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Chapter 1 
 
Introduction 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter gives a general introduction to wide-bandgap chemically resistant 
semiconductors. The physical properties and applications of SiC and the group III-
nitrides are reviewed. The main topic of the thesis, electrochemical etching of these 
semiconductors, is described. A thesis summary is given.  
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1.1 Physical properties and applications of wide-bandgap   
  chemically resistant semiconductors  
 
 
In many application areas, for instance those related to the aerospace, automotive, 
telecommunication, military and petroleum industries, there is a strong need for 
electronic devices capable of operating at high-power levels, high temperatures, high 
frequencies and that are resistant to caustic environments. This motivates the very 
significant interest in wide-bandgap materials [1-5].  
 SiC is the most widely used semiconductor for these purposes. However, the group 
III-nitride system AlGaInN is very promising because of its excellent material 
properties. In ref. [2] an overview of both material systems is given. Of special 
importance for high-power and high-temperature microwave devices is a large 
bandgap Eg (i.e. a large value of Eg/kT), a high breakdown field UB, a high saturated 
drift velocity vd and a high thermal conductivity κ. In table 1, SiC and GaN are 
compared with Si and GaAs. It is clear that SiC and GaN have properties superior to 
those of the classical semiconductors. The excellent thermal conductivities of both SiC 
and the groups III-nitrides, the large breakdown fields together with the large 
bandgaps and the high saturated drift velocity are responsible for the considerable 
interest in these materials for electronic applications.  
 
 
Table 1: Comparison of properties important for high-power/frequency devices [2]. 
 4H-SiC GaN GaAs Si 
Eg (eV) 3.26 3.44 1.43 1.12 
UB (V/cm) 2.2 x 106 3.3 x 106 3 x 105 2.5 x 105 

vd (cm/s) 2 x 107 3 x 107 1 x 107 1 x 107 
κ (W/cm.K) 3.0-3.8 1.5 0.5 1.5 

 
 
 SiC is an indirect semiconductor and therefore mainly of interest for electronic 
devices [6-8]. The semiconductor is, however, also used for optoelectronic purposes. 
The first commercially available blue LED was, in fact, SiC based. Another 
optoelectronic application of SiC is in UV photodetection [9-12]. The group III-
nitrides with direct bandgaps are excellent for optoelectronic applications. With a 
lattice constant and thermal expansion coefficient close to those of GaN, SiC is an 
attractive substrate for group III nitride-based optoelectronic devices such as blue 
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light-emitting diodes and diode lasers [13-16]. In addition, because of its exemplary 
chemical and mechanical properties SiC, in combination with Si, is finding wider 
application in sensors and micro-electromechanical systems (MEMS) [17-22]. 
Furthermore, extensive work is under way to apply porous SiC in biomedical 
technology, such as protein dialysis and bone tissue engineering [23, 24], and in fuel 
cell technology [25, 26].  
 Another important physical property of SiC is its hardness, 9.5 on Mohs scale [27] 
and is only exceeded by a few minerals such as diamond (=10) and boron nitride 
(=9.9). The sublime hardness in combination with a very large heat conductivity 
(larger than that of any metal) allows application of SiC in brake systems [28], cutting 
tools [29] and fish-line guides. 
 
 
1.2 Brief history of silicon carbide 
 
 
Silicon carbide (SiC) was first observed in 1824 by the Swedish scientist J. J. 
Berzelius [30] in an attempt to synthesize diamond. In nature, SiC is only found in 
minute quantities; it was first discovered in 1905 by Henri Moissan [31], as hexagonal 
platelets in a meteorite. In his honour, the mineral was named Moissanite and this has 
also become the name of commercial gemstones made from SiC.  
 Due to its minute quantities in nature, SiC is a typical example of a man-made 
mineral. The first successful synthesis of crystalline SiC was carried out in 1891 by E. 
G. Acheson [32]. He heated a mixture of coal, sandstone (with a very high SiO2 
content) and NaCl in an electric oven. The crystalline products Acheson found after 
the process were characterized by a great hardness, refractability and infusibility. The 
discovery had a considerable impact and much material was produced using this 
process, mainly for cutting and abrasive purposes.  
 With the introduction of solid-state electronics in the 1950s, SiC was one of the 
semiconductor materials studied. In 1955, Lely presented a new concept of growing 
high quality crystals [33]. The research in SiC became more intensified after this, but 
the production of large-area defect-free single crystals remained a problem. The 
success and rapid growth of the Si technology, however, lead to a loss of interest in 
SiC. When Tairov and Tsvetkov published a paper in 1978 on seeded sublimation 
epitaxy [34], also called the modified Lely method, SiC technology gained new 
impetus. A later milestone was the growth of single crystal SiC on Si substrates, 
discovered by Matsunami in 1981 [35]. Recently, the most commonly used technique 
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for epitaxial growth of SiC is vapor phase epitaxy (VPE) usually realized in a 
chemical vapor deposition (CVD) reactor. Nakamura et al. noticed that the defect 
structure strongly depends on the crystal plane of the seed material on which the semi-
conductor is grown [36]. They utilized this property in a clever way which they call 
the repeated a-face (RAF) growth method. Their method results in virtually defect-free 
single crystals, paving the way for SiC to become a true competitor of silicon.  
 
 
1.3 Crystal structure of SiC 
 
 
Silicon carbide is a binary compound semiconductor and exists in crystal forms, also 
called polytypes. The Si-C bonds are nearly covalent and have an ionic contribution of 
about 12% (Si positively, C negatively charged) [37]. The smallest building block of 
any SiC lattice is a tetrahedron of a carbon atom surrounded by four Si atoms (or vice 
versa) in strong sp3-bonds (Fig. 1a).  
 
                                  

 

  
 

 
 
 
 
Fig. 1: (a) tetrahedral bonding of a carbon atom with the four nearest silicon 
neighbours. (b) In a close-packed structure based on Si-C units, starting from the basal 
plane (A) there are two relative positions in which the layers can be stacked (B, C).    
 
 
The crystalline structure of SiC can be considered as a close-packed stacking of 
double layers of Si and C atoms. The SiC polytype is determined by the stacking 
sequence of these Si-C double layers. Each double layer can simply be viewed as a 
planar sheet of silicon atoms coupled with a planar sheet of carbon atoms. The plane 
formed by a double layer sheet of Si and C atoms is known as the basal plane 

 (a)                                   (b)  

A A
A AA

A A
B B

B C 
C 

C 
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(depicted by layer A in Fig. 1b). The crystallographic c-axis direction is called the 
stacking direction and is defined normal to Si-C bilayer plane. Starting from the basal 
plane, the next double layer can be stacked on two relative positions, B or C (Fig. 1b). 
The different polytypes are determined by permutations of these three relative 
positions. It is now easy to see that, in principle, there are an infinite number of 
possible stacking sequences for SiC and, consequently, an infinite number of crystal 
structures.  
 The Ramsdell notation [38] is a convenient nomenclature, describing each polytype 
with a number and a letter: the number of Si-C double layers in one period, and the 
symmetry, which can be cubic (C), hexagonal (H) or rhombohedral (R). The 3C 
polytype is 100% cubic and has a zincblende crystal structure while 2H is 100% 
hexagonal and possesses the wurtzite conformation. All other polytypes are mixtures 
of zincblende and wurtzite structures. The most common forms of SiC are 2H, 3C, 4H 
and 6H (Fig. 2). The stacking sequences of these polytypes correspond to AB, ABC, 
ABCB and ABCACB, respectively. Another common form of SiC is 15R and has a 
stacking sequence of ABCACBCABACABCB. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: The crystalline structure of SiC: (a) the three possible hexagonal positions for a 
double layer of Si and C atoms. On the right, four common polytypes are shown. 

(b) (a) 
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The labels “h” or “k” in Fig. 2b denote Si-C double layers that reside in "hexagonal” 
or “cubic” environments with respect to their immediately neighbouring double layers 
(above and below); at the turning point of the zigzag patterns in non-cubic SiC the 
local environment of the Si-C pair is hexagonal while in between the turning points 
the local environment is cubic. 
 The physical properties strongly depend on the polytype [39] and SiC can therefore 
be seen as a unique class of materials. All the different known polytypes have an 
indirect bandgap which appears to increase with increasing hexagonality. The pure 
cubic 3C polytype has the smallest bandgap of 2.3eV, while the 2H form, with a 
hexagonality of 100%, has the largest bandgap of 3.33 eV.  
 The origin of the large variety of SiC polytypes is not certain. Calculations showed 
that atomic relaxation might play a key role in determining the polytype structure. 
When no relaxation is taken into account, the cubic structure is slightly favoured. It 
appears, however, that atomic relaxation is essential for the stabilization of the 
hexagonal crystal structure. The total energy difference between cubic and hexagonal 
forms is ~3 meV per atom [39], small in comparison to other semiconductors such as 
Si, Ge or GaAs where the energy difference is much larger (tens or hundreds of meV) 
[40]. It is therefore not unlikely that such a small energy difference between the 
different polytypes is an important driving force for the occurrence of such a vast 
number of structures. 
 
 
1.4 Crystallographic defects - dislocations 
 
 
Crystallographic defects are detrimental to the performance of high-efficiency, reliable 
electronic devices of both SiC [6, 41-43] and GaN [44, 45] and are difficult to control 
due the complexity of the growth of these materials. Because of the lack of 
commercially available GaN wafers, GaN layer growth must commence on foreign 
substrates, mostly sapphire. Apart from a lattice mismatch between the two materials, 
there is also a difference in thermal expansion coefficient. The grown layers, therefore, 
contain a large number of structural (strain-related) defects. The most important are 
linear defects, also called dislocations. Dislocations are areas where the atoms are out 
of position in the crystal matrix. There are two basic types: edge dislocations and 
screw dislocations. Both are in fact extreme forms of possible dislocation structures 
that can occur. Most dislocations are a mix of the two forms and these will not be 
discussed here.  
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 A schematic diagram according to Hull and Bacon [46] in Fig. 3 illustrates the 
basic concept of an edge and a screw dislocation. Fig. 3a shows an undisturbed lattice 
of a simple cubic structure. The bonds are represented by springs. An edge dislocation 
can be visualized as follows. If all bonds are broken across the surface ABCD, the 
crystal faces are separated and a half plane is inserted in that position (Fig. 3a), the 
original faces will have been displaced by one-atom spacing (Fig. 3b). However, close 
to the line DC the atoms are largely disturbed from their normal positions relative to 
their neighbours [46]. The line DC is called a positive edge dislocation. If an extra half 
plane were to be inserted below the ABCD plane, a negative edge dislocation would be 
obtained. 
   
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Fig. 3: (a) Model of a simple cubic lattice; the atoms are represented by filled circles, 
and the bonds between the atoms by springs, only a few of which are shown. (b) 
positive edge dislocation DC formed by inserting an extra half-plane of atoms in 
ABCD. (c) left-handed screw dislocation DC formed by displacing one side of the 
ABCD face with respect to the other in the direction AB. (d) Spiral of atoms adjacent 
to the line DC. (Hull and Bacon [46]) 

(a) (b) 

(c) (d) 
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When the crystal is displaced on one side of the ABCD plane with respect to the other 
side in the direction AB as shown in Fig. 3c, a screw dislocation is obtained. Parallel 
planes initially perpendicular to the line DC have now been transformed into a single 
surface with a spiral form (Fig. 3d). When the helix describes a clockwise turn around 
the dislocation line, it is referred to as a right-handed screw dislocation, and if the 
reverse is true it is left-handed.  
 Technically, a dislocation is given in terms of the Burgers circuit. The Burgers 
circuit is an atom-to-atom path taken around a dislocation line in a crystal matrix (Fig. 
5a). When, subsequently, the same atom-to-atom sequence is made in a dislocation 
free crystal, and the circuit does not close, the vector required to complete the circuit is 
called the Burgers vector. The Burgers vector of an edge dislocation is always normal 
to the dislocation line DC, while for a screw dislocation the Burgers vector is parallel 
to the dislocation line.  
 
 
 
 
 
 
 
 
 
Fig. 5: (left) Burgers circuit around an edge dislocation, (right) the same circuit in a 
perfect crystal; the closure failure is the Burgers vector. (After Hull and Bacon [46]) 
 
 
 The most damaging defect in SiC is the micropipe [8, 47]. A micropipe is a screw 
dislocation with a hollow core and larger Burgers vector, which becomes a tubular 
void (with a diameter on the order of micrometers) [48]. The micropipe density of 
commercial SiC wafers is at present <30 cm-2. When the Burgers vector of a SiC 
screw dislocation is small enough, hollow core formation is avoided [49]. These 
defects are present in average densities on the order of several thousands (at best) to 
around ten thousand per cm2 in commercial wafers. Together with micropipes, they 
cause a considerable amount of localized strain and lattice deformation [6]. Open-core 
screw dislocations (nanopipes) and closed-core screw dislocations are also found in 
GaN. By far, the most common of the structural defects in GaN layers grown on 
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sapphire or SiC substrates is the threading dislocation, which mainly consists of edge 
type dislocations. They are found in large densities of about 109 cm-2.  
 Crystallographic defects are important not only for the performance of (opto)-
electronic devices, they also determine the photoelectrochemical properties of 
semiconductor electrodes. As we will show, photoetching can be used very effectively 
to reveal defects. 
 
 
1.5 Etching of wide-bandgap chemically stable semiconductors 
 
 
Etching is an essential step in device fabrication [50]. Dry etching techniques can be 
used for SiC and GaN; these include reactive ion etching (RIE), electron cyclotron 
(ECR) RIE, inductively coupled plasma (ICP)RIE, magnetron RIE (MRIE) and 
chemically assisted ion-beam etching (CAIBE). However, these techniques involve 
complex and expensive equipment. In addition, dry etching may give rise to damaged 
surfaces and bulk electronic states which are detrimental to the performance of 
(opto)electronic devices [51-53]. In classical III-V technology, wet-chemical etching 
offers a simple and attractive alternative, which avoids the problem of surface damage.  
There are two forms of "open-circuit" etching. In electroless etching an oxidizing 
agent in solution removes electrons from the valence-band of the semiconductor. This 
generates mobile charge carriers (holes) which, when localized in surface bonds, cause 
oxidation and dissolution of the solid. An example of an electroless etchant for GaAs 
is an alkaline solution of Fe(CN)6

3-. In chemical etching a local exchange of electrons 
occurs between surface bonds and the active etching agent in solution. InP in a 
concentrated HCl or HBr solution is etched "chemically". Open-circuit etching has 
proved very successful in a number of processing steps [50, 54]. Among these are: 
• removing work damage introduced into single-crystal substrates during 

mechanical or chemomechanical polishing; 
• revealing crystallographic defects in bulk crystals and epitaxial layers for 

quality control; 
• isotropic and anisotropic etching for pattern definition in device fabrication; 
• material-selective etching for device structuring based on differences in 

semiconductor type (n/p), chemical composition and bandgap energy. 
• polishing 

The extreme chemical stability and the energetically low-lying valence-band edge of 
SiC and GaN pose a problem for open-circuit etching. There are no stable oxidizing 
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agents capable of "injecting holes" into the valence band of these semiconductors. 
Consequently, electroless etching is not possible. The only chemical etchant used is a 
NaOH/KOH eutectic at 520–540 °C which can reveal defects but is not practical for 
other device applications.  
 Since open-circuit etching of SiC and GaN is not possible, one has to resort to 
(photo)anodic methods. This is the main theme of this thesis which deals with the 
fundamentals of etching and applications such as those described above for open-
circuit etching. Before discussing these methods, we consider the basic electro-
chemistry of semiconductors in aqueous electrolyte solutions.  
 
 
1.6 The semiconductor/electrolyte interface 
 
 
In this section the interaction of a semiconductor with an electrolyte will be discussed 
with the aim of providing the background needed to understand other chapters in this 
thesis. Two cases will be discussed: a semiconductor electrode in equilibrium with the 
electrolyte and an electrode under applied potential. For a detailed discussion of this 
topic the reader is referred to the work of Morrison [55] and Memming [57].   
 
 
1.6.1 Equilibrium 
 
Semiconductors are characterized by a valence and conduction band separated by an 
energy gap Eg. The chemical potential of the electrons in the semiconductor, the Fermi 
level EF, depends strongly on the doping level. An n-type semiconductor, which is 
doped with atoms acting as electron donors, has an EF close to the conduction band 
(CB). The CB electron concentration (n) is given by  
 

⎥⎦
⎤

⎢⎣
⎡ −−

=
kT

EENn FC
C

)(exp                  (1) 

where Nc is the effective density of states in the CB, Ec is the energy level of the lower 
edge of the CB, k is the Boltzmann constant and T is the absolute temperature. By 
contrast, when a semiconductor is doped with atoms acting as electron acceptors 
(thereby creating holes in the valence band (VB)) a p-type semiconductor is obtained. 
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The position of EF is now close to the VB-edge and the hole concentration in the VB 
(p) is given by  
 

⎥⎦
⎤

⎢⎣
⎡ −−

=
kT

EENp VF
V

)(exp                  (2) 

where Nv is the effective density of valence band states and Ev is the upper edge of the 
VB.  
 In an electrolyte solution, the Fermi level EF,el is related to the electrochemical 
potential of the electrons and is determined by the Nernst potential of a redox couple 
(e.g. O2/H2O) . The solid/solution interface is schematically shown for an n-type 
semiconductor in Fig. 6a. The position of EF,el is arbitrarily chosen and all donors are 
assumed to be ionized (n=ND). Due to the difference in Fermi levels, charge will be 
redistributed across the interface until equilibrium is established, EF=EF,el. As a result, 
the bands bend upward and a space-charge layer consisting of uncompensated 
(immobile) ionized donors is formed within the semiconductor (Fig. 6b). In 
equilibrium, the surface electron concentration (ns) is much lower than in the bulk (nb) 
and is given by  
 

⎥⎦
⎤

⎢⎣
⎡−=

kT
eUnn sc

bs exp                     (3) 

where e is the elementary charge and Usc (which is equal to Esc/e) is the potential drop 
over the space-charge layer. This situation is referred to as depletion. The hole 
concentration at the surface (ps) is given by 
 

⎥⎦
⎤

⎢⎣
⎡=

kT
eUpp sc

bs exp                     (4) 

From electrostatic theory it can be shown that the thickness of the depletion layer (dsc) 

is given by: 

 

sc
D

sc eU
Ne

d 2
02εε

=                     (5) 
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where ε is the static dielectric constant of the semiconductor, ε0 is the permittivity of 
vacuum, and ND is the donor density. With ε=10 and Usc = 1V, dsc is 1000, 100 and 10 
nm for electron densities of 1015, 1017 and 1019 cm-3, respectively. This shows that the 
space-charge layer extends well into the semiconductor [56]. The positively charged 
surface is compensated by ions from solution which line up in a plane very close to the 
electrode surface. This Helmholtz layer has a thickness dH typically of the order of a 
few angstroms. 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6: Band energy model of an n-type semiconductor with bandgap Eg brought into 
contact with an electrolyte characterized by a Fermi level EF,el: (a) for a semiconductor 
and electrolyte which are not in equilibrium (EF≠EF,el); (b) for a semiconductor in 
equilibrium with the electrolyte (EF=EF,el). The thickness of the space charge layer and 
the Helmholtz layer is denoted by dsc and dH, respectively. (after Notten et al.[50])  
 
 
 The potential drop over the interface is distributed over the space-charge layer (Usc) 
and the Helmholtz layer (UH). From the Poisson equation [57, 58] the potential in the 
solid can be calculated. There is a smooth potential drop over the space-charge layer, 
as depicted in Fig. 7. A linear drop over the Helmholtz layer is assumed. It is 

(b) (a) 
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interesting to note, that for UH = 0.5V the corresponding electric field is of the order of 
~109 V/m. Obviously, the electric field of the depletion layer is much smaller.  
 The total capacitance of the interface (Ctot) can be described by a series connection 
of two parallel plate capacitors Csc and CH (Fig. 7): 
  

HscH

H

sc

sc

tot CCQ
U

Q
U

C
111

+=
∂
∂

+
∂
∂

=                  (6) 

where Qsc is the charge in the space-charge layer and QH the charge of the compact 
double layer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 Metals have electron densities (about 1022 cm-3) much higher than semiconductors 
(1015 - 1019 cm-3). Gauss theory shows that for a metal all charge is located at the 
surface. When a metal is immersed in an electrolyte, a space-charge layer is, therefore, 
not established in the solid. Consequently, the potential drop at a metal/electrolyte 
interface only occurs over the Helmholtz layer.  

Fig. 7: Schematic representation 
of the potential distribution at the 
semiconductor/solution interface. 
The interfacial capacitance can be 
represented by a series connection 
of the space-charge capacitance 
Csc and the Helmholtz capacitance 
(CH). 
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1.6.2 Applied potential 
 
When an overpotential with respect to the flat-band potential Ufb (Fig. 8a) is applied to 
a semiconductor electrode, the Fermi level in the solid is no longer equal to the 
equilibrium value (EF ≠ EF,el). The applied potential is distributed over both the space-
charge layer and the Helmholtz layer. As the electrode potential is varied, the charge 
density in both phases changes. Since δQsc = -δQH it can be seen (eq. 6) that  
  

sc

H

H

sc

C
C

U
U

=
∂−
∂

                      (7) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8: Band energy diagram of an n-type semiconductor as a function of applied 
potential. (a) ns = nb, (b) ns < nb, (c) ns > nb  
 
 
From eq. 7 it is clear that the potential distribution at the interface depends strongly on 
relative values of CH and Csc. Here two extreme cases for an n-type semiconductor will 
be treated: depletion and accumulation. Similar arguments hold for a p-type 
semiconductor. In semiconductor electrochemistry the flat-band potential Ufb is 
generally used as a reference potential [50]. At this potential, the band edges are flat 
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and the concentration of electrons at the surface is equal to that in the bulk (nb = ns, 
Fig. 8a). At positive potential (Fig. 8b), the bands bend upward, and the electron 
concentration at the surface decreases exponentially with increasing potential (eq. 3). 
This is referred to as depletion (ns < nb). The capacitance of the space-charge layer Csc 
is very small (about 0.01-1 μF/cm2 [57] compared to CH (about 10-30 μF/cm2). 
Consequently, the measured capacitance Ctot is mainly determined by Csc (see eq. 6). 
A change in potential, therefore, results in change in potential drop over the 
semiconductor (and a change in width of the space-charge layer). The band edges do 
not shift and the Helmholtz potential can be regarded as constant. Under depletion 
conditions the capacitance of the space-charge layer can be expressed as: 
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                (8) 

The potential drop over the space-charge layer Usc is given by 
 

fbsc UUU −=                       (9) 

On inserting eq. 9 into eq. 8 and rearranging, we obtain the Mott-Schottky relation  
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                       (10) 

The position of Ufb can now be determined by measuring Csc as function of potential 
in the depletion range. According to eq. 10, a plot of 1/Csc

2 versus U should give a 
straight line whose slope depends on the donor density. The intercept of the 
extrapolated line yields Ufb.            
 At potentials negative with respect to Ufb, the electron concentration at the surface 
increases exponentially with decreasing potential. The concentration of electrons at the 
surface is now larger than in the bulk (Fig. 8c). Close to the flat-band potential the 
value of Csc becomes very large and may be comparable to that of the Helmholtz layer. 
When the potential is further decreased, the potential drop will, consequently, be 
distributed over both the space-charge layer and the Helmholtz layer (see eq. 6). The 
band edges are no longer fixed and the semiconductor becomes quasi-metallic. This is 
represented by a Fermi level which crosses the conduction band edge near the surface. 
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 It is clear that the potential distribution at the interface becomes more complex in 
the presence of surface oxide or surface states for which charge can be trapped at the 
surface. 
 
 
1.7 Electrochemical Etching 
 
 
In considering the kinetics of electrochemical etching one has to distinguish between 
reactions based on majority carriers and minority carriers [50, 59]. In this section we 
first consider majority carrier reactions (holes in a p-type semiconductor; electrons in 
an n-type) and then minority-carrier reactions. Electrochemical etching is generally 
performed in a three-electrode cell: the semiconductor working electrode (WE), a 
platinum counter electrode (CE) and a reference electrode (RE) (Fig. 9). With the aid 
of a voltage source (e.g. a potentiostat) the electrochemical potential U of the 
semiconductor can be varied with respect to that of the reference electrode. (A 
commonly used reference is the Saturated Calomel Electrode (SCE) which has a 
potential of +0.241V with respect to the standard hydrogen electrode (SHE).) As a 
result, a current flows between working and counter electrodes. This current density j 
is measured as a function of U. The semiconductor can be illuminated to give 
photocurrent. If electrons flow from WE to CE the current is anodic (ja); an oxidation 
reaction occurs at the semiconductor. If electrons flow in the opposite direction (from 
CE to WE) the current is cathodic (jc) and a reduction reaction occurs at the 
semiconductor. 
 
 
  
 

 
 

 

 

Fig. 9: A schematic view of a three-
electrode electrochemical cell. The 
potential U of the semiconductor 
working electrode (WE) is regulated 
with respect to that of the reference 
electrode (RE) using a voltage 
source. The current flowing between 
WE and the counter electrode (CE) is 
measured as function of U. 
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1.7.1. Majority-carrier reactions 
 
If, in a p-type semiconductor, holes are localized at the surface (i.e. the bonding 
electrons are removed) the surface bonds will be broken. For example, in the case of 
GaN, three holes are required to dissolve one formula unit of the solid in acidic 
solution [60]. 
 
GaN + 3h+ → Ga3+ + ½N2                         (11) 
 
The solid is “oxidized”; the Ga3+ ions dissolve and molecular nitrogen escapes to the 
gas phase. From eq. 11 it follows that the rate of the reaction should depend on the 
surface hole concentration ps (this is related to the hole concentration in the bulk pb 
(eq. 4)) and on the rate constant for the reaction. In an electrochemical experiment the 
band bending (the potential drop over the space-charge layer), and thus the reaction 
rate, can be varied by means of the applied potential U (eq. 9). At potentials 
considerably negative with respect to the flat-band potential of a p-type semiconductor 
(U < Ufb (p)), the surface hole concentration is very low (ps << pb). Oxidation 
reactions requiring holes cannot take place and no current flows in the external circuit. 
At potentials approaching Ufb an “anodic” current is measured which increases 
exponentially with increasing potential (Fig. 10(a)). For almost all semiconductors in 
indifferent electrolyte this process involves oxidation and dissolution of the solid: 
anodic etching (as in eq. 11). If the Helmholtz potential changes, as expected for 
accumulation conditions, the rate constant for the anodic reaction may become 
potential dependent. A reduction reaction at the counter electrode (e.g. hydrogen 
evolution) provides the charge carriers required to oxidize the semiconductor. The 
anodic current density can be converted to an etch rate with Faraday’s Law [50]. It is 
clear that the etch rate can be simply regulated via the applied potential.  
 Because of the absence of holes in the valence band, anodic oxidation is not 
possible with an n-type semiconductor (in the dark). Instead reactions involving 
electrons via the conduction band can be expected. In aqueous solution this is 
generally the reduction of protons at low pH [61] 
 
2H+ + 2e- → H2                        (12) 
 
or of water at higher pH 
 
2H2O + 2e → H2 + 2OH-                     (13) 
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giving hydrogen evolution. Since the surface electron concentration increases 
exponentially with decreasing potential (eq. 3), the cathodic current associated with 
these reactions also increases markedly (Fig. 10(b)). (In this case oxidation of water at 
the counter electrode provides the electrons required at the semiconductor working 
electrode.) ZnO and InP are examples of semiconductors that decompose by reduction 
in the presence of electrons at the surface [61, 62]: 
 
2ZnO + 4H+ + 4e- → 2Zn + O2                    (14) 
 
InP + 3H+ + 3e- → In + PH3                     (15) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10: Current-potential characteristics for majority carrier reactions at (a) a p-type 
and (b) an n-type semiconductor. (a) Accumulation of valence band holes at the 
surface leads to oxidation of the electrode and an anodic current in the external circuit. 
The flat-band potential (Ufb(p)) is denoted, as well as energy-band schemes of the 
semiconductor at the interface with solution. In case (b) accumulation of electrons at 
the surface causes the reduction of H+ ions or H2O to hydrogen or, in some cases, the 
reduction of the semiconductor. Note: the difference in flat-band potential for n- and 
p-type forms of the same semiconductor corresponds to the difference in Fermi levels 
of the two types. 
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1.7.2. Minority-carrier reactions 
 
Reactions requiring minority carriers (electrons in a p-type, holes in an n-type semi-
conductor) can be observed when the electrode is illuminated with supra-bandgap 
light. What is important for etching is the effective spatial separation of the photo-
generated electrons and holes (the prevention of recombination) allowing the minority 
carriers to react at the surface. In a p-type semiconductor electrons and holes 
generated by light are separated by the electric field of the space-charge layer at 
negative potentials (see inset, Fig. 11(a)). At the surface the electrons are used for the 
reduction of H+ ions or H2O (eq. 12, 13) or the reduction of the semiconductor (eq. 14, 
15). They pass to the back contact and are registered as a cathodic photocurrent in the 
external circuit. The constant limiting photocurrent at negative potential generally 
depends on the light intensity.  
  

