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Mechanical Effects of Galvanic Corrosion
on Structural Polysilicon
David C. Miller, William L. Hughes, Zhong-Lin Wang, Ken Gall, and Conrad R. Stoldt

Abstract—The mechanical properties of miniaturized materials
depend strongly on their structure, which can be altered by wet
chemistry methods common in microsystems postprocessing. In a
comprehensive and systematic study, we examine the dissolution
of silicon when immersed in various hydrofluoric acid (HF)-based
chemistries. Specifically, the frequency of mechanical resonance
fR of microcantilever beams is used as a vehicle to examine the
corrosion of polycrystalline silicon (polySi). A decrease in fR that
occurs as a function of immersion time in HF was measured for
microcantilevers as well as “comb drives” in contact with a noble
metal (gold). Time-dependent variation was also observed in the
modulus and hardness measured during indentation testing, sometimes with pronounced difference for specimens contacted to gold.
Secondary sources of influence, such as in-plane-oriented residual
strain (which remained unchanged), through-thickness-oriented
residual strain gradient (increased away from the substrate), and
electrical resistance (greatly increased) are examined, but were
found not to significantly contribute to the decrease in fR of the
microcantilevers. Morphological characterization identified attack
on the surface along with grain delineation for the polySi, with
the formation of a nanoscale porous layer at the near surface. The
damage to the microcantilevers can be modeled by approximating
the beams as a laminated composite structure. Such analysis
suggests that damage, induced as the result of galvanic corrosion,
results from the decreased stiffness of the near surface porous
silicon (PS) layer as well as a change in the effective thickness of
the beams. Last, corrosion damage is compared between eight
representative HF-based chemistries. The measurements here
suggest that the fabrication and postprocessing of microsystems
components are important, because they can greatly influence
the material properties, design, performance, lifetime, tribology,
manufacture, and required operating environment of microscale
and nanoscale devices.
[2006-0053]
Index Terms—Corrosion, gold, microelectromechanical devices,
reliability, silicon.

I. INTRODUCTION
HE fabrication and assembly of microscale and nanoscale
sensors and actuators utilizes chemical processing steps
for the realization of mechanically freestanding devices.
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Specifically, aqueous hydrofluoric acid (HF) solutions are
commonly used to dissolve sacrificial silicon dioxide (SiO )
layers, thereby “releasing” structural layers comprised of other
materials. Early studies hint at the possibility that such wet
processing may result in adverse effects in device performance.
For example, with the immersion of polycrystalline silicon
(polySi) in HF, the modulus and fracture strength were found to
vary with acid concentration, grain morphology, and exposure
time [1]. Here, immersion in buffered and vaporous HF was
found to affect doped polySi films, whereas use of undiluted
(48%) HF or undoped polySi was inconsequential. Another
study demonstrated an increase in mechanical modulus, decrease in burst pressure, and decrease in residual stress for
square polySi membranes immersed in undiluted, water diluted, and buffered HF solutions [2]. A later study demonstrated
morphology changes similar to stress corrosion cracking for
polySi layers immersed in HF [3]. In this paper, delamination
of adjoined polySi layers and blistering at the interface with
phosphosilicate glass (PSG) or low-temperature oxide (LTO)
layers occurred for annealed (both doped and undoped) polySi
layers soaked in HF. Time-dependent increase in electrical
resistance was observed for polySi immersed in HF as part of a
flip-chip bonding assembly process [4]. Decrease in thickness,
increase in curvature, and increase in residual stress were
observed for polySi soaked in HF [5]. In another study, the low
fracture strength of polySi was attributed to the formation of
50-nm diameter critical flaws, formed during the etching of
the oxide in the HF solution [6]. A duplicate study demonstrated
a change in surface roughness (accomplished through grain
delineation), decrease in fracture strength, and alteration of
fracture morphology for polySi immersed in HF for extended
periods of time [6], [8], [9]. Some of these specimens were later
studied using transmission electron microscopy (TEM) and
demonstrated the formation of amorphous surface layers at the
top and bottom of polySi, with internal veins of porous polySi
[9], [10]. Last, change in the fracture and fatigue properties of
single crystal Si were found to be associated with the presence
of a 40–80-nm-thick porous surface oxide layer formed as
the result of exposure to HF [11]. In summary, many of the
aforementioned studies make use of phosphorus-doped Si [1],
[3]–[11], but mechanical property variations are reported in
undoped materials as well [2], [6]. Despite the indication of
significant alteration in performance, there is currently very
limited knowledge concerning the corrosion of polySi in the
HF-based chemistries commonly used to remove SiO .
The addition of an electrical bias has been shown to further
enhance damage via an electrochemical corrosion process.
For example, metallic contacts were incorporated [4]–[6],
[8]–[11] and linked to accelerated damage in polySi structures
soaked in various HF solutions. By comparison, Si wafers
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electrical potential is present, Si may be dissolved directly into
the electrolytic solution, resulting in PS. The dissolution of Si
is thought to occur according to the reactions [18], [19]
Si

F

Si

HO

HF

H SiF

H
(1)
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Fig. 1. History of a corroded specimen: (a) initial as-fabricated bond-pad,
wiring, and device, (b) creation of a galvanic cell facilitated through ionic
current at interfaces and electrical current within materials, and (c) final
postprocessed corroded device with components and materials labeled.

patterned with metallic contacts were etched autonomously
during immersion in HF solution, according to a galvanic
corrosion process [12]–[14]. A galvanic cell develops when
any two materials of different electrochemical potential are
brought together in an electrolytic solution, creating a spontaneous oxidation-reduction reaction. For instance, consider
a gold-contacted polySi device immersed in an aqueous HF
solution (Fig. 1). The device is initially fabricated to consist
of structural polySi as well as sacrificial SiO layers, with the
latter being dissolved through soaking in an HF-based solution
[Fig. 1(a)]. Once immersed, the oxidizing agent (e.g., dissolved
oxygen in solution) is reduced at the gold surface (the cathode),
inducing electrical current flow that initiates oxidation at all
polySi free surfaces (the anode) [Fig. 1(b)]. An anodic current
is driven by the difference in electrochemical potential between
the component materials, and its magnitude is proportional to
the relative exposed surface areas of the cathode and anode. In
Fig. 1(b), the physical direction of flow for electrons as well as
cations is towards the cathode. The galvanic cell thus results
in unintended damage to the miniaturized device [Fig. 1(c)].
Damage may include discoloration or visual contrast change
at the materials’ free surfaces as well as localized material
removal [Fig. 1(c)]. In theory, two differently doped polySi
layers can generate a galvanic cell, because of their intrinsically
different electrochemical potential.
While the self-induced corrosion of polySi structures is not
widely studied, a wealth of information is available concerning
the externally driven corrosion of single crystal Si, commonly
used to create porous silicon (PS) [15]–[17]. To generate nearsurface porosity, an external electrical bias is applied to single
crystal Si wafers immersed in an HF-based solution. If sufficient

HF

SiO
H SiF

H O
H O

(2a)
(2b)

