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Fabrication and morphology of porous p-type SIiC

Y. Shishkin®
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

(Received 28 May 2004; accepted 17 November 2004; published online 24 Januayy 2005

Porous silicon carbide fabricated frgoatype 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 analysis2@5 American Institute of Physics
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I. INTRODUCTION paste down to im mesh, and some with 1/4m diamond.
Other samples were finished, as a final step, with chemical-

The last decade has enjoyed a rapid and fruitful devel'mechanical polishingCMP).

opment of silicon carbide, an indirect wide-band-gap semi- The porous etching is conducted anodically in a 10%

con_ductor v_vhose _mechanical and electrical propgrties are ?'ﬂ'ydrofluoric(HF) aqueous solution mixed with ethan(@: 1
perior to silicon in many respects. Chem|cal_ mertness Sneasured by weight A standard three-electrode electro-
anqther property of S,'C .potentlally useful for biological and cpemica| cell configuration is used in which SiC crystals
various sensor applications. At temperatures below a feie e a5 the working electrodes. The electrical current den-
hundred °C, none of the known etchants for silicon are fo“”%ity was set between 0.5 and 60 mA/rithe forward bi-

to chemically attack SiC at room temperature. Faust, Jr. sumy.o applied to the working electrode ranged from 2.0 to
marized the reagents which etch SiC at temperatures neary

ol . . . .
1000 °C- He also reported on the electrolytic dissolution of After etching, samples are carefully removed from the

SIiC carried out at room temperature. bath and thoroughly washed in acetone and trichloroethylene
There have been a large number of reports on poroug, remoye the residues of black wax used for masking pur-

p-type S|I|con(see, for example, Ref. 2 for a revigwihich poses. The gravimetric measurements, conducted prior to
exhibits a variety of porous structures produced under variz 4 after the etching, are made using a microbalance instru-

ous anod|z§1t|on condmpns. A report on poropsype 6H ment having a precision of g. This allows us to determine

silicon carbide was published about ten years ago by 8hor e \yeight loss over the course of the etching process. Im-
al.” Since then studies of porous SiC have mostly been rezyqq of porous structures are obtained in both plan view and
stricted to electrochemical etching odtype material prima- cross section for analysis using a Philips XL30 FEG scan-

rily due to the availability of both 6H and 4H-type wafers. ning electron microscopéSEM) with a 5-nm spatial resolu-
In this work, we undertake a study of the fabrication andtion.

properties of porous structures formed frgrtype SiC wa-
fers. Porougp-type SiC has already been applied to Brillouin

. . . . Ill. RESULTS AND DISCUSSION
scattering studies of surface acoustic waves in @&R€Ef. 4

and in protein dialysis experimem©ther potential applica- Figure 1 shows rectifying current—voltage characteristics
tions for p-type porous SiC include the fields of bone tissueof p-type 6H SiC in aqueous HF electrolyte. Since the basal
engineering and fuel cells. plane of 6H SiC is polar, th€0001), i.e., Si face, and the

(0001, i.e., C face, surfaces are measured separately. The

j(V) curve of the Si face has a slightly higher slope than that
Il. EXPERIMENT of the C face above the threshold. However, the slopes are

comparable beyond a 2-V bias. The onsets for intense elec-

The electrochemical etching experiments are performegochemical etching are about 0.6 V apart indicating that the

on vicinal carbon basal planes of 6H SiGtype crystals effective potential barrier for hole transfer across the
doped to about & 10'® cmi™®. In order to study the anodiza- semiconductor/electrolyte interface is 0.6 VV smaller for the
tion of surfaces with different degrees of surface finishing,carhon face. At a forward bias of about 2 V, the current
some samples were mechanically polished with diamon@ensities are similar and are on the order of 0.1 mA%cm
Unlike in p-type Si, for which the value of the current
¥Electronic mail: shishkin@eng.usf.edu density determines the porous formation and electropolishing
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FIG. 1. Typical current densitj(V) 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.

