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Immersion of silicon in HF-based solutions is utilized in microsystems fabrication to render freestanding mechanical structures.
Such etching, however, creates a galvanic couple between silicon and a metallic layer �e.g., gold�, resulting in corrosion damage.
Morphology, resistive probe, surface wetting, and electrochemical characterization �vs Cu/CuF� of single- and polycrystalline
silicon subjected to galvanic corrosion in three HF-based solutions �undiluted 48% HF, UDHF:H2O, and UDHF:Triton X-100� are
used here to formally substantiate the results of a previous mechanical �microtensile� study. Porosity estimated from the morphol-
ogy of corroded samples allows the corrosion current density to be determined from etch-rate measurements, according to
Faraday’s law. Resistive probe structures are used to simulate the microtensile specimens, thereby characterizing corrosion current
as a function of time, etchant type, illumination, and the amount of metal utilized. The measured current density of micromachined
silicon is compared against �100� wafer specimens using polarization characterization, identifying the porous Si formation regime.
Using sessile drop measurements, the three etchants are further distinguished based on their surface-wetting characteristics. The
chronopotentiometry, resistive probe, and microtensile characterizations all identify the behavior regimes of rapid initiation,
subsequent steady-state corrosion, and the final catastrophic failure of the microtensile specimens.
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Galvanic corrosion has become a growing concern in the field of
microelectromechanical systems �MEMS�. Many microfabricated
components are comprised of multiple material layers; and, in par-
ticular, metallic layers may be added to Si structural layers to enable
electrical, optical, or chemical applications.1 In all cases, the con-
stituent materials �e.g., Au and Si� are typically in electrical contact
and exist at inherently different electrochemical potentials. As a con-
sequence, a galvanic cell is created upon immersion in the HF-based
solutions2-7 commonly used during the dissolution of sacrificial
SiO2 interlayers. On the basis of the potential difference, the oxida-
tion of Si is thermodynamically favored, i.e., Au acts as the cathode
and Si acts as the anode.3-7 The autonomous corrosion of Si in HF
may occur according to a porous silicon �PS� formation process,2-7

similar to the condition where an externally applied electric signal is
used to intentionally generate PS.8-11 Others have suggested that
electropolishing �EP� may occur at the Si surface.5 Corrosion-
induced damage has been shown to limit or compromise MEMS
performance and reliability by degrading mechanical characteristics,
including modulus,1,12 strength,1,13 hardness,12 and fatigue life5 for
miniaturized polycrystalline silicon �polySi�1,12-14 and single-crystal
silicon �SCS�1,5 structures. In particular, the damage morphology
and corresponding mechanical performance has been found to cor-
relate with the etchant solution utilized �i.e., microstructure specific
vs generalized attack�, which was suggested to relate to the surface
wetting characteristics present during corrosion.1

The resistive probe is a technique commonly used to monitor or
predict corrosion.15 In this technique, measured electrical resistance
is related to the physical loss of material. Certain assumptions allow
the resistive probe technique to be applied to the study of galvanic
corrosion in MEMS components. For example, the surface material
remaining after corrosion is considered nonconductive as dopant is
typically depleted during PS formation or EP, resulting in an in-
crease in resistance as great as 5 orders of magnitude.8-11,16 The
motivation to monitor Si corrosion using a resistive probe is based
on the increased electrical resistance reported in the literature.12,17 In
each study, greatly increased resistance was observed for microma-
chined polySi etched in undiluted 48 wt % HF �UDHF�.

Through a fundamental analysis, damaged Si structures �e.g., re-
sistive probes� can be compared against electrochemical character-
ization. If the rate of corrosion is known, then the corrosion current
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density may be determined according to Faraday’s law �Eq. 1�.15

Another variant of Faraday’s law may be used to calculate the thick-
ness of the affected Si �Eq. 2�. In Eq. 1 and 2, the parameter j
represents the electrical current density �C/s·m2�, � the density of
intact Si �in grams per cubic meter�, � the net valence of the reaction
sequence �unitless�, r the rate of corrosion �in meters per second�, F
Faraday’s constant 96,485.338 �C/mol�, P the porosity of the re-
maining surface layer, Mm the molar mass of Si �in grams per mol-
ecule�, tc the thickness of the affected Si �in meters�, Q the total
electrical charge transferred �C�, and A the area of anode surface �in
meters squared�. The net valence for Si in HF is known to be 2 for
PS generation, and 4 for EP.11 In Eq. 1 and 2, the term P is specific
to PS generation, where a porous corroded surface layer will remain
after HF immersion

j =
��rFP

Mm
�1�

tc =
QMm

��AFP
�2�

Besides the resistive probe technique, electrochemical character-
ization may be used to examine the behavior of a material system
�Si and Au� and to also generalize the results to many other material
combinations �Si and a metal�. In the literature, several groups have
examined key parameters related to the galvanic corrosion of Si,
such as the open-circuit potential �OCP� of Si and Au, the mixed-
pair potential, and the operant corrosion current density.2-7 The OCP
values between −0.109 and −0.23 volts relative to the saturated
calomel electrode potential �VSCE� for Si in UDHF,5,7 and OCP val-
ues between 0.474 and 0.65 VSCE for Au in UDHF5,6 are reported.
Actual corrosion, however, depends on the mixed-pair potential at
the equilibrium state, for which an increase between 0.12 and 0.2 V
above the OCP of Si has been observed.6,7 Values for the quiescent
current density of Si wafer specimens partially coated with Au and
immersed in UDHF are reported to range between 0.08 and 0.64 �in
microamperes per centimeters squared�.2,7 In comparison, the exter-
nally applied current density used to generate PS typically ranges
from 0 to 100 �in microamperes per centimeters squared�,9,11 but can
approach 250.8,9

Other factors examined using electrochemical characterization
include the use of different metals, oxidizing agents, surfactants, and
illumination.2,3,6 For example, use of Pt instead of Au resulted in a
greater mixed-pair potential. Likewise, the incorporation of hydro-
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



F254 Journal of The Electrochemical Society, 155 �12� F253-F265 �2008�F254

D

gen peroxide �H2O2, a stronger oxidizing agent� increased the equi-
librium potential for a mixed-pair, promoting corrosion. Alternately,
the anodization current and etch uniformity were increased by using
a surfactant �e.g., ethanol or Triton-X-100�.2,3 Lastly, corrosion cur-
rent may be limited �or even terminated� based on the amount of
light present, particularly for less doped n-type Si.9,18 The impor-
tance of illumination was found to specifically apply to the Si dis-
solution process for microelectronics specific Si specimens.2,3

In addition to electrochemical characterization, the specific reac-
tion chemistry sequence importantly identifies the connection be-
tween surface wetting and consumption of Si in HF. The sequence
proposed by Lehmann and Gösele,19 shown in Fig. 1, summarizes
the conventional understanding of the PS formation process. The
surface-bound oxidation scheme begins with the reactants Si and
HF, where the Si bears an electronic �galvanic� bias as indicated
with the plus symbol. In order to dissolve n-type Si, the material
must be anodically �positively� biased, rendering it electron defi-
cient. An added hole makes Si vulnerable to the fluoride ion, par-
ticularly at microstructural defects or morphological features, which
then becomes adsorbed on the surface �Fig. 1a�. For example, exter-
nal illumination is often utilized during anodization to liberate addi-
tional electron/hole pairs by severing Si covalent bonds.11 The ad-
sorption of a second fluoride ion generates hydrogen gas and
induces the transfer of an electron into the substrate �Fig. 1b�. At this
point, the Si–F surface bond is highly polar, rendering the surface
vulnerable to the second fluoride ion. The net valence, �, for the
reaction sequence is 2, as defined by the loss of a hole and addition
of an electron. The reaction with HF molecules generates a silicon
tetrafluoride molecule, thereby removing a Si atom from the surface
�Fig. 1c�. In this step, the Si–F termination enables dissolution by
weakening the electron density for the Si atoms, and making them
vulnerable to HF. Additional HF molecules are consumed in solution
when the silicon tetrafluoride is converted to hexafluorosilicic acid
�Fig. 1d�. The final products of the reaction sequence are a pore at
the active etch front and the hexafluorosilicic acid, dissolved in so-
lution �Fig. 1e�. The surface pore will concentrate electric charge,
locally rendering Si more vulnerable to continued corrosion. Corro-
sion typically proceeds until the Si matrix becomes dopant depleted
�via tunneling through the space charge layer for degenerately doped
Si or alternately through quantum confinement of carriers in less
doped material�.19 The surface chemistry in Fig. 1e indicates that Si
and PS typically exist in HF with the hydrophobic but organophilic
hydrogen surface termination.9,20 Figure 1 importantly illustrates the
significance of the wetting characteristics, as interaction with the
aqueous solution is readily influenced by the surface termination
that bears at least three separate hydrophobic configurations. Fur-
thermore, unless mechanical agitation or a surfactant is utilized, hy-
drogen bubbles generated in Fig. 1b will adhere to the surface,8

preventing further chemical activity. In summary, the conventionally
understood physiochemical reaction sequence indicates that surface
wetting may greatly limit the process of Si dissolution, based on the
hydrophobic surface species or residual by-products present.

