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Anisotropic orientation dependent etching has been
used extensively in the formation of silicon-based micro-
structures. The technique exploits differences between
the etch rates of the low index crystallographic planes
for some wet chemical etchants. In particular, solutions
of KOH in water have been shown to etch {111} planes up
to several hundred times more slowly than {110} and [100}
planes. This allows fabrication of precise three-dimen-
sional structures in (110) and (100) oriented silicon wa-
fers (1, 2). The resulting structures are typically cavities
with sidewalls formed by the slow-etching {111] planes.
When the edge of a masking material is aligned with the
trace of a {111} plane (i.e., its intersection with the surface
of the wafer), the etch proceeds with minimal under-
cutting and the shape of the cavity’s opening remains
sharply defined.

The trace of any plane is a line parallel to the cross
product of the vectors normal to the plane and to the wa-
fer. The angle of intersection between the plane and the
wafer’s surface is determined by the scalar product of
the normal vectors. Thus, vector algebra can be used to
find the proper mask orientation and to predict the ge-
ometry of the cavity For example, the structure of (100)
Si V-grooves (3) is based on the following:

(1) the planes (111) and(111) both intersect the (100) sur-
face at an angle

© = cos([100] - [1111/V3) = cos~1([100] - [1111/V/3) = 54.7°

(i1) the traces of these planes lie parallel to the direc-
tion

[011] = = —[100] x [111]

which is typically indicated by a flat on the wafer perime-
ter. Thus, an orientation dependent etch (ODE) per-
formed through a long rectangular mask opening ori-
ented parallel to the flat yields a V-shaped groove with a
depth-to-width ratio equal to tan (54.7°)/2 = V2/2.

[100] x [111]

Experiment

In this note, we report on an attempt to employ the
ODE technique for batch fabrication of cavities suitable
for vertically coupling optical fibers to silicon circuitry.
We have previously used laser-etched vertical cavities in
photodetector structures designed to facilitate high den-
sity optical interconnection (4). As a processing alterna-
tive, orientation dependent etching of vertical shafts in
(110) Si has been investigated. The cavity provides a me-
chanical seat for the optical fiber, and should consume a
minimum amount of on-chip real estate. Cavities with
cross sections approximating that of a single mode fiber
core (~10 pm in diameter) and depths greater than 20 um
are suitable for this application. All sidewalls must be
vertical, and adjacent walls must meet in a sharp edge (a
[110] vector), where the transition between [111: planes
does not cause deviations from verticality.

Previous demonstrations of microstructures etched
perpendicular to (110) Si surfaces, such as sets of parallel
trenches (5), usually involved one-dimensional mask ge-
ometries. In these cases, as in the above example of (100)
Si V-grooves, the crystallographic structure of the walls
at the ends of the long mask openings may be ignored.
When two-dimensional mask features were employed,
e.g., to fabricate cavities for use as ink wells (6) or as
microtool templates (7), verticality of every sidewall was
not essential and was not reported. Our results indicate
that it is possible to form cavities with two pairs of verti-
cal walls, but that deep shafts composed exclusively of

vertical walls cannot be obtained. This limitation is due
to the existence of slow-etching {111} planes which are
not perpendicular to the (110) surface.

The experiments were conducted on boron-doped
(110) Si with 10-12 Q-cm resistivity. The etchant was a 44
weight percent (w/o) solution of KOH in water, held at
85°C. A 1 um thick layer of thermally grown SiO, was pat-
terned photolithographically to form a mask for the etch.
The mask openings consisted of parallelograms with a
variety of length-to-width ratios. Their sides were ori-
ented parallel to the vectors [112] and [112], along the
traces of the (111) and (111) planes. The 70.5° angle be-
tween these vectors is matched by the acute angles of the
parallelograms. The planes (111) and (111) are perpendic-
ular to the (110) surface, as indicated by the vanishing of
the scalar products [111] - [1 10]and [111] - [110]. The other
{111] planes, (111) and (111), intersect the surface ob-
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Fig. 1. Schematic diagram of the etch mask geometry, with relevant
directions indicated. Dashed lines mark the traces of the planes (111)
and (111).

Fig. 2. Cross-sectional SEM photograph showing vertical-walled
trenches etched in (110) Si. Etch time = 25 min.
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etched cavity prior to cleaving.

liquely at an angle cos™*(2/V6) = 35.3°. A schematic dia-
gram showing the mask geometry and several relevant
crystallographic directions appears in Fig. 1.

