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Immersion in aqueous hydrofluoric acid (HF), a standard processing step in fabricating microelectromechanical systems devices,
causes rougher and weaker polycrystalline silicon (polysilicon) films in the presence of Au metallization and leads to relatively
thick surface oxides. The origin of these effects is the galvanic corrosion that takes place due to the difference in electrochemical
potential between the noble Au metallization and the polysilicon in HF solution, resulting in the accelerated formation of a porous
surface layer due to corrosion of the silicon. The electrochemical behavior and the evolving microstructural morphology are
correlated. In HF solution, Si is dissolved and porous silicon (PS) is formed. The PS first develops along the polysilicon grain
boundaries and then extends into the grain interiors. After rinsing in water and exposure to air, the pore walls form the usual oxide,
leading to a Si/SiO, composite with a gradient in composition—from a high fraction of SiO, near the surface to 100% Si deeper
into the polysilicon. Inasmuch as the galvanic corrosion requires positively charged holes, these effects can be minimized by using
n-type dopants in the polysilicon and performing the HF immersion in the absence of illumination.
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In typical microelectromechanical systems (MEMS) devices, the
structural material is polysilicon and the release layer beneath the
structural material that must be dissolved to enable the devices to
move freely is usually SiO,. Therefore, one of the last processing
steps before packaging, termed “release,” is to immerse the entire
substrate in HF solution, which efficiently dissolves the SiO,. Typi-
cally the release step takes several minutes. A 49% HF solution is
usually used because that is the highest concentration commercially
available, and the etching rate of SiO, in HF solution is roughly
proportional to the HF concentration.'

It is common to deposit Au, or another noble metal, onto the
contact pads of MEMS devices for making electrical contact. How-
ever, several adverse phenomena have been reported for doped poly-
silicon MEMS devices using Au contacts following HF release.
These include increased polysilicon roughness, %3 increased polysili-
con res1st1v1ty,4 decreased polysilicon device resonant frequency,4
and relatively thick (~30 nm) surface oxides.” It has been sug-
gested that these phenomena involve galvanic corrosion which oc-
curs due to the presence of Au in electrical contact with the
poly51l1con.4 7 Au is the more noble member of the galvanic couple
in HF solution, and the more active polysilicon is anodically polar-
ized with a resulting increase in corrosion.

The mechanism for the observed degradation is 31m1lar to that of
porous silicon (PS) formation utilizing external Voltages Actually,
PS formation has been achieved in the absence of external voltages,
i.e., by galvanic corrosion, using the noble metals Au and Pt depos-
ited onto the silicon.'

Figure la shows a typical anodic current-voltage (i-v) curve for
silicon in HF. Under cathodic polarization, silicon is stable and does
not dissolve. In the low-potential anodic regime, the current in-
creases exponentially with increasing potential. This region repre-
sents PS formation, with a wide variety of pore morphologies ob-
served for varying parameters, including applied potential, HF
concentration, Si orientation, Si conductivity, and Si geometry.g’9 In
this region, Si dissolves directly to form SiF, in an electrochemical
reaction that requires two holes.

As the anodic potential increases further, the slope of the i—v
curve passes through a maximum and then the current itself reaches
a maximum. These two occurrences bound a transition region. At
higher potentials, above the maximum current, the electropolishing
region is entered. Here the Si dissolves by first forming a surface
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Si0, layer by reactmg with H,O, the SiO, bemg subsequently dis-
solved in the HE.” In the electropohshmg regime, the surface main-
tains a relatively smooth morphology Figure 1b shows the different
regions in relation to the corrosion current density and HF concen-
tration. The behavior is not affected by the nature of the Si doping.

While the detrimental phenomena observed after MEMS release
have been convincingly correlated with undesired electrochemical
effects between Au and polysﬂlcon,4 57 the microstructural develop—
ment of the PS in polysilicon and the thick oxide growth in this
system have not been determined. In general, PS formation in poly-
silicon has hardly been investigated, in contrast to PS development
in single-crystal Si. In fact, PS has been incorporated into the de-
signs of several MEMS devices due to its unique structural and
etching propernes.ll This report describes the development of the
PS structure and the subsequent formation of relatively thick oxide
in phosphorus-doped polysilicon (phosphorous—polysilicon) due to
galvanic corrosion when electrical contact involves Au metallization
on devices released in 49% HF. We also briefly discuss strategies for
avoiding unwanted electrochemical effects during processing of
MEMS devices.

