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Abstract

A study was conducted of the electrochemical impedance spectroscopy (EIS) response ofvik@peni—2 donor density) nanoporous
6H-SIC (PSC) with a~2000 nm porous layer created by anodic HF etching and non-porous SiC (NSC) controls in NaCl,&@ Na
electrolytes. At intermediate potentials, PSC had much larger interfacial capacitance than the controls, consistent with the large effective
area of the porous material. At high frequencies, the PSC showed transmission line behavior in approximate agreement with predictions of
simplified model that considered the extent and size of porosity and the properties of electrolyte and interface.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction 2. Methodology

Nanoporous SiC (PSC) obtained by photo-assisted All specimens were fabricated from a commercial n-type
anodic etching combines desirable properties, such as wide6H-SIiC single crystal wafer~800um thick) oriented
bandgap and enhanced photoluminescdht@nd may be on-axis in the Q 00 1]direction with carrier concentrations
a useful substrate for growing improved epitaxial layers in the range of 18 cm™3, resulting in room temperature
[2]. A thin (e.g.~20-100 nm) skin of much lower porosity resistivity of~0.05Q cm. The PSC was created on one-half
may exist over the porous zone and can be stripped bythe Si-face[6] of the wafer by UV-assisted anodization in
reactive ion etching (RIE). Electrochemical impedance aqueous HH7]. Some variability of properties over the
spectroscopy (EIS) tests show that in an electrolyte, the treated surface was expected and may account for observed
interfacial capacitance of PSC polarized moderately above sample-to-sample response variations noted below. An outer
the flat band potentialEgg) can be much greater than the “skin” layer of almost pore-free single crystal SiC on top
capacitance of non-porous silicon carbide (NSC) under of the PSC was removed over much of the specimen area
similar conditiond3]. This observation has been interpreted by RIE with a SE—O,—Hy-based plasma at a removal rate
as resulting from the greater effective surface area of the of ~20 nm/min for 2 min.Fig. 1 shows a cross sectional
porous material. In contrast, EIS of metal-PSC interfaces scanning electron microscope (SEM) image of the resulting
has shown a large decrease in apparent capacitance that hasafer, revealing 2000 nm deep pore zone with “chevron”-
been attributed variously to lower average volumetric donor type pore morphology8]. Typically, pore trace width was
dopant density because of the posor to a compensation  ~30 nm and pores were100—-200 nm apart, total volumetric
of donor dopants by electrons in deep level surface sfales  porosity was visually estimated to be in the order of 5-10%.
Additional EIS experiments are presented here to supplementThis morphology is among those reported for PSC by other

