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Polarization and electrochemical impedance spectroscopy of p-type 6H-SiC electrodes in an aqueous hydrofluoric acid solution is
performed during the formation of porous SiC. The polarization of p-type SiC permits the identification of the flatband voltage, a
Tafel-like region, and a limiting current which is attributed to the onset of the electropolishing regime. For some of the potential
range studied over which porous layers form, the impedance data are characterized by a single high-frequency semicircle and there
is a second low-frequency semicircle at intermediate potentials. The dependence of the fitted capacitance and resistance on the
applied voltage suggests that the SiC-electrolyte interface is controlled under different regimes of potential by the space-charge
layer, the interaction with surface states, and the formation of a passivating film.

© 2001 The Electrochemical Society.DOI: 10.1149/1.1396652All rights reserved.

Manuscript submitted November 1, 2000; revised manuscript received May 15, 2001. Available electronically August 24, 2001.

The formation of porous silicon carbideSQ has been observed parameters. The time dependence of the impedance response can
under the anodic bias of both n-type and p-type SiC in aqueousffer new clues into the charge transfer through the evolving Porous
hydrofluoric acid solution? Since SiC has no known wet etchants, semiconductor electrodes. In the case of SiC, Lauermetral '
the electrochemical and photoelectrochemical etching of SiC reddentified unstable, time-dependent behavior of the interfacial ca-
mains the only practical and efficient means of etching in applica-pacitance of 6H-SiC in both alkaline and acidic solutions under
tions that demand significantly higher etch rates than those offere@nodic bias. The authors were evidently aware that a corroded layer
by reactive ion etching and plasma etching. Further, electrochemicalorms on the surface of the SiC anode, but failed to identify its
and photoelectrochemical etching of SiC is the only basis for dopantrystalline nature and did not investigate the nature of the time de-
selectivity in SiC etching. PSC has been of interest recently be- pendence of the interfacial capacitance. van de Lagewiaat'®
cause it exhibits a visible room-temperature photolumineséerzé ~ have carried out photoelectrochemical impedance spectroscopy of
as such has been used in electroluminescent deVilteas also  n-type 6H-SiC in aqueous 430, solutions.
been used as a material for power device passivatod hydrocar- The present work demonstrates that electrochemical impedance
bon gas sensofsand as a substrate for high-quality regrofhSC spectroscopy of SiC during electrochemical anodic dissolution per-
is also more stable than porous silicon with regard to oxidation atmits the identification and study of layers that affect charge transfer.
room temperature. It is seen that the formed porous layer does not significantly impede

Electrochemical studies provide necessary information about theharge transfer.
anodization process and also some insight into the fundamentals of
the charge-transfer and dissolution processes. Polarization measure-
ments can provide information about the range of potentials and 6H-SiC substrates of the p-typ&§ ~ 10¥cm %) were metal-
current densities over which current flows and an anodic film|ized with 1000 and 4000 A thick films of sputtered Ti and Pt. The
evolves and/or dissolution takes place. The time-dependent nature ghetallization was annealed in,Nat 1000°C for 30 s to produce
these polarizations can potentially provide information about how anghmic contacts. Leads were attached and the samples encapsulated
evolving porous layer may affect charge transfer at thej, Apezion wax, exposing a small aréa0.5 cnf) of the polished
semiconductor-electrolyte interface. The sensitivity of a polarization — ] )
response to the sweep rate and the hysteretic behavior may suggd§00%) face. The samples were immersed in an aqueous and ethan-
a time scale over which a passivating film may be formed and dis-olic hydrofluoric acid solution, and anodically biased in the dark. A
solved, or adsorbed and desorbed. Since electrochemical impedan@g"istaltic pump was used to free bubbles which evolved on the
spectroscopy(EIS) is carried out over a range of frequencies, it semiconductor electrode during the anodic dissolution and to ensure
often provides more information about charge transfer at the interthat the solution was well-mixed, and flow was directed across the

face than polarization measurements alone. When a kinetic model ofUrface of the electrode.