      
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 11. The influence of supra-bandgap illumination on the current-potential 
characteristics of (a) a p-type and (b) an n-type semiconductor. In case (a) the electric 
field of the space-charge layer drives the photogenerated minority carriers (electrons) 
to the surface where a reduction reaction takes place. The holes are registered as an 
cathodic photocurrent in the external circuit. At positive potentials, electrons and holes 
recombine. In case (b) holes migrate to the surface causing oxidation of the 
semiconductor: an anodic photocurrent is measured. In both cases the majority carrier 
processes (see Fig. 2) are shown as dashed lines. 
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At more positive potentials going towards flat-band condition the electric field at the 
surface decreases, and electron-hole recombination competes with the electrochemical 
reaction of the electrons. Because of the importance of surface recombination at 
semiconductor electrodes in solution and the poor kinetics of reactions such as 
hydrogen evolution, the onset of photocurrent is generally at a potential considerably 
negative with respect to the flat-band value (this can be up to 0.6 V), this in contrast to 
a Schottky diode. 
 Holes created by supra-bandgap light in an n-type semiconductor can give rise to 
photoelectrochemical oxidation of the solid (see eq. 11). As in the case of the p-type 
electrode, electron-hole recombination generally dominates at potentials close to Ufb 
(Fig. 11(b)). The onset of photocurrent, anodic in this case, is at positive potentials 
where the electric field moves the holes to the surface and the electrons to the back 
contact. The etch rate depends not only on the applied potential but also on the light 
intensity, mass transport of solvent molecules towards the electrode surface and 
dissolution kinetics.  
 The influence of light intensity and mass transport on anodic dissolution is nicely 
illustrated by the anodic dissolution of an n-type GaAs rotating disk electrode in 
alkaline solution (Fig. 12) [50]. Photoanodic dissolution starts when a significant over-
potential of about 500 mV is applied with respect to the flatband potential (Ufb) to 
suppress recombination. At more positive potentials, the photocurrent reaches a 
limiting value.  
 
 
 
 
 
 
 
 
 
 
 
 
 
The dissolution of the semiconductor can be represented by  
 
GaAs + 12OH- + 6h+ → GaO3

3- + AsO3
3- + 6H2O              (14) 

Fig. 12: Current-potential 
curves for an n-type GaAs 
RDE (100 rpm) in a 0.1M 
NaOH solution. The RDE 
was illuminated with a 
Schott lamp at a relative 
light intensity of (a) 9%; 
(b) 16%; (c) 28%; (d) 63%; 
and 89% (d, e).  Ufb 
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From eq. 14 it is clear that the dissolution can be controlled either by the OH- flux 
(φOH) or the hole flux (φh) to the surface of the electrode. When φOH is large compared 
to φh, the limiting anodic photocurrent density increases linearly with increasing light 
intensity (see Fig. 12, curves a-c) [50]. This case corresponds to normal depletion, i.e. 
a change in applied potential corresponds to a change in potential drop over the space-
charge layer (ΔU ≈ ΔUsc). (For simplicity, we assume that surface charging is not 
important here.) As soon as the photon flux exceeds the OH- flux (φh > φOH), the 
current density in the plateau range becomes independent of light intensity (Fig. 12, 
curves d, e). XPS measurements showed that under these conditions an oxide is 
formed [63, 64]: 
 
2GaAs + 12OH- + 12h+ → Ga2O3 + As2O3 + 6H2O              (15) 
 
The oxide dissolves readily in alkaline solution (as represented by eq. 16) and, 
therefore, diffusion of OH- is considered to be the rate limiting step.  
 
Ga2O3 + As2O3 + 12OH- → 2GaO3

3- + 2AsO3
3- + 6H2O            (16) 

 
Since the rate of photogeneration of holes is higher than the rate of their reaction at the 
surface, considerable electron-hole recombination must occur, even in the limiting 
photocurrent range. The surface reaction is kinetically limited and the space-charge 
layer potential becomes independent of the applied potential (ΔUsc ≈ constant). Due to 
accumulation of positive charge at the interface, the potential changes across the 
Helmholtz layer in solution (ΔU ≈ ΔUH) [65].  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13: Photocurrent in the 
current plateau range (at 
0.0V) for an n-type GaAs 
RDE electrode as a function 
of the illumination intensity 
in a 0.1M NaOH solution: 
(a) 100 rpm, (b) 5000 rpm.  
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Enhancing the hydrodynamics of the system (or increasing the pH) will result in an 
increase in dissolution rate of the oxide and, with it, the plateau current density. 
Finally, at sufficient rotation rate, mass transport of OH- is no longer rate limiting and 
the current density shows a linear dependence on the light intensity (see arrow in Fig. 
13).  
 
 
1.8 Summary of this thesis 
 
 
The research described in this thesis is devoted to the electrochemical etching of the 
wide bandgap chemically stable semiconductors, SiC and GaN. Chapter 1 reviewed 
some of the important properties of these materials and introduced the principles of 
semiconductor electrochemistry and electrochemical etching.  
 In Chapter 2, we describe the electrochemistry of SiC in acidic fluoride solution. 
For this research we used 4H-SiC and 6H-SiC substrates mounted as rotating disk 
electrodes to provide well-defined hydrodynamics. Voltammograms were recorded for 
various fluoride concentrations and at various rotation rates for both n-type and p-type 
SiC. In all cases, anodic dissolution and passivation are observed for p-type electrodes 
in the dark and n-type electrodes under illumination. Furthermore, strong mass 
transport dependence is observed for both semiconductor types. Koutecky-Levich 
analysis of p-type 4H-SiC showed that, apart from mass transport, the surface reaction 
kinetics need to be considered for the anodic dissolution of the semiconductor. The p-
type electrodes can be polished at high etch rates while the surface finish of n-type 
electrodes strongly depends on the experimental conditions.  
 On comparing the electrochemistry of SiC and Si in fluoride solution, we found 
that the hysteresis in the voltammograms was much larger for the compound 
semiconductor. This indicates that the surface oxide on SiC must be thicker than that 
on Si. To our surprise we discovered that the anodic oxide grown on SiC has a 
thickness up to two orders of magnitude larger than that observed for Si. The results of 
this research are described in Chapter 3. In-situ ellipsometry combined with in-situ 
impedance spectroscopy showed that the surface layer, like that of Si, has a duplex 
structure: a thin inner "dry" oxide film and a thick outer porous layer of "hydrated" 
oxide (in analogy to anodic oxide on silicon). The presence of the thick oxide was 
confirmed by ex-situ SEM, ERD and RBS measurements. The huge difference in 
oxide thickness on the two semiconductors is attributed to the influence of carbon in 
SiC on the growth mechanism for SiC.  
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 In Chapter 4 the (photo)electrochemistry of n-type epitaxial GaN in alkaline 
peroxydisulphate (S2O8

2-) is described. The results form the basis for a consideration 
of the photoetching of the semiconductor. Three approaches are discussed: (i) 
photoanodic etching in which the potential of the semiconductor is fixed by a voltage 
source (potentiostat), (ii) photogalvanic etching in which the semiconductor is short 
circuited to the counter electrode (no voltage source), (iii) electroless photoetching 
(without a counter electrode). By using a two compartment cell, we showed that GaN 
short-circuited to a noble metal, acts as a photogalvanic cell. The factors determining 
the etching kinetics and surface morphology have been elucidated. 
 The electrochemistry of p-type and n-type SiC in KOH solution is described in 
Chapter 5. As for acidic fluoride solution, anodic dissolution and passivation was 
observed for p-type SiC in the dark and n-type SiC at high light intensity. We found 
that the dissolution rate of the semiconductor depends strongly on temperature and 
KOH concentration. In alkaline solution dissolution is under kinetic control and we 
have indications that this can be utilized for anisotropic etching. It is shown that short-
circuit photoetching of n-type SiC in KOH solution is a useful tool for revealing 
defects. Furthermore, the electrochemical properties of p-type and n-type SiC and Si 
in KOH solution should, in principle, allow for interesting layer-selective etching 
applications. 
 The results of electrochemical etching described in Chapter 2 and Chapter 5 could 
be used to tune the electroluminescence properties of n-type 4H and 6H-SiC. In 
Chapter 6 we compare the emission of unetched, uniformly etched and porous etched 
substrates. We show that the spectral distribution of the luminescence and the 
emission intensity strongly depend on the photoanodic treatment. 
 In the last Chapter, we discuss the possibility of using p-type SiC as a photo-
cathode for splitting of water to oxygen and hydrogen. Electrical impedance 
measurements show that SiC meets the thermodynamic requirements for this reaction. 
Potentiodynamic measurements were used to study the kinetics. We show that 
illuminated p-type SiC, short-circuited to a Pt electrode, does, in fact, split water. To 
our surprise, we found that that hydrogen which is formed upon the reduction of water 
is stored in the semiconductor lattice. We further improved the kinetics of water 
splitting by using Pd as a catalyst on the photocathode.  
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Chapter 2 
 
Electrochemistry and etching of  

SiC in acidic fluoride solution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The electrochemistry and etching of single-crystal SiC in fluoride solution was studied 
at pH 3. Anodic dissolution and passivation are observed for p-type electrodes in the 
dark and n-type electrodes under illumination. The dissolution of p-type SiC is found 
to be under mixed transport/kinetic control; the diffusion current is first order in 
fluoride concentration and the kinetic current is of higher order. Polishing of p-type 
electrodes can be achieved at high etch rates while the surface finish of n-type 
electrodes strongly depends on the experimental conditions. The results are compared 
with those of Si under comparable conditions. 
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2.1 Introduction 
 
2.1.1 General 
 
During electrochemical etching of SiC, the formation of a passivating silicon oxide 
film must be avoided.  An approach to limiting oxide formation is to work in acidic 
fluoride solutions. This field was pioneered by Shor and co-workers [1-3]. As 
expected, illumination is necessary for anodic etching of n-type material while the p-
type material dissolves in the dark [3, 4]. Photoanodic etching of different forms of n-
type SiC (4H, 6H) gives rise to porosity [1, 5, 6], as is the case for Si [7, 8]. The C-
face of [0001] p-type 6H-SiC also becomes porous on anodic etching in the dark [9-
11]; the Si-face surprisingly does not. Anodic etching has been used for patterning 
with the aid of photolithography [2]. Micromachining techniques for SiC in fluoride 
solution have been developed [12-14].  
 Since the complexation of the Si(IV) product by fluoride and the dissolution of 
silicon oxides by HF/HF2

- species are expected to play an important role in Si and SiC 
electrochemistry, one might expect strong similarities between the two semi-
conductors. Si shows very characteristic features in voltammograms measured in HF 
solution. There is an extensive literature on this subject [15-25]. Similar characteristics 
have, however, not been observed for SiC under equivalent conditions. In this chapter 
we describe a study of the electrochemistry of p-type 4H-SiC and n-type 4H and 6H-
SiC in aqueous fluoride solutions of pH 3. The role of surface kinetics, mass transport 
and oxide formation is considered, as is the etched surface morphology. These results 
form the basis for an interesting comparison with Si in which the importance of the 
fluoride concentration is demonstrated. The electrochemistry of Si is first briefly 
reviewed.  
 
 
2.1.2 A brief review of the electrochemistry of Si in fluoride solution 
  
For anodic oxidation of Si in fluoride solution, valence band holes are essential: p-type 
Si dissolves in the dark, while illumination is required for the n-type electrode [15-18]. 
Fig. 1 shows current density-potential plots obtained for a p-type Si rotating disk 
electrode in 0.033 M fluoride solution at pH 3 at rotation rates of 100 rpm and 2000 
rpm.  
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Fig. 1: Current density-potential plots of p-type Si (100) in a 0.033 M fluoride solution 
of pH 3 (21 mM HF + 12 mM NH4F) at two rotation rates. The scan rate was 10 mV/s. 
 
 
As previously reported [17], four distinct current ranges are observed. These are a first 
peak, a narrow plateau, a second peak and a second plateau (covering several volts). 
The potentials corresponding to these various features are nearly independent of 
fluoride concentration and pH, while the associated current densities span several 
orders of magnitude. At a potential lower than that of the first peak, the surface is 
hydrogen terminated; porous Si is formed, H2 is evolved and the dissolution valence is 
close to 2 [19, 20]. The overall reaction in this range can be represented by 
 
Si + 6HF + 2h+ → SiF6

2- + H2 + 4H+                 (1) 
 
Both the applied potential (which regulates the potential distribution at the interface 
and thus the surface hole concentration (h+) and the rate constant) and the solution 
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composition (fluoride concentration and pH) determine the kinetics and the porosity. 
The appearance of the first peak signals a change in chemistry: the surface hydride is 
oxidized and a thin "defective" oxide, possibly hydrated, is formed. The reaction in the 
first plateau can be represented by: 
 
Si + xH2O + 2xh+ → SiOx + 2xH+      (1 ≤ x ≤ 2)        (2) 
 
The current "plateaux" correspond to a range in which electropolishing of the 
semiconductor is observed. The second peak indicates the formation of a more 
complex oxide. In situ ellipsometry and electrical impedance measurements show the 
presence of a duplex layer consisting of a thin inner barrier oxide (~3 nm) and a thick 
hydrated outer layer (up to 30 nm) [21, 22]. In situ infra-red spectroscopic measure-
ments show the presence of an intermediate oxide layer [26]. The SiO2 layer dissolves 
via a reaction involving HF2

- and to a lesser extent HF [17, 27]:  
 
SiO2 + 3HF2

- + H+ → SiF6
2- + 2H2O                (3) 

 
SiO2 + 6HF → SiF6

2- + 2H2O + 2H+                (4) 
 
The good solubility of the oxide explains the limited hysteresis observed in the return 
scan. The characteristic current oscillations have been attributed to self-oscillatory 
domains, uncorrelated in the steady state, but synchronized by the potential excitation 
[23, 24].  
 The voltammograms of Fig. 1 show some dependence on the electrode rotation 
rate, indicating that in almost the whole potential range anodic dissolution is under 
mass transport/kinetic control. Chazalviel and co-workers have carried out an 
extensive study of the influence of parameter space (pH, electrode rotation rate and 
solution composition) on the current density corresponding to the two peaks and the 
two plateaux [15-18]. They found that at lower fluoride concentration, the dissolution 
is mainly under kinetic control, while higher concentration leads to a mass-transport 
controlled process. In most cases, the current density shows a maximum at pH 3 [16]. 
This was the pH chosen for the present study. The authors correlate the electro-
chemical results with the dependence of the oxide dissolution rate on pH and fluoride 
composition. Cattarin and co-workers have modelled the system. The mass-transport 
limited current was found to be largely independent of the pH in the range 1-5 and 
first order in fluoride concentration. The kinetically limited current was of higher 
order. 
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2.2 Experimental 
 
Single crystal 4H-SiC (n- and p-type) and 6H-SiC (n-type) wafers were obtained from 
Cree (United States). The p-type wafer was oriented 8° off-axis, aluminium doped and 
had a resistivity of 3.86 Ω.cm The n-type wafers were all oriented on-axis, nitrogen-
doped and had a resistivity of 0.01-0.07 Ω.cm. All samples used in this study had a 
polished Si polar face. A circular opening was defined on the samples with a Si3N4 
mask. The diameter of the opening was 2 mm. Ohmic contacts to the p-type SiC were 
made by evaporating a 300 nm thick layer of Al/Ta/Au on the back side of the wafer. 
The metallized wafer was subsequently annealed at 850 °C for 10 minutes. The n-type 
wafers were contacted by depositing a 300 nm Ti/Au layer followed by a 1 second 
annealing step at 1000 °C. Czochralski-grown 4" (100) oriented Si wafers were 
obtained from Okmetic (Finland). The p-type wafers were boron doped and had a 
resistivity of 5-10 Ω.cm. To provide an Ohmic contact, 1000 nm aluminium was 
sputtered on the backside and subsequently annealed at 450 °C in a N2 atmosphere.  
 The electrolytes were prepared from analytical grade solutions and deionised water 
(Millipore 18 MΩ.cm). The pH of the fluoride solution was buffered at pH 3 with 
NH4F and HF, a procedure developed by Chazalviel and coworkers [15-17]. The pH 
was determined with pH indicators and the ionic strength of the electrolytes was kept 
constant at 1 M by addition of NH4Cl. 
 For the electrochemical measurements, the samples were mounted as a rotating 
disk electrode (RDE). All measurements were performed in a conventional three-
electrode cell with a platinum counter electrode and potential is given with respect to a 
saturated calomel electrode (SCE). In order to prevent attack by the electrolyte 
solution, the reference electrode was placed in a separate compartment connected to 
the main cell via a salt bridge. During the measurements, the temperature was kept at a 
constant value of 21 ± 0.5 °C. Before each measurement, the surface oxide was 
removed by dipping the sample in a 1M HF solution for 1 minute. 
 A potentiostat (EG&G Princeton Applied Research, PAR-273-A) computer-
controlled by LabVIEW was used to measure the current-potential curves. Unless 
otherwise stated, the curves were recorded at a constant scan rate of 10 mV/s from 
negative to positive potential and back.  
 For etching of n-type electrodes a Hg arc-lamp (500 W) with a power supply (Oriel 
66941) was used. UV light from the beam was directed on to the sample using a 
dichroic mirror (280-400 nm) in combination with a plano convex lens. The measured 
output power was 2.19 W. The light intensity was varied with neutral density filters.  
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 The etch depth was determined with a surface profiler (Alpha-Step 500). The 
surface morphology after etching was examined using an atomic force microscope 
(Digital Instruments Nanoscope IIIa) and a scanning electron microscope (SEM JEOL 
6330). 
 
 
2.3 Results and Discussion 
 
 
2.3.1 Electrochemistry of p-type 4H-SiC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Current density-potential plots for p-type 4H-SiC recorded in 0.033 M fluoride 
solution at different rotation rates (a) recorded at a scan rate of 10mV/s.  
 
 



Electrochemistry and etching of SiC in acidic fluoride solution 43 

The voltammogram for SiC at higher rotation rates resembles that of Si in a number of 
respects (see Fig. 1 and Fig. 2). After a steep increase in current density with 
increasing potential (the "active" range), a current peak is observed indicating a 
change in surface chemistry. This is followed by a plateau and a second peak, after 
which the current drops markedly. Etching experiments show that SiC is dissolved in 
the potential range up to the second peak. At potentials positive with respect to the 
current maximum, ellipsometric, SEM and impedance measurements reveal the 
presence of a micron-thick and complex oxide layer. (Oxide growth is described in 
Chapter 4.) We denote this potential range as "passive" and the range between the 
peaks as "pre-passive". At lower rotation rates, the SiC voltammogram shows a third 
peak or shoulder, related to oxide formation. Gas evolution is observed in the whole 
potential range of SiC oxidation.  
 There are some striking differences between the two semiconductors. The onset of 
anodic current for SiC is at a considerably more positive potential (1.75V) than for Si 
(-0.2V). This is due to the more positive flat-band potential of the wide-bandgap 
semiconductor [28]; the valence band edge of SiC is much lower in energy than that of 
Si. The slope of the current-potential curve in the onset is much steeper for Si than for 
SiC, indicating more sluggish kinetics in the case of the compound semiconductor. 
The current density required for oxide growth on SiC (the current maximum) is a 
factor of 30-40 higher than for Si. We found a similar difference for passivation of the 
two semiconductors in KOH solution (Chapter 5). This is very likely related to the 
difficulty of forming oxide on the compound semiconductor, which requires the 
removal of carbon from the lattice before Si-O-Si bridges can be formed (see below). 
 For the conditions shown in Fig. 1, the current for Si in the whole potential range is 
not strongly dependent on the electrode rotation rate. This is also the case for SiC in 
the active and passive ranges; in the prepassive range on the other hand there is a 
strong dependence on rotation rate, indicating the importance of mass transport for the 
electrochemical reactions. The marked hysteresis in the SiC voltammograms is due to 
the thick oxide formed in the passive range. At the scan rate used here, the oxide is not 
removed in the return scan. The current goes to zero at around 2.5V. In fact, the oxide 
continuous to grow on scan reversal, as is clear from the gradually decreasing anodic 
current between 4.5 and 2.5V. For this electrolyte solution and scan rate, only slight 
hysteresis is observed in the case of Si (Fig. 1); a much thinner anodic oxide is formed 
on Si at positive potentials [22]. Finally, while Si becomes porous in the active etching 
range, this does not occur with the Si-face of p-type 4H-SiC. Porous anodic etching 
has been reported for the C-face [9-11].  
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Fig. 3: Influence of potential scan rate on current density-potential plot for p-type 4H-
SiC in 0.033 M fluoride solution at pH 3 and 100 rpm.  
 
 
Fig. 3 shows the influence of potential-scan rate on the voltammogram for SiC in 
0.033 M fluoride solution. The scan rate has little effect in the active range and some 
effect in the prepassive range. The strong dependence on scan rate in the passive range 
is due to the slow kinetics of oxide growth. 
 To obtain insight into the reaction occurring under etching conditions (in the active 
and passive ranges), the SiC dissolution valence was determined; this is the number of 
charge carriers required to etch 1 formula unit of the semiconductor. The charge 
passed during etching was measured and the etch depth was subsequently determined 
by profilometry. Dissolution valences between 6 and 7 were found. We obtained 
similar values for the photoanodic dissolution of n-type 4H-SiC in KOH solution 
(Chapter 5). Shor and Osgood report a value of 6 for photoanodic dissolution of n-type 
β-SiC in 2.5% aqueous HF solution [2]. Rysy et al. etched p-type 6H-SiC in HF and 
found a dissolution valence of 6.3 [29]. Using gas chromatography, Lauerman et al 
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showed that both CO and CO2 are formed as products of anodic oxidation of 6H-SiC 
in H2SO4 solution (no O2 was observed) [30]. These results suggest that the main 
reaction occurring during anodic etching of SiC can be represented by a 6-hole process 
with some contribution from an 8-hole process:  
 
SiC + H2O + 6HF + 6h+ → SiF6

2- + CO + 8H+             (5) 
 
SiC + 2H2O + 6HF + 8h+ → SiF6

2- + CO2 + 10H+            (6) 
 
Here we arbitrarily use HF as the complexing agent for oxidized Si; other fluoride 
species such as HF2

- and F- can, of course, be involved in the anodic dissolution of the 
semiconductor. Reactions (5) and (6) are clearly complex, involving many chemical 
and electrochemical steps.  
 At low current density, anodic oxidation is kinetically controlled. As the potential 
is made more positive, the current density increases exponentially and fluoride species 
at the surface become depleted. The first peak in the voltammogram indicates, as in 
the case of Si, a competing oxidation reaction: the formation of a "blocking" layer at 
the surface. This layer, present in the pre-passive range, is very likely a hydroxide or 
hydrated oxide formed by a reaction of the type: 
 
SiC + (3+x)H2O + 6h+ → SiO2.xH2O + CO + 6H+   (0 ≤ x ≤ 1)     (7) 
 
Such an oxide (or hydroxide) will be soluble in HF medium, e.g.: 
 
SiO2.xH2O + 6HF → SiF6

2- + (x+2)H2O + 2H+              (8) 
 
The HF2

- ion can also cause chemical dissolution of the oxide. In the range of the 
second peak and in the passive range, a thick oxide grows on the electrode. Such an 
oxide is also soluble in HF solution. 
 The ideas described above are confirmed in experiments at pH 3 with higher 
fluoride concentrations. Fig. 4 shows that a 0.10 M fluoride solution gives a much 
higher anodic current maximum than the 0.033 M solution (Fig. 2). The individual 
peaks seen at the lower concentration have overlapped and the hysteresis in the return 
scan is greatly reduced. Results for 0.33 M fluoride solution are more pronounced: an 
even higher current maximum, no peak structure and almost no hysteresis. For high 
fluoride concentration one expects oxide formation to occur only at very high current 
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density: active dissolution (eq. 5+6) is enhanced. A thinner oxide and higher oxide 
etch rate explain the reduction in hysteresis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Current density-potential plots of p-type 4H-SiC in a 0.1 M fluoride solution at 
different rotation rates. The potential scan rate was 10 mV/s. 
 

 The remarkably high current densities which are obtained for the SiC/fluoride 
system correspond to high etch rates. Fig. 5 shows the etch rate as a function of the 
total fluoride concentration for various rotation rates. The etch rate was calculated on 
the basis of the peak maximum in the current-potential plot and 6 charge carriers per 
SiC unit. The etch rate increases linearly with the log of the fluoride concentration and 
depends strongly on the hydrodynamics of the system. Etch rates of up to 5.8 μm per 
minute can be obtained for 0.33M fluoride solution.  
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Fig. 5: Etch rate (vetch) of p-type 4H-SiC as a function of the total fluoride concentrat-
ion (CF) for various rotation rates at pH 3.  
 
