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Abstract— The cryogenic process and Bosch process are two
widely used processes for reactive ion etching of high aspect ratio
silicon structures. This paper focuses on the cryogenic deep
etching of 400 nm pitch silicon gratings with various etching mask
materials including polymer, Cr, SiO2 and Cr on polymer. The
undercut is found to be the key factor limiting the achievable
aspect ratio for the direct hard masks of Cr and SiO2, while the
etch selectivity responds to the limitation of the polymer mask. The
Cr on polymer mask provides the same high selectivity as Cr and
reduces the excessive undercut introduced by direct hard masks.
By optimizing the etching parameters, we etched a 400 nm pitch
grating to = 10.6 pm depth, corresponding to an aspect ratio of =
53.

Index Terms— Cryogenic silicon etching, deep reactive ion
etching, high aspect ratio silicon grating

. INTRODUCTION

TCHING of high aspect ratio silicon structures is a crucial
step in many fabrication processes with wide applications
including micro-electro-mechanical-systems (MEMS) [1],
deep trench capacitors [2], through-silicon-via (TSV)
packaging [3], microfluidic devices [4] and x-ray optics [5-12].
In x-ray optics, high aspect ratio gratings [5-9] and zone plates
[10-12] have broad applications in x-ray phase contrast imaging
[13-15], x-ray astronomy [9], and high resolution x-ray
microscopy [16]. The performance of these devices relies on the
aspect ratio, the size and the profile of the structures. We focus
on the etching of high aspect ratio, a few hundred nm period
silicon gratings. The aspect ratio is defined as the ratio between
the etching depth and half pitch of the grating throughout the
study. The narrow trench/wall structures of gratings impose
significantly more difficulties than the etching of isolated
narrow lines or trenches, since the undercut and the negative
taper can damage the thin walls and closely placed thin walls
are prone to collapse due to electrostatic forces from charging
effects.
Both wet and dry processes have been developed for high-
aspect ratio silicon grating etching. Potassium hydroxide
(KOH) etch and metal assisted chemical etch (MacEtch) are
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two well developed wet processes. KOH etching requires
proper alignment between the trenches and the crystal
orientation of a <110> silicon wafer and has been used to etch
200 nm pitch gratings down to 6 pum, corresponding to an aspect
ratio of 60 [9, 17]. Vertical directionality controlled MacEtch,
working with properly designed pattern and balancing
structures, has been demonstrated to etch 200 nm pitch gratings
down to 6.6 um (aspect ratio of 66) [12]. Despite of certain
advantages of the wet processes, we focus on dry processes. The
Bosch process [18] and the cryogenic process [19] are two best
known deep silicon reactive ion etching (RIE) processes [20].
Bosch process alternates isotropic etch and passivation steps to
achieve directional etching. By carefully tuning the etch
parameters, the intrinsic scallops on the sidewall can be
reduced. The Bosch process has been used to etch 200 nm-pitch
gratings to 6 um in depth (aspect ratio of 60) [21]. The
cryogenic process utilize a plasma of combined sulfur
hexafluoride (SFe) and oxygen (O2) to passivate the sidewall
(where a layer of SiOxFy is formed) and etch the bottom of
silicon simultaneously [22-24]. The etching is typically carried
out at -130 to -100 °C. The continuous process eliminates
sidewall scallops and provides vertical sidewalls without
observable roughness. The cryogenic process has been used to
etch 200 nm pitch gratings to 4 um in depth with regular shape
and smooth sidewalls, without the need of any supporting cross
bridges as has been used in the other three etching techniques
[8].

Here we describe the optimization of the cryogenic recipes
for high aspect ratio submicron silicon structure etching using
the example of 400 nm pitch gratings. In particular, a etch mask
of Cr on polymer was found to perform the best among several
options. The effects of etching parameters [22, 23, 25, 26] and
mask materials [26, 27] on cryogenic etching of silicon have
been extendedly studied. However, most of the studies were
made in the low aspect ratio regime, under the situations of
either deep etch of large micron scale structures or light etch of
small nanometer scale structures [22, 23, 28]. Although
valuable information can be extracted, the constraints imposed
by small feature size and high aspect ratio are yet to be
addressed. We first observed the etching characteristics of
different mask materials at a moderate aspect ratio of around
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18. The undercut represents a severe problem for the direct hard
masks and its response to the gas flow ratio (the most sensitive
parameter) [22-25] was studied for the direct hard masks and
Cr-on-polymer mask. Then with the Cr-on-polymer mask, the
response of the etching profile to the tuning of other individual
etching parameters was studied. Based on the knowledge
obtained, recipes were developed for the silicon gratings to
attain an aspect ratio of 53 with the Cr-on-polymer mask.