Experimental

Phosphorus—polysilicon samples were fabricated, as follows:
Si(100) substrates were thermally oxidized to form a 100 nm SiO,
layer. Then, a 2 wm thick undoped polysilicon layer was deposited
via low-pressure chemical vapor deposition (LPCVD) at 580°C, us-
ing SiH4 at 100 sccm and 300 mTorr in a 225 mm diam furnace.
Under these condltlons a fine-grained equiaxed polysilicon micro-
structure results.'* To achieve phosphorus doping via solid-state dif-
fusion, a 2 wm thick phosphosilicate glass (PSG) layer was depos-
ited via LPCVD at 450°C using SiH4, O,, and PH;. The wafers
were then annealed at 1100°C for 1 h in nitrogen to allow phos-
phorus diffusion into the polysilicon to a doping level of
~10'8-10' cm=3. The PSG was removed in buffered oxide etchant
(a solution of HF and NH,F), and the wafers were removed from the
etchant as soon as the PSG was cleared to minimize any effects to
the polysilicon. The Si wafers were then cut into small rectangular
pieces. The exposed area of each phosphorus—polysilicon sample
was 1.8 cm®. On some of the pieces, a ~30 nm thick Au film was
sputter-deposited onto one side, covering approximately half the
area. Even with no sputtered Au, the phosphorus-polysilicon
samples were sufficiently conductive to allow direct electrical con-
nections.

All of the electrochemical experiments were performed at room
temperature under fluorescent light, except as noted otherwise. An-
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Figure 1. (a) Typical anodic i-V curve measured on moderately doped
p-type single-crystal Si in 1% HF solution;” (b) log current density vs log
(HF%) for variously doped Si, showing the regions of PS formation and
electropolishing.8

odic polarization measurements were performed in 49% HF, using a
Solartron Instrument SI 1280B potentiostat, Pt as the counter elec-
trode, and a saturated calomel electrode (SCE) as the reference elec-
trode. The potentiodynamic tests used a fixed scan rate of 1 mV/s,
with fresh HF solution being used for each experiment.

Galvanic testing was performed using a gold strip as the cathode
and a phosphorus—polysilicon anode. The net current flow between
the anode and the cathode was measured, the potential again being
measured with respect to a SCE reference electrode. The exposed
surface areas of the gold and silicon electrodes in HF solution were
approximately equal, and the distance between two electrodes was
10 mm. Samples were rinsed with deionized (DI) water after each
experiment, unless otherwise indicated.

After electrochemical testing, the phosphorus—polysilicon
samples were examined by a variety of techniques, including cross-
sectional scanning electron microscopy (SEM), cross-sectional
transmission electron microscopy (TEM), X-ray energy-dispersive
spectroscopy (XEDS), nanoindentation, and X-ray photoelectron
spectroscopy (XPS).

Results and Discussion

Electrochemical measurements— The i—v polarization curves
obtained from a bare phosphorus—polysilicon sample and a partially
Au-coated sample in 49% HF are shown in Fig. 2. Both curves have
the same general shape as that seen in Fig. 1a, which is for a single-
crystal Si sample in HF solution. More specifically, both
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Figure 2. i-V polarization curves for phosphorus—polysilicon samples in
49% HF, with and without partial Au coating. The shaded area corresponds
to the current density range 0.05-0.09 mA/cm? (see Fig. 3).

phosphorus—polysilicon curves in Fig. 2 show a low-potential region
of exponentially increasing current before reaching a peak current,
conditions known to lead to PS formation. Figure 2 also shows that
the partially Au-coated sample has an open-circuit potential (OCP)
~0.2 V higher than that of the bare sample. The OCP of Au by itself
in 49% HF was 0.65 Vgcg, while that of phosphorus—polysilicon
was —0.4 Vgcg. Thus, Au metallization will readily place a
phosphorus—polysilicon sample in an anodic potential condition.