the charge transfer appropriate for the system is paired with the ”It is generally .understood that in.the electropolishing regime in
licon (the potential range above which porous Si foythe current

measured response, kinetic parameters can be determined. Such h ] L L
been the approach of Vanmaekelburgh and Se3tsorexamining is particularly sensitive to mass transport effects. Hysteresis in cy-
the silicon-HF interface at different overpotentials. Others have used!ic voltammograms has been shown to be minimized using rotating
EIS in conjunction with other experimental techniques to study thedisk electr_od_ and therefore steady-state investigations of _S|I|con

silicon-aqueous HF interface during the formation of porous electropolishing are best performed under uniformly accessible hy-

silicon 1113 drodynamic electrode¥. Our discussion focuses primarily on the

Experimental

region of porous layer formation in SiC, and studies of the depen-

Further, the time evolution of a nano- or microporous layer dur- LA . .
ing the anodization of silicon and silicon carbide and the resultingﬁgﬂgivg];;hneotpgﬁgﬁlgdn and impedance response on flow cond

structural gradients of porosity and crystallite size across the thick- The SiC-aqueous HF interface was analyzed by polarization and

ness of the porous layer raise questions about the time dependen . ;
of the semiconductor-electrolyte interface characteristics and kinetic%j r?t Jgﬁszg]egegﬁgiﬁ ?i;gfeur:?ggggssvg?raeng%?gléggglLiti(;jr']ff?rrﬁgt d(;f[;

acquisition was carried out using an EG&G potentiogalvanostat and
a Solartron 1255 frequency response analyzer interfaced to a PC

- E:eCPOCEem?Ca: gOC?eg iﬂg_de“;ﬂ'\"eg‘be“ equipped with Z-Plot 2.0 software. The impedance was measured at
ectrochemical Sociel Ctive Viembper. . . .

¢ Present address: Department of Chemistry and Chemical Biology, Harvard Univer-SeIeCted frequenues over the r.ange 0.1 HZ to 100 kHz. While PSC is

sity, Cambridge, MA 02138, USA. normally prepared galvanostatically, the impedance data were taken

2 E-mail: iphl@columbia.edu under potential control, and all potentials were referenced to the
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Figure 1. Polarization of p-type 6H-SiC electrode in 2.5% aqueous hydro- Z' (Q cm2)
fluoric acid. The potential is referenced to the counter electrode.
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Figure 2. AC impedance response for 12 V < 2.0. Frequency is an im- Z' (Q sz)
plicit variable that starts at 100 kHz neaf = Z” = 0 and monotonically

decreases along the curve to 0.1 Hz. The inset shows the correspondin,gigure 4. AC impedance response for 30V < 5.5.
potentials, with the arrows pointing to the potentials studied. The potential is

referenced to the counter electrode.

with published values referenced to a saturated calomel electrode
(SCB,**18-20and the polarization is consistent with the other pub-
counter electrodda Pt wire, V... The impedance response was lished work for a similar concentration of HE.
unstable during the initial polarization of the electrode and settled to  |ypedance measurementsFigure 2 shows the impedance re-
a stable and reproducible response within 1 min of polarizing thesponse of the electrode at three different applied dc potertfias
electrode. The selected peak-to-peak value of the ac potential wag g and 2.0 \ which are denoted by arrows in the inset. The im-
always less than 3% of the dc value and was chosen so that thgedance responses over a range of selected potentials from 2.1 to 8
response was linear; the applied ac voltages were selected in a raky are shown in Fig. 3, 4, and 5. The response at very low overpo-
dom order. tentials is characterized by a single large semicircle and for moder-
ate overpotentials it is characterized by two distinct semicircles. For
Results higher overpotentialg>3.5 V) the lower frequency semicircle is no
longer discerned and the response consists of one semicircle. The
Polarization measuremenis-Figure 1 shows the polarization of responses at the high-frequency lirfi00 kH2 for different values
a p-type 6H-SIC electrode in a solution Composed of 2.5 vol % HF of the apphed po’[en’[ia| were near|y identical.
(diluted from 49% HF, reagent gradet8.5% deionized kO, and In Fig. 6, the measured resistan@s determined by the differ-
48.5% GHsOH, taken at a sweep rate of 100 mV/s within 1 min ence between the real part of the impedance at the high-frequency
after the initial polarization of the electrode. The polarization of the limit and the real part of the impedance at the low-frequency Jimit
n-type SiC electrode in the dark was unstafiet shown. The is plotted as a function of the reciprocal of the dc current over a
flatband voltage is approximately 2 V, and the current density peaksange corresponding to overpotentials between 2.3 and 5.5 V. The
between 7 and 8 V. The flatband voltage is in reasonable agreememtata agree reasonably with a linear fit, indicating that the system is



