
Fabrication and morphology of porous p-type SiC
Y. Shishkina!

Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260 and
Electrical Engineering Department, University of South Florida, Tampa, Florida 33620

Y. Ke, R. P. Devaty, and W. J. Choyke
Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

sReceived 28 May 2004; accepted 17 November 2004; published online 24 January 2005d

Porous silicon carbide fabricated fromp-type 4H and 6H SiC wafers by electrochemical etching in
hydrofluoric electrolyte is studied. An investigation of the dependence on wafer polarity reveals that
pore formation is favored on the C face while complete dissolution occurs on the Si face. When the
etching is done on the C face, the pore wall thickness decreases with increasing current density. The
morphology of the front surface of the sample depends on the prior treatment of the workpiece
surface. The porosity is estimated based on the analysis of scanning electron microscope images,
charge-transfer calculations, and gravimetric analysis. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1849432g

I. INTRODUCTION

The last decade has enjoyed a rapid and fruitful devel-
opment of silicon carbide, an indirect wide-band-gap semi-
conductor whose mechanical and electrical properties are su-
perior to silicon in many respects. Chemical inertness is
another property of SiC potentially useful for biological and
various sensor applications. At temperatures below a few
hundred °C, none of the known etchants for silicon are found
to chemically attack SiC at room temperature. Faust, Jr. sum-
marized the reagents which etch SiC at temperatures near
1000 °C.1 He also reported on the electrolytic dissolution of
SiC carried out at room temperature.

There have been a large number of reports on porous
p-type siliconssee, for example, Ref. 2 for a reviewd, which
exhibits a variety of porous structures produced under vari-
ous anodization conditions. A report on porousp-type 6H
silicon carbide was published about ten years ago by Shoret
al.3 Since then studies of porous SiC have mostly been re-
stricted to electrochemical etching ofn-type material prima-
rily due to the availability of both 6H and 4Hn-type wafers.
In this work, we undertake a study of the fabrication and
properties of porous structures formed fromp-type SiC wa-
fers. Porousp-type SiC has already been applied to Brillouin
scattering studies of surface acoustic waves in SiCsRef. 4d
and in protein dialysis experiments.5 Other potential applica-
tions for p-type porous SiC include the fields of bone tissue
engineering and fuel cells.

II. EXPERIMENT

The electrochemical etching experiments are performed
on vicinal carbon basal planes of 6H SiCp-type crystals
doped to about 231018 cm−3. In order to study the anodiza-
tion of surfaces with different degrees of surface finishing,
some samples were mechanically polished with diamond

paste down to 1µm mesh, and some with 1/4mm diamond.
Other samples were finished, as a final step, with chemical-
mechanical polishingsCMPd.

The porous etching is conducted anodically in a 10%
hydrofluoricsHFd aqueous solution mixed with ethanols2:1
measured by weightd. A standard three-electrode electro-
chemical cell configuration is used in which SiC crystals
serve as the working electrodes. The electrical current den-
sity was set between 0.5 and 60 mA/cm2. The forward bi-
ases applied to the working electrode ranged from 2.0 to
2.5 V.

After etching, samples are carefully removed from the
bath and thoroughly washed in acetone and trichloroethylene
to remove the residues of black wax used for masking pur-
poses. The gravimetric measurements, conducted prior to
and after the etching, are made using a microbalance instru-
ment having a precision of 1µg. This allows us to determine
the weight loss over the course of the etching process. Im-
ages of porous structures are obtained in both plan view and
cross section for analysis using a Philips XL30 FEG scan-
ning electron microscopesSEMd with a 5-nm spatial resolu-
tion.

III. RESULTS AND DISCUSSION

Figure 1 shows rectifying current–voltage characteristics
of p-type 6H SiC in aqueous HF electrolyte. Since the basal
plane of 6H SiC is polar, thes0001d, i.e., Si face, and the

s0001̄d, i.e., C face, surfaces are measured separately. The
jsVd curve of the Si face has a slightly higher slope than that
of the C face above the threshold. However, the slopes are
comparable beyond a 2-V bias. The onsets for intense elec-
trochemical etching are about 0.6 V apart indicating that the
effective potential barrier for hole transfer across the
semiconductor/electrolyte interface is 0.6 V smaller for the
carbon face. At a forward bias of about 2 V, the current
densities are similar and are on the order of 0.1 mA/cm2.