 
In contrast to anodic etching of SiC at high pH [31], a much better surface finish is 
obtained for p-type electrodes in acidic fluoride solution. Polishing is observed in the 
active range in 0.33M solution, in contrast to the passive range where the surface of 
the semiconductor roughens quickly, especially at the edges of the sample. It was 
found that rough surfaces could only be repolished at current densities above 250 
mA/cm2 (3.2 μm/min). A typical recipe for polishing is to etch the sample at 3.5V at a 
rotation rate of 3000 rpm. Mirror-like surfaces are obtained under these conditions, 
usually within 5 minutes. The root-mean-square roughness evaluated within a 100 μm2 
area using AFM, was found to be 3.7 nm, which is only a little larger than the RMS 
roughness of the as-received wafer polished wafer (approximately 1.8 nm).  
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 To distinguish kinetic and mass-transport contributions to the measured current 
density j for an electrochemical reaction, one generally uses the Koutecky-Levich 
(KL) relation: 
 
1 1 1

k dj j j
= +                      (9) 

where jk is the kinetically limited current density and jd, the diffusion controlled 
contribution, is proportional to the square root of the rotation rate (jd =const.√ω). A 
plot of 1/j versus 1/√ω should yield a straight line with an intercept on the current axis 
equal to 1/jk and a slope determined by jd. The KL approach has been employed for the 
study of the anodic dissolution of Si in acidic fluoride solutions, although this rather 
complex system, like the present one, may not meet all the requirements for its 
application [16]. 
 Fig. 6 shows KL plots for 4H-SiC in 0.022, 0.033 and 0.044 M fluoride solutions 
for potentials in the pre-passive range (at 2.50, 2.65 and 2.80V, respectively). Straight 
lines are observed with a slope and intercept that depend on the fluoride concentration. 
The value of jk, calculated from the intercept, shows a supra-linear dependence on 
concentration. A KL analysis for 0.033M fluoride solution in the active range (at 
2.25V) also gave a straight line with the same slope as that observed at 2.75V at this 
concentration but with a considerably larger intercept on the 1/j axis (lower value of 
jk). Both these results are expected. Two problems are encountered in the 
interpretation of these results. First, the rate-limiting step is, as in the case of Si, very 
likely not first order in concentration (a requirement for the KL analysis). Second, 
since the pre-passive range shifts to higher potential and narrows as the electrode 
rotation rate increases (see Fig. 2) the somewhat arbitrary choice of measuring 
potential is questionable. While mechanistic information cannot be obtained, the KL 
analysis is useful in that it allows us to quantify the extent to which mass transport 
determines the etching kinetics in the active and prepassive ranges and it gives an 
indication of the kinetically limited etch rate.   
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Fig. 6: Koutecky-Levich plots for p-type 4H-SiC for various fluoride concentrations 
(pH 3).  
 
 
 Fig. 7 shows Levich plots (jd as function of √ω) extracted from KL analysis of the 
current in the active/prepassive range. The plots are linear and the diffusion current is 
approximately first order in concentration. Similar results were reported by Chazalviel 
and co-workers for Si [15, 16]. For a given concentration, their values are lower than 
our values for SiC. This is due in part to the fact that the SiC reaction involves 6 or 8 
holes per 6 HF molecules (or 3HF2

- ions) used while in the case of Si this figure is 4. 
There are three possible diffusing species, HF, F- and HF2

- (each with a different 
concentration). At pH 3 the concentration of HF is similar to that of F- and 
considerably higher than that of HF2

- [17]. We can disregard the latter. If we assume 
that the dissolution of one SiC formula unit requires 6 holes and 6 HF or F- species 
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(Eq. 5, 6) and that the diffusion coefficient D of both species is the same, then we 
calculate a D value of 8x10-6 cm2/sec. If, on the other hand, only HF is active in the 
pre-passive range (as in the case of Si) then the diffusion coefficient may be up to a 
factor of 2 higher. 
 

Fig.7: Diffusion current density (jd) versus the square root of the rotation rate (ω1/2) for 
various fluoride concentrations of pH 3 for a p-SiC electrode. The total current density 
was measured at 2.35, 2.50, 2.65 and 2.80V for 0.011, 0.022, 0.033 and 0.044M 
fluoride solution respectively.  
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2.3.2 Photoelectrochemistry of n-type SiC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8: Current density-potential plots of n-type 4H-SiC at different light intensities 
recorded for 0.033 M fluoride solution at 100 rpm, pH 3. The potential was scanned at 
a rate of 10 mV/s.  
 
 
Fig. 8 shows anodic current density–potential plots measured at different light 
intensities for an n-type 6H-SiC electrode. The plots were recorded in 0.033 M 
fluoride solution (pH 3) at a scan rate of 10 mV/s and a rotation rate of 100 rpm. In the 
dark (not shown), no current is observed, due to the absence of minority charge 
carriers. The onset of the photocurrent occurs at much more negative potentials than 
for a p-type electrode, due to the more negative value of Ufb [28]. In the onset, 
electron–hole recombination competes with the anodic dissolution reaction. The form 
of the current density-potential plot measured at high light intensity (50% of 
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maximum intensity) is similar to that of the p-type electrode (Fig. 2): active, 
prepassive and passive ranges. A considerable hysteresis is observed and the current 
recovers during the return scan due to removal of the oxide layer. For 4H-SiC the 
results are comparable, although the voltammogram is shifted 0.25 V towards negative 
potentials.  
 When the light intensity is reduced (to 13% or lower), the peak structure is absent 
and a current plateau is observed which is limited by the light intensity. The hysteresis 
is small due to the absence of a passivating oxide layer. After several scans, the 
surface has an emerald green color. At lower light intensity the surface becomes lilac-
colored directly after the first potential scan. SEM analysis showed that at such low 
light intensities a porous structure is formed, comparable to that shown in Fig. 9a.  
 These results are similar to what is observed with n-type Si in HF solution: at high 
light intensity, the photoanodic current-potential curve is the same as the dark current-
potential curve of the p-type semiconductor (see Fig. 1) though displaced on the 
potential axis. In the current onset, Si becomes porous while beyond the first peak an 
oxide is formed and the surface is polished. At low light intensity, the "p-type 
structure" in the voltammogram is lost: after the onset, a potential independent 
photocurrent is observed. The limiting photocurrent is proportional to the photon flux. 
Porous etching of Si occurs in the whole potential range. Clearly, a critical current 
density (corresponding to the first peak) is required to achieve polishing conditions 
and marks the transition between divalent to tetravalent dissolution [19, 20]. In the 
case of an n-type semiconductor this requires a minimum flux of minority carriers 
(holes) to the surface, i.e. a minimum light intensity. While the general form of the 
voltammograms for n-type SiC at high light intensities and p-type SiC in the dark are 
similar, there is a striking difference. In the n-type case, the current density 
corresponding to the prepassive range and the second peak is more than a factor of 3 
higher than that found for the p-type electrode. This difference can be explained by the 
surface area increase due to porous etching in the onset of the voltammogram. Van de 
Lagemaat et al showed that the photocurrent quantum efficiency of n-type SiC could 
be increased significantly by porous etching [32]. 
 Passivation of SiC requires a critical current density, which depends on fluoride 
concentration and hydrodynamics. For example, on increasing the electrode rotation 
rate from 100 to 3000 rpm for 50% light intensity and 0.033 M fluoride solution, the 
characteristic shape of the voltammogram corresponding to passivation (Fig. 8) is lost; 
the semiconductor becomes porous after the first current density-potential scan. A 2 
μm thick macroporous layer is obtained with pore diameters varying between 50 and 
150 nm (Fig. 9a).  
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Fig. 9: SEM images of (a) a macroporous n-type 4H-SiC layer obtained after a 
potential scan (1.5-4.5V at 10 mV/s) in 33 mM fluoride solution (pH 3). The electrode 
was rotated at 3000 rpm. A top view is shown and a cross section (inset) of the porous 
layer. The scale bars indicate 500 nm and 2 micron, respectively. (b) Anodic oxide 
grown on n-type 6H-SiC in a 3.3 mM fluoride solution of pH 3 under illumination. 
The SEM image was taken after a potential scan from -0.5V to 3V at a scan rate of 10 
mV/s. The scale bar indicated is 2 micron. 
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On the other hand, at low fluoride concentration (0.0033 M) porous etching is 
negligible; instead, a micron-thick oxide layer is formed. A cross-section of the layer 
is shown in Fig. 9b. During cleaving, the oxide detached from the substrate and 
fractured. It is clear that a flat, coherent layer has been formed with a thickness of 
about 1.4 μm. Both crystallographic orientations of n-type SiC, Si and C face, become 
porous in fluoride solution [33]. Surprisingly, etching of the Si-face of p-type SiC in 
the onset of the current density does not result in a porous layer. Only the carbon face 
of p-type SiC substrates can be made porous [9]. The reason for this striking 
difference between the two crystallographic orientations is unclear. 
 For pore formation, pore nucleation and pore propagation are important. The 
mechanism for pore propagation is very likely similar to that of Si, where electric field 
lines are concentrated at the pore tips and diffusion of charge carriers from the bulk 
substrate to the porous layer are assumed to result in preferential etching at the pore 
fronts [34, 35]. Shiskin and coworkers showed that for C-face n-type SiC, pore 
nucleation is favoured by damage created by mechanical polishing [9].  
 
 
2.4 Conclusions 
 
  
There are two main differences in the electrochemistry of SiC and Si in acidic fluoride 
solution. First, much higher anodic current densities are required to form oxide on the 
compound semiconductor. As a result, etch rates are high and mass transport in 
solution is more important for SiC. Second, the oxide formed at positive potential is 
much thicker for SiC than for Si and results in a more pronounced hysteresis in the 
cyclic voltammogram of the compound semiconductor. The Si face of p-type SiC 
etches uniformly and polishing can be achieved, while the surface finish of photo-
anodically etched n-type electrodes depends strongly on the experimental conditions.  
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Chapter 3 
 
Electrochemical growth of micron-

thick oxide on SiC in acidic fluoride 

solution  
 
 
 
 
 
 
 
 
 
 
 
 
 
Anodic polarization of SiC in dilute fluoride solution of pH 3 gives rise to the growth 
of a micron-thick surface layer, clearly visible with scanning electron microscopy. The 
reaction occurs at p-type SiC in the dark and at n-type SiC under (supra-)bandgap 
illumination. The surface layer was shown by Rutherford Backscattering Spectrometry 
(RBS) to consist of SiO2. Elastic Recoil Detection (ERD) indicated only a low level of 
carbon and fluoride in the layer but a considerable content of hydrogen. The growth 
kinetics were characterized in-situ by electrical impedance spectroscopy and spectro-
scopic ellipsometry. The results suggest the formation of a duplex layer: a thin inner 
"dry" oxide and a thick hydrated outer oxide. The latter must have a considerable 
degree of porosity to allow diffusion/migration of reactants and products during oxide 
growth.  
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3.1 Introduction 
 
 
In order to dissolve SiC electrochemically, one must, as in the case of Si, limit 
passivation caused by oxide growth. This implies the use of electrolyte solutions in 
which SiO2 shows a considerable solubility. In Chapter 5 we describe the anodic 
etching of p-type and n-type SiC in KOH solution. There is already a considerable 
literature on the electrochemistry of SiC in acidic fluoride solution. The emphasis has 
been on the (photo)electrochemical dissolution, including porous etching [1-6]. Most 
of the work has been performed at rather high fluoride concentration, at current 
densities for which oxide formation is not significant. Strikingly, under similar 
conditions anodic oxide is formed on Si [7, 8].  
 The current-potential characteristics of p-type Si (and n-type Si illuminated at 
relatively high light intensity) in acidic fluoride solution show three main ranges. In 
the onset of the current, the surface is hydrogen terminated and porous etching occurs. 
At more positive potential, a peak in the voltammogram followed by a plateau 
indicates a change in surface chemistry. The hydride is converted to hydroxide and an 
oxide grows; the semiconductor is electropolished in this range. The appearance of a 
second peak is due to the growth of a complex oxide. This has been the subject of 
considerable study, especially since it gives rise to interesting current oscillations [9-
11]. Electrical impedance shows the presence of a thin barrier oxide (3 nm), while 
ellipsometry reveals a thicker oxide (up to 30 nm). Bailes and co-workers distinguish 
an inner layer of "dry" oxide and a thicker outer layer of hydrated oxide [12]. In situ 
infra-red spectroscopic measurements confirm the complexity of the surface oxide 
[13].  
 In chapter 2 we showed that at lower fluoride concentration there is a similarity in 
the electrochemistry of Si and SiC [14]. In this chapter we focus on the potential range 
in which a complex oxide is formed. In situ electrochemical measurements 
(voltammetry and electrical impedance) were supported by in situ spectroscopic 
ellipsometric experiments. In addition, the surface layer formed was studied ex situ by 
scanning electron microscopy (SEM), Rutherford Backscattering Spectrometry (RBS) 
and Elastic Recoil Detection (ERD). We found that extremely thick, coherent oxide 
layers (up to 5 μm) can be grown on SiC in dilute fluoride solution. Relatively high 
anodic current densities are observed, indicating a high permeability of ions and water 
in the oxide. This suggests porosity at the molecular level. We speculate on the 
mechanism of oxide formation. 
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 There have been previous reports of anodic oxide growth on SiC. Lauermann et al. 
[15] describe the formation of a thick white layer of silicon oxides on p-type SiC (in 
the dark) and n-type SiC (under illumination) after prolonged current flow in H2SO4 
solution. The layer readily dissolved in HF solution. Gaseous products, CO and CO2, 
were formed during oxidation. Shor et al. [4] also observed oxide formation on UV-
laser illumination of n-type β-SiC. The layer was 20 nm thick and had a low carbon 
content (< 3%). They describe the oxide as “non passivating” suggesting that it was 
sufficiently “porous” to allow the electrolyte to stay in contact with the semiconductor 
surface. Rysy et al. [16], in an appendix to a paper on the electrochemical etching of 
SiC, describe the growth of micron-thick SiO2 on n-type 6H-SiC, under illumination 
in 0.2 M HCl solution at positive potential. RBS and profilometry were used to 
characterize the oxide. The surface of the oxide was rough and showed cracks, 
attributed by the authors to volume expansion of the layer. Oxide growth on SiC in 
solutions of H2SO4 and HCl is not unexpected (the oxide solubility is low), although 
the extremely thick layer reported by Rysy et al. is surprising. The growth of equally 
thick oxide on SiC in acidic fluoride solution may, on the basis of a comparison with 
Si, be considered even more surprising.    
  
 
3.2 Experimental 
 
 
Single crystal p-type 4H-SiC and n-type 4H and 6H-SiC wafers were obtained from 
Cree (United States). The p-type wafer was oriented 8° off-axis, aluminium doped and 
had a resistivity of 3.86 Ω.cm. The n-type wafers were on axis, nitrogen doped and 
had a resistivity of 0.06-0.07 Ω.cm. All wafers used in this study were Si terminated. 
A circular exposured area was defined on the samples using a Si3N4 mask. The 
diameter of the opening was 2 mm. Ohmic contacts to the p-type SiC were made by 
evaporating a 300 nm thick layer of Al/Ta/Au on the back side of the wafer. The 
metallized wafer was subsequently annealed at 850 °C for 10 minutes. The n-type 
wafers were contacted by depositing a 300 nm Ti/Au layer followed by a 1 second 
annealing step at 1000 °C. 
 The electrolyte solutions were prepared from analytical grade solutions and 
deionised water (Millipore 18 MΩ.cm). The fluoride solutions were buffered at a pH 
of 3 with NH4F and HF, a procedure developed by Chazalviel and coworkers [7, 8, 
17]. The pH was determined using coloured pH indicators and the ionic strength of the 
solution was kept constant at 1 M by addition of NH4Cl. 
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Measurements were performed in a conventional three-electrode cell with a 
platinum counter electrode and a saturated calomel electrode (SCE) as a reference; 
potentials are given with respect to SCE. In order to prevent attack by the etchant, the 
reference electrode was placed in a separate compartment connected to the main cell 
via a salt bridge. A potentiostat (EG&G Princeton Applied Research, PAR-273-A) 
computer-controlled by LabVIEW was used to measure the current-potential curves. 
In order to study the influence of mass transport on the system, the samples were 
mounted as a rotating disk electrode (RDE). During the measurements, the 
temperature was kept at a constant value of 21 ± 0.5 °C. Oxide layers on n-type SiC 
were grown in 3.3 mM fluoride solution (pH 3) at a constant potential of 4V under 
illumination from a 450W Hg/Xe arc lamp (Oriel 66924).  

Electrochemical impedance measurements were performed with a Schlumberger SI 
1255 HF frequency response analyzer, computer-controlled by LabVIEW in the range 
50 Hz – 50 kHz at various DC bias potentials and a 10 mV ac perturbation signal. The 
spectra were analyzed using the Equivalent Circuit software package developed by 
B.A. Boukamp. 
 For the optical experiments, a Woollam Variable Angle Spectroscopic Ellipsometer 
(VASE) system was used. Measurements were performed either at a fixed photon 
energy of 2.5eV or as a function of photon energy in the range 1.5-4.5 eV. The 
advantage of the former is that it allows more rapid measurement, typically 80 
samples per minute. Spectral measurements are considerably slower; typically, a step 
size of 0.1 eV is used, which gives approximately 8 spectra every 10 minutes. 
 For the in situ ellipsometry measurements a dedicated electrochemical cell was 
used. Optical access to the sample, mounted within one side of the cell by means of 
removable sample holders, was achieved through two windows at a fixed angle of 
incidence of θ=63°, close to the Brewster angle of SiC in contact with an aqueous 
solution. A third window allowed alignment of the sample at normal incidence and 
visual inspection of the sample during in situ experiments. During the alignment of the 
sample and cell at the fixed angle of incidence, care was taken to ensure that the light 
passed both windows (incident and exit) at normal incidence to prevent any 
polarization effects. 

In reflection ellipsometry, the change of the polarization state of linearly polarized 
light is measured upon reflection at an interface. The complex reflection coefficient ρ 
is defined as  
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where rp and rs are the reflection coefficients for the parallel and perpendicular 
polarizations, respectively. Historically, the quantity ρ is expressed in two angles Ψ 
and Δ [18]. Although the actual ellipsometry measurement is relatively simple, the 
analysis of the results is often complicated. Generally an accurate model is required 
for the system under investigation, which enables simulation or fitting of the results. 
Unfortunately, we were not able to adequately describe the optical characteristics of 
SiC in contact with the aqueous electrolyte using a straightforward model. As we were 
primarily interested in the formation and dissolution of the interfacial dielectric layer 
at the interface of the SiC and the aqueous solution, which we found to consist of 
SiO2, we chose a simple procedure to estimate film thickness from the ellipsometry 
spectra. The film thickness d was such that the spectra exhibited oscillations as a 
function of photon energy due to interference of light reflected from the film/substrate 
and the liquid/film interfaces. The path length difference of light reflected at these 
interfaces amounts to 2ndcos(β), where n is the dielectric constant of the film, relative 
to that of the liquid in contact with it: n = nfilm/nwater. The angle β of the light beam in 
the film is related to the angle of incidence via Snell’s law nwatersin(θ) = nfilmsin(β). For 
constructive interference to occur, the optical path length should be equal to a whole 
number of wavelengths, while destructive interference occurs when the path lengths 
differ by half a wavelength. A plot of the energy positions of subsequent maxima (or 
minima) yields a straight line. The slope is inversely proportional to the thickness of 
the film. 

The ion beam analysis techniques Rutherford backscattering spectrometry (RBS) 
and elastic recoil detection (ERD) have been applied to determine the composition of 
the films as well as the atomic areal density in at/cm2. Both techniques are based on 
binary elastic collisions and employ ion beams with an energy in the order of 1 MeV 
per nucleus. RBS was used to determine the O/Si ratio and the areal density of the 
oxide layers and uses light projectiles, in this case 2 MeV He+ ions, that are incident 
on the sample. The energy of ions (back)scattered over an angle of 170o was analyzed 
by a solid state detector. ERD was used to determine the hydrogen concentration and 
upper limits for the carbon and fluorine concentration in the oxide layers and is more 
or less complementary to RBS; here, heavy ions (50 MeV Cu8+ ) are used and atoms 
recoiled from the target are detected under a forward angle of 30o. For the detection 
and identification of the recoiled particles a gas-filled ∆E-E ionization chamber was 
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used, equipped with a solid state stop-detector for the detection of hydrogen recoils. 
Both techniques give depth-resolved compositional information, based on the stopping 
power that both the incoming and the outgoing ions experience during their traverse 
through the sample. The stopping power is caused by interactions with the electronic 
system of the sample material. By combining RBS and ERD, quantitative 
determination of the composition and atomic areal density is obtained.  

 
 

3.3 Results and discussion  
 
 
3.3.1 Electrochemistry 
 
Fig. 1 shows cyclic voltammograms for p-type 4H-SiC in a 0.033 M fluoride solution 
at pH 3. The potential was scanned at 10 mV/s from 1.5 V to 4.5 V and back, at 
various rotation rates. In the range in which the current density increases exponentially 
with potential the main reaction occurring is the anodic dissolution of the 
semiconductor. This requires 6 holes per formula unit [2, 16, 19] (see also Chapter 2): 
 
SiC + H2O + 6HF + 6h+ → SiF6

2- + CO + 8H+             (2) 
 
and there is some contribution from an 8-hole reaction giving CO2, instead of CO. In 
both cases the Si is expected to dissolve as the hexafluoride complex. The occurrence 
of the first current peak, followed by a plateau, (also seen for Si) signals a change in 
surface chemistry from an oxide-free to a (partly) blocked surface. SiC is also 
dissolved in this range. As for Si, a second peak is observed at higher rotation rate 
followed by a sharp drop in current, suggesting the formation of an oxide (see below); 
 
SiC + 3H2O + 6h+ → SiO2 + CO + 6H+              (3) 
 
Gas evolution is observed in the whole potential range. 
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Fig. 1: Current density-potential plots for p-type 4H-SiC in 0.033 M fluoride solution 
(pH 3) recorded at various rotation rates and a scan rate of 10mV/s.  
 
 
 The rotation rate of the electrode strongly influences the current density in the 
range between the first peak and the current maximum but it also has some effect in 
the oxide-forming range at more positive potential. The potential-scan rate is 
especially important in the latter range (Fig. 2) indicating that oxide formation is 
relatively slow. The presence of oxide on the surface explains the severe hysteresis 
observed in the return scan of the voltammograms of Fig. 1. Anodic oxide is expected 
to dissolve chemically in acidic fluoride solution [7, 20, 21]  
 
SiO2 + 6HF → SiF6

2- + 2H2O + 2H+                 (4) 
 
SiO2 + 3HF2

- + H+ → SiF6
2- + 2H2O                (5) 
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Clearly, for the conditions of Figs. 1 and 2 the rate of such dissolution is low 
compared to the rate of anodic oxide formation. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Influence of potential scan rate on the current density-potential plot for p-type 
4H-SiC in 0.033 M fluoride solution (pH 3).  
 
 

While there are obvious similarities in the anodic electrochemistry of Si and SiC 
there are also a number or striking differences. The current density required to form 
oxide on SiC is a factor of at least 20 larger than that for Si. We suggest that this is 
related to the presence of carbon in the lattice of the compound semiconductor. Si-C 
bonds must be broken and the oxidized C must leave the lattice (as CO or CO2) before 
Si-O-Si bridges can be formed [22]. The mass transport dependence of anodic 
dissolution rates is much stronger for SiC than for Si at lower fluoride concentrations. 
This is not surprising; under these conditions the surface reaction rate of SiC is much 
higher. Finally, the hysteresis observed in the reverse scan is much more pronounced 
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for SiC. This suggests a difference in the oxide (either kind of oxide and/or its 
thickness). 
  For n-type 4H and 6H-SiC illuminated with (supra-)bandgap light at high light 
intensity, voltammograms were measured similar in form to those shown in Fig. 1 for 
p-type SiC in the dark (Chapter 2). Clearly, in this case oxide is also formed at positive 
potential and the oxide causes hysteresis in the return scan of the voltammogram. 
 
 
3.3.2 In-situ ellipsometry 
 
Ellipsometry measurements were performed under potentiodynamic control to monitor 
the thickness changes of the passivating layer on SiC substrates in fluoride solution. 
The result of a typical experiment is shown in Fig. 3. The potential was scanned from 
1.5V to 4.5V and back to 1.5V at a fixed scan rate of 2 mV/s in 0.033 M fluoride 
solution (pH 3). The solution was not stirred. For convenience, the potential axis is 
converted to a time scale. Ellipsometric angles Ψ and Δ, measured simultaneously, are 
shown in Fig. 3 (b). In the forward potential scan, the current density increases after 
3.3 minutes (1.75V) and a small peak is observed in the current-time plot with a 
current density of about 1.5 mA/cm2. During this initial current feature, no optical 
changes are observed, indicating that no significant oxide growth occurs. The 
subsequent current rise after 8.3 minutes (2.50V) is accompanied by a marked change 
of both Ψ and Δ, indicating a major change at the electrode surface. The current 
density peaks at approximately 15 minutes (3.18V) and subsequently decreases 
gradually, which indicates the formation of a passivating layer on the electrode 
surface. The optical signals exhibit relatively rapid oscillations (Fig. 3b), which we 
ascribe to the thickness increase of the layer. Interference of light reflected at the 
solution-oxide and at the oxide-substrate interfaces gives rise to maxima and minima. 
Qualitatively, the time difference between two subsequent maxima (or minima) 
corresponds to an increase (or a decrease) of the thickness by approximately the 
wavelength of the light. When the scan direction is reversed at 25 minutes (4.5V), the 
current decreases slowly, then more rapidly and vanishes at the end of the scan (at 50 
minutes). After the current maximum, the time separation between optical extremes 
becomes larger, indicating a slower change in oxide thickness. Most pronounced is the 
observation that long after the potential scan is finished, the oscillations persist, 
indicating that the thickness of the oxide layer is still changing. The observed decrease 
of Ψ and Δ values at the maxima and minima is ascribed to a roughening of the 
surface; indeed, visual inspection of the electrode after prolonged scanning reveals 
significant diffuse scattering due to surface roughness with length ranges in the order 
of the wavelength of the light. 
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Fig. 3: (a) Current density as a function of time for a potential scan from 1.5V to 4.5V 
and back to 1.5V in a 0.033 M fluoride solution of pH 3. The potential was scanned at 
a rate of 2 mV/s. The thickness of the passive layer on the SiC substrate, as 
determined from ellipsometry spectra, is also shown as a function of time. (b) The 
time-dependence of the ellipsometric parameters Ψ and Δ was obtained at fixed 
photon energy of 2.5eV. Note that the potential scan is delayed by 60 seconds with 
respect to that of the ellipsometric measurement. 

(a) 

4.5V 

(b) 
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Fig. 4: Time-dependent ellipsometry measurement showing Ψ spectra for a potential 
scan from 1.5V to 4.5V and back to 1.5V at a scan rate of 2mV/sec (see also Fig. 3). 
The current density-time plot is also shown.  
 