Journal of The Electrochemical Socigty48 (10) C663-C667(2001) C665

300 T T T v T T T T T T T T T T
A —x—6.2V | 800 F i
o 22
250 1 . \ \ [h —s—65V - @ |
% —0—6.8V ] N i |
N’g 200 ‘% o —v—7.3V ’ g 600
S 5 —+—7.8V a
9}/ 150 -8 60 gfpoteii&l, VZI.tz 80 ——— 80 V ] = "400 I~ 7
N [ N
" 100 -
[ Y- 1 200+ i
50 F J
0 * S . - R Otk —=
0 50 100 150 200 250 300 0 200 400 600 800
7' (Q Cm2) Zl, Qcm
3000 - . . .
Figure 5. AC impedance response for 62V < 8.0.
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. . _— 3 - . Figure 7. AC impedance response taken at different times during the course
Figure 6. Difference between high- and low-frequency limit of impedance of a 90 min anodization ad = (a) 0.69 mA/crA, 2.7 V and (b) 0.05

R as a function of inverse dc current, showing Tafel-like kinetics with linear mA/cr?, 1.8 V.
regression-fitted slope 6f235 mV.

Discussion

Tafel-like, with a slope of~235 mV. The apparent anodic transfer The elementary reactions for the dissolution of silicon in aqueous
coeﬁicier;t, from the Tafel slopé, 2.38F/aF (F = 96,487 HF solutions have been proposed and the model predictions of the

Clequiv, is determined to be, ~ 0.25. For comparison, in silicon impedance response based on these reactions agree reasonably with

. 0 . B . . . . .pe
in the region of pore formation, this effective transfer coefficient has experiment,” the dissolution of SIC in aqueous HF is significantly

b d 10 ba. — 1 di Tafel | f 60 more complicated. It is has been suggested that the dissolution of
een reported 1o ba, = 1, corresponding to a Tafel slope o SiC involves the competition of oxidation of SiC and dissolution of

mV.lO’d ) g
The impedance response was also studied as a function of timtehe formed oxide according 1o
for different applied potentials. Figure 7 shows the impedance re- SiC + 4H,0 + 8h" — SiO, + CO,| + 8H' [1]
sponse at a current density @ 0.69 and(b) 0.05 mA/cnf over the
course of approximately 90 min. The response at moderate current SiC + 2H,0 + 4h" — SiO + COl + 4H" (2]

density (a) is relatively stable, while that ofb) evolves toward

larger and larger semicircular ar¢dhe time intervals between suc- and the oxide formed from the first reaction is dissolvedia
cessive sets of impedance measurements are not the) same. ) .
Si0, + 6HF — 2H" + SiF;~ + 2H,0 [3]

91n fact, there is general agreement that at least in the potential range of porous Si_. . . .
formation, the dissolution is divalent. The apparent anodic transfer coefficigatthe SiO is also presumed to be dissolved in HF. Shor and Ogﬁ@ﬂmﬂ
product of the number of elementary charges transferred per mote 2) and the Rysy et al?% have determined by coulometric means the average

anodic transfer coefficiento( = 0.5). There is still some debate as to whether the : : ; ; _
dissolution occurs in one stgpwo holes captured at surface bopds two steps, in Valency of the first two reactions to be sllghtly more than six el

which a single hole capture is preceded by a second hole capture or an electron inje€Mentary charg_es per m0|er_ i_ndicating that the first reaction occurs
tion. with a slightly higher probability than the second.
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. . as a function of applied potentialiss has been multiplied by 0.01.
where V. is the potential drop across the space-charge l@yer ppied b ss P y

< 0 for depletion,>0 for accumulatioh (For applied potentials

less than the flatband potential, the surface of the p-type electrode is

in depletion of holes; for applied potentials larger than the flatbandthe sloped(logj)/dV is nearly linear in accord with Eq. 8 and is

voltage, it is in accumulatioh. therefore Tafel-like. Without further information about the elemen-
It is assumed that the first step in the dissolution process involvedary kinetics, however, it is difficult to determine what Tafel slope

a hole capture at a surface bond. The rate of this step can be exshould be expected for this system. Equation 8 is the result of a
pressed as reasonable but highly simplified account of the polarization behavior

