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ABSTRACT

We report on a study of the morphology of (100) silicon surfaces etched in aqueous alkaline solutions. It is shown that
the formation of pyramidal hillocks during etching can be influenced in two different ways: by the presence of an oxi-
dizing agent (ferricyanide or oxygen) in the etchant solution, or by etching under anodic bias. In both cases pyramid for-
mation is suppressed without a significant change of the etch rate. The addition of ferricyanide does not markedly change
the etching anisotropy. The formation, stability, and suppression of the pyramids are discussed.

Infroduction
Anisotropic wet chemical etching is an important step in

the fabrication of micromechanical devices. Of the
anisotropic etchants, aqueous KOH solutions are most
commonly used for Si. The etch rate of (111)Si is a factor
of at least 100 smaller than that of the other orientations.1'2
The large anisotropy makes it possible to etch structures
such as V-grooves in (100)Si wafers.3 Unfortunately, a
maximum in the etch rate f or 4.0 M KOH is accompanied
by an extremely rough surface,2 Several groups26 report
that this roughness is due to the formation of pyramidal
hillocks during etching. Since for many applications
smooth surfaces are of the utmost importance, these
defects can cause serious problems.7 In micromachining,
pyramid formation is avoided by etching at increased KOH
concentration.2'8 The improved surface morphology, howev-
er, is achieved at the expense of the etch rate which decreas-
es with increasing KOH concentration above 4.0 M. 2 To

raise the etch rate, a higher temperature is required. With
Si02 as a masking material the combination of high KOH
concentration and higher temperature constitutes a prob-
lem for the chemical stability of the mask.

In this paper we describe a study of the surface mor-
phology of Si etched in 4.0 M KOH solutions at 70°C. It is
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shown how hillock formation can be suppressed without
drastically changing the etch rate or the etching anisotropy
The results suggest that it should be possible to obtain a
more acceptable compromise with respect to the require-
ments of high etch rate, surface smoothness, and good
mask stability.

Experimental
The p-type (100)Si samples were boron-doped with a

resistivity of 8 to 12 111 cm. Prior to each experiment the
samples were standard RCA cleaned9 and the native oxide
layer was removed by a 10 s dip in a 2 M HF solution fol-
lowed by rinsing with deionized water. Samples used in
electrochemical experiments were provided with an ohmic
contact (Ga/In eutectic) on the back side. The samples
were mounted with an 0-ring in a Teflon holder exposing
0.5 cm2 to the solution. All experiments were performed at
70°C. The chemicals used were of p. a. grade (Merck).

Electrochemical experiments were performed in the
dark using a Bank POS7 3 Potentioscan. The thermostati-
cally controlled cell contained a working electrode whose
surface faced upward, a Pt counterelectrode, and a satu-
rated calomel electrode (SCE) as reference. All potentials
are quoted with respect to SCE. The etch rate was deter-
mined by measuring the etched depth as a function of
etching time using a Tencor Alpha-Step 500 surface pro-
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filer. A Cambridge CAMSCAN scanning electron micro-
scope (SEM) was used to study the surface morphology of
etched samples.

Wagon wheel shaped mask patterns (Si,N4), similar to
those used by Seidel et al.,2 were used to study the anisotropy
of the etching process. The mask, with a diameter of 5 cm,
revealed 360 openings each 40 p.m broad with a 1° angular
separation. The openings cause an overlap, with a diame-
ter of approximately 0.63 cm, at the center of the pattern.
Upon etching, a "cloverleaf" figure is obtained whose
shape depends on the anisotropy.2 After the wafer was
rinsed with water; the Si3N4 mask was removed with con-
centrated HF to obtain a better view of the figure and to
allow surface profile measurements.

Results
Alkaline solutions.—The current-potential characteris-

tics of p-type (100)Si in 4.0 M KOH solution at 70°C in the
dark are shown in Fig. 1. The curve was measured with a
scan rate of 10 mV s' starting at —2.0 V. The shape of the
curve is similar to that reported by others.10" The cur-
rent-potential characteristics were discussed in a previ-
ous paper.12

The forward scan (from —2.0 to 0.0 V) clearly shows
three different potential regions. At potentials negative of
the open-circuit value (Vs,), which is at approximately
—1.0 V, a low dark current is observed due to the reduction
of water

2H,O+2e-20H+H, [1]

Since this reduction involves electrons from the conduc-
tion band, the current in this region is less than 1 p.A cm2.
At potentials positive with respect to V an anodic current
peak is observed, due to electrochemical oxidation of Si.
There is evidence to show that this reaction occurs via an
activated intermediate of the chemical etching reaction.'2
The decrease in current at potentials more positive than
the peak potential (V0) is due to the formation of a passi-
vating oxide layer. The presence of the oxide explains the
absence of the anodic current peak in the reverse scan
(from 0.0 to —2.0 V).