This was confirmed by setting up a galvanic cell between Au and
phosphorus—polysilicon. This experimental environment is electro-
chemically identical to polysilicon MEMS devices containing Au
metallization. The galvanic current as a function of time is shown in
Fig. 3 for several phosphorus—polysilicon samples tested in 49% HF
for a range of times, and for one phosphorus—polysilicon sample
tested in 25% HF. In all cases, the galvanic action resulted in anodic
polarization of the phosphorous—polysilicon. In 49% HF, the gal-
vanic current density varied from 0.05 to 0.09 mA/cm? and re-
mained constant with time. As seen in Fig. 2, this current density
range lies precisely within the exponentially increasing portion of
the i—V curve that represents PS formation. In addition, while these
galvanic cell conditions lie off the right edge of the graph in Fig. 1b
(log 49% HF = 1.7 and log 0.09 mA/cm? = —1), if the graph were
extended, these conditions would clearly be positioned well within
the pore-forming region. We conclude that the Au/phosphorus—
polysilicon galvanic cell current represents Si dissolution leading to
PS formation.

Microstructural investigations.— Cross-sectional SEM images
were taken from several of the phosphorus—polysilicon samples

1
— 49% HF
ag ------ 25% HF
<
E
2
‘m 0.1
c
7] e —
o
€ = B e s rbmine e B e AR SSSATEE
at’ %
8 Current density range in 49%HF:
0.05 — 0.09 mA/cm?
0.01 . . .
0 500 1000 1500 2000
Time (s)

Figure 3. Galvanic current density measurements of phosphorus—polysilicon
in HF. The solid lines represent tests in 49% HF, and the dashed line a single
test in 25% HF.

Downloaded 03 Mar 2010 to 159.226.100.225. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



G646

Journal of The Electrochemical Society, 153 (7) G644-G649 (2006)

Table I. Galvanic cell test conditions for four phosphorus—polysilicon samples whose test results are shown in Fig. 3. (Current density has been

converted to current.)

Apparent surface

HF Current, i Charge, g(mC)= layer thickness
Sample (%) (mA) Time, 7 (s) i(mA) X t(s) (pm)
A 49 ~0.14 1800 ~260 ~1.0
B 25 ~0.07 1800 ~130 ~0.6
C 49 ~0.09 300 ~27 ~0.2
D 49 ~0.13 60 ~8 ~0

whose galvanic currents are shown in Fig. 3. The galvanic cell test
conditions for these samples are listed in Table 1. The samples were
cleaved and viewed in the SEM at an angle nearly perpendicular to
the cleaved surface, as shown in Fig. 4. The phosphorus—polysilicon
cross-sectional sample in Fig. 4a reveals two different morpholo-
gies. The ~1 wm thick region near the surface appears much
rougher than the bottom ~1 wm region. A “surface layer” of in-
creased roughness can also be seen in Fig. 4b and c¢ but with de-
creasing thickness. The surface layer thicknesses, included in Table
I, scale with the total charge, g, that flowed during the galvanic
corrosion of each sample. As discussed above and confirmed with
TEM below, the surface layer detected by cross-sectional SEM is the

surface layer 2 pm phosphorus-polysilicon

%
Si substrate

(@)

0.1 um SiOZ/

surface layer

(b)

surface layer

()

Figure 4. Cross-sectional SEM images of phosphorus—polysilicon samples
after galvanic corrosion. (a—d) Samples A-D, respectively. Testing conditions
are listed in Table L.

portion of the phosphorus—polysilicon that has developed very fine
scale porosity due to the galvanic action during the exposure to HF
solution.

The surface layer of the sample shown in Fig. 4a was investi-
gated using cross-sectional energy-filtering (EF) TEM, and the im-
ages are shown in Fig. 5. The elemental maps obtained using
EFTEM show increased brightness in those areas that contain
greater amounts of the specific element of interest. Thus, the silicon
and oxygen maps shown in Fig. 5b and c reveal that the top ~1 pm
of the phosphorus—polysilicon is richer in oxygen than the bottom
~1 pm, which is relatively richer in Si. This thickness agrees well
with the surface layer thickness seen in the cross-sectional SEM
image (Fig. 4a). Porosity cannot be seen in this image, suggesting
that the pores that developed due to the galvanic action are filled
with SiO,. (Even in high-resolution TEM, pores were not observed.)
That is, the pore walls formed the conventional surface oxide, and
since the volume of SiO, is ~2.25 times greater than the volume of
the Si it replaces, the pores were completely replaced with SiO,.