5] in the potential region below electropolishing, and only serves to
show that the current may depend on two potential drops: one across

where the rate constaktcan be interpreted as being the product of the space-charge layer and one across the Helmholtz layer; the po-

the mean thermal velocity of a hole and the hole capture cross sedarization response in SiC is undoubtedly more complicated.

tion, andx is the concentration of surface bonds. Lincot and Vedel The impedance response in porous SiC appears to have three

have shown that since this hole capture implies a transfer of chargéegimes(1) potentials well below the flatband potential2 and 1.6

across the Helmholtz layek must be of the form of the Butler- V) for which the impedance is characterized by a single large loop

v = KpgX

Volmer equation as seen in Fig. 22) potentials from 2.0 to approximately 4.0 V, for
eV which two loops can be discerned as seen in Fig. 2-4,(8hgo-
k = ko ex;{a _H” (6] tentials above 4.0 V for which a single loop is observed as shown in
KT Fig. 4 and 5. The response is qualitatively similar to that observed in

) o ) p-type porous silicon by Ozanast al2® These authors observed a
wherea is the charge-transfer coefficieid; a pre-exponential rate  single loop at potentials negative with respect to the flatband poten-
constant, an&/y, the potential difference across the Helmholtz layer. tial, a second, low-frequency loop at intermediate potentials along
Under the assumption that this first step is the rate-determining onewith an inductive loop, and at potentials above the regime of porous

the current density is silicon formation, a high-frequency capacitive loop. The single loop
j=emw [7] at low potentials was attributed to the space-charge capacitance. The
capacitive part the second, low-frequency loop was attributed to the
wheren is the average valency. The current density is then existence of surface states and the inductive behavior to the en-
eV caV hancement of the specific surface area associated with the formation
j = enkoxN, EXF<—SC + _H) [8] of the porous layer. The capacitance at high potentials was attributed
KT kT to the formation of a thin oxide layer. A simple model of the role of

surface states in charge transport and the impedance response at a
where ppu = Na. For applied potentiaV and flatband potential  silicon-electrolyte interface has been proposed by Oskaai?’
Vg,V — Vg = Vg + V. Our experimental observation is that For regimeg(1) and(2) in SiC, the measured response is inter-
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preted within the context of one of the equivalent circuits proposed Conclusions

in Ref. 26, as shown in Fig. &For regime(3), the upper branch in The impedance response of a highly doped p-type SiC electrode
Fig. 8 is replaced by a single capaci®@j, -) The fitted values o€ in aqueous HF was measured for a range of potentials. The imped-
and R are shown in Fig. 9a and b, respectively, as a function of ance response is characterized by a single, high-frequency semi-
applied voltage. The capacitance per unit area of the hrlgh-frequencxirde for low potentials, an additional low-frequency semicircle for
loop (M) is observed to increase sharply fromi80 nF/cm in the  jntermediate potentials, and a single semicircle at high potentials.
vicinity of the flatband voltage at the onset of appreciable currentthe jmpedance response as a function of inverse current suggests
flow (between 2 and 3 )/ peaking just above 400 nF/énand then  that the charge transfer is Tafel-like. While the magnitude of the
decreases relatively slowly with increased potential. The capacitancgited capacitance is consistent with the expected value for the SiC
per unit areaCg; of the low-frequency looA) is approximately  electrode space-charge layer, the impedance response is likely due to
100 times larger, and decreases over the range of potential for which combination of the space-charge layer, the interaction of surface
it can be observed. states, and the formation of a passivating film. Following the initial

In regime(1), the high-frequency capacitan€g, is attributed to  polarization of the electrode, the impedance response with time is
the space-charge layer and its magnitude is consistent with that exaighly stable for up to 90 min of anodization time, which indicates
pected for a SiC electrode of this doping concentration. The secondthat the evolving porous layer does not significantly impede charge

lower frequency loop in regimé2) is attributed to surface states transfer.

(expected to be present in the energy gap of a semicondluziof
ing a collective capacitance per unit ai@a (36—59u.F/cn?) and
resistance times ard,. The single loop in regimé3) is attributed
to the formation of a passivating filtprobably an oxideand the
decrease in the fitted capacitance per unit &gg with increased
potential is consistent with an increase in the film thickness. How-
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