the limited information available on these issues. investigatorg5,8]. The other half of the wafer was not sub-
ject to anodization to serve as a control, parts of it were used
* Corresponding author. as-received and others subject to RIE in the same manner as
E-mail address: sagues@eng.usf.edu (A.A. $&g). the PSC.
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Fig. 2. Schematic of test cell arrangement. For reporting purposes, all poten-
Fig. 1. Cross section SEM image of the porous region showing remnants tjgls have been converted to the SCE scale.
of “skin” zone at top and chevron-shaped porosity with termination front
~2000 nm below the surface.
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impedance reference electrode, previously calibrated against
the Ag/AgCI electrode. In all cases, potentials have been
Portions of each side of the wafer were cut into roughly converted to the saturated calomel electrode (SCE) scale for
square duplicate specimensl5mm on the side. Ni-Cr  reporting purposes. Before attaching the plastic tube to the
(80-20) alloy strips~2 mm wide and~0.2um thick were specimen, its surface was cleaned with acetone, rinsed with
deposited via electron beam evaporation near opposite edgeisopropanol and allowed to dry. The epoxy was cured for 1
of the sample on the Si-face. Each specimen was thenday before placing the solution in the cell. The electrochem-
annealed in a rapid thermal processing chamber under arical measurements were acquired typically starting about 1 h
Ar atmosphere for 2 min at 95 to achieve ohmic contact  after placing the solution in contact with the specimen.
between the strips and the substrate. Except for one of the Frequency dispersion EIS data were usually collected
PSC specimens, the first RIE treatment was applied beforeusing an excitation of 10mV rms, from 1&Hz up to the
depositing and annealing the contacts. Some samples wergiseable high frequency limit of the reference electrode cho-
subjected to an additional RIE treatment (but no further con- sen. Mott—-Schottky (M-S) measurements were performed
tact annealing) after an initial characterization by EIS had usuallyat-1V <E<1V and 1kHz (and in some cases also at
taken place. 100 Hz and 10 kHz) with an amplitude of 10 mV and scanrate
EIS and dc polarization experiments were conducted on of 1 mV/s. Cyclic potentiodynamic scans were conducted at
the interface between the finished PSC or control and variousa scan rate of 2 mV/s. Experimentgat —1 V were deemed
aqueous electrolytes. The electrolytes were naturally aer-to be little productive due to the onset of water decomposition
ated, neutral pH solutions of NaCl (0.06, 0.17 M) orS&y and thus not conducted. All tests were made with a Solartron
(0.17 M) in distilled water. All electrochemical measure- 1260/1287 potentiostat/electrochemical interface.
ments were performed under dark conditions-a2+ 2°C.
Fig. 2 shows the test cell arrangement. Electrolyte
(~0.5cn?, ~0.3cn? contact area) was placed in a plastic 3. Results
tube attached to the specimen face with epoxy adhesive.
Connections were made to the ohmic contact strips, one3.1. Quasi-static polarization behavior
of which served as the current insertion and the other as a
potential sensing terminal of the working electrode. This  Figs. 3 and &how the potentiodynamic response of NSC
arrangement minimized effects of any polarization that may and PSC, respectively, in 0.17 M NacCl. Instrumentation res-
have taken place at the current insertion connection of theolution at the settings used caused current uncertainty in the
working electrode. A~1mm wide Ti wire activated with  order of~10-10 to 10-° A/cm?. Comparable behavior was
an outer mixed-metal-oxide surface lay6f was inserted observed in the other electrolytes and concentrations exam-
in the electrolyte to a depth of5mm to serve as counter ined. At potentials higherthan approximatel®.4 V, net oxi-
electrode. The reference electrode was a miniature Ag/AgCl dation or reduction rates were very small (typicdtturrent
electrode which permitted EIS measurements with little density <~10-8 A/lcm?). At these potentials, current fluctu-
spurious capacitance effects up tx30*Hz. The usable  ation above instrumentation noise was noted in some cases
range was extended te200 kHz in selected measurements (e.g.Fig.4) butthe cause has notbeenidentified. Atmore neg-
by using instead another activated Ti wire electrode as a low ative potentials, a cathodic reaction became dominant with an
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Fig. 3. Potentiodynamic response of NSC in 0.06 M NacCl.

test cell was placed in a\blanketed container yieldeg
values that were one to two orders of magnitude lower.
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Fig. 4. Potentiodynamic response of PSC in 0.06 M NaCl.
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3.2. EIS — Mott—Schottky plots and intermediate
frequency response

Typical EIS spectra obtained for NSC and PSC in 0.17 M
NaCl at different potentials are showrHigs. 5 and respec-
tively. The solution resistance value observed at high frequen-
cies was consistent with the cell dimensions and the value of
the electrolyte conductivity. Besides the solution resistance,
the EIS response at frequencies®>Hz was dominated by
a near-ideal capacitive component and a small, nearly ohmic
polarization admittance that increased at potentials where the
cathodic reaction noted above was also important. At low
frequencies and low potentials, the impedance behavior was
dominated by electrode reactions. The EIS behavior for a
given surface condition was comparable for all concentra-
tions and both types of electrolyte used.

The nearly capacitive-solution resistance response at high
frequencies can be further simplified as being modeled by
a simple resistor—capacitor series equivalent circuit (the low
frequency response of the system is ignored). Such approxi-
mation is made by software built in the test instrumentation
when it is in the M—S measuring mode, which then reports
the resulting capacitance valde Fig. 7 shows the 1kHz
M-S results for the three surface conditions in 0.17 M NacCl.
The observed trends were similar in the other electrolytes
and at the other frequencies tested. The surface-normalized
value of C? increased with potential, in a manner consistent
with the establishment of a space charge zone in an n-type
semiconductof1,10]. In all test conditions, th&? versus
E dependence became nearly linear at the higher potentials
(selected tests performed upAe 2 V showed that the slope
did not change in that range). The value of the effective donor
densityNy can be evaluated from the high potential slépe
of the M-S plot byNg = 2/sg0qeS [10], whereegg is the per-
mittivity of free space (8.85% 10~14 F/cm),ge the elementary
charge (1.6< 10-1°C) ands is the relative dielectric constant
of SiC (9.7[11]). While there was variability in the results of
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Fig. 5. EIS behavior of NSC (surface area 0.23rim 0.17 M NaCl at two different polarization regimes.
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Fig. 6. EIS behavior of PSC (0.36 &)yin 0.17 M NaCl at two different polarization regimes.