The bottom region of the phosphorus—polysilicon film is shown
in Fig. 5d and e. In this portion of the film, the phosphorus—
polysilicon nearest the surface was removed during TEM sample
preparation. As indicated in the elemental maps, the oxide in this
region forms a weblike structure which appears to follow grain
boundaries. This morphology agrees with previous work which
showed that electrochemical etching of polysilicon resulted in pore
formation along grain boundaries.'> From the TEM images in Fig. 5,
we conclude that during galvanic corrosion, PS initially forms along
the grain boundaries and then grows into the grain interiors. There-
fore, the regions near the surface have been completely transformed
to PS, while toward the bottom of the phosphorus—polysilicon, the
only evidence of (prior) PS is at grain boundaries.

In the oxygen maps (Fig. 5c and e), the oxygen-rich regions are
not as bright as the SiO, layer beneath the phosphorus—polysilicon,
implying that the concentration of oxygen is not as high as in sto-
ichiometric SiO,. An XEDS linescan depth profile of the
phosphorus—polysilicon cross section was performed in the TEM, as
shown in Fig. 6. The oxygen content decreases from approximately
24 atom % at the surface to near zero at ~1.1 wm below the sur-
face. Clearly, due to the galvanic action, the surface layer of the
phosphorus—polysilicon is a mixture of Si and SiO,. The SiO, vol-
ume fraction is greatest at the surface and decreases to zero toward
the bottom of the film. This agrees with a scenario of porosity de-
veloping in the phosphorus—polysilicon, beginning at the top sur-
face, with the pores being subsequently filled with SiO,.

Nanoindentation was performed to compare the Young’s modu-
lus and hardness of the phosphorus—polysilicon sample before and
after a 1800 s galvanic experiment in 49% HF. A Berkovitch tip and
a 4 mN load were used. Three indents were made on each sample,
and the maximum indentation depths did not exceed 82 nm in the
sample before the galvanic experiment or 116 nm in the sample
after the galvanic experiment. After galvanic testing, Young’s modu-
lus decreased from 183 to 105 GPa, and hardness decreased from
9.6 to 6.1 GPa. These values are consistent with a polysilicon
sample partially transforming to a mixture of polysilicon and SiO,.

Using the total charge, ¢, transferred during the galvanic corro-
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sion of the sample shown in Fig. 4a and 5 (~260 mC, Table I), the
amount of silicon dissolved was determined. The layer thickness
based on this estimate was compared to the direct measurements of
PS surface layer thickness. Assuming a 1 pum thick layer, the coulo-

Figure 5. Cross-sectional EFTEM images of phosphorus—polysilicon
sample A: (a) zero-loss image; (b) silicon elemental map (silicon-L,,
edge); (c) oxygen elemental map (oxygen-K edge); (d, e) higher magnifi-
cation images taken near the bottom of the sample, where (d) is a silicon
elemental map and (e) is an oxygen elemental map. The elemental maps
were calculated using the three-window method.'®

metric calculation predicts that 9% of the Si atoms were dissolved.
Oxidizing the pore walls to completely fill the pores with SiO, re-
sults in an oxygen atomic fraction of 14%. This calculation is in
good agreement with the TEM XEDS results (Fig. 6).
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Figure 6. XEDS linescan results for the phosphorus—polysilicon cross sec-
tion seen in Fig. 5.

Oxide growth.— The discussion in the Introduction indicates
that there should be no SiO, formed in the HF solution during gal-
vanic corrosion. Therefore, it is interesting to investigate when ex-
actly the SiO, appears during the MEMS processing. Figure 7
shows XPS depth profiles for two phosphorus—polysilicon samples
galvanically tested in 49% HF for 1800 s. The sample that was not
rinsed in DI water was measured ~7 h after the galvanic test and
had a small oxygen content, ~3%. The sample that was rinsed in DI
water showed an initial oxygen concentration of ~35% that de-
creased to ~10% at a thickness of 5 nm. The rinsed sample was
also analyzed 24 and 44 days after galvanic testing. The surface
oxygen content remained at ~35%, and the near-surface oxygen
content continued to increase, from ~10to ~ 17to ~ 21%.