Il. METHODS

Figure 1 shows the cross-section scanning electron
microscopy (SEM) images of the four types of grating masks
with a same period of 400 nm. The polymer mask (ZEP520)
was directly patterned using electron-beam lithography.
Limited by the cost of electron-beam lithography, the grating
area of each sample is 3 mm x 20 pm. The width of the grating
line immediately above the silicon surface is = 160 nm (Fig.
1A). The thickness of the resist is = 540 nm. The other three
masks were patterned via nanoimprint lithography with NXR-
1025 nanoimprint resist (Nanonex corp.). The grating master
template is a 150 mm silicon wafer, patterned via optical
interference lithography and RIE of silicon. The template
grating has approximately rectangular trenches of = 150 nm
depth. For the Cr mask, 30 nm Cr was coated on a silicon wafer
via electron-beam evaporation. For the SiO; mask, 300 nm
SiO, was first grown on a silicon wafer in a wet oxidation
furnace and then 30 nm Cr was coated. The grating pattern is
transferred to the resist spin coated on silicon or Cr via
nanoimprint lithography. For the Cr and the SiO, masks, the
residual layer of the nanoimprint lithography was first removed
via Oz plasma, then 30 nm Cr was ion milled through. The Cr
mask (Fig. 1B) was formed after the resist was cleaned. The
SiO, mask (Fig. 1C) was created by etching through the 300 nm
SiO; layer with a C4Fs-O- recipe and cleaning the Cr mask with
O; plasma. For the Cr-on-polymer mask (Fig. 1D), 10 nm Cr
was deposited via electron beam evaporation at a 30° incident
angle to the wafer surface from each side of the grating lines.
The residue resist layer of the nanoimprint lithography was
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Fig. 1. Cross-section SEM images of 400 nm period grating masks on silicon
with different materials of ZEP520 (A), Cr (B), SiO2 (C) and Cr on
nanoimprint resist (D).

removed via Oz plasma. The grating line widths above the
silicon surface are = 200 nm for these three types of masks.

The wafers were cleaved into 1 cm x 1 cm squares for the
etching test. We also carried out an experiment witha5 cm x 5
cm square sample masked by Cr on polymer, which yielded
similar etching rate and profile as the smaller sample,
suggesting that etching of small samples can be used to
calibrate the etcher before etching large samples. The cryogenic
etch process was carried out on an inductively-coupled plasma
(ICP) etcher from Oxford Instruments (Oxford Plasmalab 100).
The samples were bonded using pump oil on a 100 mm silicon
wafer with thermally-grown SiO, on top, which is a reliable
approach for heat dissipation during the etching. The etching
results were characterized by SEM.

Il. RESULTS

The cryogenic temperature was controlled to -110 £ 2 °C
throughout the study. We first studied the etching
characteristics of 400 nm pitch gratings with different mask
materials. The parameters of the optimized etching recipe were:
ICP power of 1000 W, RF power of 10 W, pressure of 8 mT,
SFe flow rate of 52 sccm, and O flow rate of 8 sccm. The
etching time is 2 min. Figure 2 shows the SEM images of the
etching profiles corresponding to various mask materials. The
depths of the trenches were 3.9, 3.8, 3.7 and 3.5 um, the widths
at the half depth were = 185, 200, 190 and 205 nm, for polymer,
Cr, SiO; and Cr-on-polymer masks, respectively. The slightly
higher etching rate with the polymer mask is due to the slightly
wider trenches. From Figs. 1 and 2, the etching selectivity is
estimated to be = 15, > 500, and =60 for polymer, Cr and SiO>
masks. The selectivity of the Cr-on-polymer mask is the same
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Fig. 2. Profiles after 2 min etch with the recipe of 1000 W ICP power, 10

W RF power, 8 mT pressure, 52 sccm SFg and 8 sccm O, flow rates. The

mask materials are ZEP 520 (A), Cr (B), SiO, (C) and Cr on nanoimprint

resist(D).
as Cr mask before the Cr is etched away.