duplicate samplesyy was comparable for all three surface The EIS spectra were analyzed to improve upon the
conditions Fig. 8) and in the order of the #8cm3 reported idealized capacitance estimates returned by the sifple

by the wafer manufacturer. Extrapolation of the linear region M-S analyses. In the following impedance/admittance terms
to intersection with the potential axis yielded nominal flat are understood to be area-normalized whenever appropriate.

band potentialsAgg) in the order of~1.1 to—1.5V, consis- It was found that in the frequency interval of 30 kHz—100 Hz,
tent with the range of values reported elsewhere for n-dopedthe EIS response could be accurately represented with an
SiC[1]. equivalent circuit consisting of a solution resistance in

Atthe more negative potentials, there was significant devi- series with a parallel combination of a nominal polarization
ation from the M-S behavior expected from a simple deple- admittance and a constant-phase angle-element (QRFE)
tion zone for all three material conditions. Both the untreated with admittanceYcpe=Yo(jw)"* where Yo and n are the
NSC and the NSC subject to RIE showed abrupt increases inCPE parameters. Typical results (0.17 M NacCl) are shown
capacitance at potentials that approached the noppalA in Figs. 9 and 10results for the other electrolytes were
similar but more pronounced deviation, and at higher poten- comparableFig. 9shows that the CPE at high potentials was
tials (£~ 0-0.3 V), was observed for the PSC specimens.  very close to ideal behavion - 0.98-0.98) for NSC, but

slightly less sof ~ 0.95) for PSC. There was greater but still
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Fig. 7. Inverse square 1 kHz capacitance—potential (Mott—Schottky) behav-
iorin 0.17 M NacCl for tests in duplicate. (Circles) PSC; (triangles) NSC after Fig. 8. Effective donor density estimated from high potential slope of M-S
RIE; (squares) NSC as-received. plots of tests in 0.17 M NaCl.
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Fig. 9. CPE exponent n as function of potential in 0.17 M NaCl. Duplicate
specimens. (Circles) PSC; (triangles) NSC after RIE; (squares) NSC as-
received.

potentials. Therefore, in all caség; (the numeric value of
Yo in F/cn?) could be viewed as an approximate interfacial
capacitance. In all cases at high potential$,was in the
order 10 Flcn?, consistent with the space charge layer
behavior examined earlierj values more than one order

of magnitude greater were reached for PSC as potentials

became more negative thar® V. The NSC-RIE specimens
tended to reach comparably hig}j values but at more neg-

A.A. Sagiiés et al. / Electrochimica Acta 51 (2006) 1656—-1663

[13], which is still about one order of magnitude greater than
the largesty values observed for NSC-RIE in the poten-
tial range examined, so its contribution in that case is likely
negligible. A similar argument applies to PSC where ¥jje
values were higher, bufp, should also be greater because
of the increased surface arka.

3.3. EIS—high frequency response

Fig. 11 shows the high frequency EIS behavior under
approximately —0.5V polarization in NaCl solutions
obtained using the Ti wire reference electrode. TheS@
experiments yielded comparable results. The NSC specimens
either as-received or after RIE showed nearly ideal capacitive
behavior. In contrast, despite some specimen-to-specimen
variability, the PSC showed an45° phase angle, after
compensating for the solution resistance, at the highest test
frequencies before a transition to behavior similar to the
NSC at lower frequencies (note diagrams are staggered
for clarity, by adding multiples & cn® to the real axis of
each after compensating for solution resistance). For both
PSC specimens, the low angle region was larger in the
Nyquist diagram when the electrolyte was more dilute. At
potentials >-0.3V, the high frequency impedance diagrams
of PSC did not show a pronounced low angle region and
resembled more those of an ideal capacitance.

ative potentials. These observations match the capacitance, Discussion

trends derived from the M-S analysis, including the weak

dependence on test frequency at high potentials which is

consistent with the near-unity valuesobbserved by EIS.
It is noted that thé/j values obtained actually reflect the

series combination of the capacitance on the semiconduc-

tor side with the double layer capacitan€g_. However,
Cpv is typically in the order of 2Q.F/cn? for a flat surface
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Fig. 10. Area-normalized CPE parame®f as function of potential in
0.17 M NaCl. Duplicate specimens. (Circles) PSC; (triangles) NSC after
RIE; (squares) NSC as-received.