The sample that was not rinsed showed minimal oxide formation
during the 7h it was exposed to air, presumably because
H-termination passivated all the polysilicon surfaces.” (Oxide for-
mation on H-terminated silicon typically requires several days to
form in air,”” depending on the ambient conditions.) This confirms
the supposition that no SiO, formed during galvanic corrosion. The
sample that was rinsed in DI water lost its H-termination and imme-
diately developed some SiO,, either in the DI water or upon expo-
sure to laboratory air. In nonporous Si, this “native” oxide passivates
the surface and oxidation stops after reaching a thickness of
~2 nm."” However, in the samples being studied here, oxide growth
continued for at least 44 days, with the SiO,-rich layer extending to
a depth of over 1 pm into the film (Fig. 6). Presumably, the porous
structure provided paths for oxygen diffusion over considerable dis-
tances and for long times, and the large exposed surface area pro-
moted formation of a significant volume of SiO,.
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Figure 7. XPS oxygen concentration depth profiles of phosphorus—
polysilicon.
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Figure 8. (a) Typical i-V curve for n-type Si in HE® (b) i—V polarization
curves for phosphorus—polysilicon, illuminated and in the dark.

Implications for MEMS processing.— Because of the reduced
Young’s modulus, reduced hardness, reduced strength, and increased
surface roughness that result from galvanic corrosion of polysilicon,
these effects should be avoided in MEMS processing. Galvanic cor-
rosion can be reduced by decreasing the galvanic potential or de-
creasing the corrosion kinetics. The potential would be decreased if
the contact metallization had a lower OCP, closer to polysilicon.
Unfortunately, the two noble metals that are relatively immune to
HF and could replace Au—Pd and Pt—have similar OCPs in HF
solution. The well-known area effect for galvanic corrosion could be
applied where feasible during the design stage. It is desirable to
minimize the anode—cathode area exposed to the HF solution, i.e.,
Au-PS area. A lower area ratio decreases the level of detrimental
anodic polarization of the PS.

Figure 3 shows that the galvanic current is modestly reduced
when using 25% HF compared to 49% HF. However, because the
rate of SiO, etching that is necessary for MEMS release will also be
reduced, the release time would have to be increased, probably ne-
gating any advantage of the reduced current. Figure 1b implies that
only an extremely low HF concentration would preclude PS forma-
tion, and such a solution would be impractical for MEMS release.

Phosphorus is an n-type dopant in Si, and holes are required for
the galvanic corrosion reaction. Therefore, in phosphorus-doped
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polysilicon, the holes must be photogenerated. Figure 8a shows typi-
cal i-V curves for n-type Si in HF solution, illuminated and in the
dark. When the potential is applied in the dark, no current is seen
until a very high voltage is reached, much higher than the PS for-
mation region and much higher than the galvanic potential that re-
sults from the galvanic action between Au and Si in HF solution.
Figure 8b contains polarization curves for phosphorus—polysilicon
in 49% HF, illuminated and in the absence of illumination, that
confirm this phenomenon. Therefore, to reduce the detrimental ef-
fects of galvanic corrosion during MEMS processing, n-type poly-
silicon should be used, and the HF release should take place in the
absence of illumination.

Conclusion

The effects of Au metallization on polysilicon structure during
release of MEMS devices in HF solution have been studied. When
phosphorous—polysilicon and Au are in contact and exposed to HF
solutions, PS forms on the Si surface due to galvanic action. This
detrimental galvanic action is established during the conventional
release process for phosphorous—polysilicon MEMS devices with
Au contact pads. The extent of the corrosion reaction increases with
increasing time and HF concentration. The porous regions first de-
velop along the grain boundaries and then extend into the grain
interiors. Porosity penetrates deeper than 1 pm after 1800 s in 49%
HF.

After removal from the HF solution, the PS pore walls form a
surface oxide upon rinsing in DI water and exposure to air. Because
the porous network creates easy diffusion paths for air and contains
significant surface area, the surface oxide formation continues for a
considerable time, and SiO, forms deep into the PS layer and even-
tually through the entire layer thickness of the PS. The resulting
microstructure is a composite of polysilicon and SiO,, with greater

Si0O, content toward the surface of the polysilicon, where the poros-
ity was greatest. Because the electrochemical reactions governing
PS formation require holes, the galvanic corrosion effects can be
avoided in MEMS processing by using n-type polysilicon and re-
leasing in the absence of illumination.
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