Etch rate measurements of p-type (100)Si in 4.0 M KOH
at 70°C as a function of the applied potential'2 clearly
show that, although silicon etching is mainly chemical, the
potential can be important. At potentials negative with
respect to V a potential-independent etch rate is observed
(approximately 40 p.m/h). Visual inspection during these
etching experiments revealed that gas evolution occurs in
this potential range. At more positive potentials the etch

V / V(SCE)

Fig. 1. Current-potential curve of p-type (100)51 in 4.0 M KOH at
70°C. The scan was from —2.0 to 0.0 V and back to —2.0 V at a
rate of 10 mY s'. The arrows indicate the scan direction.

rate drops to a very low value due to the formation of the
passivating oxide layer.

Figure 2 shows a surface profile of a p-type Si sample
etched for half an hour at TJ, in 4.0 M KOH at 70°C using
an 0-ring mask. The difference in scale of the x- axis (mm)
and z-axis (p.m) should be noted. The profile shows that
the area exposed to the solution is etched 20 p.m deep, cor-
responding to an etch rate of 40 p.m/h, while the bottom of
the pit shows roughness of the order of a few microns. It
is striking that reproducible, smooth areas were observed
near the edges of the etched profile (Fig. 2). SEM pictures
(Fig. 3) reveal that the roughness is caused by pyramidal
hillocks. Figure 3a shows a top view of the surface and Fig. 3b
was made under an angle of 30° with respect to the surface.
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Fig. 2. Surface profile of a p-type (100) sample etched 30 mm at
in 4.0 M KOH at 70°C.
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Fig. 3. SEM micrographs of a p-type (100) sample etched 30 mm
at V,,, in 4.0 M KOH at 70°C. (a) Top view and (b) under a 30° angle
with the (100) surface.
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The crystallographically oriented pyramids have dimen-
sions of up to a few microns.

No effect of applied potential was observed on the sur-
face roughness for samples etched at potentials negative
with respect to V0. Therefore, it was surprising that sam-
ples etched at potentials in the current peak became vis-
ibly smoother with increasing potential. The surface pro-
file of a p-type (100) electrode etched for half an hour at
—0.85 V (near the peak maximum) showed that, while the
etch rate was the same as that of the sample etched at V0,,
the surface was much smoother. To the eye, this sample
looked mirror-like, similar to polished unetched Si. Fig-
ure 4 shows SEM pictures of samples etched at potentials
in the anodic current peak (Fig. 4a) at —0.9 V and (Fig. 4b)
at —0.85 V. A clear difference is observed with respect to
the SEM micrographs of the sample etched at V0,, (Fig. 3).
The sample etched at —0.9 V shows a much lower hillock
density while the sample etched at V (—0.85 V) shows no
pyramidal structures. Pyramids were also not observed
when a sample, previously etched at V0. (similar to Fig. 3),
was re-etched at —0.85 V

These results suggest that anodic oxidation is responsi-
ble for the decrease of hillock formation during etching.
As a previous study'2 revealed similarities between the
electrochemical oxidation of silicon in the anodic current
peak and the oxidation of silicon by potassium fern-
cyanide, we investigated the surface morphology of Si
etched in solutions containing ferricyanide.

Alkaline solutions containing an oxidizing agent—A
detailed study of the reduction of ferricyanide at p-type
(100)Si and (111)Si in aqueous alkaline solutions is given
in a previous work.'2 At potentials negative of 17 a reduc-

tion current indicates that ferricyanide is reduced via hole
injection into the valence band, as on many other semi-
conductors'3

Fe(CN)r -, Fe(CN) + ht [2]

Electrochemical experiments in combination with etch
rate measurements revealed that, at oxide-free chemically
etching electrodes, part of the ferricyanide is reduced via
an intermediate of the Si chemical etching process. This
process shows similarities to the electrochemical etching
in the anodic current peak which also seems to occur via
an etch intermediate.