The present study examines the corrosion of silicon on insulator
�SOI�, and polySi specimens subject to corrosion in HF-based solu-
tions. The goal of this project is to determine the relationship be-

Figure 1. �Color online� Schematic representing key physiochemical events
occurring at the active etch front of Si, when it is anodized in HF to generate
PS.
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tween damage morphology �quantified via electron microscopy and
the resistive probe technique�, the surface-wetting characteristics of
the etchant solutions utilized �specifically measured using the sessile
drop technique�, and the measured electrochemical response. In par-
ticular, this study is conducted to conclusively validate prior exami-
nation of the mechanical performance of SOI and polySi microten-
sile specimens.1 In that study, mechanical and microstructural
characterization suggested the surface wetting characteristics of the
etchant utilized could greatly affect the performance and corre-
sponding morphology of failed micromachined Si structures. There-
fore, the study described here uniquely examines wafer specimens
as well as micromachined structures composed of the same micro-
machined Si and provides comparison to single crystalline Si typical
to the field of PS formation. Trends identified in the microtensile
study, such as mode of material consumption �i.e., microstructure
specific vs generalized attack�, will be shown here to generally ap-
ply. To this end, the present study examines important consider-
ations �“processing parameters”� regarding corrosion including
poly- vs single-crystalline Si, etch time, use of illumination, etchant
chemistry, and the amount �surface area� of metal utilized.

Experimental

Specimens and specimen preparation.— The resistive probes
consist of four-point “Van der Pauw” structures fabricated via the
SOIMUMPs21 or polyMUMPs technologies.22 The SOIMUMPs fab-
rication run 14 �10 �m thick patterned Si� and polyMUMPs fabri-
cation run 75 were utilized to create the resistive probes. The fabri-
cation technologies are described further in Ref. 23, with the
solution-based postprocessing used here being more thoroughly de-
scribed in Ref. 1. Briefly, the test structures consisted of resistors in
the shape of a Greek cross24 and may be used to accurately measure
electrical resistance �or resistivity�.25 Although the interconnects for
the resistive probe structures were physically anchored to the sub-
strate, the 10 �m � 10 �m active test region was typically not �i.e.,
it was free to corrode on all four surfaces�. Cross-sectional exami-
nation of the corroded SOI, however, suggested that the layer would
predominantly corrode on its top surface.1

For electrochemical characterization, wafers from the SOI-
MUMPs fabrication run 17 �10 �m thick Si� and polyMUMPs fab-
rication run 75 were obtained directly from the commercial vendor
�MEMSCAP, Inc.�. The wafers were processed according to the
standard manufacturing procedure, including the thermal anneal uti-
lized �1 h at 1050°C� to diffuse dopant into the SOI, Poly-0, or
Poly-1 layers from the overlying phosphosilicate glass �PSG� layer.
The resistivity of the SOI, Poly-0, and Poly-1 layers was previously
found to be 4.9 � 10−3 � 1.0 � 10−4, 1.5 � 10−3 � 6.0 � 10−5,
and 2.5 � 10−3 � 5.5 � 10−5 � cm, respectively.23 As a reference
to compare to the PS literature, �100� oriented, phosphorus-doped
SCS wafers with the confirmed resistivity of 0.015 � 0.003 � cm
were obtained from The Polishing Corporation of America, Inc. All
wafers were commercially diced �Micro Dicing Technology, Inc.�
into 2 cm � 2 cm squares, for use with a custom electrochemical
characterization fixture.

The etchant solutions used to remove the sacrificial SiO2 layers
�e.g., PSG� consisted of �a� 48 wt % HF in water �UDHF, pH
0.86�, �b� 1:1 �UDHF:H2O, pH–1.02� by volume, or �c� 20:1
UDHF:Triton-X-100 by volume. The latter solution corresponded to
a concentration of 7.8 � 10−5 mol/cm3, which was greater than the
critical micelle concentration of 2.4 � 10−7 mol/cm3 for the non-
ionic detergent.26 UDHF was chosen to represent the greatest con-
centration available in semiconductor grade �0.027 mol/cm3�, and
the latter two solutions were expected to alter the corrosion process
�while added H2O would halve the SiO2 etch rate�, based on their
polar nature or improved wetting characteristics, respectively.

Measurement methods and data reduction.— A Helios Nanolab
focused ion beam �FIB� machine was used to examine the surface
morphology and thickness of corroded SOI and polySi specimens.
The FIB was used to prepare the samples by etching a rectangular
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trench, several micrometers in length, width, and depth. Prior to
etching, the top surface of the specimens was protected by first
depositing carbon, followed by platinum masks. Cross sections were
milled using the FIB machine’s gallium beam at rapid �high current�
and then slow �low current� material removal rates. Because it was
not possible to definitively ascertain the thickness of the corroded
surface layer using secondary- or backscattered-electron imaging, a
proprietary trifluoroacetic acid based chemical etchant �Colonial
Metals, Inc.� containing Trifluoroacetamide was used to selectively
remove the corroded surface layer, thereby creating a measurable
residual cavity. Porosity was determined from surface morphology
images according to a manual count of the point fraction, using a
transparent 5 � 5 grid.27

For the resistive probe structures, electrical measurements were
performed using two HP 34401A multimeters �Agilent Technolo-
gies, Inc.� to separately monitor the current and voltage supplied
using a HP E3661A power supply �Agilent Technologies, Inc.�. The
SOIMUMPs and polyMUMPs fabricated structures were character-
ized at the user-specified current of 1 and 3 mA, respectively, based
on the stabilized resistance measurements for uncorroded speci-
mens. The user-specified settings circumvent the limitation of equip-
ment resolution at low currents as well as adverse self-heating ef-
fects at high currents. A Micro-Manipulator 4000 probe station
�Micromanipulator Co.� was used to achieve electrical contact to the
resistive probe specimens at the patterned Au.

The results from the resistance measurements were converted to
an etch rate according to the following procedure: First, the original
cross-sectional area was related to the final �corroded� cross-
sectional area using Eq. 3, in which it was assumed that: �i� the
resistivity of the uncorroded interior remained constant ��o = �f�,
�ii� the structure changed only in its cross-sectional area �Lo = Lf�,
�iii� corrosion was relatively uniform �no pitting or heterogeneous
corrosion�, and �iv� the corroded surface layer was of infinite resis-
tivity. Second, Eq. 3 was related to the geometry specific for the Si
layer using Eq. 4 and 5, or 6, which represented the final cross-
sectional area, Af, and implied a uniform corrosion rate at the active
surface�s�. Equations 4-6 considered the following number of active
surfaces: 1 �SOI corrodes on the top surface only in Eq. 4�, 3 �the
top and two side surfaces of Poly-0 in Eq. 5—the bottom surface
was adhered to the substrate�, or 4 �the top, bottom, and two side
surfaces of Poly-1 in Eq. 6�

RoAo

�oLo
=

RfAf

�fLf
⇒ Af =

RoAo

Rf
�3�

Af = �bo��to − tc� �4�

Af = �bo − 2tc��to − tc� �5�

Af = �bo − 2tc��to − 2tc� �6�
Third, the rate of corrosion was calculated from the ratio of the

thickness of the corroded surface layer, tc �in meters�, to the time
elapsed during etching, t �in seconds�. In the equations, the param-
eter R refers to the electrical resistance in ohms, A the cross-
sectional area of the test �gauge� section �in meters squared�, � the
resistivity in ohms per meter, L the length of the gauge �in meters�,
b the width of the gauge �in meters�, t the gauge thickness �in
meters�, and r the etch rate �in meters per second�. The subscripts o
and f refer to the gauge’s original, and final condition, respectively.

The contact angle was measured for the HF-based solutions ac-
cording to the sessile drop technique.28 Specifically, 10 �L of solu-
tion was dispersed and then imaged in profile using a digital micro-
scope. The contact angle was examined for two types of silicon
specimens: �i� specimens immersed in HF for 1 min and then im-
mediately analyzed or �ii� specimens anodized at a prior time at the
specified current density of 25 �in microamperes per centimeters
squared� for 10 min. The sessile drop measurements may be ana-
lyzed according to Eq. 7, which considers the equilibrium of in-
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plane “forces” about a point at the interface between the liquid
�etchant�, solid �Si�, and vapor �ambient atmosphere� present.
Within laboratory conditions, �sv is usually significantly greater than
�sl, motivating the liquid to spread onto the solid, thereby reducing
its free energy. Equation 8 expresses the work of adhesion, which
quantifies the reversible work of separating the liquid and solid
phases. In the equations, � represents the contact angle �in degrees�,
and W the work of adhesion �in Joules per meter squared�. The
subscripts lv, sv, and sl refer to the liquid-vapor, solid-vapor, and
solid-liquid interfaces, respectively. For a liquid, � the surface en-
ergy �in Joules per meter squared� is equal to its surface stress,
which may be evaluated per unit width �in Newtons per meter�29

�lv cos � = �sv − �sl �7�

Wa = �lv�1 + cos �� �8�
Electrochemical characterization was performed using an

Epsilon-E2 potentiostat/galvanostat �Bioanalytical Systems, Inc.�
connected to a custom fixture �Fig. 2�. The Epsilon-E2 has a 0.1 mV
resolution and a 30 pA leakage current specification for the ranges
utilized in most characterizations. In a few cases, a PWR-3 amplifier
�Bioanalytical Systems, Inc.� was used to increase the maximum
current capability from 10 to 1 A. In the experiments, the working
electrode was Si, the counter electrode was Pt, and the reference
electrode was Cu/CuF. For each test, 25 mL of fresh HF-based so-
lution was contained within a high-density-polyethylene �HDPE�
chamber �Fig. 2�. The chamber was sealed to the Si specimen using
a polytetrafluoroethylene �PTFE, Teflon� o-ring, to isolate a circular
test area. To promote mechanical robustness and efficient exchange
of specimens, the die was pressed upward against the HDPE cham-
ber using a stainless steel plate, rather than using polymer-based
mechanical threading.8,9 After a 1 min dip in UDHF to remove any
native oxide, the die was contacted to the plate using colloidal silver
paint �Electron Microscopy Sciences, Inc.� to establish ohmic con-
tact. The steel plate was itself electrically connected to a Cu wire
using CW2400 epoxy �Circuitworks/Chemtronics Inc.� to establish
electrical connection and J-B Weld epoxy �J-B Weld Co.� to estab-
lish a robust mechanical connection. In Fig. 2, the reference elec-
trode was sealed in a PTFE tube using Epofix epoxy �Struers Inc.�,
except where it was exposed at the ends.