(i.e., complete dissolutiorregimestf one of the major crite-
ria for the formation of a porous structure jntype 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%he tested range of
concentrations 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 th@001) surface,
or Si-terminated surface of SiC, proceeds at a much slower
rate tha_n that Qf theéOOO]) sqrface? Our own experiments FIG. 2. Plan view SEM images of poroustype (p~2.0x 10 cni?)
(unpublishegl with wet oxidation of polar SiC surfaces con- c.face 6H Sic samples treated differently prior to electrochemical etching
cur with the results obtained in Ref. 7. Since pores form byby (a) chemical-mechanical polishing)) diamond paste polishing down to
an oxidation of the surface atoms with the immediate re-25um, and(c) diamond paste polishing down to uén.
moval of the oxidized species into the electrolytic solution,

we specqla_te that the origin of the diffgrence in I?W) erage width of a scratch on a polished surface is in practice
characteristics as well as the pore formation properties of thfhought to be approximately one-fourth of the size of a par-

two polar surfaces of-type SiC are likely related to differ- cje “of the polishing agent, we presume that the etched

ences in the oxidation properties of the carbon-rich and, v ne sic C-face surfaces are comprised of etch-resistant

silicon-rich surfaces. _ _ structures associated with the scratches left after the me-
Figure 2 shows plan view SEM images of the surfaces ot anical polishing. This is supported by FigicR which

p-type SiC, C-face samples, which were treated differentlyshoyys a plan view image of a porous sample whose front
prior to electrochemical etching. The CMP processing wagface was polished prior to etching with diamond paste
used to pretreat the surface of the sample in Fig)l.20ne  gouwn to 1um. One can see that the dominating surface fiber
can see that after the anodization, the surface is rough angigin has increased to 100—200 nm. In fact, other samples
seems to be the result of randomly positioned pore nuclegyhipited surface features up to 500 nm in widhot
ation sites. This relative susceptibility of the CMP-treatedShowr). The experiments with etching surfaces piype
p-type SiC(0001) face to electrolytic attack is in contrast to SiC demonstrate that surface scratches in this material result
the results obtained on surfacesrstype SiC. After prepro- in an opposite effect compared to what is seen in Fi¢js). 2
cessing with CMP, the surfaces pftype SiC show strong and Zc), i.e., surface pore nucleation is favored by damage
resistance to electrochemical etchth. created by mechanical polishing imtype SiC(Fig. 3).

The sample shown in Fig.(8) was polished with dia- CMP processing, as compared to mechanical polishing,
mond paste prior to anodization. The size of the polishings known to produce damage-free surfaces of @([Ihough
diamond particles was 0.28n. It can be seen that the bulk the technology of CMP for C-facp-type SiC has not been
porous network is overlaid by undissolved surface structurefully developed yet, the front surface roughness of our CMP-
of roughly 50-100 nm in width, roughly corresponding to aprocessed samples is in the range of 10-30 A rms, as mea-
guarter of the 0.2%m size diamond particles. Since the av- sured by atomic force microscosFM). More importantly,
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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 th¢D00D) direction along which complete
crystal dissolution occurs. To demonstrate that etching in
p-type SiC is indeed independent of orientation, an experi-
TPl SRR . ment should be carried out in which a nonbasal plane surface

S00 nm &5 3 (= of SiC undergoes anodization. Second, the poroBitye-
_ _ _ fined as the ratio of the volume of the void spaggto the
FIG. 3. Plan view SEM image of poroustype C-face 4H SiC whose front — tot5] yolumeV, is uniform throughout the porous film. A
surface was polished with 0.26n diamond paste prior to electrochemical . . . . .
etching. porosity gradient is typically observed fon-type SiC
samples, for which the formation of the porous structures is
) o S facilitated by front surface UV illumination. In this case,
the front surface is scratch-free, which is a definite improveyptically generated holes, required for the etching process,

ment as compared to the surfaces polished with rl@ia-  are minority carriers, contrary to the holesgirtype material,
mond paste. Therefore, based on Fig. 2, we conclude thgnich are the majority carriers.

scratches associated with mechanical polishing are resistant The yniform etchingno porosity gradient seen in Figs.

to ele_ctrochemical etching ip-type si_licon carbid_e. 4(a) and 4b)] of p-type SiC makes it possible to derive a
Figure 4a) shows a cross-sectional SEM image of agjmple relationship for porosit depending on the anodiza-
bulk porous morphology obtained in a C-face sam{plegi-  tjon current density. Let us calf the number of holes re-

nal substrate doping is~2.4x 10'® cm™) at a current den-  quired to dissolve a single Si-C pair. Shor and Kiie-

sity of 1.0 mA/pn?. The porous film growth rate, which can ported that carbon dioxid€€O,) and carbon monoxideéCO)

be roughly defined as the ratio of the film thickness to the, pples were observed during the electrochemical etching of
total etching time, is fairly low, Ie_ss than Am/h at this gy Sjc in HF. Assuming that no SiO and Si@re present in
current density. The estimated thickness of the pore wallghe HF aqueous solution and taking into account that anodic
under these conditions ranges from 15 to 40 nm. The Obétching of silicon in agueous HF produces stable2SiF

served brancheetype of morphology is typical for our jong!t e propose the following overall reactions:
highly dopedp-type C-face 6H SiC samples anodized at cur-

rent densities up to 15 mA/cinAlthough the morphology SiIC+HO0+6 F+6h'= SiF§_+ CO+2H,
does not change, the thickness of the pore walls diminishes (1)
with increasing current density, reaching 5-15 nm for  gjc+2 HO+6 F +8 h*=SiFZ"+CO,+4 H".
samples etched at 15 mA/énThe forward bias required to
achieve reasonable dissolution rates varies between 2.0 afthese electrochemical reactions do not account for the pos-
25V sibility of reaction steps described by partial reactions.

