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Abstract
Vertically aligned silicon micropillar arrays have been created by deep reactive ion etching
(DRIE) and used for a number of microfabricated devices including microfluidic devices,
micropreconcentrators and photovoltaic cells. This paper delineates an experimental design
performed on the Bosch process of DRIE of micropillar arrays. The arrays are fabricated with
direct-write optical lithography without photomask, and the effects of DRIE process
parameters, including etch cycle time, passivation cycle time, platen power and coil power on
profile angle, scallop depth and scallop peak-to-peak distance are studied by statistical design
of experiments. Scanning electron microscope images are used for measuring the resultant
profile angles and characterizing the scalloping effect on the pillar sidewalls. The experimental
results indicate the effects of the determining factors, etch cycle time, passivation cycle time
and platen power, on the micropillar profile angles and scallop depths. An optimized DRIE
process recipe for creating nearly 90◦ and smooth surface (invisible scalloping) has been
obtained as a result of the statistical design of experiments.

(Some figures may appear in colour only in the online journal)

1. Introduction

Deep reactive ion etching (DRIE) is a common and useful tool
for the microfabrication of micro-electro-mechanical systems
(MEMS) devices requiring controllable anisotropic etching to
form high aspect ratio features. The Bosch process version
of this technique when used on silicon consists of alternating
sulfur hexafluoride (SF6) dry etching and polymer (such as
octafluorocyclobutane, C4F8) deposition passivation steps [1].

In recent years, micropillars and nanopillars have been
studied for many applications, including microfluidic devices
[2], micropreconcentrator [3], microelectrodes [4, 5] and
microfabricated photovoltaic cells [6, 7]. Varying sizes,
surfaces and fabrication methods have been explored for
the different properties and characteristics they exhibit.
In photovoltaics, for example, wet etching with HF and
AgNO3 mixture solutions and Au-catalyzed vapor–liquid–
solid growth to create silicon micro/nano pillar array are

common [8, 9]. DRIE is also capable of generating these
structures when combined with a lithographic or other masking
technique [10–15], and it provides an etching environment in
which key process parameters are fairly easy to control.

Several experimental analyses have been performed with
DRIE and silicon in the interest of optimizing the process
to provide the highest anisotropy and smoothest surfaces for
MEMS devices, particularly deep trenches [16–21]; however,
results are different when the technique is used on an area of
tightly grouped micropillars. While this technique has been
used to form them, no experiments have yet been published
describing the effects of DRIE process parameters specifically
on such micropillar or nanopillar arrays. Thus, we applied
for the first time a statistical design of experiments to study
the effects of DRIE process parameters on resulting profile
angle and surface texture of the created high-aspect-ratio
(�10) micropillars. Statistical design of experiments is the
most effective method to obtain the desired results with a
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Table 1. 20 useful points of the circumscribed central composite
design of DRIE experimental variables.

DRIE experimental variables

Etch t (s) Pass t (s) Coil P (W) Platen P (W)

7 5 600 10
5.5 4 500 8
8.5 4 500 8
8.5 6 500 8
5.5 4 700 8
8.5 4 700 8
8.5 6 700 8
5.5 4 500 12
8.5 4 500 12
8.5 6 500 12
5.5 4 700 12
8.5 4 700 12
8.5 6 700 12

10 5 600 10
7 3 600 10
7 7 600 10
7 5 400 10
7 5 800 10
7 5 600 6
7 5 600 14

minimum number of multivariable experiments [22]. As a
result of the statistical design of experiments in this work,
an optimized DRIE process recipe for creating nearly 90◦ and
minimum scalloping micropillar arrays is obtained. Models
for predicting the effects of etching cycle and passivation cycle
times on the resulting profile angle and surface texture of the
micropillar are proposed.

2. Experimental details

Because the purpose of this work was to determine optimum
settings for a desired set of micropillars, a statistical design of
experiments using a circumscribed central composite method
was chosen to provide data for response surface analyses
[22]. The main responses that characterize deep reactive ion
etched micropillar arrays include micropillar height, geometry,
packing density, profile angle, and surface texture; however,
height is easily controlled by the number of cycles performed
during the etching, and geometry and packing density are
mainly affected by preprocessing (e.g. photolithography).
Thus, the main responses of interest in this work are profile
angle and surface texture.