Unlike in p-type Si, for which the value of the current
density determines the porous formation and electropolishingadElectronic mail: shishkin@eng.usf.edu
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si.e., complete dissolutiond regimes,6 one of the major crite-
ria for the formation of a porous structure inp-type SiC is
the correct choice of the substrate polarity. When the Si face
of a p-type SiC sample is exposed to the anodizing condi-
tions, electropolishing of the crystal occurs for HF concen-
trations in the range from 1% to 20%sthe tested range of
concentrationsd. In contrast, porous structures are formed on
the C face provided the HF concentration exceeds 1%. At 1%
or below, complete dissolution of the crystal takes place even
for C-face crystals.

It is known that the wet oxidation of thes0001d surface,
or Si-terminated surface of SiC, proceeds at a much slower

rate than that of thes0001̄d surface.7 Our own experiments
sunpublishedd with wet oxidation of polar SiC surfaces con-
cur with the results obtained in Ref. 7. Since pores form by
an oxidation of the surface atoms with the immediate re-
moval of the oxidized species into the electrolytic solution,
we speculate that the origin of the difference in thejsVd
characteristics as well as the pore formation properties of the
two polar surfaces ofp-type SiC are likely related to differ-
ences in the oxidation properties of the carbon-rich and
silicon-rich surfaces.

Figure 2 shows plan view SEM images of the surfaces of
p-type SiC, C-face samples, which were treated differently
prior to electrochemical etching. The CMP processing was
used to pretreat the surface of the sample in Fig. 2sad. One
can see that after the anodization, the surface is rough and
seems to be the result of randomly positioned pore nucle-
ation sites. This relative susceptibility of the CMP-treated

p-type SiCs0001̄d face to electrolytic attack is in contrast to
the results obtained on surfaces ofn-type SiC. After prepro-
cessing with CMP, the surfaces ofn-type SiC show strong
resistance to electrochemical etching.8

The sample shown in Fig. 2sbd was polished with dia-
mond paste prior to anodization. The size of the polishing
diamond particles was 0.25µm. It can be seen that the bulk
porous network is overlaid by undissolved surface structures
of roughly 50–100 nm in width, roughly corresponding to a
quarter of the 0.25-µm size diamond particles. Since the av-

erage width of a scratch on a polished surface is in practice
thought to be approximately one-fourth of the size of a par-
ticle of the polishing agent, we presume that the etched
p-type SiC C-face surfaces are comprised of etch-resistant
structures associated with the scratches left after the me-
chanical polishing. This is supported by Fig. 2scd, which
shows a plan view image of a porous sample whose front
surface was polished prior to etching with diamond paste
down to 1µm. One can see that the dominating surface fiber
width has increased to 100–200 nm. In fact, other samples
exhibited surface features up to 500 nm in widthsnot
shownd. The experiments with etching surfaces onn-type
SiC demonstrate that surface scratches in this material result
in an opposite effect compared to what is seen in Figs. 2sbd
and 2scd, i.e., surface pore nucleation is favored by damage
created by mechanical polishing inn-type SiCsFig. 3d.

CMP processing, as compared to mechanical polishing,
is known to produce damage-free surfaces of SiC.9 Although
the technology of CMP for C-facep-type SiC has not been
fully developed yet, the front surface roughness of our CMP-
processed samples is in the range of 10–30 Å rms, as mea-
sured by atomic force microscopysAFMd. More importantly,

FIG. 1. Typical current densityjsVd vs bias voltage characteristics of the C
face and Si face of the basal plane of 6H SiC collected in 10% HF aqueous
solution with 5% ethanol. Each of the two curves represents a single scan
with increasing bias. The data points below the current onsets are instrumen-
tal noise.