When the current density is increased above From(1), the range of values for the paramejeis from
15 mA/cn?, the morphology has the appearance dila 6 to 8. A value of 6.9 has been obtained for the dissolution of
mentarystructure, as seen in Fig(d). The sample shown in n-type 6H sic? Recently, we began systematic gravimetric
Fig. 4(b) was etched at a current density of 30 mAfcifhe  measurements to determine the value of this parameter using
resolution of our SEM instrument does not allow us to accua sensitive microbalance. Preliminary data obtained using
rately measure the size of the structures in the filamentarpoth 6H and 4H SiC show thay for p-type SiC may be
morphology. However, we estimate the pore wall thicknesgolytype dependent and decreases for higher current densi-
to diminish to the 1-nm range. This result agrees with theties. We observe a value of close to 6 at current densities
interpore spacing obtained in Ref. 3 by transmission electroon the order of 1 mA/cri which decreases to 5 or lower for
microscope(TEM) analysis. In Ref. 3, a current density of current densities above 10 mA/émWe suggest two pos-
50 mA/cn? was used. sible explanations for the observed tendency. First, the reac-

FIG. 4. Cross-sectional SEM image of a porqutype (p~ 2.4x 108 cmi™®) C-face 6H SiC sample electrochemically etchedaatbout 1.0 mA/crh (the
pore wall thickness is 15—40 nrtb) about 30.0 mA/crh(the pore wall thickness is 1-15 nniNote the different scale bars in Figgapand 4b) The arrows
indicate the etching direction.
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tions in (1) may not necessarily occur at equal rates, with the 100 7 100
first reaction dominating over the second one. Second, ifg 6H SiC
there is some hydroge(H,) evolution at higher currents E p~2x10" cm?
instead of just hydrogen ions*Hlissolved in the solution, ?5’
R
for example, 2 ol 110
SiC+H20+6I—‘+4h+:SiF§‘+CO+H2, e .
@ g
SiC+2 HO+6 F +6 h*=SiF3 + CO,+2 H" + H,, 5
(=2}
there will be less positive charge requirgtland 6, respec- E 1} 11
tively, for the reactions in2)] to dissolve a Si—C pair. In %+ i ]
such a casey will be smaller. Sample doping may also affect 1 ‘ “1'0 '1‘00
the value ofy. L . . (@) Current density j (mA/cm?)
The number of holes participating in the dissolution re-
actions during timelt is dQ/ e, wheredQ is the charge trans- 100 100
ferred across the semiconductor/electrolyte interface. The
corresponding number of dissolved Si—C pairs is ool 90
d —_
an=22 @ g
&y o 8o} 80
. . >
Knowing the exposed front surface arkand assuming that ‘§
we know the uniform current densifyt), we can write 5
o 70 70
dQ=j(t)Adt. (4)
Therefore, ifV, is the volume occupied by one Si—C pair,
then using(3) and (4), the rate at which SiC volume dis- 60— — el
solves is 1 10 100
(b) Current density 7 (mA/cm?)
dN JA
oa = Vo;/- FIG. 5. (a) Experimental dependence of the average speed of the porous

film growth in p-type 6H SiC crystalgp~2x 10 cm™3) on the applied

: : -current density. The electrolyte is aqueous 10% HF mixed with 5% ethanol.
Then, the rate at which the crystal volume is made porous LEI‘he solid line is a fit toAx/At=aj?. (b) The calculated porosity based on
dV _ VGiA