 
 In Fig. 4, a contour plot is shown of the ellipsometric Ψ spectra as a function of 
time. The measured current (see also Fig. 3) is shown as a reference. During the first 
8.3 minutes no optical change occurs, as already observed in Fig. 3. After this time, Ψ 
(and Δ, not shown) shows changes over the entire spectral range. The spectra start to 
exhibit oscillations as a function of photon energy, revealing the formation of a film 
with thickness in the order of the wavelength of the light. The energy positions of the 
maxima and minima can be used to determine the thickness, as described in the 
experimental section. The refractive index of the film is taken to be that of SiO2, 
nfilm=1.47. (Note: with a porosity of 10%, the refractive index will vary by ~1%.) The 
calculated thickness is plotted as a function of time in Fig. 3(a). As already concluded 
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above, an oxide layer only starts to grow when the current increases beyond the first 
current peak. This first anodic peak can therefore be ascribed solely to the dissolution 
of SiC. After the current maximum, the current density decreases but the oxide 
thickness continues to increase, as can be expected since charge is still being 
transferred across the solid-solution interface. Even after the potential scan direction is 
reversed, the oxide continues to grow, until a maximum thickness of 3 μm is reached 
at approximately 38 minutes; this is remarkably large considering the rather large 
current passing through this layer. The thickness maximum in Fig. 3 corresponds to a 
shoulder in the current density-time plot during the reverse scan, after which the 
current density starts to decrease more rapidly to zero. After the maximum, the oxide 
thickness decreases at an approximately constant rate of 36 nm/min. This very high 
etch rate compared to that of dense thermal SiO2 [12, 20], indicates that the 
passivating layer dissolves much more easily, and must be considerably less compact. 
The etching of the passivating layer continues after the end of the potential scan, when 
the electrode is again at open circuit. Experiments at different fluoride concentrations 
confirm that the etch rate depends on the solution composition (at pH 3). For example, 
when we increased the fluoride concentration from 0.033 M to 0.1 M, the etch rate 
increased by a factor of 4.4.  
 Forced convection in the cell also leads to an increase of the etch rate, indicating 
that dissolution is, at least partly, diffusion controlled. This is shown in Fig.5. Stirring 
is achieved by inserting a stirring device into the cell; care was taken that the optical 
beam still passed unhindered through the cell. The situation in the absence of 
convection was already discussed. In this case, the ellipsometric parameters exhibit 7 
maxima. The first 3 maxima are due to increase of the oxide thickness, while the last, 
more widely separated in time, are due to dissolution of the oxide. The transition from 
growth to dissolution occurs during the fourth maximum. Increasing the convection in 
the cell gives rise to a number of changes. The time difference between the initial 
maxima increases slightly, indicating a slower overall oxide growth rate. The current 
densities are approximately the same, giving similar growth rates, but due to the 
enhanced mass transport etching is enhanced and the overall increase of the oxide 
thickness is slower. During dissolution, the maxima of the optical parameters are 
closer together indicating a faster dissolution rate of the oxide, which is again in 
agreement with the enhanced mass transport due to more effective convection. Finally, 
the time at which the initial, oxide-free surface is regained is also reduced for larger 
stirring rates, again in agreement with the above.  
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Fig. 5: Influence of mass transport on the thickness evolution of the oxide layer in a 
0.033M fluoride solution (pH 3). The current density, shown in the top panel, during a 
potential scan from 1.5V to 4.5V and back to 1.5V at 2 mV/s was measured in the 
absence of convection (black line), and under forced convection (red, magenta lines). 
The bottom three panels show the time-dependence of the ellipsometric parameters Ψ 
and Δ for different flow conditions.  

4.5V 
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During the entire oxidation process there is a competition between electrochemical 
growth and chemical etching of the oxide. The latter depends on the fluoride 
concentration and mass transport, while the former is determined by the anodic current 
density. This simple assumption accounts for the observations in Figs. 3 and 4. As 
soon as the oxide starts to grow after 8.3 minutes, it is also etched back. As long as the 
growth rate is larger than the etch rate, the overall thickness increases. Only when the 
anodic current becomes smaller than the etch rate (at approximately 38 minutes) does 
the constant etch rate ‘win’, giving rise to a decrease of the layer thickness. 
 

 
Fig. 6. Thickness evolution (symbols), as determined from ellipsometry spectra, and 
simultaneously measured current density, after the potential was stepped from open 
circuit to 4.5V. Measurements were performed in 0.033 M and 100mM aqueous 
fluoride solutions of pH 3. 
 
 



Electrochemical growth of micron-thick oxide on SiC in acidic fluoride solution  
 

71 

 Considering this simple model, we expect that stepping the potential from the open 
circuit value to a fixed potential at which the passivating layer is formed will 
eventually lead to a steady-state situation, in which the growth of the layer is counter-
balanced by an equally large etch rate. In this case we expect a higher etchant 
concentration to give a larger stationary anodic current. Also, using similar arguments, 
the steady-state thickness of the layer is expected to be larger for a lower 
concentration of etching species. The results of two experiments are shown in Fig. 6, 
for a p-type electrode in 0.033 M and 0.10 M fluoride solutions at pH 3. After the 
potential is stepped from open circuit to 4.5V, a relatively large current is initially 
measured; this decreases rapidly in agreement with the passivating character of the 
oxide. As expected, the higher fluoride concentration indeed leads to a more rapid 
saturation of the anodic current at a value higher than that for the lower concentration. 
Accordingly, in solution with a higher HF concentration the larger etch rate leads to a 
slower increase of the layer thickness, and also to a lower steady-state thickness of 1.5 
μm. Surprisingly, in the experiments in 33mM fluoride solution, a constant thickness 
was not reached in the time scale of the experiment. Oxide layers up to 4.3 μm thick 
have been observed after 54 minutes of oxidation (Fig. 6), and thicker layers are 
possible. It is interesting to note that this oxide thickness is more than 2 orders of 
magnitude larger than that obtained on Si under comparable conditions [12]. As 
described above, prolonged oxidation eventually leads to an optically rough SiC 
surface, thereby inhibiting ellipsometry measurements.  
 The growth of thick oxide layers on n-type SiC illuminated at high light intensity 
was confirmed by ellipsometry (see also section 2.3.2). 
 
 
3.3.3 Ex-situ observation/SEM, RBS and ERD 
 
The surface layers grown on p-type SiC in the dark and on n-type SiC under 
illumination were examined with SEM. A cross-section view of layers on an n-type 
electrode is shown in Fig. 7. During cleaving, the oxide detached from the substrate 
and fractured. It is clear that a flat, coherent film has been formed with a thickness of 
about 1.3 µm. A similar result was found for the p-type electrode oxidized in the dark, 
confirming the ellipsometric result that thick oxide layers are formed anodically. 
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Fig. 7: Side view of one anodic oxide layer grown on n-type 6H-SiC in a 3.3 mM 
fluoride solution of pH 3 under illumination.  
 

 
Fig. 8: RBS spectrum of an anodic oxide layer grown on p-type 4H-SiC. The solid line 
represents a simulation of a layer with a O/Si ratio of 2.3 and an areal density of 7370 
x 1015 Si+O at/cm2 on SiC. The energies corresponding to the surface for carbon, 
oxygen, fluorine and silicon are indicated, as well as the energy at which the Si 
concentration increases as a function of depth due to the interface with the substrate.  
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 Fig. 8 shows the RBS spectrum of an anodic oxide layer on p-type 4H-SiC. The 
RUMP simulation reveals a layer with an O/Si ratio of 2.3 ± 0.05 and with a total of 
7370 x 1015 silicon and oxygen atoms per cm2. Since hydrogen atoms are lighter than 
the He projectiles, they cannot be detected by RBS. RBS is also not suitable to detect 
low concentrations of C and F since their contribution to the spectrum will be 
concealed by the huge Si and O features. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: ERD spectrum of an anodic oxide layer measured with the ∆E-E ionization 
chamber. Indicated are the positions where features corresponding with relevant 
elements are expected. The probing depth for C, O and F is about 0.5 micron (a). The 
hydrogen spectrum is shown in b.  
 
 
 Fig. 9a shows an example of an ERD ∆E-E spectrum measured with the ionization 
chamber. Clearly visible is a carbon signal which most likely does not originate from 
the oxide layer itself, but from Cu ions that accidently hit carbon containing material 
surrounding it. Therefore we interpret the carbon concentration of ~0.1 at% 
corresponding to this spectrum as an upper limit for the actual carbon concentration in 
the oxide. The sensitivity for F is limited by the incomplete separation between O and 
F features. Also here we have to present an upper limit which amounts to 0.05 at%. 
The hydrogen spectrum, measured with the stop detector at the rear end of the 

(a) (b) 
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ionization chamber is depicted in Fig. 9b. The hydrogen concentration in all oxide 
layers amounted to values of about 10 at%. The detection of a considerable amount of 
hydrogen in the layer together with excess oxygen indicates the presence of strongly 
bound water. Weakly bound water will be removed during the RBS/ERD measure-
ments. 
 
 
3.3.4 Impedance spectroscopy 
 

The electrical impedance of a stationary p-type SiC electrode in 0.033 M fluoride 
solution of pH 3 was measured in the potential range beyond the current maximum in 
the voltammogram. Results in the form of Nyquist plots are shown in Fig. 10a for 
various times after the potential was stepped from open circuit to 3.5V. The imaginary 
component of the impedance Z" is plotted as a function of the real component Z' for 
frequencies ranging from 50 Hz to 50 kHz. A somewhat flattened "semicircle" 
compromising at least two contributions is observed for all four times shown. The 
radius of the semicircle increases markedly from about 3500 Ω to 11500 Ω in 56 
minutes. Fig. 10b shows the effect of electrode rotation rate on the impedance plots 
measured at 4V (5 minutes after the potential was applied). Clearly, as the rotation rate 
is increased, the semicircle shrinks: the radius decreases from 8500 Ω at 0 rpm to 3300 
Ω at 3000 rpm.  
 The high-frequency results could be fitted reasonably well by a combination of a 
resistance (R0) in series with a parallel resistance /capacitance (R1/C1) circuit. The 
series resistance, which can be attributed to the bulk semiconductor, the Ohmic 
contact and the electrolyte, is in all cases quite low (R0 ≈ 15Ω). Since the capacitance 
C1 is close to that found for the anodic "dry" oxide on Si [12, 21, 23],                                
it seems likely that the high frequency impedance observed here for SiC is due to 
barrier oxide formation. The oxide thickness can be calculated from the capacitance 
 

1C
Afd oox

Rox
εε

=                      (6) 

 

where ε is the dielectric constant of the layer, A is the electrode area, ƒR a roughness 
factor and ε0 the permittivity of vacuum. Using a value for ε = 5.2 (typical of anodic 
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silicon dioxide [24]) and ƒR = 1, we estimate from the results shown in Fig. 10 a 
thickness range of 6 to 9 nm. (These values are approximately a factor of 2 larger than 
those reported by Bailes and co workers for Si [12].)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10: Impedance spectra (Nyquist plots) were recorded for p-type 4H-SiC in 0.033 
M fluoride solution (pH 3) in the regime of oxide formation. A frequency range of 50 
Hz to 50 kHz was used. (a) The spectra were recorded at a constant potential of 3.5V 
and followed in time. (b) The electrode rotation rate was varied at a constant potential 
of 4V.  
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From Fig. 10 it is clear that at lower frequency another contribution to the impedance 
must be considered. The complete spectra could be fitted satisfactorily by a simple 
R0(R1/Q1)(R2/Q2) circuit (Fig. 11): a series connection of two parallel RQ circuits and 
a series resistance (Q is a constant phase element (CPE)). The series resistance is that 
described above. The value of the CPE exponent n for the "high frequency circuit" 
(R1/Q1) is 0.95, which is close to the value of 1 expected for a capacitance. This is 
clearly the R1/C1 contribution attributed to the barrier oxide. The value of n for Q2 
measured in the two experiments was markedly lower than 1 (an average of 0.85), 
indicating a considerable deviation from a capacitance. The value of Q2 was 
considerably larger than that of Q1 (by a factor of 20-30). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11: Impedance spectrum for p-type 4H-SiC in 0.033 M fluoride solution (pH 3) at 
4V and 1500 rpm (open circles). The spectrum was fitted (+) using a series connection 
of two parallel RQ circuits and a series resistance (see inset). 
  
 
 Fig. 12 shows the time dependence of Q1 (plotted as a capacitance C1) and R1, 
derived from the fit of the measured impedance values (see Fig. 10a). The resistance 
R1 increases from about 3000 Ω to 7000 Ω while the capacitance remains constant at 
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0.6 μF/cm2. This seems to indicate a constant film thickness (7.7 nm for ε = 5.2). 
However, the change in resistance suggests that the properties of the film are changing 
in time. The capacitance is determined by the ε/d ratio (eq. 6); the individual 
parameters may be changing synchronously. Somewhat similar results are observed 
for the circuit elements Q2 and R2: Q2 shows a decrease by about 30% in time while R2 
increases from 500 Ω at 5 minutes to 4700 Ω at 56 minutes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12: Time dependence of C1 and R1 derived from the fit of the measured 
impedance values (Fig. 10a).  
 
 
 Fig. 13 shows the influence of hydrodynamics on the parameters of the high 
frequency circuit; C1 increases and R1 decreases as the rotation rate is increased. This 
points to a decrease in the barrier layer thickness when mass transport is enhanced. 
Apart from a lower value at 0 rpm, Q2 remains essentially independent of rotation rate. 
Like R1, R2 decreases with increasing rotation rate (from 1200 Ω to 450 Ω). It is 
tempting to attribute this second circuit to the thick oxide seen in ellipsometry. In this 
case, R2 would correspond to the resistance of this "wet" oxide. The origin of the CPE 
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Q2 is not clear. Viewed as a capacitance, it has a value of the order of a Helmholtz 
capacitance (12-25 μF/cm2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13: Rotation rate dependence of C1 and R1 derived from the fit of the measured 
impedance values (Fig. 10a).  
 
 
3.3.5 Oxide growth mechanism 
 
The results of this study point to an oxide layer with a duplex structure, as already 
observed for Si: an inner compact barrier layer (seen in impedance) and a thick outer 
layer (ellipsometry, SEM, RBS). For SiC, the total oxide thickness can be extremely 
large (up to 5 μm). This is a factor of at least 1000 higher than for Si under 
corresponding conditions. The effect of hydrodynamics on the optical and impedance 
results provides evidence for a coupling of the two layers: enhanced mass transport 
decreases the steady-state total oxide thickness by enhancing the oxide etch rate while 
the impedance results show that the barrier oxide becomes thinner (C1 increases and 
R1 decreases) with increasing electrode rotation rate. There is evidence from 
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impedance measurements for a similar coupling of “dry” and “wet” anodic oxides in 
the case of Si [21]. 
 Formation of the "dry" oxide will be very likely driven by the electric field across 
the barrier layer. This reaction (see eq. 3) requires water molecules and releases 
protons (and oxidized carbon atoms). At the outer edge of the barrier layer dry oxide is 
converted to a wet (hydrated) oxide (Fig. 14). To maintain the reactions, protons must 
migrate and/or diffuse across the thick oxide to solution. Similarly, H2O molecules 
must diffuse from solution to the interface of the two oxides while the carbon product 
is transported in the opposite direction. The oxide dissolves chemically at the solution 
interface (see eq. 4 and 5). The results show that this reaction is (partly) mass-
transport controlled. The steady-state oxide thickness is determined by the rate of 
electrochemical formation and the rate of chemical etching of the oxide.  
 The location at which barrier layer formation occurs on metals and semiconductors 
depends on which ionic species migrates through the solid. If O2- (or OH-) ion 
migration is dominant, the layer grows at the substrate/oxide interface while cation 
migration will give film formation at the outer edge of the barrier layer (Fig. 14). For 
SiC one expects the former on the basis of the results for Si [25].  
 

 

 

 

 

 

 
Fig. 14: Schematic representation of the formation of a surface layer on SiC consisting 
of a barrier oxide (Oxbar) with, on top, a hydrated oxide (Oxhydr). 
  
 
 An intriguing aspect of these results is the rapid conversion of dry to wet oxide 
giving rise to micron-thick layers. What is involved in this reaction is not clear. It is 
unlikely that fluoride species are important. Very little fluoride is detected in the layer 
while the photoanodic experiments of Rysy et al. with n-type 4H-SiC in 0.2 M HCl 



Electrochemical growth of micron-thick oxide on SiC in acidic fluoride solution  
 

80 

solution shows that thick oxide growth is not restricted to fluoride medium [16]. 
Anodic oxidation of SiC produces protons, CO (see eq. 2) and CO2 whose 
concentration will build-up at the outer edge of the dry oxide. In the presence of H2O 
carbonate may be formed. These species may cause a chemical attack on the Si-O 
bonds [26, 27] which, combined with the presence of gas molecules, may lead to less 
dense oxide.  
 

  
Fig. 15: The solid squares show the measured oxide thickness as a function of growth 
time in 0.033 M fluoride solution at 4.5V (see Fig. 6). The solid lines give the 
thickness calculated on the basis of the charge passed for various values of oxidation 
valence and density. 
 
 
 The high oxidation rates observed for SiC electrodes covered with thick oxide 
imply a relatively high permeability for ions and molecules and, consequently, a 
degree of porosity. (Porosity could not be observed directly in our SEM experiments.) 
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One way to get an indication of the compactness of the outer oxide layer is to compare 
the "optical" thickness with that expected from the charge passed during oxide 
formation. The latter depends on the oxidation valence (the number of charge carriers 
required to oxidize one formula unit of SiC) and the density of the oxide. The 
oxidation valence is 4 in the case in which C in SiC is not oxidized, 6 for the case in 
which CO is formed and 8 for CO2. Fig. 15 shows a comparison of the measured 
thickness and that calculated for a valence of 4 and 6 at various oxide densities. The 
best fit was obtained for a valence of 6 or 7 and a density of 1.92 g/cm3 and 1.45 
g/cm3, respectively. This suggests a density considerably lower than that of compact 
thermal oxide (2.2 g/cm3). The quality of the oxide grown produced in this work 
seems to be superior to that of the oxide grown in HCl solution by Rysy et al. [16]. 
This may result from the fact that the oxide dissolves (slowly) in acidic fluoride 
solution at a rate (partly) determined by mass transport. This may have a levelling 
(polishing) effect on layer growth.   
 These results suggest that the porous layers formed on SiC might be interesting as 
semi-permeable membranes for microelectromechanical systems (MEMS). Free-
standing layers could be formed by complete anodic oxidation of thin SiC layers on 
Si. The membrane is released by anisotropic chemical etching of the Si substrate. A 
simple electrochemical method can be used to detect the point at which Si is 
completely removed [28]. This is necessary to prevent dissolution of the relatively 
reactive oxide layer.  
 
 
3.4 Conclusions 
 
 
Anodic polarization of 4H and 6H SiC in dilute fluorde solution at pH 3 gives rise to 
the growth of silicon dioxide layers with a thickness up to at least 5 μm. For the n-type 
semiconductor (supra-) bandgap illumination is required while oxidation of p-type SiC 
occurs in the dark. Clearly, valence-band holes are essential for the electrochemical 
reaction. Gas evolution is observed during layer growth. The oxide was characterized 
by SEM, RBS and ERD. Very little carbon was observed in the layer in ERD 
experiments. This supports the idea that carbon is oxidized to CO and CO2 which are 
removed from the layer by the high vacuum during the experiment. In-situ potential 
step, electrical impedance and spectroscopic ellipsometry measurements were used to 
study the kinetics of anodic growth and chemical dissolution of the oxide. The results 
indicate the formation of a duplex layer: a thin inner "dry" oxide film and a thick outer 
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porous layer of "hydrated" oxide (in analogy to anodic oxide on silicon). The results 
suggest that these layers are "coupled". Surprisingly, the oxide grown on SiC has a 
thickness more than two orders of magnitude larger than that formed on Si under 
comparable conditions. The oxide on SiC must be porous to allow transport of H+, 
H2O and CO/CO2 and thus account for the high current densities observed. The huge 
difference in oxide thickness on the two semiconductors is attributed to the presence 
of carbon in SiC: C must be removed from the lattice to allow oxide growth 
(formation of Si-O-Si bonds) while the presence of CO and CO2 is certain to influence 
the oxide morphology and transport properties.  
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Chapter 4 
 
Photoetching mechanisms of  

GaN in alkaline S2O8
2- solution 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A study of the electrochemistry of n-type GaN in alkaline peroxydisulphate (S2O8

2-) 
solution was used to explain the mechanism of photoetching of the semiconductor 
under open-circuit conditions. The observed enhancement of the photoetch rate as a 
result of platinum either directly on or in electrical contact with the semiconductor is 
shown to be mainly a photogalvanic effect. The factors determining the etching 
kinetics and surface morphology have been elucidated. 
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4.1 Introduction 
 
In 1996 Minsky and co-workers introduced a simple and effective method for 
photoetching n-type GaN [1]. The semiconductor, short-circuited to a Pt "counter 
electrode" in an alkaline solution, was illuminated with supra-bandgap light. This 
method was subsequently adopted by other groups [2-5]. Depending on the 
experimental conditions, photoetching could be used either to reveal defects (e.g. 
threading dislocations leading to characteristic needles) or to etch the surface 
uniformly. In an electrochemical study we have shown that the GaN-Pt system 
operates as a photogalvanic cell and that oxygen in solution plays an essential role [6]. 
Illumination generates electron-hole pairs in the semiconductor. The valence-band 
holes can either recombine with the electrons or cause oxidation and dissolution of the 
solid. In the latter case, the electrons pass to the counter electrode where they are used 
to reduce oxygen. To maintain electrical neutrality, the rate of the oxidation reaction at 
GaN must be equal to the rate of oxygen reduction at Pt. The kinetics of the reaction 
occurring at the counter electrode is therefore important as this determines the mixed 
potential of the system. In a potentiostatic experiment in which the potential of the 
semiconductor is fixed by an external source, e.g. a potentiostat, this is not the case 
[7].  
 A more recent development has involved the addition of a strong oxidizing agent, 
e.g. peroxydisulphate (S2O8

2-), to the alkaline etchant [8-11]. In 1999, Bardwell et al 
showed that the counter electrode could be dispensed with in this solution by the use 
of a metal pattern on n-type MBE GaN [11]. Etch rates up to 50 nm/min were 
observed. This system was subsequently studied in more detail and a mechanism was 
proposed [9]. Apart from the usual steps required for photoetching of a semiconductor, 
the authors emphasize the importance of the peroxydisulphate radical-anion (SO4

-•) 
resulting from the decomposition of the S2O8

2-, either by photolysis or "catalytic 
decomposition" at the Pt. The SO4

-• species on reacting with water can produce a 
hydroxyl radical (OH•). These reactive radicals diffuse from the Pt to the bare GaN 
where they oxidize the semiconductor. A somewhat similar mechanism involving 
photochemical decomposition of S2O8

2- at the Pt was proposed by Rittenhouse et al. 
for the photoetching of SiC [12]. Diaz et al. showed that platinized GaN can be made 
porous by etching under UV illumination in a CH3OH/H2O/HF solution containing 
H2O2 [13, 14]. Peroxydisulphate (and hydroxyl) radicals are extremely reactive. It 
seems unlikely that they would survive transport over the distances required to explain 
the beneficial effects of the noble metal on photoetching in the studies described 
above. Our previous study of photoetching of n-type GaN in oxygenated aqueous 
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solution led us to suspect that photogalvanic effects might also be important for the 
peroxydisulphate system. In this paper we describe a photoelectrochemical study of 
the etching of GaN in alkaline solutions of S2O8

2-.  
 The electrochemistry of S2O8

2- has been investigated at various semiconductor 
electrodes. This two-electron acceptor belongs to a class of strong oxidizing agents, 
which at p-type electrodes cause photocurrent doubling [15]. The first step of the 
reduction requires a conduction band (CB) electron that is generated by a (supra-) 
bandgap photon: 
 
S2O8

2- + e-
(CB) → SO4

2- + SO4
-•                  (1) 

 
The SO4

-• radical anion is an extremely strong electron acceptor. It extracts an electron 
from the valence band (even of wide bandgap semiconductors); this is equivalent to 
hole "injection" into the valence band (VB):  
 
SO4

-• →  SO4
2- + h+

(VB)                   (2) 
 
Each photon gives rise to two holes (the primary and the injected hole) measured as 
photocurrent in the external circuit. At an n-type semiconductor, illumination is not 
required; reaction (1) occurs in the dark. In this case the injected hole (reaction (2)) 
can recombine radiatively with the majority carriers (CB electrons) to give electro-
luminescence (EL). Such processes have been observed with GaN and SiC [16-19]. 
Huygens et al. have shown that S2O8

2- is reduced electrochemically at epitaxial GaN in 
the dark in H2SO4 solution and that the reaction is kinetically favourable [18]. Hung 
and co-workers have observed visible (defect) luminescence from n-type epitaxial 
GaN in S2O8

2- at a pH of 2.7 [19]. Similar EL results were reported by Huygens et al 
for pH 4. These various results indicate that, as at other semiconductors, the reduction 
of S2O8

2- follows the two step mechanism (reaction 1 and 2).  
 In this chapter we use the results of an electrochemical study of n-type GaN in 
alkaline solutions of S2O8

2- as a basis for a consideration of the photoetching of the 
semiconductor. Three approaches are used: (i) photoanodic etching in which the 
potential of the semiconductor is fixed by a voltage source (potentiostat), (ii) 
photogalvanic etching in which the semiconductor is short-circuited to the counter 
electrode (no voltage source), (iii) electroless photoetching (without a counter 
electrode). In a separate paper we describe the results on the optimum S2O8

2-/KOH 
ratios for revealing defects and for pattern etching or polishing. The reliability of 
defect-selective etching in S2O8

2-/KOH solutions will be also considered [20]. 
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4.2 Experimental 
 
Commercial epitaxial GaN wafers were obtained from the Fraunhofer-Institut für 
Angewandte Festkörperphysik in Freiburg. The layers were 4 micron thick, Si-doped, 
and had a carrier concentration of ~1x1018/cm3. For the electroluminescence 
measurements, home-grown MOCVD epitaxial GaN layers were used with a carrier 
concentration of 1x1018/cm3 and a thickness in the range 2-5 μm. Ohmic contacts to 
the GaN were made by evaporating a Ti layer, 100 nm thick without any additional 
heat treatment. All the samples used in this study had a Ga-polar face. 
 Electrochemical measurements were performed in a three-electrode cell with a 
platinum counter electrode and a saturated calomel electrode (SCE) as reference. 
Potentials are given with respect to SCE. A potentiostat (PalmSens, PS-PDA1) 
controlled by PSLite was used to measure the current-potential curves in the dark and 
under illumination. The curves were recorded at a constant scan rate of 10 mV/s from 
negative to positive potential. The short-circuit experiments were conducted in a two-
compartment cell. In order to maintain charge balance, the compartments were 
connected by a porous glass frit. The current was measured with a HP 3458A 
multimeter controlled by Labview. The etched depth was determined with a surface 
profiler (Tencor Alpha-Step). The surface morphology was characterized with a 
scanning electron microscope (Philips XL 30 SFEG operated at 20 keV).  
 The light source used for the electrochemical experiments was a 450W Xenon 
lamp with a power supply (Oriel 66924). The UV light was focussed on the substrate 
after it had passed through a water filter.  
 For the electroluminescence experiments a 0.1 M K2S2O8 (p.a.), 0.1 M KOH 
solution was used. The spectra were recorded with a CCD camera (Acton Research 
Corporation, Spectra Pro-300i). 
 
 
4.3 Results and discussion 
 
 
4.3.1 Photoelectrochemistry and electroless photoetching of GaN 
 
Fig. 1, curve (a) shows a current density-potential plot of n-type GaN in 0.02 M KOH 
solution recorded in the dark. Diode characteristics are observed. Mott-Schottky 
measurements revealed that the flat-band potential (Ufb) is located at -1.4V [21]. 
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Figure 1: Current density-potential plots for n-type GaN in a 0.02M KOH solution 
recorded in the dark (a) and under illumination (b). After addition of 0.02M S2O8

2- 
curve (c) is obtained in the dark and curve (d) under illumination. The potential was 
scanned at a rate of 10 mV/s. The solution was not stirred. Ufb is the flat-band 
potential of GaN in KOH solution.  

