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ABSTRACT 

The high-aspect-ratio structures (HARS) are widely used 
for MEMS devices such as micro-gyroscope, micro- 
accelerometcr, optical fiber switches, and so on. Various 
fabrication methods, such as SO1 [ I ]  SCREAM [2] and 
SBM [3] processes, were proposed to fabricate MARS. 
However, thesc methods are focus on the fabricating 
suspended microstructures with small trench openings (e.g., 
less than 10 pm ), which often limits the maximum in- 
plane displacement of the structures. In this paper, we 
propose a low-cost single-mask, single ICP-RIE process 
for fabricating suspended MEMS structures which have the 
characteristics of arbitrary sizes of trench openings, very 
high trench aspect ratio (about 20) and very large structure 
thickness (about 100 p).  Also, the proposed process 
potentially can be used to fabricate the devices for large in- 
plane-displacement applications. 

Keywords: Inductively coupled plasma (ICP), high aspect 
ratio structure (HARS), deep reactive ion etching (DRIE) 

INTRODUCTION 

It is well known that single-crystal silicon (SCS) is an 
excellent material for MEMS devices because of its 
superior mechanical and thermal characteristics. Therefore, 
many MEMS devices, such as micro-gyroscopes, 
accelerometers, and optical mirrorsishutterslswitches, take 
advantages of the well-established properties of SCS with a 
relativety large device thickness to improve device 
performance. The devices of this type are also classified as 
suspended high-aspect-ratio structures (suspended HARS). 

For creating suspended HARS, there are many approaches, 
such as SO1 [I], SCREAM [2], SBM 131 processes, The SO1 
process uses the buried oxide layer as the sacrificial layer for 
wet releasing. This process is quite straightforward for 
structure releasing and is easy to control. However, the major 
disadvantage of this process is that the wafer cost is about two 
orders higher than that of standard silicon wafers. 

As for the other processes, extra deposition or ion- 
implantation steps are needed for creating the layers (e.g., 
silicon oxide, polymer, or heavy pin-type doping) that will be 
used to protect the sidewalls of suspended structures during the 
releasing step. Therefore, for these processes, it is quite 
difficult to successllly fabricate suspended H A R S  if the 
maximum width of trench opening is relatively large. The 
explanation is described as follows: Fig. 1 shows the typical 
process steps for fabricating suspended HARS using sidewall 
protection layers. Step 1 is the patterning for ICP etching mask, 
Step 2 is the trench etching. Before releasing the suspended 
structure by isotropic silicon etching, the sidewalls of the 
structure have to be protected by depositing passivation layers 
(polymer or oxide), as shown in Step 3. Since W, is much 
greater than W, , the trench aspect ratio in Region I is much 
less than that in Region 111. Note that in this work we define 
the trench mpect ratio as the ratio of trench depth to trench 
opening width. Therefore, the deposition rate in Region I is 
higher than that in Region 111 due to the conductance effect [4] 
and the veuctunt transport effect [ 5 ] .  As a result, the 
passivation layer in Region I is thicker than that in Region 111. 
On the other hand, the thickness of the passivation layer in 
Region I1 is very close to that in Region I. In Step 4, the 
passivation layer in the bottom of each trench is removed so 
that the suspended structure can be ready to be released by 
isotropic etching. This step will also remove part of the 
passivation layer on trench tops. However, as shown in the 
figure, since the thickness of the passivation layers in Regions I 
and I1 are quite close, it is very frequent that the etching of Step 
4 also creates the unwanted openings on the top edges of 
trenches, especially when the passivation layers in Region I 
have to be removed completely. These unwanted openings 
result in the damages of the suspended structures during the 
structure-releasing process, as shown in Step 5. 

The typical process to avoid the unwanted openings is to 
minimize the widths of the trench openings so that the 
thickness of the passivation layer on the bottom floor of each 
trench will be smaller than that in Region 11. It is easier to 
remove the passivation layer on the bottom, but only part of 
passivation layer in Region I1 is removed. Therefore, the 
maximum in-plane displacement of the suspended structures 
will be limited with small trench width. 
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Fig, 1. The failure mechanism caused by unwanted 
opening. 

In this work, we present an ICP-RTE process that employs 
the characteristic of the microtrenching effect [6]  to fabricate 
suspended HARS. The microtrenching effect can be enhanced 
by using special ICP etching parameters. Since the proposed 
fabrication process has no constraints on the design of the 
width of trench openings, the fabricated devices by this process 
can be used for the applications which require large in-plane 
displacement. Furthermore, all the process steps can be 
integrated as a single-run single-mask ICP-RIE process, which 
makes this proposed technique simple and inexpensive. 

FABRICATION 

Fig.2 shows the 5-step fabrication process proposed in 
this work. Step 1 is  in fact the standard ASE [ 7 ]  process. 
The exposcd silicon i s  then etched to a desired depth. Step 
2 is similar to the passivation sfep of the standard ASE 
process, except that the time for depositing the passivation 
layer is about few minutes. The purpose of this step is to 
generate the polymer around the structures. Because of the 
conductance effect [4] and the reactunt transport eflect [ 5 ] ,  
the polymer deposition rate is decided by the width of 
trench opening and the trench aspect ratio. The larger the 
width of trench opening, the larger the polymer deposition 
rate at the trench bottom. Therefore, the polymer thickness 
in Region IV is thicker than Region VI. Note that. the 
polymer thickness in Region V is similar to that in Region 
IV. Step 3 is similar to the erchins step of the standard 
ASE process, except that the time for floor polymer 
removing is about few minutes. The floor polymer Iayers 
in Region IX can be easily removed completely because 
they are thinner. On the other hand, because of the 

microtrenching efeect [6], the etching rate at the corners of 
a trench bottom is larger than that on the center of the 
trench bottom. Therefore, for the regions with smaller 
trench aspect ratio or with larger width of trench openings 
(i.e., floor polymer layers are relatively thicker in these 
regions), only the polymer on the corners of a trench 
bottom is removed (as indicated by Region VII). The 
polymer etching time has to be controlled carefully so that 
the polymer in Region IX is removed completely and only 
part of the polymer in Region VI11 is removed, which in 
turn avoids the unwanred openings on the top edges of 
each structure. In Step 4, the exposed silicon is 
isotropically etched by using the ASE etching step without 
any platen power. The purpose of this step is to release 
structures. In Step 5 ,  oxygen plasma i s  used to strip 
photoresist and polymer. 
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Fig. 2. Fabrication process. 
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PROCESS CONSlDERATlONS AND RESULTS 