The Cu/CuF reference electrode was prepared by anodization in
UDHF prior to being added to the fixture, Fig. 2. After cleansing in

Figure 2. �Color online� Schematic showing cross-sectional view of the
custom three-electrode fixture used for electrochemical characterization.
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sulfuric acid, the bare wire was biased at 1 V opposite to a Pt mesh
for 5 min using a standard dc power supply. For proper bias, the Cu
wire was connected to the positive terminal of the power supply and
the Pt connected to the negative terminal, rendering a matte/dull
reddish surface finish.

Not shown in Fig. 2, a tungsten lamp was situated above the
chamber using a fixture to standardize its position with respect to the
HDPE chamber. The intensity of illumination at the working elec-
trode was measured to be roughly 250 �lux�. After the lamp was
positioned, the sample was allowed to equilibrate for 5 min prior to
characterization. Following electrochemical characterization, the an-
odized dice were outgassed for 15 min at low vacuum to remove
any residual electrolyte.

Results and Discussion

Morphology of the corroded surface layer.— The morphology
of SOI and polySi specimens was examined in order to identify the
current conditions present during corrosion, according to the amount
of Au utilized. First, the surface morphology is shown to vary ac-
cording to the relative surface area ratio �SAR� of Au to Si in Fig. 3.
Reference specimens, i.e., etched in HF but with SAR = 0, are in-
cluded in Fig. 3, which demonstrates the porous surface morphol-
ogy, quantified in Table I, for SOI and Poly-1 structures etched in
UDHF:Triton for 12 and 40 min, respectively. In Fig. 3, the pore
shape is either circular or square with rounded corners. In Table I,
the SAR �Au:Si�, pore diameter, interpore spacing, thickness of the
corroded surface layer, porosity, and corresponding current density
�Eq. 1� are given for the specimens. The d, L, and P values in Table
I are from field emission scanning electron microscope �FESEM�
measurements, with t being obtained after the delineation etch in the
FIB. Certain specimens �Poly-1, SAR of 10.31� proved difficult to
interpret. For this and other specimens etched for longer time
duration,1 P is estimated to exceed 70%. Additionally, while a few
pores were observed on the SOI reference specimen �SAR = 0�, P is
minor �	5%�; therefore the reference specimens are not examined
in Table I. From Table I, an increase in thickness and porosity occurs
as the SAR is increased for both SOI and Poly-1. Conversely, if the
statistical variance of the measurements is considered, then the in-
terpore spacing does not vary with SAR, instead L averages to be
12.7 � 1.3 nm for all specimens. In Table I, t shows the strongest
correlation ��5� change with SAR�, then P ��2� change with
SAR�, and finally d ��1/2� change with SAR�. For the SOI speci-
mens, the SAR in Fig. 3 and Table I applies to the condition where
only the top surface is etched1 and not the nominal condition �etch-
ing of all exposed surfaces�. In addition to the data summarized in
Table I, a correlation was observed between surface porosity and
visual discoloration ranging from reddish-brown to dark gray for
polySi, as well as bright purple, blue, green, yellow, and orange seen
for SOI �see Ref. 30�. Also, rounded particulate material was ob-
served for several of the Poly-1 specimens �Fig. 3�; their origin and
composition are explored later. Additional images of micromachined
Si etched in the different solutions or at lesser magnification may be
found in Ref. 1 and 30.

Because porosity �pore diameter� is increased as the amount of
metal present is increased, the morphology data demonstrates the
significance of the SAR as a “processing parameter.” This may be
explained if the corrosion is current limited �e.g., by the reduction
reaction occurring at the cathode�. Separately, it should be cautioned
that the damage seen in Fig. 3 might be identified as being under-
representative. To explain, the corroded surface layer was previously
found to primarily consist of SixOy,

1,5-7 whereas the material is af-
fected according to a PS formation process.1,6,7 That is, the Si pores
formed in HF will shrink upon the 2.17� volumetric expansion
occurring during their subsequent oxidation in the ambient
environment,18 reducing the porosity and increasing the current den-
sity. For this reason, where P is not directly measured, the value of
50% will be henceforth used to estimate corrosion current density or
the thickness of affected material, Eq. 1 and 2.
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In comparison to the parametric test structures examined in Fig.
3, FESEM images examining the surface morphology of polySi ten-
sile specimens1 after being etched for 40 min are shown in Fig. 4.
For the three etchants utilized, all specimens with metal present
demonstrated surface pores, whereas those specimens with no metal
present did not demonstrate surface porosity, except for those etched
in UDHF:H2O, which exhibited surface pores both with and without
metal present. In cross-sectional scanning tunneling electron micros-
copy examination1 at a particular etch time, the thickness of the
corroded surface layer for specimens with metal present ranged
from greatest for UDHF, intermediate for UDHF:H2O, and least for
UDHF:Triton, although the final values were within the same order
of magnitude. The pore size and spacing in Fig. 4 is similar to that
in Fig. 3, except that the porosity for the two specimens with metal

Figure 3. Surface morphology of SOI and Poly-1 as the surface area ratio
�SAR� is increased. The SAR �Au:Si� is indicated for each specimen. Speci-
mens were etched in UDHF:Triton for 12 and 40 min, respectively. For the
Poly-1 specimens, particulate contamination is present in some cases
�rounded or spherical features�.
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present �UDHF:H2O and UDHF:Triton� approaches or exceeds
70%. Lastly, as in Fig. 3, rounded particulate material was seen for
several specimens �Fig. 4�.

As the surface porosity in Fig. 4 corresponds to degradation in
mechanical properties,1 it is seen as direct evidence of corrosion,
which is typically absent on the reference specimens without metal
present. As in Ref. 31, the pores observed on the UDHF:H2O etched
specimens with no metal present suggest an influence of –OH ions,
most prevalent in that solution. In this case, while pores are present
and metal is not, the microtensile characterization1 indicates that
damage obtained in UDHF:H2O is strictly limited to the immediate
surface. In contrast, the similar morphology and thickness of the
corroded surface layer for those specimens with metal present sug-
gests a shared formation mechanism. For specimens with metal
present, differences in the depth of chemical attack will be further
explored using the resistive probe technique and then related to the
surface-wetting characteristics of the etchants utilized using the
sessile drop characterization.

Figure 4. FESEM images showing the morphology of the top surface of
Poly-1 tensile specimens1 after being etched for 40 min. A porous network is
always seen for those specimens with metal present. Particulate contamina-
tion is present in some cases �rounded or spherical features�.

Table I. Summary of characteristics obtained from surface- and cros
(Au:Si) is increased. Specimens were etched in UDHF:Triton for 12

Technology Layer SAR

d,
pore

diameter
�nm�

SOIMUMPs SOI, 10 �m 0.19 5.7 � 1.1
SOIMUMPs SOI, 10 �m 0.94 6.6 � 1.3
SOIMUMPs SOI, 10 �m 4.10 8.5 � 1.3
SOIMUMPs SOI, 10 �m 6.83 9.0 � 1.8
polyMUMPs Poly-1 0.10 8.5 � 1.9
polyMUMPs Poly-1 0.20 8.7 � 2.5
polyMUMPs Poly-1 1.06 10.2 � 1.6
polyMUMPs Poly-1 2.04 9.5 � 1.9
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Current density, determined from resistance.— The resistive
probe technique was used to further examine the variation of corro-
sion current density �determined from etch rate� according to etch
time, etchant solution, and SAR. To begin, current was characterized
as a function of time and etchant using Eq. 3 and 6; the results for
the Poly-1 layer are shown in Fig. 5. An optical image of a resistive
probe is shown in the inset of Fig. 5, with the components and
composition of the structure labeled accordingly. For all etchants,
the current is seen to asymptotically decrease to a “steady” value
within 90 min. In Fig. 5, a double-exponential decay trendline fit is
used to identify the asymptotic decay. In Fig. 5, the magnitude of the
current is similar for UDHF and UDHF:H2O, and is least for the
UDHF:Triton etchant.

