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Abstract
This paper presents a new post-CMOS-compatible integration scheme for AlN-based MEMS
devices. The proposed scheme integrates molybdenum (Mo) bottom electrodes with an
amorphous silicon (a-Si) sacrificial layer, which is etched using XeF2 to release the MEMS
structures. This integration approach faces two potential issues, which are solved in this work:
(i) poor adhesion of AlN with a-Si, and (ii) XeF2 attacking the Mo electrode during the
removal of the a-Si sacrificial layer. The adhesion problem was solved by introducing a thin
oxide layer between a-Si and AlN. The sidewalls of the Mo electrodes were protected by a
0.2 μm thick SiN spacer layer from the XeF2 attack. The robustness of the integration scheme
was verified by fabricating an FBAR band pass filter. RF measurements on the FBAR band
pass filter show that the proposed integration works well and can be utilized for other
AlN-based MEMS devices in post-CMOS applications.

Keywords: MEMS, AlN, molybdenum, amorphous silicon, XeF2 release

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

1. Introduction

Piezoelectric materials such as lead zirconate titanate
(PbZrTiO3, PZT), zinc oxide (ZnO) and aluminum nitride
(AlN) have been used in a range of MEMS devices. They
have been found useful for designing low voltage actuators
[1, 2] and RF switches [3, 4]. Piezoelectric materials have also
been used in other application such as thin film bulk acoustic
wave resonators (FBARs) [5], checker-mode resonators [6],
SAW wave resonators [7, 8] and Lamb wave resonators [9, 10]
and energy harvesters [11]. Several FBAR resonators can
be combined into a network to obtain filter [12, 13] and
oscillator [14] functionality. Acoustic wave accelerometers
and gyroscopes with piezoelectric elements have also been
reported in the literature [15, 16].

The above mentioned piezoelectric materials have their
own advantages and disadvantages. For example, PZT has
a very high piezoelectric constant (d33), in the range of
60–300 pm V−1 [17, 18], which allows MEMS devices to

be operated with small applied voltages. However, PZT is a
dirty process and hence its process is not compatible with
CMOS fabrication lines. Therefore, it is difficult to integrate
PZT-based MEMS devices in post-CMOS applications. It
should also be to point out that PZT has a very high
dielectric constant, making it difficult to be utilized for
high frequency devices although it has a large piezoelectric
constant. On the other hand, ZnO is a post-CMOS compatible
material and has a reasonable piezoelectric constant of
5.9 pm V−1 [18]. However, ZnO is unstable at temperatures
higher than 300 ◦C. Some MEMS fabrication steps are
processed at higher temperatures which prevent ZnO from
being used as the piezoelectric material. In contrast, AlN
is a very stable and the post-CMOS compatible material
that can withstand high temperatures [19, 20]. However,
AlN has a comparatively small piezoelectric constant of
3.9 pm V−1 [18]. Nevertheless, due to its stability and post-
CMOS compatibility, the integration of AlN in post-CMOS
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(b) (a) 

Figure 1. (a) An SEM image of AlN etch on the bottom Al electrode where Al was fully etched at the edge during AlN etch (b) an SEM
image of the peeling issue of AlN/Mo/AlN seed stack on a-Si.

applications is in great demand for actuators [2], FBARs [5],
FBAR filters [12, 13] and many other MEMS applications.

For post-CMOS applications where MEMS is built on
top of a CMOS wafer, it is obvious that the MEMS integration
should be performed with a surface micromachining approach.
Many requirements have to be fulfilled for successful CMOS-
MEMS integration. These include low thermal budget of
the post-CMOS processes, good adhesion among the various
layers, removal of the sacrificial layer without attacking the
structural material and the selection of suitable electrode and
choice of isolation materials which are compatible with all the
processes used in the fabrication of the MEMS devices. For
example, one consideration in using AlN is the selection of
a bottom electrode which enables the crystalline and oriented
growth of AlN, while also acting as a dry-etch stop of AlN. It
is very difficult to integrate AlN with a soft bottom electrode
such as aluminum (Al). The soft bottom electrode usually gets
etched at the edges of the AlN pattern during the AlN etching
because Al is etched faster with Cl2/BCl3/Ar-based AlN dry
etch recipes. Figure 1(a) shows an example of AlN dry etching
at the bottom Al electrode. It can be observed from the figure
that Al was fully etched at the edge of pattern which creates
open circuit conditions. So the bottom electrode of AlN should
be a material that is resilient to AlN dry-etching. At the same
time, the same material should be easily etched later to define
the bottom electrode. In the literature, many metals such as Al
[2, 21], Mo [21, 22], Pt [23–25], Cr [26], and Ti [27] have been
used as the bottom electrode for AlN-based MEMS devices.
As discussed above, Al alone cannot survive during AlN dry
etch. However, it can be combined with a thin layer of a hard
material (like W) to form the bottom electrode where the hard
material acts as a stop layer for the AlN dry-etching. Other
metals like Pt, Ti, Cr and Mo are hard enough to act as a stop
layer for AlN dry-etch. While it is difficult to dry etch Pt, Ti
and Cr, Mo is comparatively easy to dry etch [28]. It should be
noted here that Mo also etched by Cl2/BCl3/Ar-based recipe.
However, its selectivity can be tuned to save the bottom Mo
electrode during AlN etch.

