illumination in this setup.

A new inverted rotating disk electrode setup was 
designed, optimized and validated for the purpose of this 
work, as depicted in Fig. 14. This new inverted setup based 
on magnetic coupling facilitates the homogenous illumina-
tion of the electrode surface and allows for the removal of 
gaseous reaction products [31].

A high-power LED with a nominal wavelength of 365 nm 
and an output power of 10.6 W (LUMINUS SBM-120-UV 
[30]) was used as a light source. The irradiance on the sam-
ple was determined using a photodiode (S1223-01 by Hama-
matsu [35]). Unless otherwise mentioned, the light intensity 
was kept constant by setting the forward current through 
the LED (iLED) to 1.5 A and adjusting the distance between 
the sample and the light source (dLED) to 20 mm. For these 
operational parameters, the irradiance Ee was determined to 
be ~ 0.95 W cm−2.
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Analytical measurements

SEM–EDX was carried out using SEM FEI Quanta 200 with 
accelerating voltages between 5 and 20 kV. Tapping-mode 
AFM was performed using a Nanoscope VIII (Bruker) under 
ambient conditions on sampling sizes from 1 µm × 1 µm to 
10 µm × 10 µm. The scan rate was 4 Hz. On a larger depth 
scale (> 200 nm), etch profiles were measured using a pro-
filometer DektakXT (Bruker).

The µFocus 350 XPS system (by Specs) uses a monochro-
matic AlKα X-ray source that operates at an excitation energy 
of 1486.6 eV, an emission current of 7 mA, and an output 
energy of 100 W. The UHV system works at a pressure of 
10−9 mbar. Software by Specs and CasaXPS was used for 
data evaluation. Typically, adventitious carbon is used as a 
reference signal with the C−C bonds relating to a binding 
energy of 284.8 eV. For SiC samples, the carbon signal is not 

characteristic of adventitious carbon but rather the C atoms 
within the SiC crystal (with a binding energy of about 283 eV). 
Compared to Si−C, C−C bonds show a low intensity, some-
times making them ineligible as a reference. Also, when sur-
face impurities are removed by sputtering, the adventitious 
carbon signal is no longer available for correcting the spectra. 
If surfaces rich in oxygen (such as SiO2) are characterized, 
another possibility is to fixate the binding energy for O(1 s) in a 
way that the C(1 s) peak (or shoulder) falls on the correct value 
[36]. In these cases, the O(1 s) peak with 532.2 eV was used 
as a reference, corresponding to a C(1 s) peak of 284.8 eV. 
A Gaussian function with 20% Laurentian was used for peak 
fitting. Background fits were done either with a U2Tougaard 
(SiO2 present) or a Shirley background (no SiO2 present). 
Reference spectra for both pure SiC and SiO2 samples were 
measured. For depth profiles, sputter and analysis steps were 
alternated several times. Ar+ sputtering was performed using 

Fig. 14   a Schematic sketch and b CAD construction of the newly developed IRDE cell. Reproduced from [31] with permission from Elsevier
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a sputter device (IQE 12/38) at a pressure of 2.00 × 10−7 mbar 
and a voltage of 3 kV. For the SiO2 reference, a sputter profile 
was done to determine the sputter rate, which was 2 nm min−1.
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