In (1) and (2), the subscript denotes the surface-adsorbed
ion species, the subscript denotes the aqueous species, while
and
represent the holes and electrons, respectively. Reactions (1) and (2) may occur simultaneously on the surface,
with (1), i.e., PS formation, dominating for lesser anodic currents. The anodic current can be increased until it reaches a
threshold value, distinguishing between the PS formation and
electropolishing regimes. In the electropolishing regime, a thick
surface oxide forms at a faster rate than at which it can be dissolved. Electropolishing, represented in (2), results in a coarse
consumption of Si, as the entire free surface of the anode becomes covered in oxide, which is vulnerable to HF. Much of the
study of PS may apply at least in part to polySi, since the generation of PS has been observed for externally biased polySi thin
films [20]–[22]. External anodization, when applied to polySi,
yielded a nanoporous surface layer above a voided bulk material that itself contained nanoporous regions along grain boundaries [20]. The morphology observed in externally biased polySi
thin films was similar to the morphology observed in metallized
polySi structures [7]–[10].
Use of external bias or metallization is not necessary to corrode Si. Prolonged exposure to water diluted or undiluted HF
was found to produce etch pits on Si wafers [23], [24]. The
amount of doping, particularly in n-type Si, can also influence
the morphology of Si removal, since the dopant concentration
influences the charge and current density characteristics around
the material [19]. The corrosion rate for the wafers may also be
enhanced by trace (parts per million or less) metallic contaminants in the solutions [27]. The metallic ions are thought to facilitate localized galvanic cells, preferentially initiating corrosion
when they become situated adjacent to the defects at the surface of Si. Localized pitting was minimized when hydrochloric
acid (HCl) was added to HF solutions containing trace amounts
of various metallic contaminants [27]. Furthermore, HCl was
found to influence PS morphology and uniformity when added
to HF-based solutions [28].
For a galvanic cell, certain methods may be used to promote
the cathodic reaction by increasing the anodic current. For example, the rate of corrosion may be increased if the surface area
of the metal is increased with respect to that of the Si, the concentration of the oxidizing agent is increased, the circulation
of the oxidizing agent is increased (through stirring), the ambient temperature is increased, or a more noble metal is used
(according to the galvanic series for the electrolyte). Also, the
presence of stronger oxidizing agents such as hydrogen peroxide (H O ) or nitric acid (HNO ) will increase the rate of
corrosion, respectively [15]. Last, many authors have noted that,
especially for n-type single crystal Si, illumination is required,
and that the rate of corrosion may be proportional to the extent
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of illumination [14], [15], [26]. Illumination is thought to facilitate the cathodic reaction through the spontaneous generation
of electron and hole pairs at the electrolyte interface.
For lesser anodic current, corrosion is typically limited by
the cathode, for example, by the supply of oxidizing agent to
the metal. For greater anodic current, corrosion is typically limited at the anode, for example, by the supply of fluoride ions
to the Si. The rate of the corrosion can be increased through
the use of a surfactant, such as ethanol, acetic acid [15], [29],
or triton-X-100 [13], [30], [31]. Note that the hydrogen-terminated surfaces typically formed on Si immersed in HF are naturally hydrophobic, therefore, the use of a surfactant naturally
improves the wetting of an aqueous solution, increasing its interfacial qualities. The use of a surfactant is also thought to facilitate corrosion by helping to remove hydrogen bubbles generated during the anodic reaction. Use of ultrasonic agitation to
remove H gas bubbles is also noted in the literature [32].
Previous research has suggested the possibility of the alteration in performance for polySi structures immersed in
HF-based solutions. Unforeseen effects may be significant,
and require greater understanding because the related technology is currently being commercialized as well as being
integrated into many other fields of study. For example, it is
of utmost importance to know if galvanic corrosion affects
the mechanical modulus of polySi utilized in microsystems
devices. To answer this question, we have developed a set of test
structures to characterize the mechanical resonance, etch rate,
through-thickness-oriented strain gradient, in-plane-oriented
strain, electrical conductivity, elastic modulus, hardness, and
material morphology as a function of postprocessing conditions. The aforementioned performance parameters were
investigated for phosphorus doped polySi immersed in electrolytic solutions containing the chemicals commonly used to
remove SiO , including: aqueous and vaporous HF, ethanol,
HCl, water, ammonium fluoride, and triton-X. In addition, we
have utilized structures with and without gold metallization
layers, to ascertain the effect of intrinsic potential from the
constituent materials on the corrosion behavior, material structure, and resulting properties. The goal of this research is to
systematically investigate if changes in modulus have occurred
as the result of immersion in HF solutions and to distinguish
such a change in modulus from other sources of influence.
II. EXPERIMENTAL
Specimens were fabricated using the multiuser MEMS
process (MUMPS), provided by the MEMSCAP Corporation,
Research Triangle Park, NC, [37]. The process can be used
to create structures having one fixed and two movable polySi
layers. In the process, n-type wafers are first passivated using
an insulating silicon nitride (Si N ) layer and then coated
with alternating surface micromachined layers of PSG and
polySi. Various high-temperature anneals at 1050 C serve to
transform the as-deposited amorphous Si into low-stress polySi
as well as to diffuse phosphorus dopant from the PSG into the
polySi. Next, the 0.5- m-thick metal layer is deposited using
low-temperature e-beam evaporation and then patterned using
a liftoff procedure. Nominal resistivity of the 0.5-, 2.0-, and
1.5- m-thick poly-0, poly-1, and poly-2 layers is 0.015, 0.020,
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and 0.030 cm, respectively; therefore, the dopant concentration in the different layers is on the order of 10 atoms/cm ,
i.e., highly doped [38]. Specimens examined were fabricated in
the 61st, 63rd, and 64th MUMPS fabrication runs.
The “release” procedure used to free the structural layers consists of the following steps. First, the specimens are soaked in
two consecutive baths of acetone for 10 min each in order to
remove a protective photoresist overcoat. Next, the parts are
submerged in isopropyl alcohol for 2 min to clean and remove
any residual acetone. The parts are then soaked in deionized
water (DI) for 2 min to remove the isopropanol. To dissolve
the PSG sacrificial layers, an HF-solution-based etch is performed for separate intervals. That is, separate chips were removed from the solution after different time durations, to characterize time dependencies. After HF immersion, specimens are
soaked in a (4 : 1) methonal : DI volumetric mixture for 10 min
to remove and dilute any residual HF. The parts are then soaked
in pure methanol for 15 min. Last, specimens are supercritically dried from the methanol solution using CO to prevent
surface-tension-induced adhesion (i.e., “stiction”) [40].
The HF used in the first experiments was nominally 48% HF
in water (H O), which is the greatest concentration available in
semiconductor grade, and is hereafter referred to as “undiluted
HF” (UDHF). In addition to its most basic form, HF was combined with other chemicals to investigate their influence upon
the polySi (Table I). The motivation, mixture, and times examined are listed in Table I. Uniquely, the vapor HF specimens
were first subject to HF exposure in a chamber at MEMSCAP,
Inc. The vapor HF specimens were then exposed to the entire
solvent series (release procedure, acetone through methanol) at
the University of Colorado, however, the specimens were not
reexposed to HF. Last, the light present during all wet chemical
etching consisted of the ambient fluorescent lighting used in the
cleanroom and the wet bench area, plus a 60-W tungsten lamp,
which was situated above the HF-based chemical baths.
A series of test structures was created using the MUMPs
in order to systematically characterize the effects of galvanic
corrosion upon micromachined devices. Microcantilever beams
can be used to characterize the through-thickness-oriented
strain gradient (TTSG), i.e., curvature, associated with the
structural polySi layers [41]. The microcantilevers can also
be made to actuate downwards, if a bias is applied between
the beams and the Si substrate. Mechanical resonators (“comb
drives”) [36] can be used to study the in-plane modulus of
the polySi using electrostatic actuation [Fig. 2(a)]. Pointer
structures [Fig. 2(b)] may be used to estimate the in-plane
strain (IPS) present within a structural material layer [41],
[42]. The resolution of the pointer structures used in this paper
, i.e., 4.5 MPa. The pointer structure
is 28 microstrain
measurements are valid so long as no significant TTSG exists
within the material layer. A series of traces was fabricated to
investigate the influence of the galvanic corrosion on electrical
resistivity [Fig. 2(c)]. The traces were terminated at both ends
by wire bond pads, the same as that used for the resonators
[Fig. 2(a)]. The width of the poly-0 traces was fixed at 4 m,
with the surface area ratio (SAR) of 1.17, 1.13, 0.80, and 0.21
(gold : polySi) for the traces of said geometry. That is, all traces
have an equivalent area of metallization with different amounts
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TABLE I
SUMMARY OF CHEMISTRIES USED IN THE EXPERIMENTS