A clear differentiation between electrochemical behavior
of porous and non-porous surfaces was in the increased appar-
ent capacitance of the latter at potentials bete®3 V; van
de Lagemaal3] proposed that the effect is important only
at low potentials when the widthh of the depletion zone
is small enough that it can follow the contour of the pore
surface. At higher potentials, the depleted zones of adjacent
pores would merge into a front (placed below the porosity
front in Fig. 1) with surface area equal to the macroscopic
value. The capacitance—potential behavior at those potentials
would then be similar to that of a non-porous SiC specimen.

The measurements and parameters of the present system
generally agree with the above interpretation. The increase
in area on PSC is large since even if the pores were sim-
ply cylindrical in shape, the dimensions indicated earlier
(~150 nm apart;~30 nm wide and~2000 nm deep) would
correspond to an increase of a factor-af0 over the area
of an ideally flat surface. The tortuous nature of the actual
porosity (considered later on) suggests that the actual differ-
ence is even larger. The widthof the depletion zone can be
estimated byw = (2¢¢0(E — Erg — kTge1)/geNp) Y2 (where
k=1.38x 1022 J/K is Boltzmann’s constant anfl is the

1 The concentrated electrolyte used in the experiments is expected to result
in a compact double layer able to follow the microscopic contour and retain
charge storage properties accordingly.
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absolute temperaturf)0], which for the present case yields In the simplest case and without other electrode reactions,
w~16nmatE=—-1V, butw~30nmat+0.5V, approaching the impedanc#p of a uniform cross section pore is given by:

the half-distance between pores.
Some caution is necessary in adopting the above scenario.z _ (RY™D
For example, NSC subjected to RIE had a capacitance tran-"P = tann (RY)12)

sition at a potential nearly halfway between that of untreated ) _ )
NSC and PSC, suggesting that the capacitance increase ifvhereR andY are, respectively, the unit length resistance

PSC could be due at least in part to the introduction of a &nd unit length pore wall admittance of the pore dnib

high population of surface statgs10,14]during processing, ~ the pore length. The resulting impedance has aptase
rather than solely to an increase in geometric area. Con-angle at high frequencies, and below a transition frequency
versely, if deep level traps were responsible for much of the /7. the phase angle approaches 88in an ideal capacitor but

capacitance increase, the broad potential range covered byvith a limiting real impedance componeRiv . The high

the increase would imply that the trap energies should spanfrequency EIS response Fig. 11resembles that behavior
and it was examined by the model described next.

an unusually wide rangg@4]. The role of surface states is S exa _ .
discussed further below. For simplicity, the pores are considered to be uniformly
results is the assumption that electrolyte is actually penetrat-/engthZ = Lor'/2whereLo is the depth of the porous zone and

ing the pores. The electrolytes used did wet the PSC surface IS the tortuosity17]. The total volume fraction porosity /%
as indicated by macroscopic observation of acute contactThe pores are separated from each other by a distaonex

angles in test droplets. If wetting extends also at the micro- Uniform square grid, so the pore d?ameterhéfﬂrn)lfz. The
pores are assumed to be filled with electrolyte of resistivity

p and the interfacial capacitance per unit area along the pore

1/2

1

scopic level, capillary pressures (in the orderpfi2wherey

is the surface tension of water anis the pore radius) should | . )
greatly exceed atmospheric pressure, and therefore, allow fotvalls is Co (same as the unit capacitance of a non-porous

deep penetration Of the pores upon e|ectr0|yte p|acement insurfa-.ce). The reSUlting Un|t Iength resistance and CapaCitiVe

the cell even with initially air-filled pores. Electrolyte contact admittance are, respectively,

appears then to be reasonably expected to have occurred but 172

itis uncertain to which extent, this is considered briefly next. r = '072 2)
There was also clear differentiation between PSC and NSC Ph

intheir high frequency response. Interfacial porosity is known P\ 12

to cause deviation from ideal capacitive behavior as a resultY = 2jwCoh (rl/z) 3

of establishment of a truncated transmission line configura-
tion coupling the longitudinal electrolyte resistance along the The total admittanceYt per unit area of semiconduc-

pores with the capacitive admittance on the pore wabg. tor/electrolyte interface is the parallel combination of the



1662

-30 ]
4
r 0.17M 0.06 M

-25

=z

-20 4

-15 +

Z’l ohm-cm?2

10 -

10 kHz

/

1 1 1
10 15 20
Z’/ ohm-cm?