The etch rate was fo.md to increase slightly (by less than
10%) upon addition of ferricyanide to the solution.
However, above a critical concentration of 35 mM no etch-
ing was observed and the surface became hydrophilic,
indicating the presence of an oxide layer. A marked effect
on the surface roughness was observed at ferricyanide
concentrations below the critical value. While surfaces
etched in the solution without ferricyanide were rough,
those etched in solutions containing the oxidizing agent
became smoother with increasing concentration. SEM
micrographs (Fig. 5) clearly show that the density of pyra-
mids decreases with increasing ferricyanide concentra-
tion. This result is similar to that obtained at potentials in
the anodic current peak. In both cases, pyramid formation
is suppressed without a significant change of the etch rate.
Moreover, oxide formation and passivation occur above a
critical anodic current density and above a critical oxidiz-
ing agent concentration.

Wagon wheel masked samples were used to check if the
reduction in hillock formation upon addition of fern-
cyanide is accompanied by a marked change in the
anisotropy. Figure 6 shows a SEM micrograph of a p-type

Fig. 4. lop view SEM pictures of p-type (100)Si etched 30 mm in
4.0 M KOH at 70°C. (a, top) at —0.9 and (b, bottom) at —0.85 V.

Fig. 5. SEM micrographs of p-type (100) samples etched 30 mm
at 70°C in 4.0 M KOH containing (a, top) 6 mM and (b, bottom)
18 mM K3Fe(CN)6.
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Fig. 6. Photograph of a wagon wheel masked p-type (100) sam-
pie etched at V for 15 mm in 4.0 M KOH at 70°C. An identical
blossom-like figure was obtained when a solution containing 1.5
mM K3Fe(CN)6 was used.

Fig. 7. SEM microgroph of a p-type (100) sample etched at V,,, in
an oxygen-free 4.0 M KOH solution at 70°C.

Discussion

(100) sample etched for 15 mm at 14, in 4.0 M KOH at
70°C. Similar results were reported by Seidel et at.2 They
determined the crystallographic orientation of the under-
etched sidewalls and found that only a limited number of
crystal planes could be identified. The shape of the figure
is due to total underetching of the mask in the vicinity of
the center, leaving an area of bare exposed material. The
radial extension depends on the etch rate of the crystallo-
graphic orientation of the individual segments, large for
fast etching and small for the slow etching planes. The
radial distances observed in Fig. 6 for the four minima is
not due to total underetching (which is at these grooves
negligible) but to an overlap of the grooves in the center of
the pattern, as discussed before. This unmasked area is
visibly rough like normal samples etched at V,,. Similar
masked samples were used for etching in solutions con-
taining the oxidizing agent. Surprisingly, no etching
occurred when a ferricyanide concentration of 5 mM was
used. However, when the concentration was lowered to
1.5 mM a clover-shaped structure was obtained with
exactly the same radial distance ratio between the maxi-
ma and the relative minima observed in Fig. 6. Although it
is clear that ferricyanide does not drastically change the
anisotropy of the system, one should realize that these
samples are not appropriate for measuring the etch rate of
the extremely slow etching (111) planes. Using 1.5 mM fer-
ricyanide the surface of the figure was mirror-like as for
an unmasked wafer etched in a solution containing 18 mM
ferricyanide. The observed difference in concentration
dependence seemed to arise from the difference in active
etching area, large in the case of unmasked and small in
the case of the wagon wheel samples (the grooves were
only 40 p.m broad).

To study this size effect, etching experiments were per-
formed on p-type (100) samples provided with an oxide
mask exposing an array of eight different square windows
ranging from 5 X 5 to 1000 X 1000 p.m. Surface profile
measurements of samples etched at 70°C in ferricyanide-
free 4.0 M KOH solutions revealed that, while windows
larger than 100 X 100 p.m were etched at the same rate,
smaller windows did not etch at all. Microscopic examina-
tion of the etched windows showed that the surface
became smoother with decreasing size. Argon bubbling
through the solution revealed that this passivation is due
to the presence of another oxidizing agent, oxygen. Upon
lowering the oxygen content in solution, the passivation
threshold was lowered to windows smaller than 25 X 25 p.m.
At the lowest oxygen concentrations even the smallest
areas were etched; SEM examination of these samples
revealed an extremely high surface coverage by hillocks,
independent of the window size (Fig.7).