Additional data summarizing the resistive probe experiments are
shown in Table II, identifying the maximum normalized resistance,
the maximum etch rate, and the corresponding maximum corrosion
current density. As in Fig. 5, the estimated rate of corrosion was
always greatest initially and then decreased asymptotically with etch
time. Unlike in Fig. 5, no clear distinction is found between the
different etchants for the SOI layer �Table II�. Although the etch
time was limited to 12 min for the SOI layer by the undercutting of
the SiO2 layer that attached it to the underlying substrate, the in-
crease in resistance for the SOI layer is comparable to that observed
for the Poly-1 layer at 12 min. Although the “Poly-2” and
“Poly-1 + Poly-2” layers were also measured,30 Table II solely dis-
tinguishes between the Poly-0 and Poly-1 layers present in the poly-
MUMPs technology. Uniquely, the resistance became “infinite” for

Figure 5. �Color online� Current density �for P = 50%� determined using
Poly-1 resistive probes for the three different etchant solutions. An optical
micrograph of the test structure is shown in the inset.

ional morphology observation of Poly-1 and SOI specimens, as SAR
0 min, respectively.

L,
pore-to-

pore
spacing
�nm�

t,
thickness
surface
layer
�nm�

P,
porosity

�%�

j,
current
density

�mA/cm2�

10.7 � 2.1 25 � 2 20 � 7 0.011
11.3 � 1.9 72 � 2 26 � 6 0.042
12.8 � 2.0 165 � 10 36 � 7 0.132
12.4 � 2.3 N/A 43 � 9 N/A
14.1 � 2.6 42 � 5 28 � 7 0.008
13.4 � 3.7 64 � 10 30 � 7 0.013
14.4 � 3.0 108.5 � 7 42 � 10 0.030
12.8 � 3.1 144 � 26 47 � 10 0.045
s-sect
and 4
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



F258 Journal of The Electrochemical Society, 155 �12� F253-F265 �2008�F258

D

the Poly-0 layer between 40 and 60 min, when etched in UDHF or
UDHF:H2O. The results shown in Fig. 5 and Table II are consistent
with those previously obtained using simpler electrical trace
structures.12

The behavior observed in Fig. 5 bears striking similarity to the
degradation in mechanical performance measured using microtensile
specimens.1 To begin, the current profile in Fig. 5 bears the same
shape over time as the profiles for mechanical strength and apparent
modulus. More specifically, for UDHF or UDHF:H2O, the average
current density �etch rate� determined from resistive probe measure-
ments is 2/3 the maximum current obtained from cross-sectional
observation of the microtensile specimens. For the UDHF:Triton
etchant, however, the current determined from resistive probe mea-
surements corresponds with the current determined from the mini-
mum thickness of the corroded surface layer. As in the resistive
probe measurements, current was found to decrease with time for
the microtensile specimens. For example, the maximum current den-
sity of 0.294 and 0.108 mA/cm2 were obtained for the UDHF
etched Poly-1 microtensile specimens at 20 and 90 min, respec-
tively. The corresponding resistive probe and microtensile results are
as expected, since the same SAR of 0.85 was utilized for resistive
probe structures �Fig. 5�, as that of the Poly-1 microtensile speci-
mens. The correspondence between the microtensile and resistive
probe structures indicates that resistive probe characterization is a
reasonably accurate diagnostic/predictive technique, as long as the
SAR is matched to that of a simulated device. To that end, a resistive
probe could be used for the purpose of monitoring corrosion in situ,
if connectivity could be established to Si in a HF solution �e.g., back
side vias� and the influence of connectivity could be compensated.

As in the microtensile characterization,1 the etchant specific
damage seen in the resistive probe specimens is attributed to the
physio-chemical nature of the corrosion process �Fig. 1�, i.e., the
surface wetting characteristics of the etchants utilized. Cross-
sectional examination in Ref. 1 correlated etchants having weak
surface wetting characteristics to damage dominated by surface or
microstructural vulnerabilities, whereas as etchants with strong sur-
face affinity resulted in homogeneous damage about the surface.
Regarding microstructural defects, polySi was found to contain
crevices, cavities, twins, and grain boundaries, whereas SOI exhib-
ited processing-induced surface defects only.1 Therefore, the 4�
greater current for UDHF and UDHF:H2O in Fig. 5 is attributed to
microstructure specific attack, such as observed grain boundary
attack,1 whereas the lesser current for UDHF:Triton is attributed to
generalized attack about the surface of Si. Thus, the assumed homo-
geneous damage profile for Eq. 3 is only directly applicable for
UDHF:Triton and is subject to limitation �an acceleration factor� for
UDHF and UDHF:H2O.

Unlike for polySi, the SOI resistive probes are subject to a lim-
ited population of vulnerable microstructural features. Foremost, the
SOI layer specifically lacks microstructural defects, precluding a
microstructure specific acceleration factor. The lack of distinction

Table II. Summary of resistive probe measurements for the SOI, Po

Technology Layer
Etchant

chemistry

SOIMUMPs SOI, 10 �m UDHF
SOIMUMPs SOI, 10 �m UDHF:H2O
SOIMUMPs SOI, 10 �m UDHF:Triton
polyMUMPs Poly-0 UDHF
polyMUMPs Poly-0 UDHF:H2O
polyMUMPs Poly-0 UDHF:Triton
polyMUMPs Poly-1 UDHF
polyMUMPs Poly-1 UDHF:H2O
polyMUMPs Poly-1 UDHF:Triton
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between etchants for the SOI resistive probes �Table II� is further
subject to the limited etch time allowed by the underlying SiO2 layer
as well as the geometry of the specimens. From the resistance mea-
surements, the percentage of area consumed was significantly
greater �up to 40–60%� for the polySi specimens, as opposed to the
2–3% maximum area consumption for the SOI specimens. There-
fore, a more substantial etch time, allowing more Si to be consumed,
would be expected to obviate the identification of etchant specific
differences, if any could be facilitated by morphology �sidewall sur-
face roughness�.

From the data, current densities of 0.23–0.55 mA/cm2 were de-
termined for the SOI resistance probes etched in UDHF, whereas the
value of 0.101 mA/cm2 was obtained from a microtensile specimen
etched in the same solution.1 Disparity between the resistive probe
and microtensile specimens may be explained by the stray etching
observed at the top corner of the sidewall surfaces.1 That is, in
cross-sectional examination, corrosion affects the top surface of SOI
but also extends onto the sidewall surfaces by as much as 1 �m.
Therefore, as the top surface is solely considered in Eq. 4, the actual
current for the resistive probes is likely to be lesser than that shown
in Table II.

A series of Poly-1 resistive probes was also used to investigate
the significance of the SAR, shown in Fig. 6. As shown in the inset
of Fig. 6, the polySi structure remained the same, but the amount of
metal present was varied parametrically. The SAR values �Au:Si� of
0.05, 0.21, 0.85, and 3.39 were specifically examined. Because the

nd Poly-1 layers.

Rmax,
normalized
resistance

rmax,
etch
rate

�nm/min�

jmax,
current
density

�mA/cm2�

1.02 41.2 0.550
1.05 29.0 0.387
1.02 35.9 0.479


 
 N/A

 
 N/A

1.11 3.1 0.041
2.29 23.2 0.309
2.06 19.5 0.260
1.12 19.8 0.264

Figure 6. �Color online� Current density �for P = 50%� as a function of SAR
�Au:Si�, from Poly-1 resistive probes etched in UDHF:Triton. The proportion
of surface area for Au relative to Si was varied according to the amount of
Au present �inset�. Data are shown for a series of probes etched for 2.5, 5,
10, 30, and 90 min.
ly-0, a
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current increased exponentially with SAR at the different etch times
examined, a linear trendline fit for logarithmic variation is shown in
Fig. 6. For a particular SAR, the current decreases asymptotically
with time as in Fig. 5, whereupon the initial and final data points at
2.5 and 90 min differ by a factor of 4–5. Figure 6 applies to the
UDHF:Triton etch chemistry, but similar behavior was observed for
the other etchants. As in Fig. 5, current within this parametric study
was determined to vary according to etchant solution, with the final
measurements for UDHF and UDHF:H2O being 4 times that of
UDHF:Triton.

As in the damage morphology examination, Fig. 3 and Table I, a
correlation is identified in Fig. 6 between SAR and corrosion. The
resistive probe data, which spans a greater range of SAR values than
Table I, allows for a more definitive relationship to be established. In
Fig. 6, the current varies logarithmically with SAR �as in an expo-
nential or Arrhenius relationship�, consistent with the thickness
variation in Table I. The variation in Fig. 6 explicitly identifies that
the corrosion of Si is limited by corrosion current �i.e., the size of
the cathode �Au��.

Figure 7, which generalizes the data for polySi etched in UDHF
or UDHF:H2O, will be used to summarize and further interpret the
resistive probe measurements. In regime I of Fig. 7, the average etch
rate decreases in an asymptotic manner. Because this regime occurs
to a similar extent in all polySi as well as SOI specimens, it is
identified as a universal initiation regime. Similar to Fig. 7, a high-
impact initiation period �regime I� is also identified in the microten-
sile tests,1 where strength is notably decreased within 5 min. The
similar magnitude of change observed in Fig. 5 is therefore sug-
gested to be associated with the formation of a porous surface layer.
This process would quickly concentrate charge at the active etch
front for all specimens and etchants until the influence of surface
wetting combined with microstructural defects becomes influential
over time.