Previous publications have given an idea of the main
factors affecting profile angle and surface texture [16–21].
The four factors selected for study here are etch cycle time,
passivation cycle time, coil power and platen power. Table 1
shows the 20 useful points of the circumscribed central
composite design. This type of design was chosen for its
applicability to response surface studies, as it typically calls
for five levels of each factor; however, some points at which
the etch cycle time would have been less than the passivation
cycle time were omitted because the etching was not sufficient
to study. A non-independent variable of importance is the ratio
of etch time to passivation time. When this ratio becomes too

low, the SF6 is unable to etch through the passivation layer
sufficiently, resulting in little or no etching of the silicon. As a
reflection of this, the points in the experimental design where
the etch-to-passivation time ratio is less than 1 (where the etch
cycle time is less than the passivation time) did not provide
measurable etching results and are not addressed in this paper.

DRIE etching was performed on standard 4 inch (1 0 0)
oriented silicon wafers with a thermally grown 300 nm
oxide layer to act as an etching mask. 2 μm diameter dots
spaced 2 μm apart were patterned on the oxide using optical
photolithography with Shipley 1805 photoresist, followed by
wet etching with ammonium fluoride-buffered HF.

An STS MESC Multiplex ICP machine was used for DRIE
etching silicon wafers. The recipes outlined in table 1 were
implemented into the software, holding the following other
parameters constant: etch cycle SF6 flow rate (130 sccm), etch
cycle O2 flow rate (13 sccm), passivation cycle C4F8 flow rate
(120 sccm). The chamber pressure was fixed by setting the
valve position. Each recipe was run on a 2 mm by 2 mm
exposed area for 50 cycles.

After processing, wafers were diced through the etched
area to provide segments for profile view in a Zeiss Supra 35
scanning electron microscope (SEM). Profile SEM images of
each sample allowed measurements of profile angle, like those
shown in figure 1, to be taken using the SmartSEM software
and averaged.

In addition, higher magnification views like the one in
figure 2 were taken in order to measure sidewall characteristics
including scallop peak-to-peak distance and scallop depth.
Finally, the averaged measurements were introduced as input
into the statistical software Minitab 16.1 for response surface
analysis.

3. Results

3.1. Profile angle

The micropillar profile angle refers here to the angle between
the micropillar top surface and the micropillar sidewall.
Figure 1 shows typical micropillar profiles with profile angles
larger than 90◦ (figure 1(a)), smaller than 90◦ (figure 1(b))
and nearly 90◦ (figure 1(c)) caused by different DRIE process
conditions. The factors determining the profile angle are
primarily etch cycle time, passivation cycle time and platen
power. Contour or surface plots are most useful to visualize the
effects of the factors of interest. Figure 3(a) shows the variation
of the profile angle with etch cycle time and passivation cycle
time at the median coil power of 600 W and platen power of
12 W. This platen power was chosen to reduce grass that
appears at lower platen power. Coil power was not found
to have an obvious correlation to profile angle. The dots in
figure 3(a) indicate the experimental data.

Figure 3(a) shows that the profile angle of the micropillars
will decrease (i.e. the profile will become more negative, or
the pillars will be thinner at the bottom than at the top) when
the etch cycle time increases or the passivation cycle time
decreases, both of which are due to over etching. In this case,
a profile angle smaller than 90◦ as shown in figure 1(b) will
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(a) (b) (c)

Figure 1. Silicon micropillars fabricated by DRIE exhibiting (a) positive (>90◦), (b) negative (<90◦) and (c) near 90◦ profiles.

Figure 2. A scanning electron microscope image showing typical
measurements for the dimensions of scallop peak-to-peak distance
and scallop depth.

be obtained. The profile angle of the micropillars will increase
when the etch cycle time decreases to smaller than 8 s while
the passivation cycle time increases to larger than 4 s. In this
situation, a profile angle larger than 90◦ as shown in figure 1(a)
will be created. Vertical micropillars in figure 1(c) are obtained
along the 90◦ contour line shown in figure 3(a).

Additionally, figure 3(b) displays the effect of varying the
platen power along with etch and passivation cycle times. The
mean profile angle generally decreases with increasing platen
power at a constant ratio of etch cycle time to passivation cycle
time.

Simple second-order regression provided a model
equation (1) accurate to within 1.5% difference of the
experimentally observed angles:

ϕ = 81.9 − 1.10te + 1.37tp + 2.62Pp − 0.156P2
P (1)

where ϕ represents profile angle in degrees, te and tp etch
and passivation cycle times in seconds and PP platen power
in watts. This model indicates a linear relationship between
etch and passivation cycle times for a given profile angle at
a constant platen power. Figure 3(a) shows close to linear
contour plots of the profile angles at the platen power of 12 W.
The model also predicts that the profile angle decreases for
platen powers larger than 8.4 W at fixed etch and passivation
cycle times. Figure 4 shows the residuals of this model plotted
against the fitted values, which displays both the magnitude
of the residuals and the randomness of their distribution. The
largest residuals slightly exceed 1, and the residuals are also
randomly distributed, showing that there is no dependence of
the regression model on the profile angle.