More severe undercut was observed beneath the mask
materials for the Cr and SiO, masks. These are shown in Fig. 3
by SEM of the region around the masks. The width of the
polymer mask shrank from = 160 nm to = 125 nm for the initial
2 min etching and did not further shrink much for longer
etching. The smallest width of the silicon wall was almost the
same as the width of the resist, indicting that the undercut is



Fig. 3. Zoomed images of the region near the masks of Fig. 2.

negligible for the polymer mask. The undercut of the Cr-on-
polymer mask was found to be close to the polymer mask for
the 2 min etching. We studied the dependence of the undercut
on the etching parameters for the masks of Cr, SiO; and Cr on
polymer and found it to be most sensitive to the SF¢ and O, flow
ratio. At a fixed SFe flow rate of 52 sccm, Fig. 4 illustrates how
the undercut, the minimum silicon width at the neck and the
silicon width at half depth varied with the O, flow rate. The
undercut was measured as half the difference between the
silicon width immediately under the mask and the minimum
width of the neck below. Figure 5 shows the corresponding
etching depth. With lower O, flow rates (< 8 sccm), the
undercut increased and the width of the neck decreased rapidly
for all the three mask materials. As a result, the sample with Cr
mask did not survive a 2 min etching with 6.5 sccm O, flow
rate. With higher O; flow rates (> 8 sccm), the undercut was
reduced and the minimal width increased. Clearly increasing O,
flow rate favors the formation of the lateral etching passivation
layer SiOxFy on sidewalls. [J. Micromech. Microeng., 14
(2004), pp. 190-196]. The trade-offs were reduced etching
depth (rate) (Fig. 5) [Journal of Applied Physics 52, 162 (1981);
doi: 10.1063/1.328468] and increased width at half depth,
which prevent deep silicon etching. The undercut of the Cr-on-
polymer mask was substantially smaller than the Cr and SiO;
masks. We attribute this to the formation of an additional
sidewall passivation layer. Carbon in the resist underneath the
Cr may react to F plasma and form (CiFy)n polymer
[Macromolecules Vol. 7, No. 3, May-Jun'e 1974], through the
Si etching process. As shown in Fig. 5, The etching depth
decreased monotonically with the increase of the O, flow rate
according to the increased passivation.

Since the Cr-on-polymer mask provides both good
selectivity and reasonably small undercut, it allows free tuning
of the other parameters. We illustrate the recipe optimization
with this mask for high aspect ratio silicon grating etching. We
first studied the response of etching profiles to the other etching
parameters including the chamber pressure, the ICP power and
the RF power with 2 min etching time. The results are
summarized in Fig. 6. Figures 6A and 6B show the etching
profiles at 6 mT and 15 mT chamber pressure, respectively. At
6 mT, the lower pressure increased the kinetic energy of the ion
flux, thus reduced the level of passivation and straightened the
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sidewall of the trenches. The etching depth decreased slightly
to 3.2 pm in accordance with the reduction of the ion density.
The silicon width at half depth was 185 nm, the undercut was =
29 nm and the slope of the sidewall is ~ 89.5°. At 15 mT
chamber pressure, the Kinetic energy of the ion flux was lower
and the trenches were over-passivated. As a result, the etching
depth was only 1.6 um, the undercut was 13 nm and the slope
of the sidewall is = 88.7°. The ICP power was set to 700 W and
1500 W. At 700 W, the plasma failed to maintain after striking
at higher (2500 W) ICP power. Figure 6C shows the etching
profile at 1500 W ICP power. The etching depth was 4 um, the
silicon width at the half depth was 155 nm and the undercut was
34 nm. The walls had a marginal negative taper (slope of the
sidewall = 90.4°) due to a slight under-passivation. The
increased ion density elevated the etching speed and reduced
passivation. The RF power was tuned from the initial setting of
10 W to 30 W. Figure 6D shows the etching profile at 30 W
power. The etch depth was 3.5 pm. The high kinetic energy of
the ion straightened the sidewall profile. As a result, the slope
of the sidewall is =~ 90° and the undercut is ~ 13 nm.