FIG. 2. Plan view SEM images of porousp-type sp,2.031018 cm−3d
C-face 6H SiC samples treated differently prior to electrochemical etching
by sad chemical-mechanical polishing,sbd diamond paste polishing down to
0.25 µm, andscd diamond paste polishing down to 1.0µm.
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the front surface is scratch-free, which is a definite improve-
ment as compared to the surfaces polished with 0.25-µm dia-
mond paste. Therefore, based on Fig. 2, we conclude that
scratches associated with mechanical polishing are resistant
to electrochemical etching inp-type silicon carbide.

Figure 4sad shows a cross-sectional SEM image of a
bulk porous morphology obtained in a C-face samplesorigi-
nal substrate doping isp,2.431018 cm−3d at a current den-
sity of 1.0 mA/cm2. The porous film growth rate, which can
be roughly defined as the ratio of the film thickness to the
total etching time, is fairly low, less than 1mm/h at this
current density. The estimated thickness of the pore walls
under these conditions ranges from 15 to 40 nm. The ob-
served branched-type of morphology is typical for our
highly dopedp-type C-face 6H SiC samples anodized at cur-
rent densities up to 15 mA/cm2. Although the morphology
does not change, the thickness of the pore walls diminishes
with increasing current density, reaching 5–15 nm for
samples etched at 15 mA/cm2. The forward bias required to
achieve reasonable dissolution rates varies between 2.0 and
2.5 V.

When the current density is increased above
15 mA/cm2, the morphology has the appearance of afila-
mentarystructure, as seen in Fig. 4sbd. The sample shown in
Fig. 4sbd was etched at a current density of 30 mA/cm2. The
resolution of our SEM instrument does not allow us to accu-
rately measure the size of the structures in the filamentary
morphology. However, we estimate the pore wall thickness
to diminish to the 1-nm range. This result agrees with the
interpore spacing obtained in Ref. 3 by transmission electron
microscopesTEMd analysis. In Ref. 3, a current density of
50 mA/cm2 was used.

Despite the observed dependence of the interpore spac-
ing on the dissolution current, there are general similarities
for all p-type C-face SiC porous samples. First, unlike po-
rousp-type Si, we have not observed any indication of pref-
erential etching along specific crystallographic directions.
One exception is thek0001l direction along which complete
crystal dissolution occurs. To demonstrate that etching in
p-type SiC is indeed independent of orientation, an experi-
ment should be carried out in which a nonbasal plane surface
of SiC undergoes anodization. Second, the porosityP, de-
fined as the ratio of the volume of the void spaceVp to the
total volumeV, is uniform throughout the porous film. A
porosity gradient is typically observed forn-type SiC
samples, for which the formation of the porous structures is
facilitated by front surface UV illumination. In this case,
optically generated holes, required for the etching process,
are minority carriers, contrary to the holes inp-type material,
which are the majority carriers.

The uniform etchingfno porosity gradient seen in Figs.
4sad and 4sbdg of p-type SiC makes it possible to derive a
simple relationship for porosityP depending on the anodiza-
tion current density. Let us callg the number of holes re-
quired to dissolve a single Si–C pair. Shor and Kurtz10 re-
ported that carbon dioxidesCO2d and carbon monoxidesCOd
bubbles were observed during the electrochemical etching of
6H SiC in HF. Assuming that no SiO and SiO2 are present in
the HF aqueous solution and taking into account that anodic
etching of silicon in aqueous HF produces stable SiF6

2−

ions,11 we propose the following overall reactions:

SiC + H2O + 6 F− + 6 h+ = SiF6
2− + CO + 2 H+,

s1d
SiC + 2 H2O + 6 F− + 8 h+ = SiF6

2− + CO2 + 4 H+.

These electrochemical reactions do not account for the pos-
sibility of reaction steps described by partial reactions.