From previous work it was clear that (100)Si wafers are
etched at a high rate in aqueous 4 M KOH solutions at
70°C. However, etching is accompanied by the formation
of a high density of pyramidal hillocks. In the present
work we have shown that pyramid formation can be sup-
pressed with retention of the etch rate either by fixing the
potential of the Si at a value in the anodic current peak or
by adding to the etchant an oxidizing agent such as fern-
cyanide. In addition, it is clear that if the potential applied
during etching is made too positive (more positive than

or if the concentration of the oxidizing agent exceeds
a critical value, then the Si passivates and etching ceases.
We discuss these two effects in terms of a model we pro-
posed on the basis of an electrochemical study of Si under
etching conditions.'2

A model for etching and passivation.—A simplified ver-
sion of the model is shown in Fig. 8. For simplicity only
one Si-Si back bond and one Si-H surface bond are taken
into account. A more detailed discussion of this reaction
scheme and of chemical etching is given elsewhere.'2 It is
clear that Si etching in aqueous alkaline solutions is main-
ly chemical'°" and that water is the active etching

OH

(1)

(2a)

+ '2H, (2b)

OH OH

'OH ____Si- > SL.. + H20 (3)
5vOH 51

Fig. 8. Reaction scheme for the Si etching process. Step 2a repre-
sents the chemical attack of water on the Si back bond, while step
2b occurs when either a potential is applied in the anodic current
peak or in the presence of on oxidizing agent (ferricyanide). Step 3
implies the oxide formation from the neighboring Si-OH groups
formed in step 2b.

OH

SVH
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species.'4"5 The first step of etching involves the hydrox-
ide-catalyzed rupture of an Si-H surface bond by water
and the formation of an Si-OH bond and hydrogen gas.
Due to this substitution the back bond becomes polarized,
making attack by water more favorable. Since the surface
atom is now more positively charged than the second row
atom, the OH group from water bonds preferentially to the
surface atom while the underlying atom becomes hydride
bonded (step 2a). As the remaining Si-Si bonds are broken,
the surface atom goes into solution [as Si(OH)4 or an
equivalent species] leaving the surface hydrogen-termi-
nated.'6 This simple mechanism shows that the surface
remains hydrogen-terminated as long as the first step is
rate limiting.

The effect of applied potential in the current peak
(V0<VcV) or the presence of a strong oxidizing agent (fer-
ricyanide) in solution is shown in reaction 2b. While in
purely chemical etching (step 2a) an Si-H bond is formed,
the oxidation reactions produce Si-OH bonds, which can
give rise to a bridged oxygen structure, as shown in the
third step. In this way, an oxide is formed on the Si.'2 If the
initial rate of formation of the oxide exceeds the maxi-
mum rate of dissolution then the surface becomes passi-
vated and etching ceases. It is clear that this will occur
when either a critical current density or a critical concen-
tration of oxidizing agent is exceeded. Van den Meerakker
and Van der Straaten'7 have reported an analogous passiva-
tion effect for Si etching in aqueous NH, solutions (pH 12)
containing H202, above a critical H2O2 concentration.

The fact that a considerably lower Fe(CN)r concentra-
tion is necessary to allow etching in 40 tsm wide grooves
indicates the importance of mass transport in the case of
chemical oxidation.'3 The experiments involving argon
bubbling show that dissolved oxygen also acts as oxidiz-
ing agent in the same way as ferricyanide, leading to pas-
sivation if mass transport is favorable. The pronounced
effects seen on reducing the active etching area are due to
a much more effective supply of oxidizing agent by two- or
three-dimensional diffusion as compared to linear diffu-
sion in the case of a semi-infinite etching surface. Such an
effect, termed the oxygen diffusion size effect,'8 can play an
important role in various etching and deposition processes.