 
 
At positive potentials (> -1.0V) corresponding to majority carrier depletion at the 
surface, no current is observed. For negative potentials, at which the electron 
concentration at the surface is high, two cathodic processes occur via the conduction 
band: the reduction of oxygen and the reduction of water: 
 
O2 + 2H2O + 4e- → 4OH-                   (3) 
 
2H2O + 2e- → H2 + OH-                    (4) 
 
Reaction (3) occurs in the potential range negative with respect to -1.0V and is 
controlled by mass transport of O2 molecules to the electrode surface. Stirring or 
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aerating the solution increases the current density in this range. Water reduction 
becomes dominant at potentials lower than -1.6V (reaction (4)).  
 When the electrode is illuminated (Fig. 1, curve (b)), no photocurrent is observed at 
potentials below -1.0V. In this range, the electric field of the depletion layer at the 
surface is not sufficiently strong to separate the electrons and holes; they recombine 
both in the bulk and at the surface. An increase in photocurrent is observed in the 
potential range of -1.0V to -0.5V; here partial spatial separation of the charge carriers 
occurs in the space-charge and diffusion layers. The electrons escape to the external 
circuit and are measured as current (they cause water reduction at the counter 
electrode). The holes driven to the surface are localized in surface bonds and cause 
dissolution of the semiconductor [6]: 
 
GaN + 6OH- + 3h+ → GaO3

3- + 3H2O + 1/2N2             (5)  
 
At moderate band bending, the electron concentration at the surface is still rather high 
and therefore  some recombination occurs, mainly via defect states. The crystal 
surrounding the defects is etched and the defects are revealed as hillocks [3]. At high 
positive potential, > -0.5V, the band bending is strong and the current density becomes 
independent of potential. As previously reported for GaAs (see section 1.7.2), Macht 
et al. found that the photocurrent in the strong band bending regime (i.e. > -0.5V) 
could be controlled either by OH- ions or holes (eq. 3) [6]. If the flux of OH- to the 
surface is larger than the flux of photogenerated holes (φOH > φp) then the limiting 
photocurrent shows a linear dependence on the light intensity. If, on the other hand, 
the hole flux to the surface is larger than the flux of OH- (φp > φOH) then the limiting 
photocurrent depends on the pH of the solution and the hydrodynamics of the system 
and is independent of light intensity. We found a similar trend in this work. (For 
corresponding results with SiC, see chapter 6.) When mass transport of OH- ion 
determines the kinetics, oxide formation can be expected [22]:  
 
2GaN + 6OH- + 6h+ → Ga2O3 + 3H2O + N2             (6) 
 
The gallium oxide dissolves chemically as gallate in the alkaline solution:  
 
Ga2O3 + 6OH- → 2GaO3

3- + 3H2O                (7) 
 
 The combination of mass-transport control and the presence of a surface oxide 
gives rise to polishing of the wafer [7]. When OH- is depleted at the surface, a 
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concentration gradient extends from the surface into the bulk of the solution. 
Normally, mass transport to protruding parts is enhanced which results in a levelling 
of the surface; this occurs when the thickness (δ) of the diffusion layer is of the same 
order of magnitude as the surface roughness. In unstirred solution, δ is several 
hundreds of microns, and therefore much larger than the surface roughness. Since the 
rate of photogeneration of holes is higher than the rate of their reaction at the surface, 
accumulation of positive charge occurs at the interface. The potential drops no longer 
occurs over the space charge layer, but instead over the oxide film (ΔUox) [23]. Small 
variations in oxide thickness, give rise to variations in ΔUox. Locally where ΔUox is 
largest, typically at protrusions, the dissolution rate is enhanced. Such local field- 
enhanced etching leads to a levelling of the surface. Macht et al. found that at higher 
pH, the limiting photocurrent at high light intensity became independent of the OH- 
concentration. This was not observed in the present work. The reason for this 
discrepancy is not clear. 
 Fig. 1, curve (c) shows a current density-potential plot of n-type GaN in 0.02M 
KOH/0.02M S2O8

2- solution recorded in the dark. Again, no current is observed at 
positive potential. While the onset of the cathodic reaction occurred at about -1.0V in 
KOH solution, we see that, after addition of S2O8

2-, the onset shifts to -0.8V. At this 
potential, S2O8

2- is reduced by conduction band electrons to form a sulphate ion and a 
peroxydisulphate radical (eq. 1). The more positive onset potential shows that the 
reduction of S2O8

2- is more favourable than that of O2 at GaN. From -1.2V to -1.7V, 
the current density is independent of potential and is determined by the S2O8

2- 
concentration and the hydrodynamics of the system. At potentials below -1.7V, water 
reduction becomes important.  
 That reduction of S2O8

2- involves hole injection (eq. 2) was shown by electro-
luminescence measurements. As previously found at low pH, electron-hole 
recombination gives rise to light emission in KOH/S2O8

2- solution. In Fig. 2, an 
electroluminescence (EL) spectrum is shown. Two emission bands are observed, a 
small peak at 363 nm (3.42 eV) and a large broad peak at 571 nm (2.17 eV). The 
former is attributed to band or exciton emission and the latter to defect emission, a 
shallow donor (ON) deep acceptor (VGa) transition [24]. A strong intensity modulation 
is observed in the defect emission due to interference arising from multiple internal 
reflection in the GaN epitaxial layer. This suggests that the epitaxial GaN layer acts as 
a Fabry-Perot cavity. The mode spacing in such a cavity depends on the layer 
thickness. During etching, the layer thickness could, therefore, be followed in situ by 
electroluminescence measurements. Strong cavity effects have also been observed for 
InGaN/GaN heterostructures on Si substrates [25].  
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Fig. 2: Electroluminescence spectrum of n-type GaN recorded in a 0.1M S2O8

2- of   pH 
13.  
 
 
 Fig. 1, curve (d) shows that the cathodic current density is not affected by 
illumination. On the other hand, the current in the anodic range is lower than that 
observed in curve (b). This is caused by absorption of high energy photons by S2O8

2- 
ions in solution. Absorption becomes significant at wavelengths below 300 nm and 
peaks at 218 nm.  
 From Fig. 1 it is clear that in S2O8

2- solution there is a common potential range in 
which anodic dissolution and cathodic reduction occur. This indicates that open-circuit 
photoetching of a non-metallized GaN film is, in principle, possible. At the open-
circuit potential (UOC) of the GaN electrode in KOH/S2O8

2- solution under illumination 
the rate of photoanodic dissolution is equal to the rate of cathodic reduction. From Fig. 
1 curve d it is clear that UOC is located at -0.9V (for comparison, the value of UOC in 
KOH solution is -1.0V). The etch rate for electroless photoetching is under kinetic 
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control, i.e. governed by the electron and hole dynamics at the interface, as schematic-
ally shown in Fig. 3 for an n-type electrode.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3: Schematic representation of the steps occurring during electroless photoetching 
of GaN in a KOH/S2O8

2- solution.  
 
 
On illumination, electron-hole pairs are generated (step 1). The photogenerated 
electrons can react with S2O8

2- to give SO4
2- and SO4

-• (step 2). Due to its extreme 
reactivity and low-lying acceptor levels, SO4

-• captures an electron from the valence 
band, i.e. it injects a hole (step 3). The valence band holes cause oxidation and 
dissolution of GaN (step 4). The gallate (GaO3

3-) product (eq. 5) is soluble in alkaline 
solution. Apart from reducing S2O8

2-ions, photogenerated electrons can recombine 
with valence-band holes directly or via defect states in the bandgap (step 5). Under 
steady-state conditions, the Fermi level EF and the band bending are determined by the 
electron balance and hole balance at the surface.  
 Bardwell and co-workers demonstrated open-circuit photoetching of SiO2-
patterned GaN substrates. They obtained low etch rates (in the order of several 
nm/min). The surface morphology was, however, poor [9, 26]. Hwang et al. [10] 
showed that by chopping the UV source an improved surface morphology is obtained.  
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 From Fig. 1 it is clear that this open-circuit photoetching system is rather critical. A 
slight shift of either the anodic or the cathodic curve in an unfavourable direction 
along the potential axis can greatly reduce the etch rate. Such a shift can be caused by 
poor kinetics or enhanced electron-hole recombination kinetics in the semiconductor 
[6]. The latter depends on dopant and defect density and can vary with sample.   
  
 
4.3.2 Photogalvanic etching of GaN  
 
The original motivation for the work of Bardwell et al [11] was to eliminate the 
counter electrode by adding a strong oxidizing agent (S2O8

2-) to the etchant (KOH) to 
scavenge the photogenerated electrons. Although open-circuit photoetching was 
observed, the etch rates were low (see above). They found that the etch rate could be 
increased by depositing a Pt mask on the GaN substrate [9]. This enhancement was 
attributed to radicals, formed by catalytic decomposition of the S2O8

2- ions at the noble 
metal, which subsequently oxidize the semiconductor. The enhanced etch rate could, 
however, be due to photogalvanic effects. To check this, we used a two-compartment 
cell in which the n-type GaN electrode was separated from the Pt counter electrode 
(left side of Fig. 4). No voltage source was used. This cell allowed us to study the 
influence of S2O8

2- on the anodic and cathodic reactions, independently.  
 With short-circuited electrodes and no Ohmic losses in the system, the Fermi level 
is constant (see band-energy diagram in Fig. 4). Upon illumination, electron-hole pairs 
are generated (step 1, Fig. 4). The electric field of the space charge layer causes 
electrons to pass via the external circuit to the Pt counter electrode where the reduction 
of S2O8

2- takes place (process 2). The electrons are measured as current. The holes are 
localized in surface bonds and are used for etching (process 3). Holes that recombine 
with electrons at or near the GaN surface (process 4) do not contribute to etching. In 
the steady state, the rate of GaN dissolution is equal to the rate of reduction occurring 
at the counter electrode.  
 Curve (a) of Fig. 4 shows a current-time plot recorded with 0.02M KOH solution 
(unstirred) in both compartments. The area of the GaN electrode was approximately 
0.09 cm2. No current is observed in the dark. Upon illumination, the current increases 
instantaneously and decays subsequently to a steady state value of about 0.1 mA after 
5 minutes. 



Photoetching mechanisms of GaN in alkaline S2O8
2- solution 95 

G
aN Pt

I
G
aN PtG
aN

G
aN Pt

I

EF

1

2

3

4

EF

1

2

3

4

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Schematic representation of a two-compartment photogalvanic cell and the 
corresponding band energy diagram (top). (a) The photocurrent-time plot was 
recorded with 0.02 M KOH solution in both compartments. When 0.02M S2O8

2- was 
added to the compartment of the Pt counter electrode (b), the photocurrent density 
increased. 
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The current is determined by mass transport of oxygen to the Pt surface and can be 
enhanced by stirring or increasing the area of the Pt counter electrode [6]. When 
0.02M S2O8

2- is added to the compartment of the counter electrode, the photocurrent 
increases by more than a factor of five (Fig.4, curve b). This is not observed when 
S2O8

2- is added to the compartment of the GaN electrode (in this case the current 
decreases due to light absorption by S2O8

2-). The enhancement of the current is a 
photogalvanic effect; the etch rate is determined by the rates of the anodic and the 
cathodic processes.  
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5: Curve (a) Current-potential plot for photoanodic dissolution of GaN in 0.02M 
KOH solution. Curve (b) shows the corresponding plot for reduction of S2O8

2- at a Pt 
electrode in a 0.02M KOH/0.02M S2O8

2- solution. When the surface area of the Pt is 
increased, the reduction current increases (Curve (c)). 
 
 
 The results shown in Fig. 4 can be understood on the basis of the electrode kinetics 
of the individual reactions. Fig. 5, curve (a) shows the current-potential curve of an 
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illuminated GaN electrode (1 cm2) in an unstirred 0.02 M KOH solution (see also 
curve (b), Fig. 1). Fig. 5, curve (b) shows the current-potential curve, measured 
independently, for a Pt electrode (1 cm2) in a 0.02 M KOH / 0.02 M S2O8

2- solution. 
The onset of current due to S2O8

2- reduction at Pt is at about -0.25V. After an 
exponential increase with decreasing potential, the current becomes constant as a 
result of mass-transport limitation of the oxidizing agent.  
 When the electrodes in the two compartments of the galvanic cell (Fig. 4) are 
short-circuited, a potential (USC1) is established at which the photoanodic current (due 
to dissolution of the semiconductor) is equal to the cathodic current (due to S2O8

2- 
reduction at Pt). This short-circuit potential is in the onset of the photoanodic curve. 
Curve (c) of Fig. 5 shows the effect of a 4 fold increase in the area of the Pt counter 
electrode. Because of the resulting increase in cathodic current the short-circuit 
potential shifts in the positive direction to USC2, which corresponds to the limiting 
photocurrent range. In the absence of S2O8

2- the short-circuit potential of the system is 
determined by oxygen reduction at the Pt (not shown). This value USC3 is considerably 
more negative than that measured with S2O8

2- in the counter electrode compartment. 
This is due to two effects; the low solubility of O2 in aqueous solution and the less 
favourable kinetics for oxygen reduction. 
  The results shown in Fig. 5 suggest that with the proper choice of experimental 
conditions the GaN surface finish can be controlled; the light intensity, OH- and S2O8

2-
 

concentrations, the GaN/Pt surface area ratio and the hydrodynamics determine the 
short-circuit potential and, thus, the mode of etching. We confirmed this experiment-
ally and the results are shown in Fig.6. The experiments were performed in a single 
compartment photogalvanic cell with a GaN:Pt surface area ratio of 1:8. Fig. 6a shows 
a SEM image of a patterned GaN surface which was etched for 20 minutes in an 
unstirred solution of 0.004M KOH/0.02M S2O8

2-. A smooth surface is obtained with a 
surface roughness comparable to that of an as-received sample (see inset). The etch 
rate is low (~3nm/min) and is under OH- mass transport control (φp > φOH), i.e. 
polishing conditions. Under diffusion control, the etch rate can be increased by either 
stirring or by increasing the KOH concentration. 
 Defects can be revealed in a stirred 0.02M KOH/0.02M S2O8

2- solution, for which 
the short-circuit potential is in the onset range (Fig. 6b). The defects are observed as 
whiskers and have an average diameter of 45 nm. Several groups have demonstrated 
that the whiskers are correlated to threading dislocations in the epitaxial GaN layer [3, 
27, 28].    
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Figure 6: (a) The polished surface is maintained after 20 minutes of etching in an 
unstirred solution of 0.004M KOH/0.02M S2O8

2-, the scale bar corresponds to 100 μm. 
(b) Etching in a stirred 0.02M KOH/0.02M S2O8

2- solution reveals defects after 5 
minutes. When the concentration of both components is increased to 0.05M, the etch 
rate increases and the defects are over- etched (c). With a 0.02M KOH/0.02M S2O8

2- 
solution (unstirred), defects are revealed at the edges, while the rest of the surface 
remains polished (d). The areas denoted W were covered with wax (a, d). The insets 
show surface profiles of the etched area. 
 
  
When the concentration ratio is increased to 0.05M KOH/0.05M S2O8

2-, the etch rate 
increases drastically. The defects are significantly over-etched, which causes them to 
bunch (Fig. 6c).  
 Fig. 6d shows an image of a GaN sample which was etched for 20 minutes in an 
unstirred solution of 0.02M KOH/0.02M S2O8

2-. An etch rate of about 25 nm/minute is 
obtained and the surface finish is smooth in the middle of the groove, even after 500 
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nm of etching (see bottom part of Fig. 6d). On the other hand, larger etch rates are 
observed at the edges of the groove (inset Fig. 6d), due to an enhanced supply of OH- 
ions from the surrounding non-etching area (masked by wax). Furthermore, defects are 
revealed at the edges, clear from the appearance of (bunched) needles. From this we 
can conclude that the etching kinetics vary locally. In the middle of the groove φp > 

φOH and polishing occurs. Enhanced mass transport at the edges results locally in an 
increased dissolution rate (φOH becomes larger than φp). The current plateau of Fig. 5 
curve (a) shifts to higher values and a more positive potential, while the slope of the 
reduction current remains relatively unchanged; USC is now located in the onset range. 
 As mentioned above, there have been a number of reports of an enhancement of 
photoetch rates of n-type GaN due to direct metallization of the surface. Bardwell and 
coworkers [9] used a 210 nm sputtered Pt mask on MBE-grown GaN and obtained 
etch rates approximately one order of magnitude higher than those observed using 
inert masks. In addition, by the proper choice of conditions they were able to control 
the etched surface morphology. The authors suggest that a reactive agent (SO4

-•
 and 

OH• radicals), responsible for etching, is catalytically generated at the Pt surface. The 
results presented here suggest an alternative mechanism: the Pt is acting as a cathode 
in a photogalvanic cell enhancing the photo-oxidation of the GaN anode. For etching 
to be effective, the contact resistance between Pt and GaN should not be large [6]. 
While the Pt/GaN contact is not Ohmic, the junction at the GaN/metal edge under 
photoetching conditions is likely to be leaky. Evidence suggesting that transport of 
reactive radicals is not the important step in etching is provided by the results of Diaz 
et al. [13, 14]. On illuminating n-type GaN provided with 7 nm Pt areas in an 
CH3OH/HF/ H2O solution containing H2O2 they formed a strongly anisotropic porous 
structure. (H2O2, like S2O8

2-, is a strong two-electron oxidizing agent.) Since the pores 
were narrow and 2 μm long, radicals formed at the metal on the top surface would in 
addition have to travel the length of the pore without adsorbing on the walls to ensure 
pore propagation. This seems unlikely. The mechanism (Fig. 4) originally proposed 
for Si etching [29, 30] offers a more plausible explanation for these results.      
 
 
4.4 Conclusions 
 
The influence of S2O8

2- on the photoetching of n-type GaN in KOH solution was 
investigated by electrochemical methods. It was found that the photoanodic 
dissolution rate decreases on addition of S2O8

2- due to absorption of high-energy 
photons by the solution. The onset of the cathodic reaction shifts to positive potential 
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upon addition of S2O8
2-. As a result, open-circuit photoetching is possible. At negative 

potentials, S2O8
2- is reduced and SO4

-• radicals are formed. We showed with 
electroluminescence measurements that the radicals inject holes into the valence band. 
By using a two compartment cell, we found that GaN short-circuited to a noble metal 
acts as a photogalvanic cell. The surface finish after etching is very sensitive to the 
experimental conditions: concentration, surface area ratio, light intensity and mass 
transport.  
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Chapter 5 
 
Electrochemistry and etching  

of SiC in alkaline solutions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The anodic dissolution of SiC in KOH solution was investigated. Passivation was 
observed for p-type SiC in the dark and n-type at high light intensity. At low KOH 
concentration and low light intensity diffusion-controlled etching was observed for n-
type SiC. We show that short-circuit photoetching can be used for defect revealing. On 
the basis of the electrochemical properties of p-type and n-type SiC and Si, we suggest 
other possible applications.  
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5.1 Introduction 
 
 
Because of its extreme chemical stability, there are no (simple) wet-chemical etchants 
available for SiC. Anodic or electrochemical etching offers an alternative to open-
circuit etching. By using a voltage source and a counter electrode, one can regulate the 
electric field in the space-charge layer of the semiconductor and thus the valence-band 
hole concentration at the interface with the solution. The localization of holes in 
surface bonds leads to bond rupture and dissolution of the semiconductor. This can 
obviously occur with a p-type semiconductor in the dark, while an n-type 
semiconductor must be illuminated to generate minority carriers. For anodic etching, it 
is essential to avoid the formation of a passivating surface oxide on SiC. From Chapter 
2 it is clear that this is possible in acidic fluoride solution. The need for HF may be 
considered a disadvantage for practical applications. In addition, the risk of porosity 
during etching may also be undesirable. It is known that SiO2 is also soluble in 
alkaline solution; many aspects of Si MEMS technology make use of this property. 
Surprisingly, little attention has been paid to electrochemical etching of SiC at high 
pH. Defect-selective etching was shown for 4H and 6H-SiC [1-3]. Kato et al. describe 
etching of n-type 6H-SiC under galvanostatic conditions with and without illumination 
[1]. They report results on the etch rate and surface morphology as a function of 
current density and KOH concentration. They did not consider the electrochemistry of 
the system. In this chapter we describe the electrochemistry of n-type and p-type SiC 
in KOH solution and show how this can be used both for uniform etching as well as 
passivation of SiC. We consider the results in relation to three possible uses of the 
approach: defect revealing, layer-selective etching and anisotropic etching.    
 
 
5.2 Experimental 
 
Single crystal 6H-SiC (n-type) and 4H-SiC (n- and p-type) (0001) wafers were 
obtained from Cree (United States) and Umicore (Belgium). The n-type wafers (Cree, 
Umicore) were oriented on-axis, nitrogen-doped and had a resistivity varying between 
0.01-0.07 Ω.cm. The p-type wafer (Cree) was oriented 8° off-axis, aluminium doped 
and had a resistivity of 3.86 Ω.cm. All samples used in this study had a Si polar face. 
For the electrochemical experiments, a circular opening was defined on the samples 
using a Si3N4 mask. The diameter of the opening was 2 mm. Ohmic contacts to the p-
type SiC were made by evaporating a 300 nm thick layer of Al/Ta/Au on the back side 
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of the wafer. The metallized wafer was subsequently annealed at 850 °C for 10 
minutes. The n-type wafers were contacted using a 300 nm Ti/Au layer followed by a 
1 second annealing step at 1000 °C. For short-circuit photoetching experiments, 
Ohmic contacts were made by evaporating a Ti layer, 100 nm thick, without any 
additional heat treatment. Czochralski-grown silicon wafers were supplied by 
Okmetic. Both n-type and p-type wafers were (001)-oriented and had resistivities of 1-
10 Ω.cm and 5-10 Ω.cm, respectively. Ohmic contacts were provided on the backside 
of the sample by means of a GaIn eutectic. 
 The SiC samples (Cree) were mounted as a rotating disk electrode (RDE). Electro-
chemical measurements were performed in a three-electrode cell with a platinum 
counter electrode and a saturated calomel electrode (SCE) as a reference. During 
electrochemical experiments, the rotation rate was fixed at 100 rpm and the 
temperature was 21 °C, unless otherwise stated. All potentials are given with respect 
to SCE. A potentiostat (EG&G Princeton Applied Research, PAR-273-A) computer-
controlled by LabVIEW was used to measure the current-potential curves in the dark 
and under illumination. The curves were recorded at a constant scan rate of 10 mV/s. 
The light source used for the electrochemical experiments was a 500 W Hg arc-lamp 
with a power supply (Oriel 66941). UV light from the beam was directed on the 
sample using a dichroic mirror (280-400 nm). In order to increase the light intensity a 
plano convex lens was used to focus the beam on the electrode. The light intensity was 
varied with neutral density (ND) filters. Before each measurement, the surface was 
degreased with acetone. A minimum of eight subsequent potential scans was needed 
to obtain reproducible voltammograms. For the electrochemical experiments with Si, 
diced samples were used with a surface area of 39 mm2. The samples were mounted 
on a copper block in a Kel-F holder by means of a Viton O-ring. The silicon was the 
working electrode in a double-walled electrochemical cell with a platinum counter 
electrode and a saturated calomel electrode (SCE) as reference. Before use, the Si-
samples were immersed in concentrated nitric acid (30 minutes) and subsequently 15 
minutes in deionized water. Native oxide was removed by a 1-min dip in a 1% HF 
solution. 
 For the short-circuit photoetching experiments, a 450W Xe lamp was used with a 
power supply (Oriel 66924). The SiC electrode (Umicore) was directly connected to a 
platinum counter electrode without an additional voltage source. The potential of the 
SiC is, in this case, determined by the kinetics of the reactions occurring at both the 
semiconductor and the counter electrode. For short-circuit (defect selective) 
photoetching to be possible in KOH solution, the onset of the oxygen reduction 
reaction at platinum must be at a potential more positive than the onset of the 
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photoanodic oxidation of SiC (see chapter 5). Chemical etching was performed in a 
KOH/NaOH eutectic with 10% MgO (E+M etch) at temperatures in the range of 520–
540 °C for 5–10 minutes [3]. All chemicals used were p.a. quality from Merck.   
 The etch rate was determined by measuring the etched depth with a surface profiler 
(Alpha-Step 500). The surface morphology after etching was examined with a 
differential interference contrast (DIC) optical microscope (Nicon ECLYPSE ME 
600), an atomic force microscope (Digital Instruments Nanoscope IIIa) and a scanning 
electron microscope (SEM Jeol 6330).  
 
 
5.3 Results and discussion 
 
 
5.3.1 Electrochemistry of p-type SiC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Current density-potential curves for p-type 4H-SiC at different KOH 
concentrations. The right axis shows the etch rate, calculated on the basis of a 6-hole 
reaction.  
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Fig. 1 shows current density-potential plots for a p-type 4H-SiC electrode at different 
KOH concentrations. For all curves, a typical active/passive transition is observed in 
the forward scan. At lower potentials the current increases with increasing potential. 
This is related to the exponential dependence of the surface hole concentration on the 
band bending in the space-charge layer and, possibly, to a contribution from the 
Helmholtz potential. The holes at the surface oxidize the semiconductor. In order to 
calculate the dissolution valence, i.e. the number of charge carriers required to etch 1 
formula unit of SiC, we measured the charge passed during etching and subsequently 
determined the etched depth by profilometry. Values were found which varied 
between 6 and 6.8 [4]. This shows that the measured current in the anodic potential 
range for SiC in 0.1M KOH must be exclusively due to the oxidation of the 
semiconductor; oxidation of water to give oxygen is clearly not important. 
Furthermore, the dissolution valence allows us to convert current density to etch rate 
(see right axis, Fig. 1a and subsequent figures). Since Si is expected to be oxidized to 
a soluble Si(IV) silicate product, C very likely forms CO (and CO2 for an 8 hole 
reaction). In the active dissolution range the reaction occurring can be represented by: 
 
SiC + 8OH- + 6h+  → [Si(OH)2O2]2- + CO + 3H2O           (1) 
 
SiC + 10OH- + 8h+ → [Si(OH)2O2]2- + CO2 + 4H2O          (2) 
 
 Above a critical current density (jp) the electrode passivates, a sparingly soluble SiO2 
is formed: 
 
SiC + 6OH- + 6h+ → SiO2 + CO + 3H2O              (3) 

 
SiC + 8OH- + 8h+ → SiO2 + CO2 + 4H2O              (4) 
 
Ex-situ ellipsometry shows that, in contrast to the results for fluoride solution (chapter 
3), thick oxide is not formed in alkaline solution; after a potential scan of 1.5V to 2.7V 
at a scan rate of 10 mV/s a 31 nm thick oxide layer formed.  
 Under steady-state conditions, the rate of oxide formation in the passive range is 
equal to the rate of chemical dissolution of the oxide. The current in the return scan 
from positive to negative potential is much lower than in the forward scan due to the 
oxide on the surface. When the surface oxide starts to be removed, the current 
recovers somewhat. After complete removal of the oxide, the current recovers fully. 
As expected, the recovery time decreases with increasing KOH concentration: from 4 
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minutes in a 0.1M KOH solution down to 1.5 minutes in 1.0M KOH solution. The 
current density at the peak (jp) and in the passive range both increase with the OH- 
content (Fig. 2), and passivation is observed at all concentrations. 
  

Fig. 2: Peak current density (jpeak) and the current density in the passive range (jpassive) 
as a function of KOH concentration (data from Fig. 1). 
 
 
The peak current densities correspond to etch rates ranging from 105 to 520 nm/min 
for a concentration range of 0.1-1.0 M of KOH solution. The slow rate of oxide 
dissolution can explain the hysteresis in the cyclic voltammograms. From Fig. 3 it is 
clear that the potential-scan rate is especially important in the passive range, indicating 
that, as in acidic fluoride solution, oxide formation is relatively slow. 
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Fig. 3: Influence of potential scan rate on the current-density potential plot for p-type 
4H-SiC in 0.3 M KOH solution.   
  