Selection of the sacrificial material for the AlN-based
MEMS device also requires careful consideration, which
is also affected by the choice of the bottom electrode
material. The literature documents amorphous silicon (a-Si)

[2], photoresist (PR) [13], phosphor silicate glass (PSG) [23],
silicon dioxide (SiO2) [26] and polysilicon [29] as sacrificial
materials for AlN-based MEMS devices. SiO2 is a good
sacrificial material with AlN. The SiO2 can be easily removed
with the help of vapor hydro fluoric acid (VHF) without
attacking AlN and metal electrodes such as Al, Mo and
Pt [30]. However, SiO2 cannot be used in a post-CMOS
scheme because CMOS processes also uses SiO2 as a dielectric
material which can be attacked during the MEMS device
release process. Furthermore, the VHF release process also
takes a long time to release the MEMS structures. Similar
issues are also faced when using PSG as a sacrificial material.
PR can be a good choice for a sacrificial material with AlN
because some PR processing temperatures are compatible
with the deposition temperature of AlN as well as post-
CMOS processing temperatures. However, the PR layer is
usually required to be encapsulated by an isolation layer
such as SixNy or SiO2 before the deposition of the actual
active layer to avoid contamination due to outgassing. On
the other hand, polysilicon is usually deposited at high
temperatures (�540 ◦C) and it is not suitable for post-CMOS
process applications. In view of above, the only material
which looks promising for the post-CMOS integration is
a-Si because it can be deposited at a low temperature (∼200 ◦C)
and can also be removed faster and selectively using XeF2.
However, low temperature a-Si suffers from poor adhesion
with many materials. It was observed in our experiments
that the AlN/Mo/AlN-seed stack severely peeled-off when
deposited on a-Si as shown in figure 1(b). The investigations
revealed that the AlN seed layer peeled-off from a-Si, which
shows that a-Si has a poor adhesion with AlN.

It can be concluded from the above discussion that a-Si
and Mo can be used as a sacrificial and a bottom electrode
material, respectively, for post-CMOS applications but a-Si
adhesion needs to be improved with other stack layers. The
a-Si sacrificial layer can be successfully etched with the help
of a KOH wet process to release the MEMS devices. However,
it is less preferred because a wet process may lead to stiction
of released devices. On the other hand, a-Si can be easily
etched isotropically using the dry XeF2 release process in
the surface micromachining process. It should be noted that
single crystal can also be released with the help of XeF2 and
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can be used as a sacrificial layer [31] if integration is not
required on post-CMOS. However, XeF2 also severely attack
Mo [32]. Therefore, any exposed Mo should be protected
during XeF2 release. When the problems of poor adhesion
of a-Si with AlN and Mo etching during XeF2 release process
are solved, a robust post-CMOS integration for AlN can be
achieved.

In this paper, we propose a robust, post-CMOS-
compatible integration scheme for AlN-based MEMS devices
by solving the two issues mentioned above. In order to solve
the adhesion issue between the AlN seed and a-Si layers, an
intermediate thin oxide layer was deposited as an adhesion
promoter. This thin oxide layer has four advantages in this
integration. (i) It improve the adhesion between a-Si and AlN
seed layers as oxide has good adhesion with both the layers.
(ii) It acts as a protection layer for the bottom surface of the
Mo electrode during XeF2 release, for which the thin AlN seed
layer is insufficient. (iii) The thin oxide layer at the bottom of
the Mo electrode also act as a diffusion barrier for Mo. (iv)
This thin oxide layer also act as a temperature compensation
layer.