A .  
The process uses a polymer layer to avoid sidewali 

erosion during the following floor polymer removing step 
and structure releasing step. Due to ihe conduclunce effect 
[4] and the reactant transport effect 151, the flux 
distribution of CF-based species around a trench profile is 
affected by the width of trench opening and the aspect ratio 
of trench. For the cases that the width of trench opening is 
large or that the trench aspect ratio is small, the polymer 
deposition rate is large at trench bottom. As shown in Step 
2 of Fig. 2, because the trench aspect ratio on Region IV is 
smaller than that in Region VI, the bottom passivation 
layer thickness in Region 1V is thicker than that in Region 
VI, and is a h o s t  the same as the thickness at Region V. 

Considerations for Polymer Deposition Time: 

If the polymer deposition time is relatively short (less 
than 15 minutes), the differences of polymer thickness 
between Region IV, V, and VI are small. When removing 
the floor polymer at Region VI, the time must be very 
accurate. Otherwise, it is very likely that the polymer layer 
at Region V will also be removed, and then the “unwanted 
openings” are created. On the other hand, if the deposition 
time is relatively large (greater than 20 ninutes), the 
difference of polymer thickness in Regions VI and V will 
be relatively large, which implies that the difference of the 
times for removing the polymer at Region VI and V is also 
large. Under this condition, it is much easier to control the 
etching time for achieving the desired etching condition in 
which the floor polymer is effectively removed without 
creating the “unwanted openings”. 

B. 
This step (Step 3 in Fig.2) is a combination of physical 

(ion) bombardment and chemical reaction using fluorine 
radicals. Only the ion bombardment is dominant for this 
etching step [SI. Therefore, the probability of ion 
bombardment on sidewall polymer has to be reduced so 
that the sidewall polymer will not be etched simultaneously. 
However, because of the microtrenching effect [6],  the 
etching rate at the corners of a trench bottom is larger than 
that on the center of the trench bottom. It is believed that 
the microtrenchiirg efSect is produced by the impact of 
high-energy particles on the sidewalls followed by specular 
reflection, which in turn leads to a “focusing” of high 
energy particles at the base o f  the sidewalls, giving rise to 
higher etch rates. Our experiment shows that the 
microtrenching effect can be enhanced by increasing the 
platen power and reducing the APC angle (i.e. reducing 
pressure). 

Considerutinns fvr Fhor Polymer Removing: 

C. Considerofions for Structure Thicknesss: 
For the same pattem design (i.e., using the same mask), 

increasing structure thickness also increases the trench 
aspect ratio. Therefore, the process parameters for the 
steps of polymer deposition and structure releasing must 
also be modified. In  the polymer deposition step, the CF 
deposition rate near the trench bottom decreases as the 
trench aspect ratio increases. In order to retain suficient 
thickness of polymer on the sidewalls of trenches, the 
polymer deposition time should also be increased with the 
trench aspect ratio. Besides, due to the conductance eflect 
[4] and the reactant transport efjrect [5j, the flux 
distribution of etchants around a trench profile is affected 
by the width of trench opening and the aspect ratio of 
trench. Hence, in the structure-releasing step, the lateral 
etching rate decreases as the trench aspect ratio increases. 
Therefore, the etching time for structure releasing also 
increases with the trench aspect ratio. 

D. Process Results: 
Fig. 3 shows the SEM picture for a micro-relay, The 

structure thickness is 5Opm , and the maximum trench 
aspect ratio is IO. Fig. 4 shows the comb-drive actuator 
fabricated by the proposed process. The structure is 100 
pm in thickness, and the maximum trench aspect ratio 
(trench depth over trench opening) is 20. Fig5 shows a 
suspended comb-drive actuator which can be used for 
large-displacement motions (over 1 DO pw ). The thickness 
of the actuator is 100 p , the beam width is I5  ,m and 
the length of the maximum suspended beam is 2 mm. 

Fig. 3. Fabricated micro-relay with 50 p in thickness. 
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(b) 
Fig. 4. (a) the comb-drive structure with 100pm 
thickness (b) the close-up view o f  the structure. 

Fig. 5. The long suspended folded beam with 2mm 
length, 15pm in width. 

CONCLUSION 

In this work, we present a novel process for fabricating 
high-aspect-ratio suspended structures with large width of 
trench openings. By enhancing the microtrmching efecr, 

we successhlly released suspended structures without 
thoroughly removing the floor polymer at regions with 
small trench aspect ratio. The steps for trench etching, 
sidewall passivation, structure releasing, and PWpolymer 
striping can be integrated as a single-run single-mask ICP- 
RIE process, which effectively reduces the process 
complexity and fabrication cost. By using the proposed 
process, suspended structures with the maximum thickness 
of 100pm and the maximum aspect ratio of 20 are 
demonstrated. Also, the proposed process can be used to 
fabricate the devices for large in-plnne-displacement 
applications. 
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