Fig. 2. Micromachined test structures include (a) electrostatically driven resonators, i.e., “comb drives,” (b) pointers, and (c) electrical traces.

of exposed polySi. The nominal resistance for the trace test
structures of lengths 5, 50, 510, and 4810 m is 0.15, 1.50,
15.26, and 144.30 k , respectively. Last, circular regions of
polySi, 150 m in diameter, were fixed directly to the substrate
and utilized as designated indentation sites.
The experiments here (Table I) make use of otherwise identical test structures with and without metal present (Fig. 3).
Fig. 3 shows the poly-1 microcantilever structures that have
been exposed to a (1 : 1) UDHF : H O mixture for 40 min. Pairs
of specimens (microcantilevers, comb drives, pointers, and indentation sites) are manufactured in close proximity to minimize the difference in their fabricated geometry. Specimen pairs
are located on the same die ensuring that their chemical exposure is similar, such that they may be compared in a relative manner. When utilized, metal is not deposited directly onto
structures, but rather onto an adjacently located interconnect,
which is attached using a poly-0 wiring trace. In this way, pairs
of specimens with and without metal present can be used to investigate the influence of corrosion for each of the structural material layers. The electrical traces [Fig. 2(c)] are the only exception to the philosophy of the experiments, since only the poly-0
layer was examined and metal was always present on the electrical interconnects located at both ends of the structures.
The new view 200 interferometric microscope (ZYGO Corporation, Middlefield, CT) used for curvature characterization
is capable of accurate surface profiling. The vertical resolution of the machine is better than 1 nm. Lateral resolution for
the 10x objective at nominal magnification is approximately
1.18 m. Thus, for the beams studied, the measurement accuracy is expected to be better than 3%. After low-pass filtering, the full-field topography profiles were converted to curvature by fitting a second-order polynomial to a user-specified
one-dimensional (1-D) cross section of the scan and then taking

Fig. 3. Optical micrograph of a pair of poly-1 microcantilever test specimens.
Otherwise, identical specimens with and without metal present on the external
electrical interconnects (“bond pads”) are located adjacently on the same die.
Bond pads are constructed out of all polySi layers and connected to test structures using poly-0 wiring.

the second derivative of the polynomial fit. The sign convention
assumed for the measurements is such that when the free end of
the beam deflects upwards, away from the substrate, a positive
curvature value exists.
Mechanical resonance measurements were performed on
a D2414/4 vacuum probe station (MMR Technologies Inc.,
Mountain View, CA) at pressures 15 mTorr, thereby enhancing the quality factor ( ) of the resonance. An HP 33120A
waveform generator (Agilent Technologies Inc., Santa Clara,
CA) was used to actuate the microcantilevers and resonators.
A 112545 laser (Coherent Inc., Santa Clara, CA) was used to
generate a beam entering the vacuum chamber through a quartz
window and reflecting off of the microcantilever specimens.
The laser, with a spot size estimated to be as small as 75 m,
enabled the microcantilevers to be measured individually. By
observing the shape of the laser spot, it is possible to identify
the resonant frequency, since the spot would visually stigmate
at the resonant frequency . For the shortest microcantilevers,
could be determined to within 0.05%, i.e., of 1000.
For the comb drives, the resonant frequency could be visually
.
determined to within 0.17%, i.e.,
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Electrical measurements were performed using two HP
34401A multimeters (Agilent Technologies Inc.) to separately
monitor the current and voltage supplied to an individual trace
by several combined voltage-controlled power supplies. A
micromanipulator 4000 probe station (Micromanipulator Company, Carson City, NV) was used to achieve electrical contact to
the trace specimens. Gold, used on all of the trace specimens, is
a material known for its minimal contact resistance of external
connectivity [43]. Measurements were made using two fresh
probes, with the nominal (probe to probe) resistance being 4.9
1.0
when both probes were contacted to a larger gold
region. Additionally, the resistance of the auxiliary electrical
connection from a bond pad through the substrate to a second
bond pad was measured to be 44 5 for all the specimens
exposed to the various HF-based solutions for 90 min. That
is, even though the more accurate four-point probe technique
is not used [44], the contact resistance of internal and external
connectivity, i.e., 50 , is even less than that of the specimen
of least nominal resistance, i.e., 150 .
A nanodynamic contact module (DCM) (MTS Nano Instruments Corporation, Oak Ridge, TN) can be used to indent the
materials using a diamond Berkovich tip. When performed
in continuous stiffness mode, instrumented indentation can
be used to obtain the hardness and modulus of a material
throughout its thickness, according to the Oliver–Pharr method
[45]. Once the tip has engaged the material’s surface, the
machine is capable of resolving applied load increments lesser
than 1 N, with displacement resolution less than 1 nm. For
single crystal of Si, a PS sample (obtained
reference, a
from [33]), and a 57-nm-thick layer of oxide thermally grown
were also indented. To limit the influence of
on Si
the substrate on measurements, indentation into the polySi
specimens was performed no deeper than 20% of the film
thickness, with material property values extracted between 9%
and 11% of the film thickness. After fused silica calibration,
each series of indents was made at a constant (loading) strain
rate of 0.050 s , similar to the procedure in [46], except
that the specimens were loaded and unloaded twice to better
characterize possible phase transformation activity [47].
A NOVA Nanolab 200 (FEI Company, Hillsboro, OR) is a focused ion beam (FIB) machine equipped with a field emission
scanning electron microscope (FESEM). Contained within an
active cancellation cage, the practical resolution of the machine
is about 2–5 nm. Imaging was performed at 10, 30, 100, and
250 kX magnification to fully explore the surface morphology of
the polySi. A dimension 3100 (Veeco Instruments Inc., Woodbury, NY) atomic force microscope (AFM) was used to perform
surface scans in tapping mode. The radius of curvature of the
RTESP (silicon) tips used is nominally 10 nm. The surface locations were measured twice using 3 3- m scans with 512
pixels in each direction (i.e., 6-nm lateral resolution) and then
processed using comparative thermal drift compensation, plane
fit, and low-pass filter routines.
III. RESULTS
First, the results of microcantilever resonance experiments
are shown in Fig. 4, which applies to 100- m-long cantilever
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Fig. 4. Cantilever resonant frequency measurements for 100-m-long poly-1
and poly-2 beams immersed in (20 : 1) UDHF : triton. Specimens not contacted
to metal are compared to otherwise identical specimens with metal present at
the bond pads.