On the other hand, to protect the Mo surfaces from attack
during XeF2 release, protection layers can be used. Oxide
has selectivity greater than 1:1000 with respect to Si, and
SiN has selectivity greater than 1:100, thus, oxide is a better
choice for the protection layer. However, the process flow as
described below uses an oxide-nitride-oxide layer below an
AlN seed, which will protect the Mo bottom surface from
attack during XeF2 release. The reason for using an oxide-
nitride-oxide stack is described in detail in the process flow.
Although an oxide spacer can be used to protect the Mo
sidewalls, a thin oxide is used for mass loading to obtain a
small frequency shift in parallel FBARs, to achieve a bandpass
filter response. The thickness of this oxide layer is decided by
the required frequency shift, allowing for etching in XeF2.
This thickness is not sufficient to protect the Mo sidewalls.
Therefore, an additional SiN spacer was used, that can be
safely etched without affecting the isolation and the thin mass
loading oxide layers. It should be noted that while SiN can be
selectively etched on oxide, the reverse is not very effective.
The thicknesses of the SiN spacer layer and the mass loading
oxide were selected by considering the etch rates of oxide and
SiN in XeF2 to withstand the 40 min release. Aluminum (Al)
was used as the top electrode material.

To demonstrate the post-COMS compatible platform,
FBAR bandpass filters were fabricated as test vehicles. The
RF measurements are presented in the paper to show that
the proposed AlN platform is suitable for fabricating MEMS
devices.

2. Device details and the design of a process flow
for the integration

Figure 2 shows the topology of one of the band pass filter
which consist of ten FBARs used to demonstrate the AlN
integration scheme. It can be observed from the figure that the
band pass filter consist of five shunt/series FBAR resonator
sections, which is also called a ladder-type filter. Each section

Figure 2. Five-stage ladder filter topology having five series and five
shunt FBAR resonators.

in the filter diagram consists of one resonator in series and
another resonator in parallel which makes a shunting path
to ground. The parallel resonator is designed with a resonant
frequency slightly lower than that of the series one, such that its
anti-resonant frequency is aligned with the resonant frequency
of the series resonator. The stop-band rejection of the ladder
filter is determined by the impedance (static capacitance) ratio
between series and parallel FBARs and the stop-band rejection
can be improved by adding more ladder stages. The drawback
of this approach is the high insertion loss in the middle of
the pass-band due to larger area and losses. Another typical
characteristic of ladder filters is the steep roll-off at the edges
of the pass-band. The far edges of stop-bands are dominated
by purely capacitive voltage division in each of the stages.

Figure 3(I) shows the schematic diagram of the proposed
integration scheme for AlN-based MEMS devices after
release. A thin oxide layer is inserted between the a-Si and
AlN layers to improve the adhesion between them. This thin
oxide layer also protects the bottom Mo electrode during the
XeF2 release process. In order to protect the sidewalls of the
Mo electrode during the XeF2 release, a thin SiN spacer layer
was formed on the sidewalls by selectively etching the SiN on
the top of the structure and protecting it at the sidewall of the
structure.

Figure 3 shows the schematic process flow for the
proposed integration scheme, which was used to fabricate
FBAR band pass filter devices. High resistivity (10 000 to
20 000 � cm) silicon wafers were used as the starting
substrates. The wafers were first cleaned using standard
cleaning processes. Then, a stack of 1 μm oxide, 0.1 μm SiN
and 1 μm oxide was deposited. Next, the cavity areas were
defined using photo lithography. This was followed by the dry
etching of the topmost oxide layer using a Tokyo Electron
Limited (TEL) Dielectric Reactive Ion Etcher. It should be
noted that the 0.1 μm thick SiN layer in the middle of the
dielectric stack was used as an etch stop layer for oxide etching,
to precisely define the depth of the cavity. After photoresist
stripping and polymer cleaning, a 0.1 μm thick oxide layer
was deposited. This thin oxide layer is an adhesion promoter
for a-Si, which has poor adhesion to SiN. Figure 3(a) shows
the schematic diagram of the cavity after the deposition of the
thin oxide layer.

Next, a 1.6 μm PECVD sacrificial a-Si layer was
deposited to fill the cavities. Then the a-Si layer was etched
on an AMAT P-5000 Reactive Ion Etching System using a
reverse etchback mask having an etchback bias of 2 μm.
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Figure 3. A process flow diagram for FBAR using an a-Si sacrificial layer, Mo as a bottom electrode, and thin oxide as a Mo protector
during XeF2 release at the sidewall and at the bottom of the Mo electrode. (a) Etching of cavity in oxide and thin oxide added, (b) a-Si
etching with etch-back mask, (c) after a-Si CMP, (d) after deposition of an adhesive layer, (e) deposition of 1.2 um AlN/0.35 um Mo/0.02
um AlN seed, ( f ) etching AlN using oxide mask, (g) etching Mo using 3.9 um PR mask, (h) etching of isolation oxide, (i) patterning top Al
electrode, ( j) patterning of thin mass loading oxide, (k) after SiN spacer layer etching, (l) after releasing the structure.