 
 The voltammetric features described above are reminiscent of the electrochemistry 
of Si in KOH solution, shown for comparison in Fig. 4. In the dark, both p-type and n-
type Si(100)  give a similar active/passive transition in 0.1M KOH solution. At 
potentials negative with respect to the open-circuit value a cathodic current due to 
evolution of hydrogen is found with the n-type electrode but not with p-type; this 
reaction requires conduction band electrons, as in acidic solution. 
 In contrast to the low pH case (see chapter 2) a significant anodic current peak is 
observed for both electrodes in the dark. In the scan to positive potentials a sharp peak 
indicates passivation of the surface; this is followed by a passive range with a low 
anodic current. The anodic peak current of n-type silicon is comparable in magnitude 
to that of the p-type electrode. The magnitude of the peak and passive currents is 
found to be dependent on the temperature and solution composition. For both 
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electrodes the anodic peak is absent in the return scan due to the presence of the 
passive oxide layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Current density-potential plots of n-type (solid line) and p-type Si(100) (dotted  
line) in the dark in 0.1M KOH solution measured in the dark at a scan rate of 10 mV/s. 
 
 
Anodic oxidation of p-type silicon in alkaline solution can be due to a hole reaction:  
 
Si + 6OH- + 4h+ → [Si(OH)2O2]2-  + 2H2O              (5) 
 
At higher anodic current density oxide is formed and the surface passivates: 
 
Si + 4OH- + 4h+ → SiO2 + 2H2O                 (6) 
 
However, such a hole reaction cannot be responsible for the anodic current of n-type 
silicon in the dark. Silicon dissolves in alkaline solution as a result of a chemical 
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reaction between Si-Si surface bonds and water; OH- ions catalyze the reaction and 
ensure the solubility of the reaction products. The chemical etch rate is considerable as 
long as there is no oxide present on the surface, i.e. at potentials negative with respect 
to the peak potential. There is strong evidence to show that an intermediate of the 
chemical etching reaction of silicon with water can inject electrons into the conduction 
band of the n-type semiconductor [5, 6]. In principle, a similar process can occur at the 
p-type electrode; in this case, holes supplied from the bulk recombine with injected 
electrons instead of directly oxidizing surface atoms. This possibility is discussed 
elsewhere [7]. It is interesting to note that the current density required to passivate SiC 
is more than one order of magnitude larger than that needed for Si [7-9]. This 
difference is attributed to the presence of carbon in the crystal matrix and its 
conversion to CO at a surface lattice site; this will hinder the formation of a coherent 
silicon oxide network. Furthermore, for silicon a much larger hysteresis is observed 
which could be related to a difference in oxide morphology; even in 5M KOH at 60 °C 
it takes about 3 minutes for the passivating oxide to be removed. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Influence of temperature on the j-U characteristics for p-type 4H-SiC in 0.1M 
KOH solution. 
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 The influence of temperature on the current-potential characteristics of p-type 4H-
SiC in 0.1M KOH solution is shown in Fig. 5. The peak current density depends 
strongly on temperature. The etch rate, depicted on the right axis of Fig. 5, increases 
by a factor of 2.55 for a 15.3 °C increase in temperature. Fig. 6 shows an Arrhenius 
plot of the logarithm of jp versus reciprocal temperature. A straight line is obtained. 
From the slope an activation energy of 45.8 kJ/mol was calculated, which is typical for 
kinetically controlled reactions [10]. In addition, the peak current density did not 
depend on the electrode rotation rate; this indicates that the dissolution of the 
semiconductor in alkaline solution is under kinetic control. 
  
 

 
Fig. 6: Arrhenius plot showing the logarithm of the peak current density as a function 
of the reciprocal of temperature.  
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5.3.2 Photoelectrochemistry of n-type SiC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7: Current density-potential plots at different light intensities for n-type 6H SiC in 
0.1 M KOH solution. The curves denoted by 0-100% refer to a filtered unfocussed 
light beam. The F27% curve was measured with a focussed beam whose intensity was 
reduced to 27% by a neutral density filter.  
 
 
Fig. 7 shows current density-potential plots for n-type 6H-SiC in 0.1M KOH solution 
measured at various light intensities. Mott-Schottky measurements revealed that the 
flat-band potential (Ufb) is located at -1.5V [11]. In the onset of the anodic 
photocurrent, electron-hole recombination competes with anodic dissolution. Since 
surface defects act as recombination centres, defect areas etch more slowly and are 
therefore revealed as hillocks (see section 5.3.3). At "low" light intensity (an 
unfocussed light source), the photon flux is smaller than the flux of OH- ions to the 
surface; the photocurrent reaches a constant value at positive potentials and this 
limiting photocurrent is directly proportional to the light intensity (Fig. 7). When the 
intensity is further increased by focussing the light (denoted by F27% in Fig. 7), the 
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electrode passivates due to the formation of a sparingly soluble oxide, as in the case of 
p-type SiC (Fig. 1). The j-U characteristics of n-type 4H-SiC are similar, although the 
peak potential is 360 mV more negative than that of 6H (see section 6.3.4); this is 
related to the difference in flat-band potential of the two polytypes. At potentials in the 
vicinity of the peak, characteristic current oscillations are observed, due to the 
formation and dissolution of the passivating oxide (Appendix A). Etch rates up to 120 
nm/min can be obtained in the pre-peak range (at 0.5V).  
 Etching in the active range (0.3V) gave a mirror-like surface; the root-mean-square 
roughness evaluated within a 25 μm2 area using AFM was about 25 nm. This value is 
considerably larger than the RMS roughness of the as-received (non-etched wafer), 
which was approximately 4 nm. Etching at the peak potential gave a matt surface and 
a surface roughness too large to measure reliably. The surface roughness found in this 
study is similar to that reported for galvanostatic experiments of Kato et al. [1]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8: Current density-potential plots at different light intensities for a stationary 4H- 
SiC electrode in 0.1M KOH solution. The light was focussed and a heat sink was used.  
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 At higher light intensities (>F27%) some heating of the electrode by the light 
source could not be avoided in our conventional RDE setup; this will obviously 
influence the dissolution kinetics (see Fig. 5). In order to study the influence of photon 
flux on the dissolution characteristics of the semiconductor, we fixed a copper heat 
sink onto the back of the sample, and cooled with water. The electrode could not be 
rotated in this geometry. The temperature of the heat sink was kept at 14.5 °C. In Fig. 
8 the current density-potential plots are shown for a stationary n-type 4H-SiC 
electrode in a 0.1M KOH solution. Several trends can be noted. At "low" intensity 
(F8%), the photon flux is smaller than the flux of OH- ions to the surface; the 
photocurrent reaches a constant value at positive potentials and this limiting 
photocurrent is directly proportional to the light intensity (see also Fig. 7). At higher 
light intensity (F27%), a peak in the current is observed at 0.30V. The peak current 
density is almost independent of light intensity above F50%. After the peak potential 
the current drops and the electrode passivates. These observations confirm the results 
obtained for p-type 4H-SiC that a critical current density, i.e. a minimum hole flux to 
the surface, is required for passivation of the semiconductor. A critical current density 
for passivation is also observed for Si and depends only on the KOH concentration (it 
is the same for n-type and p-type electrodes [12]). What is more, the onset of the 
photocurrent and the peak potential for SiC shift towards negative potential with 
increasing light intensity. This indicates that recombination kinetics are important. A 
considerable hysteresis is observed in the photocurrent. In the reverse scan the current 
drops and then recovers somewhat, indicating a partial removal of the oxide by 
chemical dissolution. The oxide is etched faster in solutions of higher KOH 
concentration. Furthermore, the oxide etch-back time depends on the passivation 
duration, i.e. the time spent in the passive range during the forward scan.  
 In the previous chapter we showed that polishing conditions can be obtained for n-
type GaN in KOH solution when mass transport limitation of OH- to the surface of the 
electrode is observed, i.e. φp > φOH (see also ref [10, 13]). This was also examined for 
n-type 6H-SiC. We measured the photocurrent as a function of the photon flux at 
relatively low light intensity (unfocussed light) for various OH- concentrations in the 
low range (≤ 10 mM) at 23 °C. From Fig. 8 it is clear that, for a given OH- 
concentration, the photocurrent increases with increasing light intensity and then 
levels off. This constant photocurrent at higher photon flux depends on OH- and 
increases with increasing concentration and electrode rotation rate; this shows that in 
this intensity range, OH- ion transport to the surface is rate limiting. These are the 
conditions required for electropolishing although the etch rate is low. For the 10 mM 
solution, the dissolution rate is 20 nm/min. This can, in principle be increased.   
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Fig. 9: The dependence of the photocurrent at 0.62V on the illumination intensity at 
different KOH concentrations in 0.5M K2SO4 solution for n-type 6H-SiC. The light 
source was not focussed. 
 
 
5.3.3 Defect revealing 
 
Short-circuit photoetching was used to reveal crystallographic defects in n-type SiC. 
Etching under these conditions corresponds to anodic etching at low current densities. 
Photoetching of 4H-SiC reveals dislocations parallel to the surface in the form of 
ridges, as is clearly seen in Fig. 10a. The dislocations form a kind of 3D network in 
this sample. Subsequent etching in a molten E+M etch shows the presence of a few 
dislocations perpendicular to the surface, the centre-symmetrical etch pits P in Fig. 
10b. These dislocations belong to this network but are not visible after photoetching. 
In addition, some ridges are transformed into grooves, some remain visible as ridges 
and some vanish (denoted G, R2 and R3, respectively, in Fig. 10). The grooves G 
were formed on the dislocations present after photoetching inside the ridges under the 
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surface, while the groove R2 represents a segment of a dislocation still remaining just 
under the surface after the second stage of etching. The vague ridge R3 was formed 
during photoetching on the residual strain field and/or impurity atmosphere of a 
dislocation, which was just above the surface and therefore disappeared completely 
after etching in molten E+M (Fig. 10b).  

  

 
Fig. 10: DIC images of a 4H-SiC substrate (a) after short-circuit photoetching in 
0.02M KOH solution for 30 minutes and (b) subsequent etching in molten E+M at 
520°C for 5 minutes. (c) DIC image of a 4H-SiC substrate after etching in molten 
E+M at 520°C for 5 minutes, (d) DIC image of dislocations parallel to the surface 
revealed by short-circuit photoetching of a SiC substrate. 
  
 
 The analysis of the images obtained after this two-stage etching procedure allows 
us to understand the peculiar etch features formed during E+M etching of some SiC 
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substrates (as shown in Fig. 10c). Apart from the typical dislocation-related etch pits, 
numerous comet-like grooves were formed, which evidently represent segments of 
dislocations inclined with respect to the surface under small angles. Similarly, the 
ridges due to photoetching in Fig. 10d are formed on dislocations parallel to the 
surface and pinned by a cluster of macro-pipes. From these examples it is clear that 
photoetching is a versatile tool for studying crystallographic defects in SiC.  
 
 
5.3.4 Layer-selective etching  
 
On the basis of the electrochemical results and our experience with other semi-
conductors [10], we can speculate on possible material-selective etching applications. 
Fig. 11 shows j-U characteristics for n-type and p-type 4H-SiC and n-type 6H-SiC. 
The experiments were performed in 0.1M KOH solution and the n-type electrodes 
were illuminated at high light intensity (focussed light source, 100%). As can be 
clearly seen, n-type SiC dissolves at a much more negative potential than p-type SiC.  
These characteristics show that, under illumination, n-type SiC can be selectively 
removed because p-type SiC does not dissolve in this potential range. Selective 
etching of p-type with respect to n-type is also possible, as n-type SiC does not etch in 
the dark. These features could, for example, be utilized for revealing the position of a 
p/n junction in devices or the selective etching of such junctions. 
 Since in MEMS applications SiC is generally grown on Si [14-16], material-
selective etching of such systems may be interesting. For comparison, the j-U 
characteristics of Si in 0.1 M KOH solution at 22.5 °C are shown (Fig. 11). In contrast 
to SiC, Si (both p-type and n-type) etches chemically in alkaline solution, i.e. at open-
circuit potential. This means that selective etching of Si with respect to SiC is simple. 
Like SiC, Si is passivated at potentials positive with respect to its open-circuit value 
(see Fig. 11). In the passive range, chemical etching of Si is prevented by the 
protecting oxide on the surface; this forms the basis for an important etch-stop 
mechanism in Si MEMS [17, 18]. Unlike n-type SiC, n-type Si does not require 
illumination to give anodic current; intermediates of the chemical etching reaction 
generate current by electron injection into the conduction band of the semiconductor 
[7, 8, 19, 20]. An important difference between the two semiconductors is that Si 
passivates anodically at considerably more negative potentials than SiC. This property 
could be exploited for the selective etching of p-type SiC (in the dark) or n-type SiC 
(under illumination); in both cases the potential is maintained at a value in the passive 
range of Si. 
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Fig. 11: (a) Current density-potential plots for n-type and p-type SiC and (b) Si in 
0.1M KOH solution at 22.5 °C.  

(b) 

(a) 
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5.3.5 Anisotropic etching 
 
Anisotropic etching is a very useful tool in silicon micro-electromechanical systems 
(MEMS) technology. For a kinetically determined anodic etching process one might 
also expect a degree of anisotropy, determined by the dependence of dissolution rate 
on crystallographic orientation. To check this for SiC etched in KOH solution, a p-
type 4H wafer was provided with a thin Si3N4 masking layer. Circular windows in the 
range of 10-50 μm were opened in the mask. The electrode was etched in a 
conventional electrochemical cell at a constant potential in the active dissolution 
range. Because the area of SiC exposed to the solution increased in time, the measured 
current also increased markedly during the experiment.  
 Fig. 12a is a microscope image of one of the many holes produced by anodic 
etching. The central circle shows the mask opening. Since the Si3N4 is transparent for 
visible light the underetched profile can be observed.  
 This profile is clearly not a perfect circle, indicating that etching is not isotropic. 
The optical image of the cavity was analyzed by a procedure devised by Svetovoy and 
coworkers and used by them to study diffusion-controlled isotropic chemical etching 
of silicon [21]. Digitized data were extracted from the microscope image of Fig. 12a. 
The underetch radius R(ϕ) was measured as a function of the in-plane polar angle 
(with the centre of the mask as origin). The result is shown as points in Fig. 12b. The 
solid line was fitted with a Fourier expansion [21] based on 6-fold symmetry. The 
agreement between the theoretical curve and the experimental points is quite 
reasonable. The rather weak anisotropy observed in this experiment can very likely be 
improved by a better choice of experimental conditions.  
 In contrast to anodic dissolution, chemical etching of the same wafer in a 
NaOH/KOH eutectic with 10% MgO at 500 oC is strongly anisotropic. This etchant 
reveals dislocations as well-defined hexagonal etch pits (Fig. 12c). There is some 
deviation from the perfect hexagonal shape; this is due to the misorientation of the 
wafer. Misorientation does not seem to be important in the case of anodic etching. 
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Fig. 12 (a) Optical microscope image of a cavity etched in 0.3M KOH solution in the 
active dissolution range. (b) Digitized data extracted from image (a) for the underetch 
radius R(ϕ) as a function of the in-plane polar angle. (c) Defects revealed after 
chemical etching in a NaOH/KOH eutectic with 10% MgO at 500 oC. 
 

(a) 

(b) 

(c)
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5.4 Conclusions 
  
 
High anodic etch rates can be obtained for both p-type SiC in the dark and n-type SiC 
under illumination. The dissolution rate strongly depends on KOH concentration and 
temperature. At high anodic potential, surface passivation is observed. It was found 
that the dissolution of SiC in KOH solution is under kinetic control and we have 
indications that this can be utilized for anisotropic etching. It is shown that short-
circuit photoetching of n-type SiC in KOH solution is a useful tool for revealing 
defects.  Furthermore, the electrochemical properties of p-type and n-type SiC and Si 
in KOH solution should, in principle, allow for interesting layer-selective etching 
applications. 
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Appendix A 
 
 
Characteristic oscillations in the current are observed at constant potential in the near 
passive range, between the peak potential and the potential at which the surface is 
fully passivated, as shown in Fig. 1 for a stationary n-type 4H-SiC electrode in 0.1M 
KOH solution. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Current transients at various potentials measured at 0 rpm for n-type 4H-SiC   
in 0.1M KOH solution (solid line). The dotted lines show the corresponding 
voltammograms. 
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The solid line of Fig. 1a shows a current density-time plot recorded at 0.5V, which is 
at the passivation potential (see current density-potential plot indicated by the dotted 
line). Directly after illumination, the current increases quickly to a maximum value. 
Subsequently, a damped oscillation is observed and the photocurrent goes to a more or 
less constant value. It should be noted that this damped oscillation was not observed at 
more negative potentials. When the potential is set to above the peak potential at 0.6V, 
the oscillations become more pronounced (Fig. 1b) and are not damped. The 
oscillations are not stable, as indicated by the total charge under each peak, which 
varies between 228 and 312 mC/cm2. In contrast, stable and sustained oscillations in 
the photocurrent are obtained when the potential is further increased to 0.75V (Fig. 
5c). In this case the area under each peak corresponds to 305 ± 3 mC/cm2. The period 
of each oscillation is ~51 seconds. Even after 30 minutes, the oscillations are still 
well-defined. When the potential is further increased to 0.9V (figure 4(d)) the surface 
becomes passivated, as is clear from the current-potential curve. In this range no 
oscillations are observed. The transition from oscillation to passivation is very subtle. 
About 10 mV below the potential at which the surface is fully passivated, the period of 
the oscillations started to increase and finally a potential difference of 1 mV 
determined the transition.  
 These measurements clearly indicate that the oscillations are linked to oxide 
formation and are "killed" when the oxide coverage becomes too high and the surface 
passivates. This is supported by the observation of current oscillations in the passive 
range of the voltammograms measured at higher KOH concentrations and 
temperatures, i.e. at higher oxide etch rates. Oscillations in potential have been 
reported for galvanostatic etching of 6H-SiC in aqueous KOH solutions [1], 
suggesting that they are independent of crystal polytype.  



Chapter 6 
 
Tunable luminescence from n-type 4H 

and 6H-SiC by electrochemical etching 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The influence of electrochemical etching on the electroluminescence properties of n-
type 4H and 6H-SiC was investigated. For this we compare the emission of unetched, 
uniformly etched and porous etched substrates in an acidic solution of peroxi-
disulphate. We show that the spectral distribution of the luminescence and the 
emission intensity can be tuned by photoanodic treatment. 
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6.1 Introduction 
 
Luminescence from SiC is important for optoelectronic applications such as blue 
light-emitting diodes. Light emission from semiconductors depends strongly on the 
purity and crystallographic perfection of the crystal and on the state of the surface or 
the interface. Damage caused by polishing or handling may introduce non-radiative 
surface or near-surface states which quench the luminescence. Chemical or 
electrochemical etching can be used to remove damaged layers and to modify the 
surface chemistry, thus influencing radiative recombination [1]. 

In this paper we describe the use of forward-biased n-type 4H and 6H-SiC 
electrodes in a solution containing a hole-injecting species to generate electro-
luminescence (EL) in order to study the influence of electrochemical etching of the 
semiconductor on the light emission. We show that (uniform) photoanodic etching of 
as-received wafers in KOH solution changes the spectral distribution of the emitted 
light quite radically. Photoanodic etching in acidic fluoride solution gives rise to 
porosity which markedly enhances the EL emission. Matsumoto et al. [2], Petrova-
Koch et al. [3] and Kim et al. [4] previously reported a strong enhancement of the 
room-temperature photoluminescence (PL) from porous n-type 6H-SiC. The latter 
authors also noted an increase in emitted intensity for EL. In addition, we describe 
characteristic luminescence from n-type SiC during porous etching in the dark under 
breakdown conditions (see Appendix B).  

EL from n-type SiC electrodes was first reported by Manivannan et al. [5-8]. They 
used the peroxydisulphate anion (S2O8

2-) to “inject” holes into the valence band of the 
semiconductor. At negative potentials corresponding to majority carrier accumulat-
ion, the reaction occurs by a two step process. The S2O8

2- anion captures an electron 
from the conduction band of the semiconductor: 
 
S2O8

2- + e- (CB) → SO4
2- + SO4

-•                 (1) 
 
The SO4

-• radical anion is an extremely strong electron acceptor, and picks up an 
electron from the valence band, i.e. it generates a hole: 

 
SO4

-• → SO4
2- + h+ (VB)                   (2) 

 
Radiative recombination of the hole with an electron, either directly or via bandgap 
states, gives rise to EL.  
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6.2 Experimental 
 
 
We used single-crystal nitrogen doped 4H-SiC and 6H-SiC wafers ( research grade, Si 
polar face) from Cree with a resistivity in the range 0.01–0.07 Ohm.cm. A circular 
opening was defined on the samples with a diameter of 2 mm using a Si3N4 mask. The 
n-type wafers were contacted with a 300 nm Ti/Au layer annealed in a 1 sec step at 
1000 °C.  
 For the electrochemical measurements, the samples were mounted as a rotating 
disk electrode (RDE). All measurements were performed in a conventional three-
electrode cell with a platinum counter electrode and a saturated calomel electrode 
(SCE) as a reference. Potentials are given with respect to SCE. The light source for 
photoanodic etching was a 500 W Hg arc-lamp (Oriel 66941). UV light from the beam 
was directed onto the sample using a dichroic mirror (280-400 nm). In order to 
increase the light intensity a plano convex lens was used to focus the beam on the 
electrode. The light intensity was varied with neutral density (ND) filters. Uniform 
etching in KOH solution was performed at a constant potential of 0.3-0.5V with 
respect to SCE (see chapter 5). Porous layers were etched potentiodynamically in 0.33 
M fluoride solution (pH 3). The potential was scanned from 0.5V to 2.5V. During 
etching the sample was illuminated. SEM was used to determine the thickness of the 
porous layer.  
 For the electroluminescence measurements, freshly made solutions containing 
0.5M H2SO4 + 0.1M K2S2O8 were prepared. The optical fibre connected to the the 
CCD camera (Acton Research Corporation, Spectra Pro-300i) was positioned 1 cm 
above the stationary electrode and was protected from the solution by a glass tube 
provided with a quartz window. The spectra were recorded 1 second after the potential 
was applied. Prior to each measurement, the surface oxide was removed by a dip in 1 
M HF solution. The integration time of the recorded spectra was 10 seconds. The EL 
measurements were in all cases stable in time; when 10 subsequent spectra were 
recorded at a given potential, the peak intensities varied by about 10%.  
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6.3 Results and Discussion 
 
 
As a prelude to the EL study, we looked at the kinetics of the S2O8

2- reduction (eq. 1, 
2) at SiC. Fig. 1 shows current-potential curves for an n-type porous 6H-SiC rotating 
disk electrode in 0.5M H2SO4/0.1M S2O8

2- solution. For comparison, the 
corresponding curve for S2O8

2--free H2SO4 solution (solid curve) is also given. The 
electrochemical reaction occurring in this case is the proton reduction to give 
hydrogen gas (2H+ + 2e- → H2 (g)). The flat-band potential (Ufb) of n-type 6H-SiC in 
H2SO4 solution is at -1.0V [9]. At more negative potential majority carriers 
"accumulate" at the electrode surface. The Fermi level becomes pinned and the 
applied potential drops over the Helmholtz layer in solution.  
 

 
Fig. 1: Influence of rotation rate on the cathodic reduction of S2O8

2- for a porous n-
type 6H-SiC electrode in 0.5M H2SO4/0.1M S2O8

2- solution. The reduction of protons 
in 0.5 M H2SO4 is indicated by the solid line.  
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From Fig. 1 it is clear that a considerable overpotential (with respect to Ufb) is required 
to generate hydrogen: the onset potential is at -1.2V. On the other hand, S2O8

2- 
reduction begins before Ufb (at -0.9V); clearly, this reaction is kinetically favourable 
(see also: results for GaN in chapter 5). The plateau in the current-potential curve 
indicates a mass-transport limitation of the S2O8

2- reduction. This is confirmed by the 
increase in plateau current with increasing electrode rotation rate. One can expect 
hydrogen gas evolution at negative potential to influence the hydrodynamics of the 
system, especially for a stationary electrode.  
 

 
Fig. 2: Electroluminescence spectra of an unetched n-type 6H-SiC wafer in 0.5M 
H2SO4

2- + 0.1M K2S2O8
2- at various potentials. The inset shows an AFM image of the 

surface of the electrode.  
 
  
 For “as-received” wafers (not etched) light emission is observed at potentials ≤ -2V 
and the intensity increases with increasing polarization (see Fig. 2). The electro-
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luminescence spectra show a broad emission band which rises steeply at about 475 
nm, peaks at about 590 nm (2.10 eV) and has a long tail extending into the near 
infrared. This spectrum resembles that reported for EL of n-type SiC by Manivannan 
et al. [7]. In previous papers it was suggested that the broad emission was related to 
donor-acceptor recombination, as high concentrations of aluminum (up to 0.34 atom 
%) were found using X-ray fluorescence spectrometry in nitrogen-doped SiC [5]. 
Impurity levels in our wafers are below the SIMS detection limit. It is therefore not 
sure if donor acceptor emission is important. However, it seems reasonable to assume 
bandgap states are involved, as indicated by the broad emission. 
 A closer examination of the emission shows a blueshift of the peak up to -5V 
followed by a red shift on going to more negative potentials. The reason for this is 
unclear. The emission intensity is low and no bandgap emission is observed; this may 
be related to a high density of non-radiative recombination centers arising from 
(chemo)mechanical polishing or handling of the wafer, which causes damage at the 
surface and is revealed as scratches, as indicated by AFM (see inset Fig. 2). 

Surface damage can be removed by electrochemical etching in KOH solution. 
Uniformly etched surfaces are obtained (see previous chapter). After removal of 10.3 
μm, the emission spectrum has changed considerably (Fig. 3). The onset of the 
electroluminescence shifts to positive potential (U = -1.25V). In contrast to the 
untreated samples, a narrow emission band is observed which increases markedly with 
increasing bias. The emission peaks at 424 nm (2.92 eV) and, subsequently, shifts 
slightly to 428 nm (2.90 eV) at potentials < -5V. Since the bandgap of 6H SiC is 3.03 
eV (409 nm), the EL emission is attributed to a donor-band emission. Our wafers were 
nitrogen doped and it is known that the donor resides on a carbon site in the SiC 
crystal [10]. In 6H-SiC, nitrogen atoms can occupy a hexagonal (h) site or two 
different cubic (k1, k2) sites. Hall measurements revealed two donor levels with 
ionization energies of 85 meV and 125 meV for the (h) site and (k1, k2) sites, 
respectively. The ground-state energy difference between k1 and k2 could not be 
resolved. The ratio of the (h) and (k1, k2) lattice sites is 1:2 [11]. Transitions from the 
nitrogen donor to the VB would therefore account for emission at approximately 2.94 
eV (h) and 2.90 eV (k1, k2). At potentials < -5V the emission from the (h) site 
apparently saturates and emission from the (k1, k2) site is favoured. For the defect 
emission a blue shift is again followed by a redshift at U ≤ -5V and an extra peak 
appears at around 850 nm.  
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Fig. 3: EL spectra after etching of 6H-SiC in 0.1M KOH solution as a function of 
potential (10.3 μm removed). The inset shows the narrow/broad peak intensity ratio 
for two etch depths. 
 
 

EL spectra were recorded at various depths in the crystal and it was found that the 
narrow high-energy emission appeared when at least 3.5 μm had been removed. The 
inset of Fig. 3 shows that the narrow peak/broad peak intensity ratio (IN/IB) is sensitive 
to etch depth (5.15 μm and 10.3 μm). The intensity of the broad emission is almost 
independent of etch depth, saturates at higher potentials and is comparable to that of 
the unetched sample at strong bias. The influence of etching becomes most clear for 
the narrow emission band at potentials below -3V. IN/IB ratios up to 25 have been 
observed. Comparable results were obtained for 4H-SiC substrates after 
electrochemical etching in KOH solution. 