beams that were immersed in (20 : 1) UDHF : triton for various
is measured
times. In Fig. 4, a time-dependent decrease in
for the beams in which metal is present relative to beams with no
for specimens connected to metal
metal present. Decrease in
was seen in all of the polySi structural materials. In Fig. 4, the
impact on the poly-1 layer is more significant compared to the
poly-2 layer, which is itself more significant than both layers
when laminated together. For example, the ratio of decrease
in resonant frequency for microcantilevers immersed in (20 : 1)
UDHF : triton solution for 10 min was 1 : 2.2 : 4.5 for the laminate, poly-2, and poly-1 layers, respectively, when connected to
metal. Trends of time and material layer dependence are seen
in the experiments for many of the HF-based chemistries utilized, and are further summarized in Table II. Table II comfor poly-1 cantilever specimens and comb-drive strucpares
tures for all measured data points (immersion times). For each
of the chemistries utilized, the relative (percentage) impact is
similar between the microcantilever and comb-drive specimens
(Table II). In several cases, the comb-drive specimens are more
affected than the cantilever specimens. Last, after being immersed in many of the chemistries (Table I) or 40 or 90 min,
many of the microcantilevers and resonators did not actuate.
Because material might be removed as a result of corrosion occurring in HF, the thickness of polySi regions with
and without metal were compared using the interferometric
microscope. If the difference in thickness is divided by the
HF immersion time, an etch rate is obtained. Etch rate was
measured for the poly-0 and poly-1 layers at each of the five
different immersion times utilized (Table I). The average data
for the poly-0 layer (Table III) was more consistent and at least
3–5 times greater in magnitude than that of poly-1. It is worth
noting that in some cases, i.e., the top three rows of Table III,
there is not a great statistical significance—no measurable
topological difference may exist.
The curvature of the microcantilever specimens was measured prior to resonance testing, in order to eliminate the
influence of inadvertent charging of the nitride passivation
layer. Curvature, even for specimens when no metal was
present, was not always consistent between the fabrication runs
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TABLE II
SUMMARY OF RESONANT FREQUENCY MEASUREMENTS FOR MICROCANTILEVER BEAMS AND COMB DRIVES SUBJECTED TO THE VARIOUS HF-BASED
CHEMISTRIES. RESULTS ARE SHOWN FOR THE POLY-1 STRUCTURAL MATERIAL LAYER, THE MOST AFFECTED LAYER AND APPLY TO ALL DATA COLLECTED

TABLE III
SUMMARY OF ETCH RATES FOR THE POLY-0 LAYER. FOR EACH CHEMISTRY,
THE VALUES ARE AVERAGED FOR ALL IMMERSION TIMES

and was somewhat variable even within the same run. Nonetheless, TTSG can be compared between adjacent beams with and
without metal present and on a relative (percentage difference)
basis. In general, an increase in curvature (directed away from
the substrate) was seen for those specimens connected to metal
relative to those specimens with no metal present. The change
in TTSG due to HF exposure was most significant for poly-2,
then poly-1, then the laminated structural layer. Results, the
average of all beams according to the different chemistries, are
shown in Table IV for the poly-2 layer.
Because an in-plane-oriented strain may affect mechanical
resonance, it was characterized next. Measurements of 51.1,
91.9, and 22.8 e were obtained for the poly-1, poly-2,
and laminate layers, respectively. Assuming a modulus of
161.8 GPa, i.e., the Hill modulus [48] for the material, this corresponds to compressive stresses of 8.3, 14.9, and 3.7 MPa for
the respective layers. The measured stress values are minimal,
11% difference between the metallized and
such that the
unmetallized specimens is not significant. The measured stress
values are similar to the vendor data measured during each
fabrication run [37].
To investigate the possible influence of the cantilever’s electrical leads, the current–voltage ( – ) profiles of designated
trace test structures were characterized. Fig. 5 shows the results of electrical characterization for electrical trace structures
exposed to a (1 : 1) UDHF : H O mixture. The trace SAR is
1.13 (gold : polySi). From the – profiles, resistance is seen

Fig. 5. Electrical characterization for electrical traces of the same geometry
exposed to a (1 : 1) UDHF : H O mixture. From the I –V profiles, resistance is
seen to increase significantly with time.

to increase 36-fold with time. Note that the specimens exposed
to the UDHF : H O mixture for 40 and 90 min had a greater
impedance than that of the test equipment, i.e., 10 M . Drastic
increase (often 20–50X) in resistance was seen for many of the
chemistries examined [49]. Lesser increase in resistance was
typically seen for the electrical trace structures of the lowest
SAR, i.e., those traces with a lesser surface area of gold relative to the surface area of polySi [49].
To better understand the measured change in , a series of
indents was performed on specimens of poly-0 and poly-1, with
and without connected metal. Results for the poly-0 specimens
immersed in the (1 : 1) UDHF : H O mixture are shown in Fig. 6.
Data in Fig. 6 represent the average for each of the respective
indentation sets, i.e., 12 indentations. Fig. 6 shows a time-dependent decrease in hardness and modulus for the specimens,
with and without metal present. The decrease in hardness and
modulus for the specimens with no metal is lesser than that measured for the specimens with metal present. Additionally, there
is a substantial offset between those specimens with and without
metal present.
Results of indentation testing are further explored in Fig. 7,
where Berkovich hardness measurements for several poly-1
wafer,
specimens with metal present are compared to Si
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TABLE IV
SUMMARY OF SURFACE CHARACTERISTICS. TTSG RESULTS INDICATE THE CURVATURE FOR THE POLY-2 LAYER, THE MOST AFFECTED LAYER AND APPLY TO ALL
DATA COLLECTED. ROUGHNESS VALUES FOR POLY-1 APPLY TO SPECIMENS IMMERSED IN THE VARIOUS SOLUTIONS FOR 90 min