As it has been suggested the distribution of dopant is not uniform
for extrinsic Si �dopant may accumulate up to 20� the bulk concen-
tration at the free surface�s��,32-36 the high current seen in regime I
may also be affected by the dopant concentration. Attributed to lat-
tice mismatch, a 5 nm thick dopant-rich region may form at the
interface between Si and a deposited oxide,32 thermally grown
oxide,33,34 or native oxide.35,36 For phosphorus, where the dopant
must carry an associated vacancy neighbor to remain electrically
neutral, the surface region would be rendered particularly reactive
because of the resulting lesser atomic coordination number in the
surrounding silicon. In polySi, dopant may also accumulate at grain
boundaries,13,35 which would affect corrosion after the initiation re-
gime. Surface-specific dopant segregation effects would, however,
affect all etchants equally in regime I. Here, for example, dopant
concentration at the surface may influence the time required for
stabilized pore morphology to form.

Regime II in Fig. 7, which shows minor attenuation in etch rate
over time, is attributed to stabilized steady-state corrosion. To ex-
plain, once a porous corroded surface layer has formed, the magni-
tude of the damage should relate to the physio-chemical activity at
the active etch front �Fig. 1�. Here, the physical effects of steady-
state corrosion are inferred from the cross-sectional observation of
the microtensile specimens.1 In that study, UDHF renders deep, spo-
radic crack propagation along grain boundaries. Alternately in
UDHF:Triton, steady-state corrosion results in uniform, generalized
consumption of both polySi and PS. This is because the superior
wetting characteristics of UDHF:Triton result in damage that is dis-
tributed throughout the active etch front, rather than bearing prefer-
ence specific to defects and surface morphology. In Fig. 5 and Table
II, the comparable extent of damage between UDHF and
UDHF:H2O is attributed to their similar wetting characteristics. The
data for UDHF and UDHF:H2O in Fig. 5 is, however, much more
comparable than for the microtensile specimens. Therefore, the re-
sistive probe results suggest that additional latent damage, i.e., grain
boundary attack or degradation of the interior, is present for
UDHF:H O than was readily apparent in the damaged microtensile
2
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specimens. In contrast, the more stable and significantly lesser mag-
nitude of damage in Fig. 5 for UDHF:Triton owes to its improved
surface wetting, and implies that the interior of the polySi remains
intact, which is corroborated in the microtensile specimens.

The results in regime II are contrary to the literature, where the
thickness of the corroded surface layer was observed to increase
linearly for a fixed current density.9 Assuming current generation at
the cathode is not affected over time, the attenuating current in Fig.
5 and Table II may occur as the result of �i� decreased electrical
connectivity facilitated by grain boundary attack, �ii� the completed
consumption of the most reactive regions of Si, or �iii� limited trans-
port of reactants/products through the thickening corroded surface
layer. Regardless of the exact cause of time-attenuated current, the
different rates of damage seen in Fig. 5 primarily result from the
wetting characteristics unique to each etchant.

Finally, for Poly-0 etched in UDHF or UDHF:H2O, measured
catastrophic failure is identified in Fig. 7 as regime III. Behavior
here is attributed to compromised electrical connectivity, when Si is
either severed at grain boundaries or completely corroded. Only a
single electrical break need be established across the gauge section
to terminate the process of galvanic corrosion �i.e., 100% volumetric
degradation is not required�. Catastrophic failure was additionally
observed for Poly-0 electrical trace structures �two point probe tech-
nique� etched in UDHF or UDHF:H2O.12 Although not observed for
the other polySi layers,30 similar catastrophic failure is expected
after a sufficient etch time. As in regime II, observed catastrophic
failure also suggests extensive latent damage for the UDHF:H2O
etchant that is not directly observed for microtensile specimens. In
comparison, catastrophic failure was only observed for microtensile
specimens etched in UDHF, which fractured autonomously in solu-
tion after 90 min.1

Contact angle of HF-based solutions.— Contact angle measure-
ments were performed to validate the assumed surface wetting char-
acteristics for the etchants utilized. Table III shows the results of the
sessile drop characterization, which compares the surface wetting
characteristics of the three etchants to that of deionized �DI� water.
Table III includes measured contact angle and the specific work of
adhesion, determined to within �2.6° and �0.04 �2 standard devia-
tions �SD��, respectively. For the purpose of discussion, contact
angles �30° will be considered hydrophilic, whereas contact angles
�60° are considered hydrophobic. In Table III, the work of adhe-
sion has been normalized to that of DI on �111� SCS �the lowest
energy orientation37�, where �lv is taken as the same for all solutions
�i.e., the specific work of adhesion is an approximation for the pur-

Figure 7. �Color online� Schematic representing variation in average etch
rate with time for polySi etched in UDHF or UDHF:H2O. Three separate
behavior regimes are identified in the figure.
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pose of generalized comparison�. The contact angle for polySi �both
Poly-0 and Poly-1 are averaged� was found to be less than that of
the other specimens, particularly for UDHF �Table III�. Within a
particular Si group, the contact angle was typically seen to range
from least to greatest for UDHF:Triton, UDHF, UDHF:H2O, and
then DI, respectively. Physically, the decreased contact angle for
UDHF:Triton identifies a greater work to wet the droplet to the
substrate, whereas the large contact angle for UDHF:H2O indicates
a lesser surface wetting relative to UDHF �Table III�. During char-
acterization, UDHF:Triton uniquely demonstrated a slow change in
location about Si as time elapsed. For reference, the contact angle of
DI on a Si native oxide was found to be 44°.

Surface roughness is thought to explain the reduced contact
angle for polySi relative to that of SCS. Increased surface roughness
is known to decrease contact angle, as long as the contact angle is
initially 	90°.38 Specifically, the roughness of the polySi samples is
8.5 � 11.4 nm, whereas that of the SCS is 0.1 � 0.1 nm
�Ravg � Rrms�.

23 In comparison, the contact angle is seen to be simi-
lar for �100� SCS and �111� SCS, despite their different surface free
energies.37 Therefore, the difference in contact angle between the
various Si specimens is attributed to their surface roughness and not
crystallographic anisotropy.

Regarding the etchant specific variation in surface wetting, an
increase in HF concentration was found to correspond to increased
surface affinity.39 Specifically, Roth et al. found that the surface
tension, � = �lv, continuously decreased as HF concentration was
increased, consistent with the measurements in Table III for DI,
UDHF:H2O, and UDHF. Alternately, as a surfactant is added to HF,
surface tension will be decreased until the critical micelle concen-
tration �CMC� of the surfactant is achieved,39 with the overall effect
on surface wetting being quite significant. Therefore as expected, the
surface wetting for UDHF:Triton was greatly improved for all Si
types. It should be noted that the UDHF:Triton solution in Table III
is significantly above the CMC concentration ensuring that surface
wetting is maximized to both Si and PS �at the expense of nanoscale
particulate contamination �i.e., micelle formation��.

The contact angle data �Table III� and Pourbaix �potential/pH�
diagram in Ref. 7 and 11 suggest that UDHF:H2O should be less
influential than UDHF, based on its poor surface wetting �limiting
the flux of reactant species� and its greater Gibb’s free energy po-
tential �indicating that corrosion is less thermodynamically favored�.
The performance of microtensile specimens etched in UDHF:H O,

Table III. Contact angle and specific work of adhesion [normal-
ized to DI water on (111) Si] for SCS, polySi, and PS, measured
by the sessile drop technique. A generalized schematic of a drop-
let viewed in cross section is shown in the inset.

Substrate Etchant

�,
contact
angle
�deg�

Wa,sp,
specific
work of
adhesion

�100� SCS UDHF 63 1.06
�100� SCS UDHF:H2O 73 0.94
�100� SCS UDHF: Triton 12 1.44
�100� SCS DI 74 0.93
�111� SCS UDHF 67 1.01
�111� SCS UDHF:H2O 71 0.97
�111� SCS UDHF: Triton 10 1.44
�111� SCS DI 68 1.00

polySi UDHF 46 1.23
polySi UDHF:H2O 68 0.99
polySi UDHF: Triton 10 1.44
polySi DI 72 0.96

�100� PS UDHF 65 1.03
�100� PS UDHF:H2O 73 0.94
�100� PS UDHF: Triton 11 1.44
�100� PS DI 81 0.84
2
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however, was intermediate to the other two etchants.1 As confirmed
in cross-sectional observation,1 the poor surface wetting character-
istics for UDHF:H2O �Table III� primarily result in microstructure
specific attack, such as grain boundary attack. Microstructure spe-
cific attack is also implied in the resistive probe measurements, Fig.
5 and Table II, where UDHF:H2O was similar to UDHF �the etchant
most prone to grain boundary attack�. However, for UDHF and
UDHF:H2O, the difference in etch rate is further influenced by the
separate issues of viscosity and hydroxide ion concentration. Al-
though the increased viscosity �0.87 for UDHF:H2O vs
0.80 mN s m−2 for UDHF40,41� might be expected to slightly retard
or localize corrosion for UDHF:H2O, FESEM images of the surface
morphology �Fig. 4�, suggest instead that the effects of the hydrox-
ide ions dominates, enhancing the rate of Si consumption. To ex-
plain, a porous surface is generated on Si etched in UDHF:H2O,
even when no metal is present, indicating enhanced corrosiveness
for UDHF:H2O. The notion of –OH related catalysis or the involve-
ment of hydroxide in Si corrosion has been identified by others.31,42

For the case of galvanic corrosion, the increased chemical activity
for UDHF:H2O explains the wider features observed in cross-
sectional examination.1 Additionally, the dimensions of UDHF:H2O
etched samples with metal present were found to be slightly reduced
in size,1 suggesting that UDHF:H2O acts upon PS as well as Si. If
PS is consumed in addition to Si, then the active etch front advances
less rapidly, reducing the overall damage rate. In summary, the poor
surface wetting for UDHF:H2O is explained to initially result in
microstructure specific attack, with the rate of corrosion being
slightly retarded by mass transport �the greater viscosity of the
etchant�. For prolonged exposure, the greater hydroxide ion concen-
tration for UDHF:H2O, yields more broadly distributed damage,
moderating the impact of corrosion.