Froms1d, the range of values for the parameterg is from
6 to 8. A value of 6.9 has been obtained for the dissolution of
n-type 6H SiC.10 Recently, we began systematic gravimetric
measurements to determine the value of this parameter using
a sensitive microbalance. Preliminary data obtained using
both 6H and 4H SiC show thatg for p-type SiC may be
polytype dependent and decreases for higher current densi-
ties. We observe a value ofg close to 6 at current densities
on the order of 1 mA/cm2, which decreases to 5 or lower for
current densities above 10 mA/cm2. We suggest two pos-
sible explanations for the observed tendency. First, the reac-

FIG. 3. Plan view SEM image of porousn-type C-face 4H SiC whose front
surface was polished with 0.25-µm diamond paste prior to electrochemical
etching.

FIG. 4. Cross-sectional SEM image of a porousp-type sp,2.431018 cm−3d C-face 6H SiC sample electrochemically etched atsad about 1.0 mA/cm2 sthe
pore wall thickness is 15–40 nmd sbd about 30.0 mA/cm2 sthe pore wall thickness is 1–15 nmd. Note the different scale bars in Figs. 4sad and 4sbd The arrows
indicate the etching direction.
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tions in s1d may not necessarily occur at equal rates, with the
first reaction dominating over the second one. Second, if
there is some hydrogensH2d evolution at higher currents
instead of just hydrogen ions H+ dissolved in the solution,
for example,

SiC + H2O + 6 F− + 4 h+ = SiF6
2− + CO + H2,

s2d
SiC + 2 H2O + 6 F− + 6 h+ = SiF6

2− + CO2 + 2 H+ + H2,

there will be less positive charge requiredf4 and 6, respec-
tively, for the reactions ins2dg to dissolve a Si–C pair. In
such a case,g will be smaller. Sample doping may also affect
the value ofg.

The number of holes participating in the dissolution re-
actions during timedt is dQ/e, wheredQ is the charge trans-
ferred across the semiconductor/electrolyte interface. The
corresponding number of dissolved Si–C pairs is

dN=
dQ

eg
. s3d

Knowing the exposed front surface areaA and assuming that
we know the uniform current densityjstd, we can write

dQ= jstdAdt. s4d

Therefore, ifV0 is the volume occupied by one Si–C pair,
then usings3d and s4d, the rate at which SiC volume dis-
solves is

V0
dN

dt
= V0

jA

eg
.

Then, the rate at which the crystal volume is made porous is

dV

dt
=

V0jA

egP
, s5d

whereP is the porosity. On the other hand, the same quantity
may be written as

dV

dt
= A

dx

dt
, s6d

wheredx/dt is the velocity of propagation of the front sepa-
rating the porous from the nonporous material. Here, we are
making the simplifying assumption that there are two distinct
types of uniform material, porous and nonporous, with an
abrupt interface, neglecting the details of the development of
the porous network. The thickness of the porous/nonporous
interface is about 10–20 nm. A comparison to a typical po-
rous film thickness, 1–5µm, makes the abrupt interface a
good approximation. Therefore, usings5d and s6d and can-
celing the front surface areaA, one gets

P =
V0j

egdx/dt
. s7d

In order to find the experimental dependence ofdx/dt vs
j , a few samples were anodized at different etching current
densities ranging from about 0.5 to 45 mA/cm2. The
samples were analyzed in cross section with the SEM in
order to determine the film thicknesses. Our SEM images
show that, once the porous structure formed, the pore wall

thickness does not change as the etching proceeds. For a
given current density, the pore wall thickness is the same
from the exposed surface down to the porous/substrate inter-
face indicating that thep-type porous network is inert with
respect to further electrochemical dissolution once the front
has passed. This implies that the etching proceeds only near
the porous/nonporous interface, and that the porosity is uni-
form and not a function of depth. Note that should the dop-
ing of the sample be nonuniform, the porosity is likely to
vary with depth. Assuming uniform doping, we can then ap-
proximate dx/dt<Dx/Dt, where Dx is the film thickness
measured by SEM andDt is the total etching time. Thus
using relationships7d we write

P <
V0j

egDx/Dt
. s8d

SinceV0 is one-sixth of the unit cell of 6H SiC, it can be
determined from the lattice constants of 6H SiCfa=3.08 Å
and c=15.12 Å sRef. 12dg. One obtains V0=20.7
310−24 cm3.