TABLE V
SUMMARY OF INDENTATION EXPERIMENTS FOR POLY-1, COMBINED AT 20 AND 90 MIN. THE PROPERTIES OF ELASTIC MODULUS, BERKOVICH HARDNESS,
ARE COMPARED FOR THOSE SPECIMENS WITH AND WITHOUT METAL PRESENT
RETAINED ENERGY, AND

K

Fig. 6. Indentation characterization for poly-0 layer exposed to a (1 : 1)
UDHF : H O mixture. For specimens where metal is present, both hardness
and modulus are seen to decrease significantly as immersion time is increased.

dry thermal oxide, and PS reference samples. Each data profile
illustrated is the median of the measurement set. The poly-1
specimens were immersed in HF-based solutions for 90 min.
The hardness of the Si wafer, thermal oxide, and polySi specimen immersed in UDHF are seen to be quite similar. The
hardness of the UDHF and H O, NH F, and C H O specimens
are seen to be decreased throughout the depth range examined,

Fig. 7. Berkovich hardness measurements for poly-1 immersed in HF-based
solutions for 90 min. Several specimens with metal present are compared to Si
h001i, dry thermal oxide, and PS reference samples.

but are always greater than that of the PS reference sample.
Note that the thickness of the dry thermal oxide precludes
the determination of its exact hardness. However, the data is
included here to demonstrate how a thick surface oxide (such
as that generated during electropolishing) would influence such
measurements.
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Fig. 8. FESEM images showing the morphology of the top surface of the poly-1 microcantilevers after exposure to HF-based solutions for 90 min. Attack on the
surface and grain delineation can be seen in comparison to the solely UDHF mixture, which is the most similar to the as-deposited morphology.

The indentation results for poly-1 are summarized in
Table V. Of the properties measured, values for elastic modappear in
ulus, Berkovich hardness, retained energy, and
Table V. Most tabulated values were obtained from specimens
immersed in HF-based solutions for 20 and 90 min, each
indented nine times. The reference specimens, not immersed
in HF solutions, were indented 15 times each. In Table V, the
retained energy ratio identifies the relative portion of energy
that is not recovered when the indentor tip is unloaded, i.e., the
may be used to estimate
inelastic energy. The parameter
the amount of elastic or inelastic deformation occurring during
is not the same as the
the indentation loading [50].
stiffness of the specimen or measurement instrument. Unlike
the modulus and hardness measurements, the retained energy
may be used to quantify hardness and elasticity
ratio and
in a manner that is independent of the area calibration for
the indentor tip. In theory, because these parameters do not
require tip calibration, they may be less prone to error. For
several of the HF-based chemistries, a decrease in modulus,
along with an increase in retained energy
hardness, and
was measured. For reference, the cumulative property values
for poly-1 when no metal was present appear in the bottom
row of Table V. Table V could be compared to the results for
poly-0 [51]. To summarize that data, when metal was present
and the poly-0 was immersed in HF, it was significantly more
affected than poly-1, often being less robust than the PS reference specimen. Also, for poly-0, specimens exposed to the
(20 : 1) UDHF : triton were found to be greatly affected when
metal was present (the poly-1 test structures for this chemistry
were damaged and could not be indented). For reference, the
modulus and hardness of poly-0 when no metal was present
were found to be 147.7 39.1 and 8.9 3.7 GPa, respectively.
Electron microscopy was performed on the top surface of the
poly-1 cantilever beams. The top row of Fig. 8 shows the specimens where no metal was present whereas the bottom row of
the figure shows the corresponding specimens with connected
metal. All specimens in Fig. 8 have previously been exposed to
HF-based solutions for 90 min to render obvious results. For the

Fig. 9. FESEM images showing the morphology of the surface of the poly-1
microcantilevers after exposure to HF-based solutions for 90 min. The material
is seen in cross section after having been fractured and is viewed looking at the
edge of the broken surface (the interior of the beam is at the top of the figures).

solely UDHF chemistry (and HCl mixed solution—not shown),
which is most similar to the material in its as-deposited state, the
poly-1 layer is seen to have some surface pitting. For many of
the other chemistries, including the C H O, H O, triton mixed
solutions as well as vapor HF, attack is evidenced by delineation
between material grains. While not all are shown, the grain
delineation for the aforementioned chemistries is similar in appearance, with and without metal present. Extreme attack, including grain delineation, linear surface extrusions, and formation of nanowires and nanoparticles is observed for specimens
exposed to the UDHF : NH F chemistry solution, both with and
without metal present. For reference, microscopy was also performed on the poly-0 interconnect wiring [51]. It is worth noting
that surface pores roughly 5–10 nm in diameter were seen on the
surface of all of the test specimens, except the for vapor HF solution [51]. Similar sized surface pores were seen on both the
poly-0 and poly-1 test specimens.
To further investigate the polySi morphology, some of the
cantilever beam specimens were fractured using a mechanical
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Fig. 10. Schematic representing (a) cross section of an actual microcantilever and (b) approximated cross section for mathematical representation as a laminated
composite. The dimensions and material properties of the corroded (PS) exterior as well as the more intact (polySi) interior are shown.

probe (Fig. 9). Beams were thus fractured in response to an applied bending load, with fracture occurring near the fixed end.
Fig. 9 shows the surface morphology of the solely UDHF as well
as the H O and NH F mixed solutions, examining the bottom of
the fractured surface, i.e., the surface of the beam nearest to the
substrate. The images in Fig. 9 were not obtained near the fracture origin. A roughened texture is observed on the exterior of
the beams (center of each image) that is not observed on the interior (top of each image). The roughness of the specimens connected to metal extends at least 50–200 nm into their surface.
The H O added chemistry showed the greatest impact, with intrusions into the metallized specimen being as great as 260 nm.
The NH F mixed solution significantly affected polySi with and
without connected metal, with surface intrusions as great as 70
and 110 nm, respectively. While not readily apparent in the surface characterization, increased roughness was seen at the surface of the specimen immersed in the solely UDHF solution,
when metal was present. For this specimen as well as the H O
mixed specimen without metal present, surface pitting was seen
up to about 55 and 35 nm, into the respective surfaces. For the
solely UDHF chemistry, when no metal was present, there is no
obvious corrosion damage.
AFM scans were performed on the flat poly-1 regions also
used for indentation, with the quantitative data in Table IV. As
in the FESEM work, specimens examined were exposed to their
respective HF solution for 90 min, so as to render obvious material damage. Like for the FESEM data, the poly-1 surface is relatively unchanged for the solely UDHF as well as the HCl mixed
solutions. In the scans, attack is visually obvious for the C H O,
H O, triton, and vapor HF solutions, which is manifested in the
roughness values. Only partial regions of the NH F chemistry
(with and without connected metal) could be scanned consistently, presumably due to surface contamination of the tip from
nanoscale particulates accumulated from the sample. Qualitatively, the AFM scans were wholly consistent with the electron
microscopy performed at lesser magnification than in Fig. 8.
IV. ANALYTICAL MODEL
Based on the measured change in
(Fig. 4 and Table II)
as well as the observed damage morphology (Figs. 8 and 9),
a mathematical representation of the affected cantilever beams
can be constructed. For example, the resonance of a cantilever
beam may be related to its material and dimensional attributes.
represents the resonant frequency (hertz), the meIn (3),
chanical spring constant in bending (newton per meter), the