Pyramid stability and formation.—To a first approxima-
tion the structures formed on (100)Si surfaces in alkaline
solutions (see Fig. 3) appear as regular pentahydrons con-
sisting of four lateral 11111 facets. The edges of the square
base are parallel to the <110> directions. The pyramid
sizes are not uniform indicating that hillocks are created
and removed continuously during etching.6 The surprising
stability of these structures can be understood using an
atomic model and simple ideas regarding etching anisotropy.
Three related effects are considered to be important: the
number and accessibility of the back bonds to the surface Si
atom and the corresponding nature of the surface hydride.
On an ideal (11 1)Si surface, all surface atoms are triply
bonded to the underlying Si atoms and the surface is coy-

Fig. 9. Atomic model of a
pyramid made of four (111
Facets with sides along the
cilO> directions on a (100)Si
surface: (a) top view and (b) side
view. All Si atoms (gray balls)
have tefrahedral configuration.
The bonds are saturated with
hydrogen atoms (white balls).

ered by monohydride. This is considerably more "stable"
than, for example, the unreconstructed (100) surface
would be with two back bonds and a dihydride.oa

The model of Fig. 9 shows a pyramid defined by four tri-
angular {111} facets on a square base with sides parallel to
the <110> directions; the surface of the substrate is, for
simplicity, shown unreconstructed. The silicon atoms
(gray) are tetrahedrally coordinated and the dangling
bonds are saturated with hydrogen atoms (white). It is
striking that, apart from the topmost atom which has two
Si-H bonds, all other surface atoms, including those on the
edges of the pyramid, are only monohydride bonded. This
can explain the relative stability of the structure. To remove
an atom from the sidewalls of the pyramid, the relatively
stable surface monohydride must be hydrolyzed (step 1)
and three Si-Si back bonds have to be broken (step 2). The
model also shows that while the back bonds of the atoms
on the (111) facets face into the lattice, those at the edges
are more exposed making them more accessible for bond
rupture by the etchant. Sharp edges between the (1111
facets and the (100) surface are generally observed when
V-shaped grooves are etched along the <110> directions in
(100)Si in alkaline solutions.3

Reed and co-workers' examined the structures obtained
in KOH solutions saturated with 2-propanol in detail and
concluded that each facet is, in fact, composed of two {567}
planes which are slightly off the <111> orientation. They
showed that hillock elimination involves preferential
attack along the four sharp <067> edges producing an
extremely rough surface. The other large angle <7 7 11>
edges, defining the hillock are not attacked, and the {567}
faces are relatively stable in the etchant.

Various suggestions have been made to explain the ori-
gin of pyramid formation during etching. Bhatnagar and
Nathan' suggest that pyramids grow from structural
defects in the wafer but their claim is not substantiated. In
the work of Abbott et at.," pyramid formation is linked to
hydrogen diffusion into the semiconductor. They also
observed smooth surfaces on etching in the presence of
oxygen, but attributed this effect to a reaction of oxygen
with (atomic) hydrogen, thereby reducing hydrogen
absorption by the solid. Our results, however, show that
smooth surfaces are obtained under applied potential
despite the fact that hydrogen is evolved at a significant
rate during etching; the rate of chemical etching which
involves hydrogen evolution is considerably higher than
the rate of the electrochemical reaction.

Tan et at.4 proposed a regrowth mechanism, suggesting
that the etching reaction

a In order to account for the stability of the <111> face one has
to consider that this face has a double-layered structure (with a
roughening temperature >0)." Taking both layers into account, the
<111> face has a honeycomb structure, with three bonds per atom
to the three nearest neighbors in the layer. Every second atom has
a bond pointing out of the crystal; this bond is hydrogen termi-
nated. The other atoms have one bond that connects the layer to
the bulk of the crystal. The latter atoms lie somewhat below, the
former above the plane. In Fig. 9 only the former are visible.

[11OJ
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Si + 2 OW + 2H30 510, (OH) + 2113

may, under certain conditions, be reversible, e.g., when
etching products are not efficiently removed from the Si
surface. However, while epitaxial growth would be
expected to give pyramidal structures,2' thermodynamic
data22 show that deposition of Si via such reactions is not
possible.