100 sz
25

Nlpbapbm sfbm mPe = = abe = = = = = = = =

30

Fig. 12. Simplified model output for PSC (P) in NaCl solutions and NSC

A.A. Sagiiés et al. / Electrochimica Acta 51 (2006) 1656—-1663

and morphology of porosity in PSC. Factors other than those
considered above could also account for the observed behav-
ior. For example, the effective value 6f may be different
than assumed because of the difference between electric field
distribution around narrow pores and that of a flat surface;
effective conductivity of the electrolyte may vary as well in
a narrow channel compared with the bulk value used. The
observations and the model indicate that high test frequen-
cies are needed for characterizing this type of porosity as
the transition frequencgr, which is in the order of HCL?
[15,16]falls in the order of tens to hundreds of kHz. Measure-
ments with a cell optimized for MHz-range tests are needed,
as well as models that include the effect of complex pore
geometry[18], ionic transport in narrow channels and mul-
tidimensional development of the space charge zone. Other
complicating factors are noted elsewhgt8,20]

The quasi-static polarization behavidtigs. 3 and % of

(N) using input parameters as indicated in the text. Diagrams staggered and00th the NSC and PSC interfaces was consistent with the

denoted as iifrig. 11

admittance of all pores and the admittance of the portion of the
interface not covered by pores (fraction 14H]), assumed

to be capacitive as well in the same manner as the pore walls
Thus, the corresponding impedari¢e = YT_1 is

Z1 = (Z5 "% + joCo(l— P) (4)

The form of the above equations implies that the real com-
ponent of the vertical branch of the impedance diagram is

olot
5
3P ©)

If only a fractionf, of the pores is effectively filled with
electrolyte, bothZ, and R_m become greater by a factor
It

P Impedance diagrams were calculated per(Eyfor cases
assumingpe =60 and 17@2 cm (representative of the room
temperature resistivity of 0.17 and 0.06 M NacCl solutions,
respectively),Co = 0.4uF/cn? (typical of the space charge
region capacity observed at high potentidfsy. 10 and
Lo =2000nm/:=120 nm and®=0.05 (representative of the
appearance of the pore zone ig. 1). These assump-
tions yield pore diameters ranging fro80 to~15 nm for
t2=1_4, respectively, also representativeFad. 1 Initial
calculations indicated that fart’2=1 andf, =1, the value
of R v was much smaller than suggested by the results in
Fig. 11 However, assuming still plausible valuesof: =4
andf, =1/3 resulted in the example modeled output shown
in Fig. 12 which approximates the observed behavior illus-
trating as well the increase Ry v as electrolyte resistivity
increases. Even with the assumed valugahe total appar-

Rum =

expectation of nearly insulating behavior at high potentials,
providing little support for net electrode reactions. At low
enough potentials, there was enough electron transfer taking
place to support an appreciable cathodic reaction rate. The
cathodic reaction was most likely oxygen reduction, based
'on the apparent Tafel slope and on the observed valie of
and its decrease upon deaeratjah]. There was relatively
little differentiation between NSC and PSC in these exper-
iments. This is not surprising at high potentials, if merging
of depletion zones there renders both materials similar,
but at intermediate potentials in the apparent Tafel regime
(before the establishment of a macroscopic transport pattern
in the liquid at very negative potentigial]), one may have
expected greater cathodic current in the porous material at
least. Possible limiting causes needing future consideration
include ohmic potential drop in the pores, insufficient diffu-
sional oxygen delivery into the pore and development of an
in-pore environment not propitious for the cathodic reaction.
Finally, the present and previoyi8] observations with
NSC in electrolytes contrast with recent repofds5] of
metal/n-SC Schottky junctions having a much reduced space
charge capacitance on PSC compared to NSC. This is not
completely unexpected since in a metal-SC junction there
is no contact penetration into the pores (even in the case
of a non-pressurized mercury probe, as no wetting exists).
Soloviev et al. ascribed the capacitance lowering, by as
much as three orders of magnitude, to an effective average
reduction ofNp in PSC due to the empty pore space. lvanov
et al.[5] observed a similar effect but argued that volumetric
reduction in effectiveVp alone could not explain the large
effect observed (although these authors appeared not to have
considered the multiplying effect of a simultaneous reduction
in effective dielectric constant). They postulated instead

ent capacitance is stillabout one of order of magnitude greaterthat populated deep level electron surface states, on average

than that of the ideally non-porous case.
The model involves sweeping simplifications and its out-
put serves only as a semiquantitative indication that EIS

volumetrically distributed in the porous layer, contributed
to greatly lowering the average value 8% there. This
explanation however requires that the levels of those surface

measurements have potential for characterizing the extentstates be such that no significant excitation occurred in the
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interfacial capacitance compared with non-porous silicon __ Phys. 92 (2002) 4070.
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