A number of slits rotated successively by 3.0° were also
included in the photolithographic plates; they served to
initially locate the desired traces and to set a maximum
of 1.5° on any alignment errors. Examination of etched
trenches oriented parallel to the (111) and (111) traces
confirmed the alignment accuracy, since they did not ex-
hibit the jogs and ledges which result from misaligned
etches (5). A cross-sectional scanning electron micro-
graph of one set of these trenches is shown in Fig. 2.
Characterization of the ODE’s was performed by means
of optical and electron microscopy and a DEKTAK sur-
face profiler. Etches ranging from 30s to 50 min in dura-
tion were inspected, and etch rates of approximately 1
wm/min were noted, in agreement with previously pub-
lished work (2).

Discussion

The principal significance of the ODE experiments
was their failure to attain structures with the desired ge-
ometry. This was particularly evident for parallelograms
with length-to-width ratios approaching unity (i.e., for
nearly rhomboidal openings in the SiO, mask). The
etched cavities were not parallelepipeds with four verti-
cal walls, as predicted by a perpendicular projection of
the mask geometry shown in Fig. 1. Instead, the cavities
resembled those which would result from a slightly dif-
ferent mask geometry, in which the traces of the oblique
|111] planes (dashed lines in Fig. 1) also coincide with a
straight segment of the mask edge. The cavities have six
sidewalls rather than four, and the two additional walls
intersect the surface at approximately 35°. When the
mask opening is a rhombus, the oblique walls eventually
meet in a line directly below the shorter diagonal of the
rhombus, and the cavity depth is limited to one-half the
length of the diagonal. Figure 3 shows a scanning elec-
tron micrograph of a cleaved cross section of a cavity
etched for 10 min, and a top view of an adjacent cavity, 3
min into the etch.

The plane (111) intersects the wafer’s surface in one of
the acute-angle corners of the parallelogram, and the
plane (111)is located in a symmetric position at the oppo-
site corner. Due to the rounding of the corners of the
Si0O, mask opening, the traces of these planes may actu-
ally be aligned to a microscopically straight section of
the mask edge. However, this is not believed to play an
essential role in the evolution of the cavity geometry. In-
stead, following accepted theories of crystallographic
etching of semiconductors (8), we surmise that the ob-
lique [111] planes would appear as cavity boundaries,
even if no masking of their traces occurred (i.e., if the
mask corners were ideally sharp). This result is due to
the kinetics of the etching process and the manner in
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Fig. 3. (a, left) SEM photograph of a cavity etched in (110) Si through a rhomboidal mask opening with 16 pm sides (b, right) top view of a typical

which a particular atomic plane may be “anchored.” The
latter is usually done intentionally with an etch-resistant
mask, which protects some of the plane’s atoms (those
on the trace) from the solution. However, it is also possi-
ble for an unetched group of atoms on a densely packed
{111} plane to serve as an anchor for the entire plane. Be-
cause of this, even an unmasked sample of (110) or (100)
silicon exhibits formation of {111} bounded structures
after exposure to an ODE. Our experiments show that
the strong bonding between adjacent {111] planes, which
accounts for the ODE phenomenon, is also an important
limitation on its useful application.

In order to obtain deep vertical-walled shafts using the
technique, it would be necessary to create an overriding
vertical anisotropy. For example, it may be possible to
induce accelerated etching of the oblique 111! planes.
An enhancement of the {111} Si etch rate in KOH has
been observed under intense laser radiation, which
causes localized melting and, hence, a disruption of
crystallography (9). A laser beam propagating normal to
the wafer’s surface might, therefore, provide the neces-
sary anisotropy, if its glancing incidence on the verti-
cally oriented planes did not significantly increase their
etch rates. Experiments designed to test this hypothesis
have not been performed.

Summary

In summary, we have attempted to use orientation de-
pendent etching to fabricate vertical cavities in (110) Si
which have as sidewalls only the |111] planes that are per-
pendicular to the surface of the wafer. Our results indi-
cate that it is impossible to select such a limited subset of
these planes (e.g., by masking their traces) and neglect
the effect of the others. This approach succeeds in one-
dimensional trench etching applications because the ef-
fect of the oblique {111} planes is seen only at the ends of
the long trenches, which may be removed by cleaving.
However, the two-dimensional shape of a small mask
opening cannot be projected vertically into (110) Si, be-
cause of the interference of the non-vertical [111] planes.
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