Electrochemical characterization: OCP and polarization
curves.— A series of electrochemical characterizations, including
OCP measurements, cyclic voltammetry �polarization profiles�, and
chronopotentiometry data, was conducted to quantify the kinetic re-
sponse for Si according to the three etchants utilized. Except for
OCP, a complete set of data was obtained for SOI, Poly-0, Poly-1,
and �100� SCS; the essential results are shown in Fig. 8-12. To aid
their discussion, the morphology characterization, resistive probe
results, and contact angle measurements will be utilized in order to
interpret the various electrochemical examinations and their appli-
cation to the previous microtensile mechanical study.1

To begin, OCP measurements for the �100� SCS dice, Au wire, or
the Pt counter electrode mesh were averaged for the UDHF,

Figure 8. �Color online� Comparison of polarization curves for �001� SCS
anodized in three separate solutions, with and without light present. The
bounds of the mixed pair potential, VSi/Au and maximum current density,
Jmax, are indicated in the figure based on the literature and previous �mor-
phology, resistive probe� characterizations.
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UDHF:H2O, and UDHF:Triton etchants �i.e., three separate mea-
surements for each material�. Relative to the Cu/CuF reference
electrode, the OCP values of −0.47 � 0.06, 0.43 � 0.11, and,
0.70 � 0.06 V �1SD� were measured for Si, Au, and Pt, respec-
tively. OCP did not vary significantly between Si specimens, but was
measured to be −0.48 � 0.06, −0.42 � 0.02, and −0.52 � 0.04 V
�1SD� for Si when immersed in the UDHF, UDHF:H2O, and UDH-
F:Triton etchants, respectively. In contrast, OCP was previously seen
to vary slightly with the etchant utilized.2,3 The potential difference
between Au and Si here is similar to that described by others.5-7

Compared to the literature, the experiments therefore suggest that
the OCP of the Cu/CuF reference electrode is −0.24 VSCE, whereas
the value of −0.271 V remained stable in UDHF for 15 min when
measured against a standard Ag/AgCl reference electrode �saturated
KCl� using a salt bridge �i.e., −0.227 VSCE�. This is similar to the
value of 0.276 V, measured by others for a Cu/CuF electrode in
anhydrous HF using a hydrogen reference electrode, where the mea-
sured potential was found to be stable and was attributed to the
formation of a CuF2 surface layer.43,44

Polarization curves were obtained at the rate of 20 mV/s and are
shown for SCS, SOI, and Poly-1 in Fig. 8-10, respectively. These

Figure 10. �Color online� Comparison of polarization curves for Poly-1
anodized in three separate solutions, both with and without light present. The
bounds of the mixed pair potential, VSi/Au and maximum current density,
J , are also indicated in the figure.

Figure 9. �Color online� Comparison of polarization curves for SOI anod-
ized in three separate solutions, both with and without light present. The
bounds of the mixed pair potential, VSi/Au and maximum current density,
Jmax, are also indicated in the figure.
max
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figures compare the electrochemical response with and without light
present for the different Si specimens, when anodized in the three
etchants. The voltage potential in the polarization plots is not abso-
lute; rather it is shown relative to the asymptotic increase in current
density just above the background limit, so as to accentuate the
difference between the data profiles. In all figures, the current den-
sity indicated applies to the nominal �entire� test area region. The
voltage increase corresponding to the mixed pair potential in the
literature �VSi/Au of 150 mV� as well as the maximum current den-
sity observed in the morphology of microtensile specimens �Jmax of
0.294 mA/cm2� is indicated in the figures. The response for Poly-0
and Poly-1 differed primarily in magnitude, therefore only Poly-1 is
shown �Fig. 10�. Unlike in the figures, no Si corrosion was observed
under cathodic polarization conditions �i.e., applied potential below
the OCP of Si�. Lastly, the visual appearance of the specimens after
polarization featured fully anodized test areas.

Regarding the use of light, a specific response is observed only
for �100� SCS �Fig. 8�. For �100� SCS, the magnitude of the current
present scaled according to the proximity of light source, and no
measurable current was detected in the absence of illumination. Ad-
ditionally, �100� SCS demonstrated a Zener �reverse� breakdown
voltage of 14.1 � 0.9 V in the dark. In contrast, the response for
SOI and Poly-1 did not vary significantly with illumination. Instead,
the polarization profiles were only slightly decreased in magnitude
and somewhat more sluggish without illumination �Fig. 9 and 10�.

Figure 12. �Color online� Chronopotentiometry results � j = 0.25 mA/cm2�
for Poly-0 anodized in three separate solutions, with light present.

Figure 11. �Color online� Chronopotentiometry results � j = 0.25 mA/cm2�
for SOI anodized in three separate solutions, with light present.
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Within the polarization profiles, a consistent set of characteristics
can be used to distinguish between the etchants and Si examined.
Regarding the magnitude of corrosion current, the greatest current
was consistently observed for UDHF:Triton, approaching double
that of the other etchants. Between UDHF and UDHF:H2O, a more
rapid response and greater maximum current was observed for
UDHF. In particular, the response for UDHF:H2O is notably slower
for SOI than the other Si types �Fig. 9�. Regarding the different Si
specimens, the peak current ranged from greatest to least for Poly-1,
SOI, then Poly-0, respectively. The peak in the profiles in Fig. 9, and
Fig. 10 at �0.5 V is consistent with the onset of EP in the
literature.2,3,5-11 For UDHF and UDHF:H2O, the behavior beyond
the peak current features an erratic profile �current spikes�, which
varied considerably between repeated characterizations. In contrast,
the behavior beyond the peak current for UDHF:Triton was both
stable and repeatable. Key results are further summarized in Table
IV, which includes the effect of illumination. Also, the maximum
current density � jmax� and thickness of the corroded surface layer
�tCSL,EP, from Eq. 2 for the integrated polarization data� at the peak
current are provided. In Table IV, an asterisk is used to indicate that
the �100� SCS data applies only when illumination is present.

In contrast to the other specimens, the �100� SCS samples do not
demonstrate electropolishing behavior in Fig. 8, which is related to
their specific response to light. To explain, for lightly doped n-type
Si �n−�, illumination is required to facilitate the supply of holes9,18

�Fig. 1�. Conversely, for very highly doped n-type Si �n+�, illumi-
nation is not required,9 as its Fermi level lies within the conduction
band, rendering metal-like electrical characteristics for the “degen-
erate” Si.11 Conversely, photoelectrochemistry is not typical for
p-type Si, which is expected to corrode regardless of illumination,
because its semiconducting �p/n� characteristics are opposite that of
n-type Si.9 For �100� SCS, the illumination provided is simply not
sufficient to support EP. The minimal influence of illumination for
the micromachined Si �SOI, Poly-0, and Poly-1 in Table IV� is dis-
tinctly different from the behavior in Ref. 2, 3, and 6, where no
corrosion current was observed in the dark. The specimens exam-
ined in the literature were either reported2,3 or are presumed6,7 to be
less doped than those reported in Table IV. From Table IV, the
transition to the degenerate regime for phosphorus-doped Si occurs
for resistivity between 0.015 and 0.005 � cm, consistent with the
literature.45,46

The surface-wetting characteristics of the different etchants ex-
plain many of the measured differences observed in the polarization
profiles. To begin, the greater current observed for UDHF:Triton is
attributed to its improved wetting characteristics �Table III�, which
allows a greater area of the otherwise hydrophobic anode surface47

to be continuously anodized. Furthermore, as the data profiles for
UDHF:Triton are always smooth during EP, the erratic behavior

Table IV. Key results from polarization characterization. The curren
illumination present) are indicated. An asterisk is used to indicate th

Technology Layer
Etchant

chemistry

SCS �001� UDHF
SCS �001� UDHF:H2O
SCS �001� UDHF:Trito
SOIMUMPs SOI, 10 �m UDHF
SOIMUMPs SOI, 10 �m UDHF:H2O
SOIMUMPs SOI, 10 �m UDHF:Trito
polyMUMPs Poly-0 UDHF
polyMUMPs Poly-0 UDHF:H2O
polyMUMPs Poly-0 UDHF:Trito
polyMUMPs Poly-1 UDHF
polyMUMPs Poly-1 UDHF:H2O
polyMUMPs Poly-1 UDHF:Trito
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observed for the other etchants is attributed to the loss of hydrogen
bubbles from the anode surface, a known benefit of the Triton
surfactant.8,9,11 Enhanced corrosion current, attributed to improved
wetting characteristics, was also observed in the microsystems
literature2,3 when Triton or ethanol was added to HF. Improved sur-
face wetting to PS, Table III, boosts current because the PS contrib-
utes additional anode surface area. As can be seen in the damage
morphology �Fig. 4�, current density �Fig. 5�, and mechanical per-
formance �Ref. 1 and 30�, the overall impact for UDHF:Triton is
moderated despite its greater current density, because both Si and PS
are consumed homogeneously over a large area.