elastic modulus (pascal), the beam thickness (meter), the area
moment (m ),
the effective bending stiffness (Pa m ),
the mass of the beam (kilogram), the mathematical constant, the material density (kilogram per cubic meter), and L
the beam length (meter). Apart from its general form [(3), left],
the coefficients chosen are suited to represent the fundamental
frequency of mechanical resonance for a fixed-free beam. Note
that effects such as anchor compliance, anchor takeoff angle,
and through-thickness-oriented strain gradient are not considered in
(3)
Equation (3) may be more specifically applied to the situation
of corrosion if the beam is represented as a laminated composite
[52]. To clarify, consider the cross section of a corroded beam
[Fig. 10(a)], which consists of a corroded exterior and relatively
unaffected interior. Once corroded, the exterior may consist of a
layer of PS with a relatively unaffected interior layer composed
of polySi. For simplicity, the sides of the beam may be neglected
considers
[Fig. 10(b)]. For a multilayered composite,
both the axial (bar) and bending stiffness as in [52] and [53]. The
mass of the beam may be represented using (4). In (4) as well as
and
refer to the corroded exin Fig. 10(b), the subscripts
terior layers and the interior layer, respectively, and represents
the beamwidth (meter). In (4), the assumption is made that the
density of the corroded exterior layer is directly proportional to
its mechanical modulus, as in a “rule of mixtures” approximation [52]. If the geometry of a porous surface layer is known,
its material properties can be more specifically represented as
a honeycomb composite [54]. Note that the corroded surface is
assumed to possess uniform thickness at affected surfaces and
that the properties of the component layers are assumed to be
isotropic and homogeneous. Other assumptions and limitations
for the laminated composite approach are described in [52] and
[53]
(4)
The analytic representation can be applied to determine the
predicted change in
, when the thickness and modulus of
the corroded exterior layer are assumed/known (Fig. 11). In the
analysis, the modulus of the interior layer was assumed to be
161.8 GPa. Contours in Fig. 11 represent the assumed modulus
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Fig. 11. Results of analysis for laminated composite microcantilever. The results indicate predicted change in resonant frequency if the thickness and modulus of the corroded exterior layer are assumed. The shaded region encompasses
the range of the experimental results.

for the corroded exterior. The shaded region in Fig. 11 encompasses the full range of the experimental results. Minimal impact is seen when the modulus of the corroded exterior layer is
similar to that of the interior layer (top of Fig. 11), e.g.,
150 GPa. Maximum impact is observed when the modulus of
the corroded exterior layer is greatly reduced relative to that of
the interior layer (bottom of Fig. 11). The bottommost contour
0 represents a decrease in beam thickness. While not
will be decreased by 100% for
of 0 GPa and
shown,
thickness of 1000 nm, i.e., complete material removal. The pro25–125 GPa are dominated
files in the middle of Fig. 11
either by the decrease in mechanical stiffness (left of Fig. 11) or
the loss of mass (right of Fig. 11).
V. DISCUSSION
Table VI quantitatively ranks the experimental results based
on the maximum and minimum difference between the specimens exposed to the various HF-based chemistries. First, the
is significant (Fig. 4 and Table II),
magnitude of decrease in
often being greater than 1% or 2%, i.e., the expected accuracy in
directly
rudimentary measurement equipment. A decrease in
correlated with immersion time in an HF-based solution was exacerbated when adjacent metal contacted the polySi test strucis associtures. Therefore, it is argued that the decrease in
ated with the electrochemical corrosion of the structural polySi
can be caused by degradalayer(s). For example, decrease in
tion of the material (increased porosity—decrease in modulus),
removal of material, or alteration of the material (chemical reaction—oxidation) as the result of PS formation or electropolishing. By examining the various experiments summarized in
Table VI, as well as the literature, the factors that primarily incan be determined leading to a greater understanding
fluence
of the corrosion phenomenon.
was measured for both microcantilever
While decrease in
and comb-drive structures (Tables II and VI), the magnitude
of change is often greater for the comb-drive structures. The
greater relative change measured for the comb drives may
be explained by their different cross-sectional profile. For

example, a corrosive agent may permeate the 3- m-wide mechanical springs in the comb drives more readily than it may
permeate the 20- -wide microcantilever structures. That is,
comb-drive structures may be readily corroded from all sides,
whereas the microcantilevers are corroded from their top and
bottom surfaces only.
The measurable etch rates (Tables III and VI) represent specimens with and without metal present having different thicknesses, also suggesting the influence of galvanic corrosion. The
difference in electrochemical potential between gold and polyand single-crystalline [9], [11], [13], [14] Si has been measured
previously, and the values fall on the electrochemical profile for
PS generation. One effect of such corrosion seen here (Table VI)
is the consumption of polySi. Removal of material is significant
because, for example, the stiffness of a cantilever beam depends
on its area moment, i.e., the thickness cubed.
Similar to Table VI, a change in TTSG with no associated
change in IPS is noted in the literature of externally anodized
PS [55]. This is explained as the result of the expanded lattice
coefficient for PS, which is free to expand in the out-of-plane
direction but is constrained in the in-plane direction. Measured
increase in lattice parameter in the out-of-plane direction has
been correlated with surface oxidation [55], [56], the presence
of Si–H and Si–H termination [57], [58], and absorbed water
[57] at the porous surface layer. While PS tends to grow as an
epitaxial single crystal [55], the lattice misfit between the interior Si and exterior PS layers causes out-of-plane curvature as
in a multilayer composite structure [55]. Lattice misfit could explain the data (Table VI), if the substrate limited ionic current
resulting in different morphology (lattice coefficients) for the
top and bottom surfaces. Influence may also come from other
through-thickness variation including strain energy, grain morphology, and grain density.
A change in the residual strain cannot explain the change
measured in the experiments summarized in Table VI.
in
Even for specimens contacted to metal, TTSG (and IPS) do not
demonstrate a pronounced dependence on HF immersion time.
Also, the quantitative magnitude of change in curvature is not
sufficiently significant. Further, the polySi layers exhibiting the
most significant change in curvature do not correspond to those
exhibiting the greatest change in . Therefore, the beams’ curvature was not found to influence . On the other hand, IPS
is consistent with the vendor’s measured values and was not
seen to depend on the use of metal. Therefore, while residual
strains can hold an influence over the stiffness of a mechanical
resonator, they were not found to greatly contribute to the results in Table VI.
Increased resistance in the poly-0 electrical interconnects
, for example, if it enabled the inTable VI could affect
terconnect leads to acts as a low-pass filter. Specifically, a
low-pass filter can attenuate and phase-shift the actuation
signal, masking the characteristics of mechanical resonance.
However, when metal was connected to the microcantilever
was very
resonance structures, the measured decrease in
consistent within each array of specimens despite the beams’
different lengths (Fig. 3). That is, the relative (percent) decrease in
was nearly identical for all beams within the same
of the individual beams was
array, even though the actual
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TABLE VI
QUALITATIVE SUMMARY OF RESULTS FOR SPECIMENS CONNECTED TO GOLD WHILE EXPOSED TO THE HF-BASED CHEMISTRIES