These results suggest a competition between radiative and non-radiative centres for 
the injected holes. In the unetched sample the latter are important. The broad emission 
is more efficient than the narrow emission (see Fig. 2). The increase in intensity of the 
broad EL band can be due to two effects. Convection caused by hydrogen evolution 
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will enhance the diffusion-limited rate of the S2O8
2- reduction reaction (eq. 1), thus 

increasing the rate of hole injection. In addition, hydrogen can change the surface 
chemistry or be absorbed in the semiconductor; this may suppress non-radiative 
recombination. Photoanodic etching is expected to remove surface and sub-surface 
damage. The broad emission saturates at low potential, enabling the narrow-band 
emission to be observed (Fig. 3). Here again we see the favourable influence of the 
potential on the luminescence. This is unusual. For most semiconductors negative 
polarization of the electrode and hydrogen evolution tend to degrade the surface, 
enhance surface recombination and quench luminescence [12, 13]. The unusual 
chemical stability of SiC is very likely responsible for this difference. 

When n-type SiC is photoanodically etched in HF solution at moderate light 
intensity, the semiconductor becomes macroporous [14-16] (Fig. 4, inset). EL spectra 
of an 11 μm thick porous SiC layer are shown in Fig. 4. The broad emission, similar to 
that observed for the unetched sample, is dominant. The intensity of the broad 
emission is about 20 times higher than that of unetched or KOH-etched substrates and 
is clearly visible to the naked eye. The narrow emission at 424 nm (nitrogen (c)) 
appears at U ≤ -3V and is much less pronounced than from the uniformly etched SiC. 
No clear correlation was observed between the thickness of the porous layer and the 
IN/IB ratio for layers with an etched depth varying between 1 μm and 11 μm. 
Scattering and absorption of emitted light in the porous layer can therefore be 
excluded [17]. 

The substantial increase in luminescence intensity is attributed to the much larger 
surface area of the porous electrode in contact with the electrolyte solution. The flux 
of injected holes, therefore, increases. The different spectral distributions for porous 
SiC and uniformly etched SiC, indicates that near-surface states are important for the 
broad emission, a suggestion previously made by Petrova-Koch et al. [3]. 

In unstirred solution, saturation of light emission might be expected at negative 
potential due to diffusion limitation of S2O8

2- ions to the surface of the electrode. This 
is not observed. However, the peak intensity levels off with increasing bias. Enhanced 
convection near the surface due to hydrogen formation might play a role and becomes 
more important at larger bias. This is supported by the observation that enhanced 
convection due to mechanical stirring of the solution leads to an emission intensity 
increase of a factor two. Hydrogen passivation of the surface or absorption in the 
semiconductor, as mentioned earlier, might also be important for the observed 
emission intensity increase. The emission intensity was stable and reproducible at 
large negative potentials indicating the chemical stability of the porous layer. 
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Furthermore, a clear blueshift of the broad emission peak is observed as the potential 
is made more negative. More research is needed to reveal the nature of this blue shift.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4: Electroluminescence spectra at various potentials for porous n-type 6H-SiC in 
0.5M H2SO4

2- + 0.1M K2S2O8
2-. The thickness of the porous layer was approximately 

11 μm. At the top, SEM images are shown of a porous-etched SiC electrode taken 
from the top (left) and the side of the layer (right).  
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6.4 Conclusions 
 
 
We have shown that EL from the n-type SiC/S2O8

2- solution interface is sensitive to 
electrochemical pretreatment of the electrode and to the applied potential. The spectral 
distribution of the luminescence and the intensity of the two main emission bands can 
be tuned by photoanodic treatment: uniform etching in KOH solution and porous 
etching in HF solution. This relatively simple approach, combining anodic etching and 
in-situ EL, might be interesting for applications such as quality control of SiC wafers. 
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Appendix B 
 
 
When n-type SiC is etched in acidic fluoride solution in the dark, i.e. under strong 
reverse bias, the semiconductor also becomes porous [3, 18, 19]. We have observed 
that porosification is accompanied by light emission visible to the naked eye. A typical 
spectrum recorded at 14V for 4H-SiC is shown in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Luminescence spectrum recorded for n-type 4H-SiC in 0.5M HF solution at 
14V during porous etching. The inset shows a model for impact ionisation.  
 
 
The emission is completely different from photoluminescence or electroluminescence. 
A broad band is observed over a wide spectral range. Quite remarkably, a significant 
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fraction of emitted light has an energy close to and larger than the indirect bandgap, as 
indicated by the dotted line. The process responsible for light emission is very likely 
impact ionization and was first proposed for emission from strongly reverse-biased p-
n junctions based on GaP [20, 21] and the GaAsP [22] ternary system. Later, it was 
also shown for reverse biased n-type GaP and p-type GaP electrodes [23, 24].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: The integrated luminescence intensity (Itot) at various stages during a potential 
scan for n-type 4H-SiC in 0.5M HF solution 
 
 
At strong band bending, empty states from the conduction band overlap with filled 
states at the top of the valence band at the surface. As a result, electrons can tunnel 
from the valence band to the conduction band (step 1, Fig. 4a inset). Electrons injected 
into the conduction band are accelerated to the bulk by the high electric field of the 
depletion layer and the holes are used for porous etching. If the electron can gain more 
energy than about 3/2Eg (depending on the band structure) [25], it can excite a valence 
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band electron over the band gap via a collision process (steps 2&3). Some carriers are 
further heated by the strong field, while other pairs recombine radiatively (step 4). 
Because of their high kinetic energies, the emission spectrum is broad [26]. The supra 
bandgap emission is possibly due to the large electric field which allows electrons to 
populate higher band valleys [25].  
 The integrated intensity (Itot) is plotted as function of potential in Fig. 2. As the 
potential is increased, the luminescence increases and peaks at 14V after which it 
decreases and becomes almost zero during the reverse scan. For some samples we saw 
the emission recover at the end of the reverse scan, more pronounced than shown here. 
The sudden decrease in intensity at U>14V (Fig. 4b) coincides with a strong increase 
in current (not shown). The latter is due to the oxidation of water by valence band 
holes and is accompanied by severe gas formation. It is not unlikely that the porous 
layer is damaged during this process.       

       
Fig. 3: Luminescence spectra recorded for n-type 4H-SiC in 0.1M KOH 
solution at various potentials. The inset shows the current-density potential plot (left 
axis) and the recorded emission intensity at 668 nm (right axis).  
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 When n-type SiC is etched in KOH solution in the dark (non porous), comparable 
spectra are obtained as for porous etching in the dark (compare Fig. 2 and 3). The 
potential at which light emission is observed, is much more positive than for porous 
SiC (U ≥ 23V). This suggests that in porous SiC the field is enhanced at the pore tips, 
a mechanism similar to that was proposed by Zhang et al. for porous etching of Si 
[27]. Evidence for the suggested mechanism for light emission, i.e. impact ionization, 
is provided by the measured current-density and the corresponding peak emission 
intensity at various potentials (not shown). At potentials < 23 V, the electric field at 
the surface is strong enough to allow current flow via an interband tunneling process 
(step 1, Fig. 1). However, the electric field is not strong enough to cause light 
emission by impact ionization [23]. The onset of light emission is at 23V and the 
emission intensity increases rapidly at U ≥ 26 V. There is a clear correlation between 
current density and light emission.  



Chapter 7 
 
SiC: a photocathode for water splitting 

and hydrogen storage? 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Electrochemical reduction of water to give hydrogen was studied at n-type SiC (in the 
dark) and p-type SiC (under illumination). Hydrogen is stored in the semiconductor 
and can be reoxidized via a valence-band reaction. We show that a p-type SiC 
photocathode, short-circuited to a Pt anode in alkaline solution, can split water to 
hydrogen and oxygen. We improved the kinetics of water splitting by using Pd as a 
catalyst on the photocathode.  
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7.1 Introduction 
 
 
The report by Fujishima and Honda in 1971 [1] that a TiO2 photoanode, short-
circuited to a Pt cathode, could be used to split water into hydrogen and oxygen caught 
the imagination of the scientific community. Illumination of the n-type semiconductor 
creates electrons and holes. The minority carriers oxidize water to oxygen 
 
2H2O + 4h+ → O2 + 4H+                    (1) 
 
while electrons reduce protons or water at the counter electrode to produce hydrogen 
 
4H+ + 4e- → 2H2                      (2) 
 
This discovery offered the prospect of using sunlight to produce environmentally 
friendly fuel. To achieve efficiency in this galvanic cell it was necessary, however, to 
introduce an oxidizing agent (dissolved oxygen or Fe3+ ions) into the Pt compartment 
[2] or to use electrolyte solutions of different pH values in the two compartments [3]. 
TiO2 is chemically a very stable photoanode. However, it has an obvious 
disadvantage: with a large bandgap (3.2 eV), only the UV part of the solar spectrum is 
effective in water splitting. Subsequent work has concentrated on semiconductors with 
a smaller bandgap, such as WO3 [4] and Fe2O3 [5]. Promising results have recently 
been reported, based on the chemical modification of TiO2 [6]. Carbon doping of TiO2 
nanotubes has been shown to give sensitivity in the visible range of the spectrum  [7, 
8].  
 An alternative approach to splitting water is to generate hydrogen at a photo-
cathode (a p-type semiconductor) and oxygen at the counter electrode. Turner and his 
group have shown that p-type GaInP2, either coupled to a photovoltaic device (a GaAs 
p/n junction) or in combination with a photoanode (α-Fe2O3 or WO3) offers interesting 
possibilities [9-12]. (GaInP2 has a bandgap of 1.83 eV.) Recently Mor et al. have 
reported a similar approach [13] with a combination of a p-type Cu-Ti-O nanotube 
array and an n-type TiO2 nanotube array. Hydrogen production at these photocathodes 
short-circuited to a Pt anode has not been reported. Photocathodic reduction of water 
at p-type SiC has been studied previously [14-16]. Hydrogen evolution in a galvanic 
cell (i.e. without a voltage source) was not reported. Akikusa and Khan described 
hydrogen production with a p-SiC/n-TiO2 cell, in which the kinetics of the hydrogen 
reaction were improved by depositing Pt on the p-type semiconductor [14].  
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 During the investigation of the photoelectrochemistry of SiC we realized that the p-
type semiconductor should be an interesting candidate as a photocathode for hydrogen 
production. As we show in the next section, SiC meets the thermodynamic require-
ments for water splitting. We found that the p-type SiC electrode short-circuited to Pt 
does, in fact, split water. To our surprise we also found that the generated hydrogen is 
stored in the semiconductor. After considering the energetics of the system (section 
7.3.1) we describe the hydrogen reaction at n-type SiC in section 7.3.2; this reaction 
occurs in the dark. Results for the photocathodic evolution of hydrogen at p-type SiC 
is described in section 7.3.3. and in section 7.3.4. we show that water can be split in a 
galvanic cell.  
 
 
7.2 Experimental 
 
 
Single crystal 4H-SiC (p- and n-type) and n-type 6H-SiC wafers were obtained from 
Cree (United States). The p-type wafer (4H) was oriented 8° off-axis, aluminium 
doped and had a resistivity of 3.86 Ω.cm The n-type wafers (4H and 6H) were 
oriented on-axis, nitrogen-doped and had a resistivity in the range of 0.06-0.07 Ω.cm. 
All samples used in this study had a polished Si polar face. A circular opening was 
defined on the samples with a Si3N4 mask. The diameter of the opening was 2 mm. 
Ohmic contacts to the p-type SiC were made by evaporating a 300 nm thick layer of 
Al/Ta/Au on the back side of the wafer. The metallized wafer was subsequently 
annealed at 850 °C for 10 minutes. The n-type wafers were contacted by depositing a 
300 nm Ti/Au layer followed by a 1 second annealing step at 1000 °C.   
 Electrochemical measurements were performed in a conventional three-electrode 
cell with a platinum counter electrode and a saturated calomel electrode (SCE) as 
reference. A potentiostat (EG&G Princeton Applied Research PAR-273-A), computer-
controlled by LabVIEW, was used to measure the current-potential curves. Unless 
otherwise stated, the curves were recorded at a constant scan rate of 10 mV/s from 
negative to positive potential and back. Electrochemical impedance measurements 
were performed with a Schlumberger SI 1255 HF frequency response analyzer, 
computer-controlled by LabVIEW in the range 10–50 kHz at various potentials and a 
10 mV ac perturbation signal.  
 It was essential to etch anodically new samples prior to use in order to remove the 
defect layer related to (chemo)mechanical polishing or handling of the wafer. 
Typically, 10 cyclic voltammograms were sufficient for this purpose. The p-type 
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electrodes were etched in 0.3M KOH in the dark, while n-type electrodes were etched 
in 0.1M KOH under illumination. The potential was scanned from the onset of 
(photo)anodic dissolution to the passive range and back (see Chapter 5). A Hg arc-
lamp (500 W) with a power supply (Oriel 66941) was used as light source. UV light 
from the beam was directed on to the sample using a dichroic mirror (280-400 nm) in 
combination with a plano convex lens. The light intensity was varied with neutral 
density filters.  
 
 
7.3 Results and discussion 
 
 
7.3.1 Energetics 
 
The flat-band potential Ufb can be determined by measuring the space-charge 
capacitance Csc as a function of potential under depletion conditions (see section 
1.5.2). The relation between the space-charge capacitance of a p-type electrode and the 
applied potential is described by the Mott-Schottky model [17]: 
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kTU U
eN eC εε

⎛ ⎞= − −⎜ ⎟
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                (3) 

where ε is the dielectric constant, ε0 is the permittivity of free space, NA the acceptor 
density, e the elementary charge, k the Boltzman constant, T the absolute temperature 
and U-Ufb the potential drop in the semiconductor. According to eq. 1, a plot of 1/Csc

2 
versus U should give a straight line whose slope depends on the acceptor density. The 
intercept of the extrapolated line with the x-axis yields Ufb.  
 Fig. 1 shows Mott-Schottky plots for p-type 4H-SiC in 0.5M H2SO4 solution. The 
plots are linear up to 3V and show little frequency dispersion. This indicates that a 
change in the applied potential results solely in a change in the potential drop over the 
space-charge layer. The slope of the Mott-Schottky plots agrees well with the acceptor 
densities specified by the supplier. Extrapolation gives a value for Ufb of 2.0V. Close 
to Ufb, the measured capacitance becomes independent of potential (U>1.5V). The 
approximately constant value of the capacitance shows that the potential drop no 
longer occurs over the depletion layer. As the potential approaches Ufb, the surface 
hole concentration increases strongly. The holes present in the space-charge layer can 
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oxidize the semiconductor. Lauerman et al. showed that an anodic oxide is formed on 
SiC in H2SO4 solution [15]. Considering the low solubility of SiO2 in H2SO4 solution, 
it is, therefore, not unlikely that an oxide capacitance (Cox) is responsible for the 
deviation from linearity. This is supported by the value found for Cox, comparable to 
that reported in chapter 3.  
 

 
Fig. 1: Mott-Schottky plots for p-type 4H-SiC in 0.5M H2SO4 solution measured at 
frequencies of 10 and 50 kHz.  
 
 
The value of Ufb (i.e. the value of EF for which the bands are flat) allows us to 
determine the position of the valence-band edge Ev. The energy difference between the 
majority carrier band and the Fermi level is given by eq. 4:  
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With Nv = 2.5x1019/cm3 [18] and NA = 1.35x1016 a value of 0.19 eV is found for  EF-
Ev. The position of the conduction band edge Ec can be obtained from the bandgap 
energy of 4H-SiC (3.26 eV). In Fig. 2 the conduction and valence band edges of p-
type 4H-SiC at pH 0 are shown on an SCE scale.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The conduction-band edge lies well above the redox potential for the reduction of H+ 
and the Fermi level is positioned well below the redox potential for the oxidation of 
water. These are the thermodynamic requirements for photogalvanic (short-circuit) 
water splitting. Whether water splitting will occur depends on the kinetics of the 
anodic and cathodic reactions at Pt and SiC, respectively, and on electron-hole 
recombination in the semiconductor.  
 On the basis of impedance measurements on 6H-SiC by van de Lagemaat et al. 
[19] we conclude that the p-type semiconductor easily meets the thermodynamic 
requirements for water splitting in the whole pH range.   

Fig. 2: Schematic represent-
ation of the energy levels of 
p-type SiC at pH 0 on a 
potential scale with respect 
to SCE, together with the 
standard potentials of the 
H+/H2 and O2/H2O redox 
systems. 
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7.3.2 The hydrogen reaction at n-type SiC 
 
Water reduction on most semiconductors is a conduction-band process. The reaction 
can occur under cathodic polarization (negative with respect to Ufb), i.e. when the 
surface electron concentration is large. Obviously, the reaction occurs for an n-type 
electrode in the dark while, for p-type, illumination is required (see section 7.3.3). Fig. 
4 shows a current density-potential plot for n-type 4H-SiC in 0.1M KOH solution in 
the dark (solid line); diode characteristics are observed. From the results of van de 
Lagemaat et al. [19] we estimate the flat-band potential of the electrode in this solution 
to be approximately -1.5V. At negative potentials, two conduction band processes are 
observed: the reduction of oxygen and the reduction of water: 
 
O2 + 2H2O + 4e- → 4OH-                   (5) 
 
H2O + 2e- → H2 + OH-                   (6) 
 
Reaction (5) occurs in the potential range negative with respect to -1.8V and is 
controlled by mass transport of oxygen. Water reduction becomes dominant at 
potentials lower than -2.1V (reaction (6)).  
 In Chapter 5 it was shown that under (supra-)bandgap illumination, n-type SiC is 
photoanodically oxidized. An active/passive transition peak is observed in the cyclic 
voltammogram, with a strong hysteresis in the reverse scan due to the passive layer. 
These measurements were performed at potentials positive with respect to the flat-
band value; no hydrogen was evolved. Fig. 3 (dashed line) shows the effect on the 
photocurrent of extending the measurement to the hydrogen evolution range. In the 
scan to positive potential two anodic peaks are now observed. The more positive peak 
is due to dissolution and passivation of the electrode. The charge density under the 
second peak at -1.15 V increases markedly as the initial potential is decreased from -
1.75V to -2.75V (inset Fig. 3). The charge density, which ranges from 12 to 100 
mC/cm2, is much too large to be due to oxidation of a surface species. We must 
conclude that hydrogen evolved at negative potential (eq. 6) is partly stored in the 
electrode (eq. 7) instead as being evolved as gas (eq. 8) 
 
H• → H•

abs                         (7) 
 
H• + H• → H2                           (8)  
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Since illumination is necessary to reoxidize the stored hydrogen we must conclude that 
this reaction requires valence-band holes (eq. 9) 
 
H•

abs + OH- + h+(vb) → H2O                  (9) 
 
The kinetics of reaction (9) are clearly much more favourable than those of photo-
anodic oxidation of the semiconductor, which starts at a more positive potential.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Current-density potential plot of n-type 4H-SiC in 0.1M KOH solution in the 
dark (solid line) and under illumination (dashed line). The initial potential was -2.75V 
and the scan rate was 10 mV/s. The inset shows the hydrogen peak for different 
starting potentials. 
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 To measure the efficiency of hydrogen storage, we stepped the potential from a 
negative value at which hydrogen is formed to -1.15V to remove the hydrogen (the 
electrode was illuminated). The storage efficiency is defined as the total charge passed 
during hydrogen oxidation (the area under the hydrogen peak) (qH) divided by the 
charge passed for the cathodic reduction of water (qW). The efficiency depends on 
both the loading time and the cathodic current density (jc): longer loading times or 
higher values of jc result in a lower efficiency. We found values between 2 and 4% for 
loading times of up to 5 minutes and a load current of -5 mA/cm2. Comparable results 
were found for n-type 6H-SiC.  
 
 
7.3.3 The hydrogen reaction at p-type SiC 
 
In Fig. 4 a current-density potential plot is shown for a p-type 4H-SiC electrode in 
0.3M KOH solution (pH 13.5) under illumination. Ufb at this pH value is about +1.5V. 
The potential was scanned from -0.5V to +2.8V and back. In the potential range -0.5 < 
U < 0V, a limiting photocurrent is observed due to the reduction of water (eq. 6). Here 
the electric field at the surface is sufficiently strong to separate the charge carriers in 
the space-charge and diffusion layers. As the potential is increased further, the surface 
hole concentration increases and, as a result, the photocurrent decreases due to 
electron-hole recombination. As for n-type 4H-SiC and 6H-SiC, a peak is observed in 
the forward scan (at 1.1V) that is due to the oxidation of stored hydrogen (eq. 9). This 
is supported by the fact that the peak is not observed if cathodic polarization is carried 
out in the dark (i.e. no hydrogen is evolved). The peak is also not observed during the 
reverse scan from positive potential (see Fig. 4). The peak is, therefore, clearly related 
to hydrogen formation. As expected, the hydrogen peak becomes larger with 
decreasing initial potential (this is an effect of time, not potential). The inset of Fig. 4 
shows the results of potential-step experiments. The loading time was varied by 
keeping the potential at -1V for different time intervals. Subsequently, the potential 
was stepped to +1.1V to remove the stored hydrogen. It is clear that the charge density 
(area under the peak) increases with increasing loading time. As expected, illumination 
of the electrode is not needed to oxidize the stored hydrogen, since this is a valence-
band reaction (eq. 9). 
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Fig. 4: Current-density potential plot for p-type 4H-SiC in 0.3M KOH solution under 
illumination. The inset shows results of a potential-step measurement. After a fixed 
time at -1V, the potential was stepped to +1.1V to remove the hydrogen. Current 
transients are shown for various "loading" times.  
 
 
 The efficiency of hydrogen storage was investigated potentiodynamically. The p-
type electrode was illuminated in 0.3 M KOH solution. The starting potential of the 
current density-potential plots was varied and the potential was scanned at a rate of 10 
mV/s to 1.3V. After converting the potential axis to a time axis, the charge densities qH 
and qW were determined by integration. The value of qH was corrected for the small 
background charge passed during cathodic polarization in the dark. In Fig. 5, the 
storage efficiency qH/qW is plotted as a function of qW. For low values of qW, 100% 
efficiency is obtained. This indicates that all the hydrogen generated is absorbed by the 
lattice. As qW increases, the efficiency decreases and levels off at about 15%. On the 
right axis the amount of hydrogen stored is expressed as the number of monolayers 
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detected during oxidation (we take a monolayer to correspond to 1015 hydrogen 
atoms/cm2). This number increases quickly with increasing qW and, then more slowly 
up to a value of about 1250 monolayers. This trend is related to the storage efficiency. 
At low values of qW, most of the hydrogen is stored. As qW increases, the efficiency 
decreases, as also observed for n-type SiC. This trend is very likely due to a limitation 
in hydrogen diffusion into the lattice as the hydrogen content increases (eq. 7). There 
is a competition between hydrogen diffusion and gas evolution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Efficiency of hydrogen storage (qH/qW) versus the loading charge (qW) 
(squares). On the right axis, the number of monolayers of stored hydrogen is shown 
(circles).  
  
 
 The results described above show the general trend for most samples from the 
wafer. It is interesting to mention that in some cases efficiencies of almost 100% were 
observed for large qW values of 1.4 C/cm2 and 2.9 C/cm2. In another potential-step 
experiment, hydrogen was loaded for 30 minutes at a potential of -1.0 V (qW = 3.2 
C/cm2). The electrode was left at open-circuit in the electrolyte for 17 hours and the 
hydrogen was subsequently removed by applying a constant potential of +1.0 V. An 
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efficiency of 40% was observed. This experiment shows that hydrogen can be 
effectively stored in the material and that the applied potential is crucial for its 
removal. The highest value obtained for qH was 5.6 C/cm2 after 2 hours of loading. 
Such large amounts of hydrogen may result in large pressures within the lattice and 
could cause mechanical damage, as was found for much lower concentration in Si 
[20]. An optical change in the sample was observed after the experiment, but no 
evidence for mechanical damage. This is very likely due to the superior chemical 
stability of SiC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6: The influence of Pd on photocathodic water splitting and hydrogen storage for 
a p-type 4H-SiC electrode in 0.3M KOH solution.  
 
 
 In an attempt to improve the kinetics of the water reduction reaction (eq. 6) a 
catalyst, palladium [21], was used. The metal was electrodeposited on the illuminated 
p-type SiC electrode from a 1 μM Pd2+/0.5M HCl solution. The potential was set close 
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to the onset of the cathodic photocurrent. The efficiency of this process is not known. 
We deposited layers corresponding to 0.1 C/cm2. The influence of Pd on the current 
density-potential characteristics of p-type 4H-SiC in 0.3M KOH solution is shown in 
Fig. 6. The solid line gives the result for an untreated sample. The efficiency of 
hydrogen storage is 34%. When Pd was deposited, the onset of the reduction current 
became sharper. Strikingly, the limiting photocurrent density is larger for the Pd-
treated sample. This indicates that the light is more effectively coupled into the 
semiconductor. A similar effect was previously reported for p-type InP by Porter et al. 
who explained it in terms of the microstructure of the deposited layer [22]. The higher 
current density results in a larger amount of generated and stored hydrogen, as shown 
by the enhanced hydrogen peak. The storage efficiency is comparable to that of the 
bare sample (36 %). When the Pd-treated SiC was continuously loaded with hydrogen 
and unloaded, the efficiency decreased somewhat. The Pd probably detaches from the 
surface of the semiconductor.  
  
 
7.3.4 Water splitting in a galvanic cell 
 
Finally, we consider the possibility of hydrogen generation and storage in a galvanic 
cell. In section 7.3.1 we showed that p-type 4H-SiC meets the thermodynamic require-
ments for water splitting. The electron-hole dynamics at the interface determine if 
water will be split without external bias. This will be determined by the kinetics of the 
water reduction reaction, electron-hole recombination in SiC (eq. 6) and the oxidation 
of water at Pt (eq. 10)  
 
2H2O + 4h+ → O2 + 4H+                        (10) 
 
One important condition is a common potential range for reactions (6) and (10) (see 
also section 4.3.2.). At pH 13.5, the standard potential for the oxidation of water is 
+0.19V with respect to SCE. From Fig. 6 it is clear that the reduction of water at SiC 
occurs at a more positive value, indicating that water splitting should be possible. We 
have confirmed this experimentally.  
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Fig. 7: Schematic representation of a galvanic cell and the corresponding band energy 
diagram (top). The photocurrent-time plot was recorded for a Pd-treated p-type SiC 
electrode in 0.3M KOH solution. The light intensity was the same as for Fig. 6. The 
stored hydrogen was subsequently oxidized at 1.1 V (inset).  
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In Fig. 7 a current density-time plot is shown for a Pd-treated p-type SiC electrode 
short-circuited to a Pt counter electrode in 0.3M KOH solution. The light intensity was 
the same as that used for Fig. 6. The schematic representation of the experimental 
setup is also shown in Fig. 7, together with the corresponding band-energy diagram. 
Upon illumination, the current density peaks and stabilizes at a value of -0.16 
mA/cm2. After 33 minutes 315 mC/cm2 of charge has passed. The potential was 
subsequently stepped to 1.1V to determine qH. The current density peaked at 29 
seconds and it took 45 seconds to remove all hydrogen (see inset of Fig. 7). Hydrogen 
could be stored with an efficiency of 33%. The short-circuit current density (jsc) was 
measured at different pH values for a bare p-type SiC electrode. jsc decreases with 
decreasing pH on going to acidic range. It is clear that the galvanic cell works best at 
high pH. 
 