Eqg. (8) with y=6. The solid line is based on the prediction of ED0).
dt  eyP’ ®
) ) _ thickness does not change as the etching proceeds. For a
whereP is the porosity. On the other hand, the same quantityjiven current density, the pore wall thickness is the same
may be written as from the exposed surface down to the porous/substrate inter-
dv  dx face indicating that th@-type porous network is inert with
qt :Aa, (6) respect to further electrochemical dissolution once the front
has passed. This implies that the etching proceeds only near
wheredx/dt is the velocity of propagation of the front sepa- the porous/nonporous interface, and that the porosity is uni-
rating the porous from the nonporous material. Here, we aréorm and not a function of depth. Note that should the dop-
making the simplifying assumption that there are two distincting of the sample be nonuniform, the porosity is likely to
types of uniform material, porous and nonporous, with arvary with depth. Assuming uniform doping, we can then ap-
abrupt interface, neglecting the details of the development gbroximate dx/dt~= Ax/At, where Ax is the film thickness
the porous network. The thickness of the porous/nonporousmeasured by SEM andt is the total etching time. Thus
interface is about 10-20 nm. A comparison to a typical po-using relationshig7) we write
rous film thickness, 1-um, makes the abrupt interface a

good approximation. Therefore, usiti§) and (6) and can- P= L, (8)
celing the front surface are®, one gets eyAx/At
Voj SinceV, is one-sixth of the unit cell of 6H SiC, it can be
P= eydx/dt’ (7)  determined from the lattice constants of 6H $#5-3.08 A

and c=15.12 A (Ref. 12].
In order to find the experimental dependencelxfdtvs X 1072 cnr.

j, a few samples were anodized at different etching current  Figure 5a) shows the experimental results for the depen-

densities ranging from about 0.5 to 45 mA/&mThe dence of the porous film growth ratex/At versus current

samples were analyzed in cross section with the SEM imensityj. If the data in Fig. §a) are fitted to the dimension-

order to determine the film thicknesses. Our SEM imagesess relationshipy(x)=ax?, the coefficientsa and B8 are

show that, once the porous structure formed, the pore wafound to be about 1.13 and 0.92, respectively, implying a

One obtains V,=20.7
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slightly sublinear dependence. Since we use the nonstandafdie nominal resistivity valug{) cm) is provided by the
units, (um/h) for Ax/At and(mA/cn?) for j, in the relatio- manufacturer and is believed to have a 20% error margin
ship (Ax/At)=aj?, the units ofa are (um/h)(mA/cm?) 5, over the wafer used for this experiment.
while B is dimensionless.
In Fig. 5b) we plot the porosityP calculated using the |\, cONCLUSION
obtained experimental data afx/At vs j and Eq.(8). Note
that we have sey=6, which may not be the case for all the =~ We have electrochemically etcheetype 6H silicon car-
samples listed for the reasons discussed earlier. Although d#de in agueous hydrofluoric acid solution. The etching is
almost linear dependence is observedA&fAt vs j, one can done in the anodic regime and results in porous layer forma-
see that the calculated value of the porosity increases witdon when performed on the C-face basal plane. A complete
increasing current density in a nonlinear fashion. dissolution of the crystal structure occurs for {6801 basal
Using Ax/At=aj?, Eq. (8) may be rewritten as plane, or Si face. Imp-type SiC the surface morphology of
) 1-p the porous structure depends on the details of the polishing
= V_OJ_ = VL' (9)  prior to anodization while the bulk porous structure is inde-
eyaj’  eay pendent of the surface treatment. The average pore size does
dot significantly change with the applied current density up
to about 15 mA/crafor our choice of electrolytic solution,
while the pore wall thickness decreases with increasing cur-
rent density. The methods of estimating bulk porosity using a
0.08 charge-transfer calculation and the gravimetric analysis are
P=36x 104VoJ$ ~0.686°%8 (10) found to provide reasonably close results.
1.13y
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SiC is 3.21 g/cri After the thickness of the porous film was ®Rr. L. Smith and S. D. Collins, J. Appl. Phy31, R1 (1992.
determined by SEM to be 1.8m, we experimentally ob- 'A. Rys, N. Singh, and M. Cameron, J. Electrochem. S&42 1318
tained the porosity P=V,/V=82% front surface area 9%

8 . N
. Lo . . R. M. Feenstrgprivate communication
~0.21 cnt. This result is in fair agreement with the value °S. Monnoye, D. Turover, and P. Vicente, Silicon Carbide edited by W.

P=76% obtained for a similar sample, which was etched at J. Choyke, H. Matsunami, and G. PeSpringer, Berlin, 2004 p. 699.

about 2.0 mA/crh [see the data in Fig.(B)]. The slight '%3.S. Shorand A. D. Kurtz, J. Electrochem. SA4.1, 778 (1994).

: . 1/ Lehmann and H. Féll, J. Electrochem. Sd37, 653 (1990.
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certainty iny and the different values of sample resistivity. p. 147.

In order to take into account the nonstandard units, one nee
a multiplicative factor 3.&< 10* in front of the right-hand
side of(9). The final expression, which is used to predict the
behavior of the points in Fig.(b) (solid line), is then
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