Pyramid formation is also attributed to anisotropic
underetching of spontaneously formed masks on the etch-
ing surface. Palik et al.'3 suggested that hydrogen bubbles
adhering to the surface can act as a local mask. In this
case, however, hillocks with a circular base are observed,4
as has also been found in GaAs etching.24 These are obvi-
ously different from the pyramids of Fig. 3. It has been
suggested2' that oxide, formed on the surface during etch-
ing, might provide temporary local masking to initiate
pyramid formation. However, Sandmaier and co-workers26
show that convex edges of slow etching planes, such as
those in pyramids, can only be obtained when very com-
plex masking patterns are used; otherwise fast etching
planes are revealed.3'26 It is extremely unlikely that an
amorphous oxide would be deposited in such a crystallo-
graphically well-defined form to serve as such a mask. In
addition, all our experiments show that conditions favor-
ing oxidation and oxide formation lead to a reduction in
surface roughness. We, therefore, conclude that the pyra-
mids cannot be due to anisotropic underetching of sponta-
neously formed masks.

The model in Fig. 9, however, shows that once a small
pyramid is formed, it can act as a self-propagating mask
for further development of the pyramidal structure. The
smallest pyramid necessary could consist of just seven sil-
icon atoms. Such structures might be present in the intrin-
sic roughness of the (100) surface, which is known to have
details up to nm dimensions.27'2' Alternatively, a limited
growth of Si via a mechanism based on silane could be
responsible. It is known that SiH4 can be formed during
reaction of Si with water.2' While silane is not expected to
be stable in strongly alkaline solutions, a limited deposi-
tion might give rise to a "pyramidal nucleus."

Pyramid sup pression.—In the present work we have
demonstrated that smooth surfaces can be obtained in two
quite different ways: by etching under applied potential or
by using a suitable oxidizing agent in solution. Nakamura
et in etching experiments with p-n junctions, also
showed that smooth surfaces can be obtained with applied
potential. If the mass transport conditions are favorable,
oxygen can, like ferricyanide, prevent hillock formation;
this is clear from the experiments involving the etching of
small area windows. Abbott and co-workers2' have
encountered a similar effect in experiments at atmospher-
ic and high oxygen pressures. We believe that the much
reduced roughness at the profile edges in Fig. 2 is also due
to the enhanced oxygen diffusion at the resist edge. The
favorable effect of solution agitation reported by various
workers"3" may, in fact, be due to an increase in the oxy-
gen concentration in the etchant solution and/or an
enhanced transport of the gas to the etching surface.
Schnakenberg and co-workers3' show that addition of
small amounts of another oxidizing agent, H303, to aque-
ous NH3 solutions also suppresses the formation of etch
hillocks.

In the section on Pyramid stability and formation, we
discussed the pyramid stability using an atomic model of
pyramids consisting of four stable (111) facets. As the back
bonds at the edges of these planes are more exposed to the
etchant, it is likely that chemical attack on the pyramids
will start at the edges. Alternatively, attack at the edge
may be initiated by removel of the top Si atom. Once a Si
atom is removed, further attack along the edges can occur
and could cause a roughening of the edges. Since, howev-
er, the pyramids retain their shape during etching it is
more likely that removal of edge atoms gives rise to a step.
It is known that etching of (111)Si surfaces occurs via
steps.32'33 As the steps propagate over the [111) facets, the

[3] pyramid is "peeled." For pyramids to "survive," the etch
rate of the (100) substrate should be larger than the "peel"
rate of the {1 1 1} facets. The fact that the pyramid sizes are
small compared to the total etch depth (see for example
Fig. 3), indicates that the ratio of the etch rate of the
(100)Si surface to the "peel" rate of the facets is not much
larger than 1.

It is interesting to note that Neuwald et al.3' report indi-
rect STM evidence for pyramid formation on (100)Si sur-
faces etched in concentrated NH4F solutions (pH 8). The
pyramids grow to a maximum height of 6 nm and reach a
density of 10" cm'. To explain the constant average size
of the pyramids, two mechanisms were suggested: a
dynamic equilibrium involving continuous generation and
removal of pyramids and a mechanism in which the verti-
cal etch rate of the pyramids is equal to that of surround-
ing (100) terraces. The latter is similar to the approach
suggested in this work.