very different. Furthermore, in our research, we have observed
thermal [34], [35] and electrostatic [36] actuators that did not be
operate after prolonged aqueous HF chemical processing. The
increased resistance measured in the experiments is not thought
to greatly influence , except when the electrical interconnects
were damaged during the most prolonged immersions in the
was not shifted but rather the
HF solutions. In these cases,
structures were rendered nonfunctional.
What is the cause of the increase in electrical resistance?
The results might be explained if the nature of the physical
damage is similar to the results seen in porous polySi research
[20], where polySi is attacked along the grain boundaries. If
corrosion is sufficiently extensive, grain boundaries become
severed, decreasing the volume of material available as a path
for electrical conduction. Given sufficient exposure time, this
mechanism would effectively sever a trace at one or more
locations along its length. Increased resistance might also be
explained if the corrosion process results in the leaching of
phosphorus dopant. Note that the possibility of dopant reduction has not been investigated directly, but it would require
diffusion of phosphorus within the polySi at room temperature.
Also, measured resistance is seen to remain ohmic in Fig. 5
(in some cases, slightly increasing possibly as the result of
Joule heating) suggesting that ample dopant remains. Based
on the results in Table VI, as well as current work with single
crystal Si on insulator test structures [59], the effects of grain
delineation are thought to dominate over thickness and dopant
reduction regarding the increase in electrical resistance.
The results of indentation further demonstrate the mechanical
degradation of poly-1 (Table VI), although material integrity is
less affected than the poly-0 [51]. From the indentation measurements, there is an evidence of direct corrosion as well as
galvanic corrosion of polySi in HF (Fig. 6 and Table V). Furthermore, the measured hardness of poly-1 is in many cases
decreased, being less than that of a thermal oxide grown on
an Si wafer (Fig. 7). Note that the nominal hardness of Si and
SiO are 12 and 10 GPa, respectively, and the hardness measured for PS was 3 GPa. Therefore, the presence of a thick
“native” oxide layer (similar to our 57-nm SiO reference specimen) would not be expected to greatly influence the mechanical
hardness of silicon, since SiO is of similar hardness. The presence of a porous surface layer would, however, readily reduce
the hardness of silicon since it is substantially softer than Si. In
other words, the indentation data suggests that the corrosion of
polySi under the conditions examined here occurs through the

formation of PS and not the formation of a thick oxide layer,
i.e., electropolishing. From indentation, the corrosion of polySi
is seen to readily affect the surface of the material, however, it
cannot be determined how deep the extent of damage extends to
the interior of the material because of the small sample volume
examined using the technique.
Similar to the indentation data (Table VI), the change in
morphology of poly-1 may be compared to that seen for
poly-0. For some chemistries, both material layers are quite affected (Fig. 8 and [51]). When viewed from either straight-on or
oblique perspectives, attack on the surface and grain delineation
is seen for many of the chemistries utilized (Figs. 8 and 9). In
the surface morphology characterization, there is the evidence
of the direct corrosion as well as galvanic corrosion of polySi in
HF. Additionally, when viewed at sufficiently high magnification, the presence of a nanoscale surface porosity is observed on
poly-1 (Fig. 9) and poly-0 [51] specimens connected to metal.
The size of these pores is consistent with the PS literature,
where pore sizes ranging from two to tens of nanometers in
diameter have been seen [60]. The surface morphology data in
Table VI suggests that the immersion of polySi in HF-based
solutions results in its dissolution through the formation of a PS
surface layer. The process of dissolution would be expected to
reduce , for example, through decreased material thickness
and modulus as described previously.
The parameters examined provide a consistent explanation for
the measured decrease in , with primary influence occurring
as the result of the surface attack and grain delineation, facilitated by the formation of a PS layer at the material’s surface.
In particular, the use of the connected metal layers is thought
to facilitate the corrosion process. For example, the surface
morphology of many of the specimens is of a similar appearance
with and without metal being used (Fig. 8 and Table IV), yet
is often only measured when metal is
substantial change in
present (Figs. 4 and 6 and Table II). The presence of metal is,
therefore, thought to greatly increase the extent of corrosion,
driving damage deeper into the material (Fig. 9). In the literature,
the presence of an amorphous oxide layer has been observed
on polySi subject to HF immersion [7]–[11]. This morphology
may come about as the result of the oxidation of a PS surface
layer during subsequent postprocessing or upon exposure to
the ambient environment. Note that a PS surface layer might be
naturally “amorphized” by polySi, since many of the adjacent
grains are of different orientation and of a small size such that a
stable pore diameter may not establish throughout the material.
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Compared to Fig. 11, the decrease in
correlates with the
measured thickness for the PS layer (Fig. 9). This reaffirms that
the experimental data does not fall to the right of Fig. 11, where
becomes dominated by the loss of mass and not
change in
might be exmechanical stiffness. In the right of Fig. 11,
pected to increase with immersion time, as the PS layer becomes thicker. In many cases, the effective modulus of the PS
exterior layer in Fig. 11 is not as great as that measured during
indentation (Table V). Possible explanations include the following: 1) the material removal is so complete that the thickness
of the beam is effectively decreased and 2) the polySi interior
is affected and decreased during HF immersion. An etch rate,
i.e., complete material removal, was measured on some poly-1
structures. In the literature, however, attack deep into polySi results from attack along grain boundaries and the formation of
porous veins and voided regions of material [9], [20]. In addition to the general results (Fig. 11), which apply to the many
chemistries and immersion times examined, greater detail can
be obtained if a particular data point (resonant frequency at a
specific immersion time) is chosen, so as to ascertain if the bulk
polySi material has been compromised in addition to the corrosion at the free surfaces. Further, additional composite layers
might be utilized to better account for material property gradients and/or material consumption could be considered outright
is decreased). At this point, a more complete understanding
(
and definitively accurate analysis requires TEM characterization, yet to be performed.
Based on all of the measured data, the different chemistries
used in the experiments can now be compared. For the first three
chemistries examined in Table VI, there is a minimal mechanical and morphological impact, but significant electrical impact,
when connected metal is present. Furthermore, there was evidence of localized damage for these chemistries, both optically
[51] and using electron microscopy [61]. The pure UDHF as
well as the (4 : 1) UDHF : C H O mixtures are believed to effect the polySi based on the inadequate wetting at its surface
except at very localized instances. Recall that hydrogen evolution will result in the formation of bubbles at the surface of
polySi limiting surface wetting if a surfactant is not used [15].
The UDHF : HCl mixture likely yields surface wetting characteristics similar to the other two chemistries, with differences
facilitated by the presence of the Cl-ion. Note that UDHF : HCl
was the best wet chemistry used in the experiments, i.e., minimal mechanical and electrical damage.
Three other chemistries may be grouped together,
based on their similar results in Table VI. These include
(1 : 1) UDHF : C H O, (1 : 1) UDHF : H O, and (20 : 1)
UDHF : triton-X, which are associated based on their similar
mechanical performance (resonance and indentation) and
shared morphological likeness. Two of the added chemicals,
C H O and triton, are known surfactants. These chemicals
should aid in surface wetting (and removal of H bubbles)
so long as the solution is mixed in correct proportion. For
example, a sufficient amount of C H O must be added in order
for it to perform as a surfactant (Table VI and [15]). This points
out that the stoichiometry of any of the solutions (Table VI)
may be tailored to produce specific results, i.e., none are necessarily optimized. H O has been identified as an oxidizing