 
7.4 Summary and perspectives 
 
 
In this work we have shown that it is possible to use p-type 4H-SiC as photocathode 
with a Pt anode and no external bias to split water in order to produce hydrogen and 
oxygen. We have also shown that hydrogen, generated photocathodically, can be 
stored in the p-type semiconductor. The storage efficiency for a given electrode 
depends on the rate and duration of hydrogen production. The stored hydrogen can be 
reoxidized electrochemically in a reaction involving valence-band holes. Hydrogen 
storage is also observed with n-type 4H and 6H-SiC when water is cathodically 
reduced in a dark reaction; in this case illumination is required for electrochemical 
reoxidation. We find a considerable spread in the efficiency with which hydrogen is 
stored in SiC; the factors determining the efficiency are not well understood and more 
research is required.  
 While these results are interesting in that they show the ability of SiC to split water, 
the bandgap of 4H-SiC (Eg = 3.26 eV) is too large to make the system practical for 
hydrogen production from solar radiation. In this respect, other polytypes should be 
considered. The absorption spectrum of 3C-SiC (Eg = 2.36 eV) corresponds much 
more favourably with the solar spectrum. Relatively little is known about the 
photoelectrochemical properties of this material. Amorphous SiC could perhaps also 
offer interesting possibilities for water splitting.  
 From the electrochemical experiments described in this chapter it is clear that 
"bare" SiC is a poor catalyst for hydrogen evolution. The presence of a thin electro-
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deposited layer of Pd on p-type SiC was shown to promote the hydrogen reaction. 
Results by Akikusa and Khan [14] indicate that Pt might be a better choice. They 
observed a positive shift of about 200 mV in the photocurrent onset potential with 
platinized p-type SiC. Effective catalysis of the hydrogen reaction will be essential for 
efficient water splitting at any type of SiC. The use of a two-compartment cell with 
electrolytes of different pH could, as in the case of TiO2/Pt cell, enhance quantum 
efficiency.  
 In galvanic cells used to split water, the hydrogen gas has to be collected. An 
attractive approach is to use a hydride-forming metal or alloy for this purpose. Since 
such metals are generally very reactive it is essential to "purify" the hydrogen 
beforehand by removing oxygen and water vapour naturally present in an 
electrochemical environment. This is a tedious exercise. It would be highly interesting 
if hydrogen, stored in SiC, could be transferred directly to such a metal or alloy. 
Provisional experiments have shown that hydrogen transfer may be possible. We have 
observed optical changes in a thin yttrium layer on p-type SiC when the 
semiconductor was loaded with hydrogen and also when the hydrogen was removed. 
Yttrium is one of a class of metals known as "switchable mirrors". The optical 
properties of the thin film, such as transparency, depend strongly on hydrogen content 
and can be switched.  
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Samenvatting 
 
 
In vele toepassingsgebieden, zoals ruimtevaart, automobielindustrie, telecommunicatie 
en petroleum industrie, is er een sterke behoefte aan elektronische devices die resistent 
zijn tegen extreme omstandigheden, zoals hoge temperaturen, hoge frequenties, hoge 
spanningen en straling. Halfgeleiders met een grote bandafstand, in het bijzonder 
silicium carbide (SiC) en gallium nitride (GaN) samen met andere verbindingen van 
de groep III-nitrides (AlGaN, InGaN,...) zijn zeer geschikt voor deze toepassingen. 
Het voordeel van deze materialen vergeleken met klassieke halfgeleiders zoals 
silicium (Si) en gallium arseen (GaAs), is dat zij een grote bandafstand, een grote 
warmtegeleiding en uitstekende eigenschappen voor elektrische en optische 
toepassingen combineren. Licht emitterende diodes (LED's) en blauwe lasers gemaakt 
van groep III-nitrides zijn hard op weg om nieuwe ontwikkelingen te bewerkstelligen 
op het gebied van verlichting en informatietechnologie, terwijl hoogvermogen, hoog 
frequent en hoge temperatuur elektronische toepassingen gebaseerd op SiC aan het 
begin staan van industriële productie.  
 Etsen is een essentiële stap voor de productie van devices. Droogets technieken 
kunnen worden gebruikt voor patronering van SiC en GaN. Bij deze technieken wordt 
gebruik gemaakt van reactieve ionen die via een chemische reactie of botsing 
materiaal van het oppervlak verwijderen. Het nadeel van deze technieken is dat ze 
kostbaar zijn en het oppervlak beschadigen, waardoor er elektronische toestanden 
ontstaan die het functioneren van een device nadelig beïnvloeden. Voor de klassieke 
halfgeleiders is natchemisch etsen een simpel en interessant alternatief dat opper-
vlakteschade voorkomt. Er zijn twee vormen van natchemisch etsen, 'electroless' en 
chemisch etsen. Bij electroless etsen wordt er gebruik gemaakt van een sterk 
oxidatiemiddel dat elektronen uit de valentieband van de halfgeleider kan opnemen. 
Dit proces resulteert in mobiele ladingsdragers (gaten). Wanneer de gaten in 
oppervlaktebindingen gaan zitten, dan kan de vaste stof worden geoxideerd en 
vervolgens oplossen. Bij 'chemisch' etsen worden de oppervlaktebindingen direct 
verbroken door uitwisseling van de elektronen in oppervlaktebindingen met de 
vloeistof. Naast de belangrijke voordelen van diamandachtige stoffen zoals SiC en 
GaN is er een groot nadeel: de extreem chemische resistentie en de laag liggende 
valentieband rand. Zo bestaat er geen enkel stabiel oxidatiemiddel in waterige 
oplossingen dat sterk genoeg is om gaten te injecteren in de valentieband van deze 
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halfgeleiders. Chemisch etsen is alleen mogelijk bij hoge temperaturen en kan 
gebruikt worden om defecten bloot te leggen, maar is niet interessant voor device-
toepassingen. Elektrochemisch etsen  van SiC en GaN (met behulp van een spannings-
bron) is wel mogelijk en is tevens het onderwerp van dit proefschrift.  
 In het eerste hoofdstuk wordt een overzicht gegeven van de belangrijke eigen-
schappen van halfgeleiders met een grote bandafstand en worden de basisprincipes 
van halfgeleider elektrochemie en elektrochemisch etsen uitgelegd.  
 In hoofdstuk 2 wordt de (foto-)elektrochemie van SiC in zure fluoride oplossing 
beschreven. Voordat hiermee wordt begonnen, wordt eerst de elektrochemie van Si 
kort besproken. De complexering van Si4+ met fluoride is van belang voor het etsen 
van beide halfgeleiders en daarom zijn enige overeenkomsten niet uitgesloten. 
Verschillende soorten kristallijn SiC werden onderzocht. De SiC monsters werden 
voor dit onderzoek als een roterende schijf elektrode gemonteerd. Het voordeel van 
deze aanpak is dat de invloed van massatransport bestudeerd kan worden door de 
draaisnelheid te variëren. Stroom-potentiaal curven werden opgenomen bij ver-
schillende draaisnelheden en verschillende fluoride concentraties. Anodisch oplossen 
en passivering van het oppervlak, als gevolg van oxide vorming, is waargenomen voor 
zowel p-type SiC in het donker als n-type SiC onder belichting. Het anodisch oplossen 
van beide typen SiC vertoont een sterke massatransport afhankelijkheid. De 
geobserveerde trends kunnen echter niet volledig worden verklaard door massa-
transport. Koutecky-Levich analyse laat zien dat ook de oppervlaktereactiesnelheid 
moet worden beschouwd. De p-type SiC elektrodes kunnen worden gepolijst bij hoge 
etssnelheden, terwijl de afwerking van het oppervlak van n-type materiaal sterk 
afhangt van de experimentele omstandigheden. Een belangrijk verschil tussen de 
elektrochemie van SiC en die van Si, is dat de massatransportafhankelijk voor SiC 
veel sterker is. Dit is het gevolg van een veel hogere etssnelheid. We kennen dit toe 
aan de aanwezigheid van koolstof in het SiC rooster: koolstof moet eerst worden 
verwijderd voordat passivering kan optreden. 
 Een ander belangrijk verschil tussen de elektrochemie van SiC en Si in fluoride 
oplossing, is dat de hysterese in de voltammogrammen voor SiC veel groter is dan 
voor Si. Dit doet vermoeden dat het gevormde oxide op het SiC oppervlak veel dikker 
moet zijn dan dat op Si. Tot onze verrassing bleek de dikte van het oxide op SiC twee 
ordegroottes groter te zijn dan dat op Si. De resultaten van dit onderzoek staan 
beschreven in het derde hoofdstuk. Elektrochemische metingen werden gecombineerd 
met een optische techniek (ellipsometrie). Op deze manier kon de oxidegroei als 
functie van tijd en aangelegde spanning worden onderzocht. Het blijkt dat bij lage 
fluoride concentraties oxidelagen met diktes tot wel 5 micrometer kunnen worden 
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gegroeid. (Voor Si vindt men onder vergelijkbare omstandigheden een oxidedikte die 
minimaal 100 keer kleiner is.) Door de elektrische impedantie te meten in het passieve 
gebied, kan de capaciteit van het oxide worden bepaald en daarmee de dikte. In 
tegenstelling tot de ellipsometrische metingen, vinden we een oxidedikte van 6-9 
nanometer (1 nanometer is 1 miljoenste millimeter). Dit geeft aan dat het oxide op SiC 
een tweevoudige structuur heeft: een droog (isolerend) oxide met daar bovenop een 
dik gehydrateerd (nat) oxide. Het anodisch oxide op Si heeft een vergelijkbare 
structuur, echter veel minder uitgesproken. Met behulp van elektronenmicroscopie en 
ionenbundelanalyse werd de aanwezigheid van de dikke oxidelaag bevestigd. Het 
groeimechanisme van het oxide op SiC is door de aanwezigheid van koolstof in het 
kristalrooster anders dan voor Si en kan het grote verschil in dikte verklaren.  
 In hoofdstuk 4 wordt de foto-elektrochemie van n-type GaN in een basische 
oplossing van peroxydisulfaat (S2O8

2-) besproken. De resultaten van dit onderzoek 
worden gebruikt om het foto-ets mechanisme van de halfgeleider te achterhalen. De 
foto-anodische etssnelheid neemt af wanneer S2O8

2- aan de oplossing wordt 
toegevoegd, doordat dit molecuul UV licht absorbeert. De effectieve lichtintensiteit 
neemt hierdoor af. Bij negatieve potentialen wordt S2O8

2- gereduceerd en worden   
SO4

-• radicalen gevormd. Elektroluminescentie metingen laten zien dat de gevormde 
radicalen sterk genoeg zijn om elektronen uit de oppervlaktebindingen weg te nemen 
van de chemisch resistente halfgeleider. De aanzetpotentiaal van de reductie van 
S2O8

2- is positiever dan die van de reductie van zuurstof en het foto-anodisch oplossen 
van de halfgeleider. Dit leert ons dat de halfgeleider geëtst kan worden onder 
belichting zonder gebruik te maken van een tegenelektrode. Met behulp van een twee-
compartimentencel is aangetoond dat n-type GaN, kortgesloten met een edelmetaal-
elektrode, als een galvanische cel functioneert. Dit betekent dat de chemische reacties 
aan het oppervlak, in dit geval van het edelmetaal, de etssnelheid beïnvloeden. Door 
de reductiereactie aan het metaal te versnellen, door toevoeging van een verbinding 
die gemakkelijker elektronen kan opnemen dan zuurstof, kan de etssnelheid 
(aanzienlijk) worden verhoogd. De morfologie van het geëtste oppervlak is sterk 
afhankelijk van de experimentele omstandigheden. Concentratie, oppervlakte-
verhouding, lichtintensiteit en massatransport kunnen zodanig worden gekozen dat 
polijsten van de halfgeleider mogelijk is of kristallografische defecten selectief kunnen 
worden blootgelegd.  
 In het vijfde hoofdstuk wordt ingegaan op de (foto-)elektrochemie van p-type en n-
type SiC in KOH oplossingen. De halfgeleider kan, net als in fluoride oplossing, 
anodisch worden opgelost en oxidegroei belemmert het oplosproces wanneer de 
potentiaal te positief wordt ingesteld. De oplossnelheid is sterk afhankelijk van de 
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temperatuur en de KOH concentratie. In tegenstelling tot fluoride oplossing, is de 
oplossnelheid van SiC in basisch milieu niet afhankelijk van massatransport. Onder 
deze omstandigheden is de oppervlaktereactiesnelheid de snelheidsbeperkende stap. 
Dit suggereert dat de etssnelheid afhankelijk kan zijn van de kristalrichting, een 
eigenschap die nuttig gebruikt zou kunnen worden voor het etsen van structuren. Foto-
etsen van SiC kortgesloten met platina is een krachtige manier om kristallografische 
defecten bloot te leggen. De elektrochemische eigenschappen van p-type en n-type 
SiC en Si zijn zodanig dat selectieve verwijdering van een laag in principe mogelijk 
moet zijn. Dit is interessant voor de fabricage van microelectromechanische systemen. 
 Elektrochemisch etsen van n-type SiC, zoals beschreven in hoofdstuk 2 en 
hoofdstuk 5,  kan gebruikt worden om de elektroluminescentie-eigenschappen in te 
stellen. De resultaten van dit onderzoek zijn beschreven in hoofdstuk 6. Ongeëtste 
elektrodes emitteren licht in het zichtbare gebied. De intensiteit van het uitgestraalde 
licht neemt toe naarmate de aangelegde spanning negatiever wordt gekozen. De 
intensiteit is laag en wordt in verband gebracht met oppervlakteschade. Door de 
oppervlakteschade te verwijderen in KOH oplossing, neemt de intensiteit van het 
uitgestraalde licht sterk toe. Er wordt een sterke potentiaalafhankelijke emissie 
waargenomen in het UV gebied wanneer meer dan 3.5 μm materiaal wordt verwijderd.  
Wanneer n-type SiC poreus wordt geëtst in fluoride oplossing dan neemt eveneens de 
intensiteit van het uitgezonden licht toe. De emissie ligt echter voornamelijk in het 
zichtbare gebied. Het grote verschil in emissie-eigenschappen tussen de verschillende 
etsbehandelingen van SiC wordt toegekend aan verzadiging van elektronische 
toestanden die zich nabij het oppervlak bevinden. 
 In het laatste hoofdstuk beschrijven we de mogelijkheid om p-type SiC te ge-
bruiken als fotokathode voor het splitsen van water in zuurstof en waterstof. Waterstof 
is een zeer aantrekkelijke brandstof. Elektrische impedantiemetingen laten zien dat het 
materiaal geschikt is voor deze reactie. De snelheid waarmee waterstof wordt 
gevormd, is bestudeerd met behulp van potentiaal dynamische metingen. Waterstof 
kan zonder spanningsbron worden geproduceerd aan een belichte p-type SiC elektrode 
kortgesloten met platina. Nu blijkt dat het waterstof dat ontstaat bij de reductie van 
water aan SiC wordt opgeslagen in het rooster van de halfgeleider. Het opgeslagen 
waterstof kan gemakkelijk worden verwijderd bij positieve potentiaal. Door gebruik te 
maken van een palladium katalysator, hebben we de snelheid van de watersplitsings-
reactie aan p-type SiC verhoogd. Er zijn indicaties dat het opgeslagen waterstof 
overgebracht kan worden naar een metaal, wat interessant zou kunnen zijn voor de 
opslag van waterstof. 



List of publications 
 
 
The results presented in this thesis have been reported in the following publications: 
 
 
- SiC: a photocathode for water splitting and hydrogen storage?  
 D.H. van Dorp, N. Hijnen, M. Di Vece and John Kelly 
 To be submitted 
 
- Reliability of defect selective etching in S2O8

2-/KOH solutions 
 J.L. Weyher, D.H. van Dorp, J.J. Kelly and F.D.Tichelaar 
 To be submitted 
 
- Tunable luminescence from n-type 4H and 6H-SiC by electrochemical etching 
 D.H. van Dorp, J.H. den Otter, N. Hijnen, M. Bergmeijer and J.J. Kelly 
 Submitted 
 
- Electrochemical Growth of Micron-Thick Oxide on SiC in Acidic Fluoride 
 Solution 
 D.H. van Dorp, E.S. Kooij, W.M Arnoldbik and J.J. Kelly 
 Submitted  
 
- Photoetching mechanisms of GaN in alkaline KOH/S2O8

2- solutions 
 D.H. van Dorp, J.L. Weyher, M.R. Kooijman and J.J. Kelly  
 Submitted 
 
- Electrochemistry and etching of SiC in acidic fluoride Solution 
 D.H. van Dorp, J.J.H.B. Sattler, J.H. den Otter and J.J. Kelly 
 Submitted 
 
- Photoelectrochemistry and Etching of SiC: a Comparison with Si 
 J.J. Kelly, D.H. van Dorp and J.L. Weyher 
 ECS Transactions 6 State-of-the-Art Program on Compound Semiconductors 46 
 (2007), 513-524 



List of publications 166

- Anodic etching of SiC in alkaline solutions 
 D.H. van Dorp, J.L. Weyher and J.J. Kelly  
 Journal of Micromechanics and Microengineering 17 (2007) S50–S55 
 
- Photoelectrochemistry of 4H–SiC in KOH solutions 
 D.H. van Dorp and J.J. Kelly 
 Journal of Electroanalytical Chemistry, 599 (2007), 260-266 
 
- Electrochemistry and Etching of Wide Bandgap Chemical Resistant 
 Semiconductors 
 J.J. Kelly, L. Macht, D.H. van Dorp, M.R. Kooijman and J.L. Weyher 
 Electrochemical Society Proceedings 2005-04, 138-146 
 
 
Other publication 
 
- S.J.M. Zevenhuizen, L.K. Vugt, D.H. van Dorp and D.A.M. Vanmaekelbergh, 
 Ingelijst: Draadnagels, Nederlands Tijdschrift voor Natuurkunde 73(1) (2007) p.25 
 Chapter 3 
 



Dankwoord 
 
 
Het verloop van het promotieproces vertoont veel overeenkomsten met een 
voltammogram. In een voltammogram wordt de stroomdichtheid uitgezet tegen de 
potentiaal (zoals Fig. 2 van Hoofdstuk 2). De potentiaal kan vergeleken worden met de 
energie die in het proces wordt gestopt en de stroomdichtheid is een maat voor het 
succes waarmee dit proces wordt doorlopen. De aanzet van de stroom wordt bepaald 
door de hoeveelheid energie die nodig is om het proces op te starten. Het proces 
vordert en de stroom neemt snel toe. De eerste successen worden gekenmerkt door de 
pieken in de stroom-potentiaal curve. De voortgang van het proces kan in gevaar 
komen wanneer een probleem niet snel genoeg wordt opgelost. Dit kan resulteren in 
een passivering van het gehele proces. Om dit te voorkomen kan het zinvol zijn om er 
meer energie in te stoppen om zo een doorbraak te forceren. Dit is echter niet altijd 
verstandig. In sommige gevallen is het verstandiger om de energie te doen laten 
afnemen, zodat een bepaald probleem vanzelf oplost. Wat uiteindelijk de beste keuze 
is, hangt af van de context waarin het proces wordt geplaatst...  
 Ondanks de soms mindere dalen die inherent zijn aan een piekstructuur, zou ik 
nooit wat anders hebben willen doen. Ik kijk dan ook met heel veel plezier terug op de 
afgelopen vier jaar. Ik heb het altijd als een voorrecht beschouwd om in een dergelijke 
uitdagende omgeving van ontwikkeling en vrijheid te mogen vertoeven.  
 Promoveren is in veel opzichten een solitaire bezigheid. De hulp van anderen is 
echter onontbeerlijk. Allereerst wil ik mijn promotor John Kelly bedanken. John, 
meerdere mensen zeiden dat ik het maar getroffen had met een begeleider zoals jij. Ik 
kan dat alleen maar beamen. Jouw informele manier van begeleiden, of beter gezegd 
samenwerken, heb ik als zeer prettig ervaren. Je hebt mij de vrijheid gegeven om 
mezelf te ontwikkelen en me bijgestuurd wanneer je dat nodig achtte. Als ik behoefte 
had aan encyclopedische kennis op het gebied van halfgeleiders en elektrochemie, een 
brainstormsessie of de nodige humor dan stond jouw deur altijd voor me open. Wat 
noemenswaardig is, is het feit dat je rekening hield met de psychologie van de 
promovendus. Als het even tegen zat dan had je altijd wel een opbeurend woordje 
voor me klaar. We hebben veel nagedacht over hoe we onze resultaten zouden 
presenteren en zonder jouw gevoel voor en inzicht in de schrijfkunst was dat nooit zo 
goed gelukt. Dank daarvoor!  
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 Wat is een onderzoeker zonder de hulp van goede technici? Deze vraag behoeft 
geen antwoord. Hans, als ik een idee had over een nieuwe opstelling of weer een 
elektrochemische cel, dan perfectioneerde je dat altijd op het befaamde kladpapiertje. 
Samen met je collega Rinus heb je vele uren besteed om de bestaande ideeën te 
verwezenlijken. Zonder deze kostbare hulp had ik nooit zulke mooie metingen kunnen 
doen. Mijn dank is groot! Het is handig om op iemand te kunnen terugvallen die veel 
meer weet van computers dan jezelf. Stephan, als ik een computerprobleem had, of er 
diende een programmaatje voor een meetopstelling of dataverwerking geschreven te 
worden, dan droeg jij daar zorg voor. Ook kon ik altijd bij je terecht als ik de 
elektronenmicroscoop nodig had, wat in verschillende mooie plaatjes heeft geresul-
teerd. Bedankt daarvoor. 
 Tijdens de afgelopen vier jaar heb ik met verschillende mensen samengewerkt. 
First of all, I want to thank you Jan for the numerous GaN and SiC samples that were 
arranged for me. Our cooperation has been fruitful and your work has contributed to 
several papers. You are a true artist when it comes to defect revealing. Maybe there is 
a market for artistic SEM images? Als tweede wil ik Stefan Kooij bedanken. Voordat 
onze samenwerking begon, had ik nog nooit van ellipsometrie gehoord. Je hebt laten 
zien dat deze techniek een heel mooie aanvulling is op elektrochemie. Ik heb onze 
samenwerking als prettig ervaren en het was zonder meer gezellig. Ik wil je bedanken 
voor je enthousiaste input en de tijd die je voor ons hebt vrijgemaakt. Een andere 
enthousiaste input kwam vanuit het Van der Graaff Laboratorium. Wim, bedankt voor 
de mooie ERD en RBS metingen. Onze samenwerking was op de valreep, maar de 
resultaten zijn daarom zeker niet minder mooi. Vitaly, many thanks for analyzing the 
data on anisotropy in the etching of SiC in alkaline solution. We initially planned a 
more thorough study on this subject, but, unfortunately, providing p-type SiC with 
Ohmic contacts is not trivial. De elektrochemici zijn op de vakgroep van een 
uitstervende soort. Harold, bedankt voor jouw input als 'sililoog'. De discussies over 
de elektrochemie van silicium vond ik zeer leerzaam. Verder zijn jouw connecties met 
de cleanroom van MESA+ van groot belang geweest voor dit onderzoek. Ruud 
Balkenende van Philips Research wil ik bedanken voor zijn bijdrage aan dit 
onderzoek. Ruud, goede Ohmse contacten zijn goud waard. Marcel, het onderzoek 
naar waterstofopslag in SiC en overdracht naar een metaal is een spannende reis, die 
nog niet is voltooid. Als onze samenwerking in de toekomst zou kunnen continueren 
dan denk ik dat we nog mooie dingen kunnen laten zien. 
 Bij deze wil ik de studenten bedanken die ik heb begeleid tijdens hun master, 
premaster of bachelor project. Mark, jij was de eerste. Je hebt een wel heel mooi 
model afgeleid voor Fabry-Perot effecten in epitaxiaal GaN. Menno, met jou hebben 
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we voor het eerst naar de elektroluminescentie gekeken van SiC in persulfaat 
oplossingen. Je was altijd enthousiast over je resultaten. Emily, het was gezellig. 
Pruisisch blauw is toch wel een heel speciaal goedje. Niek, je hebt hard gewerkt en 
mooie resultaten geboekt met betrekking tot elektroluminescentie van en waterstof-
opslag in SiC. Jesper, je onderzoek ging over de elektrochemie van Si en SiC in 
gevaarlijke oplossingen. Later legde je de basis voor het etsen van titaan. Violin, je 
hebt het etsen van titaan verder ontwikkeld. Je hebt laten zien dat je 'spiegels' kunt 
maken van dit materiaal. Arjan, jij was hekkensluiter. Je kwam niet alleen op het 
laatste moment binnen, maar je completeerde ook onze elektrochemische en 
elektroluminescentie metingen.  
 I want to thank al my colleagues at the Condensed Matter and Interfaces group for 
the fun and the interesting time: Heng-Yu, Linda, Bert, Sven, Arjan, Peter L., Floris, 
Celso, Peter V., Ingmar, Shuai, Thijs, Bryan, Philipp, Zhixiang and Aleksander. 
Andries, Cees en Harold, bedankt voor de leuke en verdiepende colleges die jullie 
hebben verzorgd tijdens mijn verblijf bij CMI. Daniël, wie weet laat ik je de 
schuifdobbervisserij nog eens zien. De CMI studentenkamer mag ik natuurlijk niet 
vergeten. Bedankt voor de mooie kleur die jullie de groep hebben gegeven. In het 
bijzonder wil ik nog de volgende mensen noemen. Karin en Rianne, bedankt voor de 
gezellige gesprekken op het werk en daarbuiten. Het lijkt me leuk om dit in de 
toekomst voort te zetten. Aneliya, many thanks for the pleasant dinners and movie 
trips we had together. I wish you well at the other side of the pond. Mary, bedankt 
voor de leuke tijd die we hebben gehad als je John vergezelde naar een conferentie en 
voor de gastvrijheid bij jullie thuis. Jessica, je bent altijd even bezorgd en 
geïnteresseerd, bedankt hiervoor. Daniëlle en Esther, ik heb jullie leren kennen toen ik 
in Utrecht begon en ik heb altijd veel met jullie gelachen. Graag maak ik gebruik van 
de gelegenheid om mijn kamergenoot te bedanken. Rolf, je bent een echt voorbeeld 
voor mij wat betreft het nastreven van het 'ijver en vlijt' principe. Ik heb veel van je 
aanwezigheid geleerd en aan de nodige humor ontbrak het nooit. It is clear you master 
the 'quennem' dots.  
 Tijdens een promotie is het goed om met enige regelmaat afstand te nemen om 
vervolgens weer fris aan de slag te kunnen gaan. Ik wil de mensen van Betablockers V 
of VI? bedanken voor de gezellige tijd bij Van Slag. Hopelijk wordt 'terug naar de A' 
dit jaar wel werkelijkheid. Naast volleybal was er elk weekend tijd voor de hengel-
sport. Ik wil iedereen bedanken die mij op dit gebied iets heeft bijgebracht. Sjaak, 
Mandrie, ik heb nog steeds vaker visles gekregen van jullie dan omgekeerd. 
Furthermore, I want to thank all my dear friends and acquaintances across the globe 
for the necessary distractions. I love you all. 
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    Als laatste wil ik mijn familie bedanken. Pa, ma, wie had dit nou gedacht? Bedankt 
voor jullie onvoorwaardelijke steun en interesse in mijn ontwikkeling. Zonder jullie 
was ik nooit zover gekomen. Marcel, een betere broer had ik me niet kunnen wensen. 
Bedankt voor de vele humor, taxiritjes, games, en films die we gekeken hebben. 
Finally, I want to thank a little treasure. Monica, piccolina, our roads met and it has 
been wonderful. The fruits of the future are there for us to pick! :-* :-* :-*  
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