According to our model (Fig. 8) the main effect of anod-
ic polarization or of added oxidizing agent is to promote
the formation of adjacent Si-OH groups when the Si-Si
back bonds are ruptured by water; otherwise, an Si-
OH/Si-H combination is formed, yielding a hydrogen-ter-
minated site. High OW concentration and a correspond-
ing low water activity is expected to have the same effect
on the mechanism as the oxidizing agents. Two effects of
etching under oxidizing conditions might be responsible
for the suppression of pyramid formation. If silane decom-
position were responsible for the formation of pyramidal
structures, then obviously the reactant concentration
under oxidizing conditions would be considerably
reduced. Alternatively, one could envisage a somewhat
faster attack on exposed Si-Si bonds at the pyramid edges
during etching under oxidizing conditions. This might
reverse the order of the etch and "peel" rates of the (100)
surface and {111} facets, respectively. In this case it is
obvious that pyramids will be removed from the substrate.

Conclusions
A surface morphology study of p-type (100)Si etched in

4.0 M KOH solutions at 70°C reveals that etch-hillock for-
mation can be suppressed in the presence of an oxidizing
agent (ferricyanide or oxygen) or by etching at applied
potential. In contrast to a currently used approach (etch-
ing at higher KOH concentration) these methods do not
reduce the etch rate. Therefore, it is possible to etch
smooth, mirror-like surfaces without the loss of etch rate
or SiO3 mask stability. It is shown that, because of diffu-
sion size effects, care should be taken when structures of
different dimensions are etched simultaneously in solu-
tions containing oxidizing agents. While etching under
applied potential requires the presence of an ohmic con-
tact, oxidizing agents can be used under open-circuit con-
ditions. Addition of ferricyanide to the etchant seems most
promising, as it is easy to control the concentration of this
stable oxidizing agent. A ferricyanide-based etchant
might, therefore, be an attractive alternative in Si micro-
machining for obtaining smooth hillock-free surfaces.
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ABSTRACT

The use of pure NF3 source gas in reactive ion etching of bulk and epitaxy, Si-face, 6H-SiC, and 4H-SiC is reported.
The effects of RF power and chamber pressure on etch rate and surfce morphology are discussed. A process developed for
a smooth, residue-free etch, with a relatively high etch rate of —1500 A/minis examined using scanning electron microscopy
and Auger electron spectroscopy surface analysis. The process developed had a self-induced dc bias ranging from 25 to
50 V a forward RF power of 275 W (1.7 W/cm4), chamber pressure of 225 mT and a NF, flow rate between 95 and 110sccm.
No chemical residue or aluminum micromasking was observed on any of the samples etched with the above process.

Introduction
SiC devices have shown great promise for use in high

power, high frequency, and high temperature applica-
tions.'' A clean, fast, reproducible, and reliable etch
process is essential for device fabrication in silicon carbide
(SiC), which will have minimal effect upon the electrical
properties of SiC. The use of fluorinated gas chemistry
(NF,, SF6, CF4, XeF,, CHF3, etc.) in reactive ion etching
(RIE) of SiC has been documented,41' but RIE processes
still need refinement to obtain high etch rates, while leav-
ing a smooth, clean surface which will not affect SiC
device fabrication.

RIE is typically performed in a parallel plate or planar
plasma etcher, with substrates placed upon the HF elec-
trode, as opposed to the ground electrode, resulting in a
higher electrode to plasma dc potential. Reactive ion etch-
ing is typically performed under low pressure (—10 to
100 mT), which allows for very high ionic bombardment
energy. Ionic bombardment of the surface can rupture
bonds, as well as increase the probability of sputtering and
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chemical interactions. Thus RIE is a process which is a
mixture of reactive chemistry and mild sputtering by pos-
itive ions.'4

RIE can also induce surface radiation damage. Radiation
damage effects are generally reduced by lowering the self-
bias voltage, thereby lowering the incident ion energy.
However, the degree of anisotropy in the etch is compro-
mised by lowering the incident ion energy. This trade-off is
often of major concern. The surface damage caused by
ionic and photonic bombardment in RIE affects numerous
semiconductor device properties by changing the surface
density of states (N55). Important field effect transistor
(FET) device parameters such as small-signal transconduc-
tance (gm), threshold voltage (V1.,,), gate Schottky barrier
height (q4'B), and ohmic contact resistance are all affected.
Also, in metal oxide semiconductor field effect transistors
(MOSFETs), RIE creates traps in gate oxides which affect
the threshold voltage, and degrade the oxide quality.'4

RUE Etching of 6H-SiC and 4H-SiC
Here, RIE of 6H-SiC and 4H-SiC utilizing a source gas

of pure NF, is examined. Etch rates as a function of pres-