The polarization profiles for UDHF and UDHF:H2O bear char-
acteristics consistent with the inferior surface wetting for the
etchants. To begin, the lesser current for these etchants is explained
as the size of active anode is limited by bubbles and poor wetting.
Therefore, in practice, etching is more specific to the surface or
microstructural defects of Si.1,30 In Table III, UDHF:H2O bears
even worse surface wetting than UDHF, further promoting micro-
structure specific damage and reducing the active anode area. The
enhanced activity associated with the increased hydroxide concen-
tration of UDHF:H2O, however, counteracts poor surface wetting
over time. UDHF:H2O also bears the greatest viscosity of the
etchants utilized, reducing mass transport, lending to a more slug-
gish response. As observed in the literature for HF diluted with
water,8 reduced ion transport also results in a greater propensity to
electropolish, consistent with the reduced maximum current for
UDHF:H2O in Table IV.

Upon integration, the data profiles suggest the polySi layers are
nearly fully consumed during characterization. From Eq. 2, the
thickness of material consumed at the onset of electropolishing,
tCSL,EP in Table IV, approaches the known thickness of 0.5 and
2.0 �m for the Poly-0 and Poly-1, respectively. As a consequence,
the true maximum current density, jmax, may not have been attained
during the experiments, particularly if an acceleration factor related
to microstructure specific attack is considered for UDHF or
UDHF:H2O. To explain, a 4� acceleration factor was observed in
Fig. 5 for Poly-1, which is exposed to HF at both its top and bottom
surfaces, whereas the bottom surface of Poly-0 is attached to the
substrate �unexposed to HF�, implying a 2� acceleration factor.
Visual inspection of the Poly-1 specimens identified cracked and
blistered regions within the anode, validating the tCSL,EP estimates in
Table IV. In retrospect, the scan rate of 20 mV/s, chosen specifically
to examine the steady state response of the Si/electrolyte interface
for Poly-1 within the PS formation regime, may provide limited
examination of the EP response of polySi. Of the micromachined Si
specimens, the SOI layer has an inherently greater capacity �10 �m
thickness� to sustain corrosion damage.

Lastly, the polarization curves can be compared against the con-

ity and surface layer thickness at the onset of electropolishing (with
(100) SCS data applies only when illumination is present.

Current
without

illumination
jmax

�mA/cm2�
tCSL,EP
��m�

N 5.1� 0.1�

N 5.0� 0.1�

N 9.1� 0.2�

Y 86.1 1.9
Y 67.8 2.6
Y 128.9 3.5
Y 32.3 0.2
Y 34.2 0.3
Y 46.7 0.4
Y 55.5 1.0
Y 45.1 1.2
Y 86.7 1.8
t dens
at the

n

n

n
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ditions associated with galvanic corrosion. From the literature,5-7 the
potential of 150 mV, associated with a Au:Si mixed-pair, is indi-
cated in Fig. 8-10. From the data at 150 mV, a corrosion current
density as great as 20 mA/cm2 may exist for the voltage controlled
condition �Fig. 9 and 10�. Alternately, the active corrosion current
density may be estimated from the cross-sectional morphology in
Table I, current density for resistive probes in Table II, or the cross
sections of the microtensile specimens.1 For these different charac-
terizations, Eq. 1 suggests a maximum corrosion rate of 0.132,
0.550, or 0.294 mA/cm2, respectively. In comparison, the average
current density for these various structures typically ranges from
0.02 to 0.20 mA/cm2. These average current density values are con-
sistent with those observed in the literature for Si dice with Au
present.2,3,5-7 Therefore, the current density of 0.25 mA/cm2 is
shown in the polarization profiles as a conservative �worst case�
estimate of the typical current limited condition. Foremost, the
VSi/Au and Jmax bounds in the figures solidly establish that corrosion
occurs within the PS formation regime and not the mass transport
limited EP regime. As Jmax is considerably less than that allowed by
the mixed pair potential, the corrosion current density estimates im-
ply that the corrosion of micromachined Si occurs according to the
current limited condition �e.g., as motivated by the size of the cath-
ode �the SAR��.

Electrochemical characterization: Chronopotentiometry.—
Chronopotentiometry characterization shown in Fig. 11 and 12 ex-
plicitly examines the current limited condition for Si with light
present. Figures 11 and 12 show the measured potential difference,
relative to the mixed-pair potential, in response to the externally
applied current density of 0.25 mA/cm2. Because the mixed-pair
voltage varied slightly according to test conditions, voltage is shown
in Fig. 11 and 12 relative to its initial potential value �i.e., voltage
increase above the OCP�. For the specified current, a nominally
0.38 �m thick region of Si �Eq. 2� is expected to be affected at the
end of the 20 minute duration. For Fig. 12, the affected thickness
increases to 0.76 �m if the 2� acceleration factor related to micro-
structure specific attack for UDHF or UDHF:H2O is considered.
Regarding all of the samples characterized: after 20 min, the cover-
age and uniformity about the test area was visually observed to be
good, except for the �100� SCS specimens etched in UDHF and
UDHF:H2O.

Similar to the data shown in Fig. 12 for UDHF:H2O, the mea-
sured potential for UDHF and UDHF:H2O most often resembled a
double exponential decay, becoming more similar to the OCP of Si
over time. That is, the voltage typically quickly decreased within the
first 2.5 min and then more gradually stabilized throughout the test.
In contrast, a single asymptotic convergence of lesser magnitude
was always observed for UDHF:Triton, which remained unchanged
after 2.5 min. For the SOI layer etched in UDHF, the voltage varies
chaotically after etching for �7.5 min �Fig. 11�, with the response
profile varying considerably between repeated examinations. For
SOI etched in UDHF:H2O, a complicated profile �rather than the
typical double asymptotic trend� is observed. In Fig. 12, a sharply
increased potential was observed for Poly-0 etched in UDHF after
9 min. This increase in potential, which quickly exceeded the instru-
ment limits, was repeatable between specimens.

As the measured voltage relates to the thermodynamic favorabil-
ity, the chronopotentiometry experiments provide additional insights
regarding the evolution and stability of the corrosion process. The
figures suggest that the UDHF and UDHF:H2O etchants are �i� in-
herently less stable �as evidenced by erratic behavior�, �ii� prone to
time-dependent evolution �revealed as more complicated data pro-
files�, and �iii� continuously evolving �the response seldom stabilizes
completely within 20 min�. The erratic profile seen for SOI etched
in UDHF could be explained from the time varied population of
hydrogen bubbles �Fig. 1b�, about the active surface. Additionally,
the complicated behavior profile seen for SOI etched in UDHF:H2O
is explained from the time-dependent evolution of the liquid-solid
interface across the test region, particularly because 	100% cover-
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age was visually observed after characterization. For this etchant,
poor surface wetting may initially result in a limited active anode
area that later becomes improved as the increased activity associated
with its greater concentration of hydroxide ions is realized. In con-
trast, the potential observed for UDHF:Triton is both continuous and
stable �attributed to its improved surface coverage�, which is desir-
able when the corrosion of Si is to be mitigated or controlled. In
addition to the surfactant, the anodization conditions utilized �low-
current and -potential� should automatically reduce the magnitude of
damage, possibly at the expense of instability and uniformity of
coverage.

On the basis of their striking similarity, the chronopotentiometry
figures will now be interpreted with the aid of the resistive probes
and microtensile characterizations. As in Fig. 11 and 12, rapid
asymptotic behavior is observed within 2–5 minutes for the resistive
probes �Fig. 5�, as was the strength rapidly decreased within the first
5 min of the microtensile characterization.1 The similar behavior
between the different characterizations suggests a common root
cause. As before, this shared behavior is associated with the initia-
tion of corrosion �i.e., the process of pore formation, universal to all
Si specimens and etchant chemistries examined�. The initiation pe-
riod of 2.5 min is alarming, as it is shorter than the etch time used
for most MEMS components. Furthermore, the chronopotentiom-
etry, resistive, and tensile data universally imply the greatest current
will occur on initiation, making the incipient etch period critically
important.

After initiation, depending on the type of Si and the etchant
utilized, a steady asymptotic, erratic, evolving, or stabilized behav-
ior trend may follow. Although Fig. 12 was obtained using an ap-
plied constant current and not the time-decreased current implied in
resistive probe and microtensile measurements, it does suggest that
regime II in Fig. 7 is enabled by the choice of etchant �i.e., surface
wetting�. For polySi etched in UDHF, the effects of corrosion are
dominated by the propagation of “cracks” along microstructural
defects.1 Therefore, the decrease in potential observed during chro-
nopotentiometry is likely facilitated by charge concentration at the
sharp and localized features of the propagating etch front. The ac-
tivity for UDHF:H2O is similar to UDHF as it quickly wets to
high-energy defects, but it is also affected by its greater population
of hydroxide ions and its greater viscosity. In particular, the hydrox-
ide ions aid the etching of Si, broadening cracks and crevices,
thereby promoting a more generalized attack over time. The chro-
nopotentiometry �Fig. 12� and resistive probe �Fig. 5� measurements
however suggest that UDHF:H2O and UDHF are more similar than
was indicated in the microtensile characterization.1 In contrast, the
activity for UDHF:Triton, which was found to correspond to gener-
alized corrosion about the active surface,1 is quite stable over time
as facilitated by its superior surface wetting.