It should be noted that a-Si was over-etched to completely
remove a-Si residues which has the potential to create adhesion
issues for subsequent layers. Then the wafers were planarized
using chemical mechanical planarization (CMP). The
a-Si planarization step helps in achieving a crack-free AlN
deposition and a better crystal orientation of (0 0 0 2) AlN,
which is essential for obtaining a better piezoelectric constant
(d33) and hence the better coupling factor for the FBAR device.
Figure 4 shows the rocking curve of AlN deposited with and
without a-Si CMP step. FWHM for AlN deposited on the
sample without a-Si CMP was measured to be 2.75◦. When
AlN was deposited with a-Si CMP step, then FWHM was
improved to 1.28◦. Figures 3(b) and (c) show the schematic

view of the sample after reverse etchback and the CMP process,
respectively.

It should also be noted here that the deposited a-Si was
significantly thicker than the cavity depth. This was done to
avoid the formation of small voids at the edge of the cavity
region after CMP, which is discussed in detail in section 3.1.

Next, a thin composite layer of 0.05 μm oxide/0.2 μm
SiN/0.05 μm oxide was deposited to improve the adhesion
between the a-Si and the AlN seed layer (figure 3(d)). The
thin SiN layer sandwiched between the oxide layers was again
used as an etch stop layer for oxide etch. This was followed
by the sputter deposition of a stack of 1.2 μm AlN/0.35 μm
Mo/0.02 μm AlN seed, as shown in figure 3(e). It should be
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Figure 4. A rocking curve for AlN deposited with and without an
a-Si CMP step.

noted that 0.35 μm thick Mo was selected to accommodate
the selectivity of AlN and Mo in Cl2/BCl3/Ar-based recipe
during AlN etch and save enough Mo after AlN etch.

Next, a 1 μm oxide layer was deposited and patterned to
define the hardmask for etching AlN. This was followed by PR
striping and polymer cleaning. Then, the AlN was dry etched
using a Centura Metal Etcher Model 5200 DPS/ASP + from
Applied Materials. Figure 3( f ) shows the schematic view after
the AlN dry etching. This should be noted that the AlN etching
on Mo was performed using two steps recipe i.e. (1) main
etching step and (2) over etching step. The main etching was
used to etch most of AlN to take the advantage of the high
etch rate of AlN. However, its selectivity to Mo was not good
(AlN to Mo selectivity is 2:1). On reaching the Mo surface
which was detected by the end point detection scheme, at this
point, the complete AlN was not etched. The left out AlN on the
wafer was cleared by the over etch step in the recipe which was
tuned for high selectivity to Mo (AlN to Mo selectivity is 12:1).
This helps in saving the Mo electrode after the completion of
AlN etching on Mo. Next, polymer and residue cleaning was
performed using a Verteq Akrion Goldfinger Mach 2 Wafer
Cleaner. The polymer cleaning after the AlN dry etching is
very important, and is discussed in detail in section 3.2. Next,
the 0.35 μm Mo bottom electrode was patterned with the
help of a 3.9 μm PR mask [21] and etched using an AMAT
P-5000 Reactive Ion Etching System. Mo dry etching on a
high-aspect-ratio patterned sample is a very critical process
and needs special attention during the lithography as well as
actual etching of the Mo which was communicated separately
[21]. Figure 3(g) shows the schematic view of the sample after
Mo etch, PR strip and polymer clean steps. This was followed
by the deposition of 0.6 μm isolation oxide and patterning of
the same as shown in figure 3(h). This step is also very critical.
The criticality in this step comes from the fact that it is required
to etch two different thicknesses of the oxide at three different
locations on different stop materials, which is discussed in
detail in section 3.3. This was followed by the deposition and
patterning of the top Al electrode as shown in figure 3(i). Then
Al was dry etched using a Centura metal etcher tool.

Next, a 400 Å oxide layer was deposited and patterned for
the mass loading on parallel FBAR devices. The mass loading

decreases the resonant frequency of the parallel FBARs in
the filter topology and helps in achieving the band pass filter
response. Figure 3( j) show the schematic view of the sample
after the etching of the thin mass loading oxide. This was
followed by the deposition and etching of the 0.2 μm SiN
spacer layer. This thin SiN layer in addition of the mass loading
oxide at sidewall helps in protecting the Mo at the sidewall of
the bottom Mo electrode during the XeF2 sacrificial release
process. The SiN spacer was etched on the thin oxide mass
loading layer with a recipe which selectively etches SiN from
the top of the device but retains the SiN at the sidewalls of
the topography, as shown in figure 3(k). Finally, the FBAR
filter devices were released using XeF2. Figure 3(l) shows the
schematic view of the sample after the XeF2 release process.
The FBAR device with the lateral dimensions as large as
140 μm which needed to remove up to 70 μm of a-Si from the
edge to the center of the device was released in 40 min. So this
integration scheme is very effective in reducing the release
time without compromising the RF response. It should be
noted that all processes reported in this paper were performed
on the wafer level.