agent, affecting bare Si wafer specimens if given sufficient time
[23]. When water dissociates in solution, the resulting polar
hydroxide ions attack the thermodynamically unstable Si–H
bonds at the polySi surface [39], forming lower energy Si–OH
bonds and rendering the surface vulnerable to the even more
polar F-ion.
Of all of the chemistries examined, vapor HF was seen to result in the least difference when connected metal was present
(Table VI). Use of vapor HF may minimize the electrolytic nature (ionic current) of the chemical cell, thereby preventing the
damaging anodic current. Some damage to the surface was seen
in Fig. 8, perhaps because sufficient monolayers of H O must
be present to initiate and continue the etching process [62]. Note
that the vapor HF specimens demonstrate that the corrosion
damage is unique to HF, since these parts were subsequently exposed to all of the other postprocessing solvents, with no major
degradation in performance observed afterwards.
On the other hand, NH F was seen to cause the most damage
of any of the chemistries examined in Table VI, even causing
corrosion when no metal was used. Outright damage is consistent with the literature [63] and NH F is sometimes used
to intentionally roughen polySi, altering its surface adhesion
characteristics [25]. When UDHF : NH F is combined with
UDHF : H O, another influential solution in Table VI, one
obtains BOE. Therefore, brief immersion in BOE to strip native
oxide is expected to damage the surface of polySi, perhaps
making it more vulnerable to corrosion in other chemistries.
Given the long immersion times used in the experiments
(Table I), one may question their applicability. When PSG is
used, etch times in HF may be as brief as 1.5 min [5], while
thermal oxides may be etched in diluted HF solutions for more
than 1 h. Note also for some miniature scale applications, there
may be instances where the use of so-called “etch release holes”
to minimize exposure time to HF cannot be used and prolonged
exposure to HF is required. In other postprocessing techniques
such as flip-chip bonding [4], lengthy immersion in HF may
be required. Last, the use of very compliant flexures (e.g.,
m cross sectional), containing minimal material, may be
required. Therefore, long etch times as in our experiments may
under represent the effects of corrosion. That said, it would be
misleading to advocate that the significant influence will occur
every time a composite microsystems component is exposed
to HF. Instead, corrosion damage in HF-based solution very
much depends on the relative surface areas, exposure times,
dopant concentration [60], as well as the stochastic nature of
the electrochemical dissolution process.
Based on the experiments summarized in Table VI, galvanic
corrosion has the potential to impose upon the material properties, design, performance, lifetime (fatigue), tribology (friction/wear), manufacture, and required operating environment
of microscale and nanoscale devices. A measurable corrosion
rate suggests that device dimensions may differ from their nominal values. This would affect the design and performance of a
miniaturized structure, i.e., its mechanical stiffness. In addition
to porosity or preferred texture, corrosion may explain why the
elastic modulus of polySi measured by research groups is sometimes outside of the isostress and isostrain limits [48] of Si, calculated to be 159 and 165 GPa, respectively. Another concern
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is the change in surface morphology, which will affect device
tribology and adhesion (“stiction”) characteristics. Increase in
roughness and decrease in hardness would affect wear rate and
friction at surfaces in mechanical contact. The increase in surface roughness would normally be expected to decrease surface-to-surface adhesion, based on an increased effective surface separation distance resulting in decreased attractive surface
forces. As a final example, the roughness and grain boundary
separations seen after HF immersion (Table IV and Fig. 8) are
of the same order of magnitude as suggested in the literature for
critical flaw sizes, i.e., 30–115 nm [11], [64]. This would be expected to influence the fracture and fatigue properties of polySi.
VI. CONCLUSION
In a comprehensive and systematic study, we have investigated the change in the performance of polySi structures following immersion in various HF-based solutions. To illustrate
our results, explore their root cause, and identify possible implications, we focused on mechanically actuated microcantilever
structures. Key results include the following. A decrease in the
was measured for the
mechanical frequency of resonance
MEMS test structures. Decrease in
is seen to occur in proportion to the immersion time for several HF-based solutions.
is greatest for those beams electrically contacted
Change in
to metal (gold), suggesting an electrochemical aided dissolution process, i.e., galvanic corrosion. A similar time-dependent
was measured in comb-drive structures. Likedecrease in
wise, influence can be seen in indentation testing, suggesting
that the mechanical properties of the polySi (modulus and hard. The
ness) are affected and contribute to the decrease in
magnitude of decrease in
for the eight different HF-based
chemistries utilized ranged from minimal, i.e., 2% for vapor
HF and UDHF : HCl, to severe, i.e., 25% for UDHF : C H O
or UDHF : NH F. Last, while metal is greatly influential, it is
not always required to facilitate the corrosion of polySi, particularly for the UDHF : NH F chemistry.
Change in
was not significantly influenced by other
factors, including in-plane–oriented residual strain, throughthickness-oriented strain gradient (curvature), or the electrical
resistance of polySi interconnects. In-plane strain did not
significantly vary between specimens with and without metal
present. Through-thickness strain gradient demonstrated influence when metal was utilized, but was not determined to be of
significant magnitude and did not demonstrate the necessary
time-dependent nature to be related to . Change in electrical
resistance was in some cases very significant, enough to compromise electrical connectivity to the structures, for example,
rendering resonator structures nonfunctional. However, change
in electrical resistance was not found to otherwise affect
.
Instead, net removal of material (changing in the beam thickness) as well as the alteration of material properties (changing
the effective modulus) are seen to be primarily responsible for
the change in .
The measured change in
can be correlated to a physical
basis. The experiments, including direct examination of the surface morphology suggest that the alteration of
is related to
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the autonomous dissolution of polySi facilitated through the formation of the PS layer at the near surface. Nanoscale pores
roughly 5–10 nm in diameter as well as grain delineation were
seen at surface and found to extend to some depth within fractured beam specimens. Additionally, the indentation of the various specimens is more comparable to PS than to single crystal
Si or a thin thermal oxide. Last, analysis suggests that the deis dominated by the decrease in mechanical stiffcrease in
ness for the PS surface layers and not the loss of mass associated
with the dissolution of polySi. Aided by electrochemistry, corrosion in HF-based solutions may at times greatly impose upon
the material properties, design, performance, lifetime, tribology,
manufacture, and required operating environment of microscale
and nanoscale devices.
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