3.2. Scallop depth

Two types of surface texture can be seen on the walls of
micropillars and nanopillars formed by DRIE. The first and
easier type to control is the undulating or scalloping effect
caused by the alternating isotropic etch and passivation steps;
the second type is random surface roughness affected by
ion behavior during etching. Scalloping can be characterized
easily by the depth of the cavities made into the micropillars,
like those shown in figure 2, and by the distance between
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Figure 3. (a) Variation of profile angle with etching and passivation cycle times at 600 W coil and 12 W platen power. (b) Profile angle at
different etch to passivation cycle time ratios with varying platen power at 600 W coil power.

Figure 4. Residuals of results of the profile angle model
equation (1).

the ‘peaks.’ As micropillars and particularly nanopillars
become thinner, scalloping becomes significant compared
to the diameters of the micropillars and may even result
in breakage. Thus, for thin micropillar and nanopillar
applications, minimizing scalloping is important.

Scallop depth is most prominently affected by etch cycle
time and, as shown in figure 5, decreases greatly along
with reduced etch and passivation cycle times. The dots in
figure 5 indicate the experimental data. Shallower scallops
are synonymous with smoother sidewalls in DRIE and also
help to prevent breakage of thin pillars, which is the primary
motivation for reducing etch and passivation cycle times as
much as possible. A linear regression of the experimental data
provides a model of equation (2) for estimating scallop depth:

d = −101 + 18.8te + 3.66tp + 0.0584 Pc (2)

where d represents scallop depth, and Pc coil power in watts.
Although the model does not fit well the experimental data
(R2 = 54%), it provides a general trend that decreasing etch

Figure 5. Variation of average scallop depth with etch and
passivation cycle times at 600 W coil and 12 W platen power.

cycle time is more effective than decreasing passive cycle time
in reducing scallop depth.

3.3. Scallop peak-to-peak distance

Scallop height or peak-to-peak distance is of secondary
importance to scallop depth when considering micropillar
sidewalls; however, it is much easier to measure, and in some
instances the presence of large scallop heights can indicate
deeper scallops as well. This is because the longer etch
cycle times that cause larger scallop heights are also
responsible for causing deeper scallops, as shown in figure 5.
This is a generally intuitive conclusion when viewing scanning
electron microscope images of the micropillars in this
experiment. Figure 6 shows the contour plots of the response
of scallop height with the variation in etch cycle time and
passivation cycle time. Again, the dots in figure 6 indicate the
experimental data. Decreasing etch cycle time or increasing
passivation cycle time will decrease scallop height. A linear
regression of the experimental data provides a model of
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Figure 6. Variation of average scallop height (i.e. peak-to-peak
distance) with etch and passivation cycle times at 600 W coil and
12 W platen power.

Figure 7. Silicon micropillar array from a recipe utilizing an etch
cycle time of 5 s, passivation cycle time of 4 s, coil power of 600 W
and platen power of 10 W.

equation (3) for predicting scallop height. The model can fit
experimental data with R2 = 77%:

h = −166 + 102te − 96.6tp + 0.407 Pc (3)

An optimized recipe is obtained for creating a profile angle
of nearly 90◦ with smallest scalloping utilizing an etch cycle
time of 5 s, passivation cycle time of 4 s, coil power of 600 W
and platen power of 10 W. Figure 7 shows the resulting 2 μm in
diameter and 20 μm height micropillar array fabricated using
this recipe.

4. Conclusion

The effects of etch cycle time, passivation cycle time, coil
power and platen power on profile angle, scallop depth and
scallop peak-to-peak distance were studied in the ranges
described in table 1. At constant platen power, there is a
large decrease in profile angle with increasing etch cycle time
to passivation cycle time ratio. The mean profile angle also

decreases with increasing platen power. A model of profile
angle was obtained by the second-order regression using etch
cycle time, passivation cycle time and platen power. The model
can accurately predict the profile angle within 1.5% difference
of the experimentally observed angles. The contour plots
presented demonstrate that smooth surfaces (that is, surfaces
with the smallest scallop depths) are most easily obtained
when the etch cycle time and passivation cycle time are
short; within the constraints of this experiment, the etch cycle
time of 5.5 s and passivation cycle time of 4 s provided the
shallowest scallops. This setting also provides the most vertical
sidewalls. This work demonstrates that circumscribed central
composite method can be used to optimize DRIE operation
parameters to obtain desired micropillar profile angle and
scallop with a minimum number of experiments.
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