Figure 5sad shows the experimental results for the depen-
dence of the porous film growth rateDx/Dt versus current
density j . If the data in Fig. 5sad are fitted to the dimension-
less relationshipysxd=axb, the coefficientsa and b are
found to be about 1.13 and 0.92, respectively, implying a

FIG. 5. sad Experimental dependence of the average speed of the porous
film growth in p-type 6H SiC crystalssp,231018 cm−3d on the applied
current density. The electrolyte is aqueous 10% HF mixed with 5% ethanol.
The solid line is a fit toDx/Dt=a jb. sbd The calculated porosity based on
Eq. s8d with g=6. The solid line is based on the prediction of Eq.s10d.
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slightly sublinear dependence. Since we use the nonstandard
units, smm/hd for Dx/Dt andsmA/cm2d for j , in the relatio-
ship sDx/Dtd=a jb, the units ofa are smm/hdsmA/cm2d−b,
while b is dimensionless.

In Fig. 5sbd we plot the porosityP calculated using the
obtained experimental data ofDx/Dt vs j and Eq.s8d. Note
that we have setg=6, which may not be the case for all the
samples listed for the reasons discussed earlier. Although an
almost linear dependence is observed forDx/Dt vs j , one can
see that the calculated value of the porosity increases with
increasing current density in a nonlinear fashion.

Using Dx/Dt=a jb, Eq. s8d may be rewritten as

P =
V0j

ega jb =
V0j1−b

eag
. s9d

In order to take into account the nonstandard units, one needs
a multiplicative factor 3.63104 in front of the right-hand
side ofs9d. The final expression, which is used to predict the
behavior of the points in Fig. 5sbd ssolid lined, is then

P = 3.63 104 V0j0.08

1.13eg
< 0.686j0.08, s10d

wherej is expressed in mA/cm2. From this relation, we may
estimate that the maximum current density that can be used
for Eq. s10d to be valid is about 100 mA/cm2. The minimum
achievable porosityPmin for our apparatus can also be esti-
mated. Using Eq.s10d and the value for the instrumental
noise levels,10−8 A/cm2; see Fig. 1d for the samples under
study, one obtainsPmin=27%.

When our microbalance became available, we evaluated
the porosity based on the gravimetric analysis. For a 6H SiC
p,231018 cm−3 sample etched at a current density of
2.0 mA/cm2, we measured a loss of 110µg as a result of 1 h
of etching. This corresponds to the void volume inside the
SiC crystalVp=34310−6 cm3, given that the mass density of
SiC is 3.21 g/cm3. After the thickness of the porous film was
determined by SEM to be 1.9µm, we experimentally ob-
tained the porosity P=Vp/V=82% front surface area
,0.21 cm2. This result is in fair agreement with the value
P=76% obtained for a similar sample, which was etched at
about 2.0 mA/cm2 fsee the data in Fig. 5sbdg. The slight
disagreement between the two values of porosity for these
two similar but distinct samples may originate from the un-
certainty ing and the different values of sample resistivity.

The nominal resistivity valuesV cmd is provided by the
manufacturer and is believed to have a 20% error margin
over the wafer used for this experiment.

IV. CONCLUSION

We have electrochemically etchedp-type 6H silicon car-
bide in aqueous hydrofluoric acid solution. The etching is
done in the anodic regime and results in porous layer forma-
tion when performed on the C-face basal plane. A complete
dissolution of the crystal structure occurs for thes0001d basal
plane, or Si face. Inp-type SiC the surface morphology of
the porous structure depends on the details of the polishing
prior to anodization while the bulk porous structure is inde-
pendent of the surface treatment. The average pore size does
not significantly change with the applied current density up
to about 15 mA/cm2 for our choice of electrolytic solution,
while the pore wall thickness decreases with increasing cur-
rent density. The methods of estimating bulk porosity using a
charge-transfer calculation and the gravimetric analysis are
found to provide reasonably close results.
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