The overall recipe optimization involves adjusting the above
parameters to balance etching against passivation within the
allowance of the undercut. Choosing the optimal chamber
pressure of 8 mT, we developed three recipes of different ICP
and RF power combinations by adjusting the SF¢ to O; flow
ratio. Figure 7A shows the etching profile of a recipe at 1000
W ICP power, 10 W RF power, 52 sccm SFg flow rate and 8
sccm O flow rate. The etching time was 10 min and the etch
depth was 10.6 um, corresponding to an aspect ratio of 53.
Figure 7B shows the etching profile of a recipe at 1500 W ICP
power, 10 W RF power, 52 sccm SFg and 10 sccm O flow rates.
The etching time was 6 min and the trenches were etched to 8.3
um depth. The slight under-passivation from higher ICP power
was balanced by increasing the O, flow rate. Although the
etching rate was higher than the recipe used in Fig. 7A, the more
pronounced undercut prevented further etching. Figure 7C
shows the etching profile of a recipe at 1000 W ICP power, 30
W RF power, 52 sccm SFs and 9 sccm O flow rates. The
etching time was 6 min and the depth was 8 um. Again, the
undercut limited the achievable aspect ratio. We noted that for
2 min etching, the recipe with 30 W RF power (Fig. 6D)
produced the smallest undercut. We attribute the small undercut
to the removing of the silicon bumpers extended out of the mask
with high energy ions. For longer etching, the recipe with 10 W
RF power (Fig. 7A) gave the smallest undercut for a given
etching depth.
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Fig. 7. Cross-section SEM images of deeply etched samples with recipes
developed at 10 W RF power and 1000 W ICP power (A), 10 W RF power
and 1500 W ICP power (B), and 30 W RF power and 1000W ICP power
(C). (D) An example showing that over passivation results in uneven
depths during deep silicon etching. The undercuts were estimated to be =
77 pm for (A) and (B), = 72 pum for (C) and = 54 um for (D).

It is worth noting that the level of passivation tends to
decrease as the etch proceeds deeper, such that a slight over-
passivation (positive taper) at the beginning is preferred (Fig.
2D). A recipe that starts with a vertical or negatively tapered
profile results in further narrowing of the walls which are
mechanically less stable and susceptible to damage before
reaching the desired etch depth. On the other hand, too much
passivation resulted in uneven trench depths such as the
example shown in Fig. 7D, which was etched for 10 minutes
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Fig. 8. Etching depth as a function of etching time for different masks:
ZEP520 (diamond), Cr (inverted triangle), SiO2 (triangle) and Cr on
polymer (square).
using a recipe with 1000 W ICP power, 10 W RF power, 52
sccm SFg flow rate and 10 sccm O; flow rate.
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Fig. 9. Etch characteristic widths vs the etch time for the four types of
masks: ZEP 520 (diamond), Cr (inverted triangle), SiO; (triangle) and Cr
on polymer (square). The blue, red and green curves represent undercut,
minimum silicon width and the silicon width at the half depth,

respectively. For etch time of 0, the undercut was taken as 0 and the
minimal silicon widths near the masks are taken as the mask widths

immediately above silicon.

With the recipe used in Fig. 7A, we further tested the etching
characteristics of the four different masks by varying the
etching time. The etching depths are illustrated in Fig. 8. The
ZEP520 mask did not survive 6 min etching due to the limited
thickness and selectivity. The maximum depth achieved was
6.9 um with 5 min etching, corresponding to an aspect ratio of
=~ 35. The Cr and SiO, masked samples did not survive 5 min
etching due to the undercut. The maximum depths achieved
were both 5.8 um with 4 min etching, corresponding to an
aspect ratio of 29. The undercut, the minimum silicon width
near the mask and the silicon width at half depth are illustrated
in Fig. 9. For polymer mask, the undercut did not change much
as the etching time increased. The selectivity was the key factor
that limited the achievable aspect ratio. For Cr and SiO2 masks,
the undercuts increased rapidly with the etching time and the
minimal silicon widths near the mask quickly dropped to below
40 nm after 4 min etching and did not allow further etching
before the samples were damaged. The undercut of the Cr-on-



polymer masked sample increased slowly (slightly faster than
the polymer only mask) with the etching time. The high etch
selectivity and moderate undercut allowed 10 min etching,
which yielded a depth of 10.6 pm, corresponding to an aspect
ratio of 53.

IV. CONCLUSION AND DISCUSSION

We described the cryogenic process for deep etching of 400
nm pitch silicon gratings with various mask materials. For the
polymer mask, the etching selectivity of silicon over resist
limits the attainable aspect ratio. For the direct hard masks of
Cr and SiO», the undercut limits the achievable aspect ratio. The
Cr-on-polymer mask relaxed both constraints. We optimized
the recipe for the Cr-on-polymer mask to produce gratings of
an aspect ratio of 53. The optimization process was guided
primarily by the balance between the etching and passivation
within the tolerance of the undercut. A similar approach may be
useful for developing recipes of other high aspect ratio
structures in silicon.

With the Cr-on-polymer mask, the etching depth is still
limited by the undercut beneath the mask. It should be noted
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