Lastly, further distinction may occur for more prolonged etching.
Although not identified in the 20 min experiments here, steady-state
corrosion may slowly decrease in an asymptotic manner, and even-
tually become diffusion limited �e.g., by the supply of HF, accumu-
lation of hexafluorosilicic acid, or transport of electric charge
through the anode material�. In the case of Poly-0 etched in UDHF
�Fig. 12�, an infinite potential jump is observed, explaining regime
III in Fig. 7. This is attributed to compromised electrical connectiv-
ity caused by delineation of grains along their boundaries. The
amount of material predicted to be affected by the applied current is
consistent with compromised electrical connectivity for Poly-0.

Morphology of anodized specimens.— To examine the effects of
an applied constant current, the surface morphology of the SOI,
Poly-0, and Poly-1 chronopotentiometry specimens were examined
using the FESEM. Regions both within and outside of the anodized
area are shown in Fig. 13 for Poly-0. In the figure, the grain struc-
ture of the Poly-0 material bears its characteristic bimodal distribu-
tion, consisting of both round and oblong grains that are highly
delineated at their surface. Compared to the 2 �m thick Poly-1
layer, which is examined specifically in Ref. 1, the 0.5 �m thick
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Poly-0 layer also bears a greater surface roughness12 and is pre-
sumed to be more highly doped with phosphorus, based on its lesser
electrical resistivity.23 As shown in the insets of Fig. 13, a fine
surface texture �nodules as large as 50 nm� was observed for all
specimens, whereas cylindrical particulates were uniquely seen on
the anodized region �further indicated with arrows�. Although not
shown here, the surface morphology of the SOI and Poly-1 material
bore a similar appearance to that seen in Fig. 3. Specifically, while
both materials demonstrated a porous morphology unique to the
anodized region, grains were less delineated for Poly-1, whereas no
other distinct features seen at the surface of SOI. In addition to
electron microscopy, the anodized region uniquely demonstrated an
indigo, green, or red optical discoloration for SOI, Poly-0, and
Poly-1, respectively, in an optical microscope, attributed to phonon
confining/quantum emitting nanoscale crystallites within contained
within an oxidized PS matrix.1

Foremost, the morphology seen in Fig. 3 is consistent with PS
formation and not EP, where a substantial change in surface mor-
phology would be expected as the result of the competing processes
of thick oxide formation and subsequent etching. Rather, the Si is
initially damaged at its surface via pore formation, whereupon the
active etch front propagates into the material. Furthermore, no overt
damage was seen during the microscopy examination of the UDHF
etched specimen, consistent with the catastrophic failure in Fig. 12
being caused by grain boundary attack.

Because of the cylindrical particulates seen in Fig. 13, X-ray
photoelectron spectroscopy �XPS� examination was used to identify
any unique chemical content on the 2 cm � 2 cm die anodized in

Figure 13. �Color online� FESEM images of morphology for Poly-0 after
chronopotentiometry at j = 0.25 mA/cm2 for 20 min in three separate solu-
tions. Arrows in the inset indicate cylindrical particulates.
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UDHF. Likewise, microsystems Si galvanically corroded in UDHF
was examined using energy dispersive X-ray �EDX� and Auger elec-
tron microscopy. The chemical species identified, approximate spot
size utilized, and measurement resolution are given in Table V. In all
cases, the primary constituent materials of Si, O, and C were iden-
tified. It should be noted that the different conditions used during the
separate examinations will yield different excitation volumes, which
may be more favored toward either the surface �XPS, Auger� or
interior �EDX�.

Although the separate composition examinations in Table V were
not as systematically conducted as the other characterizations, no
exotic chemical species were identified. For example, carbon may
naturally accumulate at the surface over time in the ambient envi-
ronment. Additionally, fluorine may reside as Si–F surface termina-
tion after HF etching, as suggested when fluorine was also detected
for microtensile specimens using cross-sectional EDX.1 Therefore,
the ubiquitous nodular surface texture �Fig. 3, 4, and 13� as well as
the particulates unique to the anodized region �Fig. 13� are thought
to be composed of SixOy. For example, nodules at the surface could
be rendered free by HF and even be partially transported as the
result of their own buoyancy and/or heat exchange within the solu-
tion �the etching of SiO2 by HF is highly exothermic�. Following HF
immersion, subsequent oxidation is expected to occur in the ambient
environment. Likewise, the cylindrical particulates present on the
anodized region may consist of unreacted Si that is rendered free via
generalized corrosion. For example, the particulates may consist of
“crystallites” of Si seen to be present near the surface of corroded
microtensile specimens.1 As the cylindrical particles were solely
present within the anodized region, they are thought to be related to
the galvanic corrosion process. Regardless, the compositional analy-
sis suggests that no new chemical species have been accumulated at
the surface of corroded Si.

Conclusions

To support the previous study of galvanic corrosion using micro-
tensile specimens, a collective study consisting of morphological,
resistive probe, sessile drop, and electrochemical characterizations
was utilized to identify key parameters of influence, such as the type
of Si or the composition of the etchant. Important results and the
associated conclusions are summarized as follows: The measured
porosity for corroded Si ranged from 20 to 47%, but was estimated
in some cases to exceed 70%. Both the porosity and thickness were
found to vary according to the amount �surface area� of metal
present. Pores present on Si etched in UDHF:H2O but with no metal
present demonstrate the greater activity associated with the addi-
tional hydroxide ions present in that etchant. The porosity, taken as
50%, allows corrosion current density or depth of damage to be
estimated according to Faraday’s law.

Table V. Chemical composition at the top surface of corroded
Poly-0. XPS was performed on a 2 cm Ã 2 cm anodized die and
is compared against EDX (at 10 kV) and Auger measurements of
micromachined structures. The approximate spot size and maxi-
mum resolution are shown for each technique, respectively.

Elemental
composition �at %�

Measurement technique

XPS EDX Auger

Si 41.09 84 5.6
O 34.42 1 27.9
C 23.58 15 65.2
N 0.74 0 0
F 0.17 0 0
Surface spot size 1 mm 100 �m 100 �m

Detection
Limit �at %�

0.002 0.2 0.02
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Resistive probe structures indicated that corrosion current as-
ymptotically decreases over time for all specimens and etchants ex-
amined. For polySi, resistive probe structures identified an accelera-
tion factor �2� for Poly-0 and 4� for Poly-1� for UDHF and
UDHF:H2O, attributed to microstructure specific attack. The differ-
ence between etchants was not as obvious for SOI resistive probe
structures, based on the proportionally smaller amount of area con-
sumed and their lack of microstructural defects. Corrosion current
was found to vary exponentially with the amount of metal present,
implying current is limited by the surface area of the cathode. Lastly,
the degradation of polySi was found to exhibit three behavior re-
gimes, including �i� rapid initiation related to the formation of a
porous surface layer, �ii� steady-state corrosion bearing characteris-
tics motivated by the surface wetting of the etchant utilized, and �iii�
sudden catastrophic failure associated with grain boundary attack.

The difference in electrochemical potential between Au and Si
was measured to be 0.90 V, indicating that the oxidation of Si is
thermodynamically favored in HF. From the measured etch rate of
MEMS structures, the corrosion current density was found to range
between 0.008 and 0.55 mA/cm2, with the value of 0.25 mA/cm2

being considered to be a conservative estimate in most cases. The
substantial current observed in polarization curves far exceeds this
current estimate, identifying that the galvanic corrosion process is
current limited for micromachined Si and operates within the PS
formation regime. Electrochemical characterization indicated that
the use of illumination was not significant for the degenerately-
doped SOI and polySi layers, whereas a less-doped �100� SCS was
strongly limited by light. Polarization curves revealed improved
speed and greater current density when the Triton-X was added to
UDHF, corresponding to the greater effective surface area at the
anode enabled by the superior surface wetting of the surfactant,
which readily wets to both Si and PS. Triton-X was additionally
found to result in a more uniform, stable response attributed to the
removal of hydrogen bubbles during applied current conditions, in-
dicating it may be used to regulate corrosion damage. UDHF:H2O
demonstrated decreased speed and was typically the last etchant to
stabilize over time. This behavior is attributed to the evolution of
surface coverage over time as well as the greater viscosity for
UDHF:H2O. In particular, the poor surface wetting for this etchant
should initially result in microstructure specific attack that later be-
comes more broadly distributed as the enhanced activity associated
with additional hydroxide ions is realized. In electrochemical char-
acterization, the similar behavior observed between the SOI and
polySi materials suggests that the physiochemistry �surface wetting
characteristics of the etchant� is among the most significant factors
affecting the corrosion of Si. The surface wetting characteristics,
which were slightly improved for polySi by its roughness, were
formally quantified using the sessile drop characterization. The lack
of overt damage for the chronopotentiometry specimens further re-
iterates that corrosion in micromachined Si occurs via PS formation
and further implies catastrophic failure occurs at grain boundaries
for UDHF and UDHF:H2O. Lastly, cylindrical and spherical par-
ticulates uniquely observed at the surface of corroded Si are thought
to consist of Si or O rendered mobile by HF.
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