3. Module development and process optimization

During short loop experiments which were conducted to
verify the above integration scheme, some process issues
were encountered. These were resolved by process module
development and optimization steps. The following section
describes the process module development and optimization
steps that were performed to resolve these issues.

3.1. Filling cavities with a-Si and planarization using chemical
mechanical polishing (CMP)

The filling of the cavities with sacrificial a-Si requires careful
consideration. Normally, 1.2 μm a-Si is sufficient to fill
1 μm deep cavities. However, after CMP of a-Si, voids were
observed on the corners of the cavities as can be seen from the
SEM image in figure 5(a). The formation of these voids can be
attributed to two reasons. The first reason is the non-conformal
nature of PECVD deposition, as shown schematically in
figure 5(b). The second reason is the aggressive chemical
attack on a-Si at the corners of the cavities during CMP. When
cavities are filled with a-Si which is followed by reverse etch-
back, an a-Si enclosure is formed around the cavities. During
CMP, the circular motion of the polishing pads concentrates
the slurry to the corners of the enclosure due to centrifugal
force. Thus, there is faster chemical etching on the corners
of the enclosure, creating the voids as shown in figures 5(a)
and (c).

These voids may affect the crystal orientation of the AlN
layer and may also create cracks in the AlN layer. In order to
prevent the formation of these voids, the deposition thickness
of the a-Si sacrificial layer was increased. An a-Si thickness
1.5 times that of the cavity depth was found to be sufficient to
prevent the formation of voids. In addition, the CMP process
was also be optimized by decreasing the chemical etch rate, to
minimize over-polishing at the corners. When these measures
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Figure 5. (a) An SEM image of the sample after CMP. Small voids were observed at the corners (b) cross-sectional schematic view after
filling cavities with a-Si (c) cross-section view after a-Si CMP. Small voids are shown at the edges.

were adopted, a flat and void-free surface was obtained after
CMP.

3.2. Polymer cleaning on the wafers after etching AlN and Mo
using chlorine-based recipe

When AlN and Mo are dry-etched using chlorine-based
recipes, a substantial amount of residues are generated on
the sidewalls of the etched features. Chlorine gas traces left
out at the etch surface of AlN form an active sites which
attracts the moistures, byproduct of etch processes and form
the residues at these active etch sites. These residues may
cause delamination of subsequently deposited films required
for the integration of the MEMS device. In addition, these
residues may trigger the materials to corrode. Figure 6(a) is a
SEM image of a sample taken a day after etching AlN using a
chlorine-based recipe. No residue cleaning was performed on
the wafer after AlN etching. The figure shows a considerable
amount of residue formations at the edge of the AlN pattern.
EDX analysis showed a significant chlorine content in the
residues as shown in figure 6(b).

To overcome these problems, the wafers are usually
cleaned using the NE-14 solution (a mixture of
dimethylacetamide, ammonium acetate, water acetic acid and
ammonium fluoride) on Verteq Akrion Goldfinger Mach 2
Wafer Cleaner after AlN and Mo etching. Figure 6(c) shows
the SEM image of the sample which was cleaned using NE14
after AlN etch. There were no residues on the sample after
this cleaning step. EDX analysis does not show any chlorine
content in the residues as shown figure 6(d).

3.3. Etching different oxide thicknesses in a single step

After patterning the Mo bottom electrode, a 0.6 μm isolation
oxide film was deposited and etched. This oxide layer also
acts as a structural layer for connecting different FBARs in
the filter which are electrically isolated. At this point, the
oxide hardmask used to etch AlN remains on the wafer, as
can be seen from figure 3( f ) of the process flow schematics.
Therefore, two different thicknesses of oxide are required to
be etched in three different regions of the device. Furthermore,
etching the oxide will expose Mo, a-Si and AlN in different
regions, which are labeled as regions A, B and C in the filter
top view shown in figure 7. Region A has only 0.6 μm oxide,
deposited on a-Si. The 0.6 μm oxide in region B is deposited on
Mo that electrically connects different FBARs. Region C also
has an additional 0.4–0.6 μm of oxide, which are remnants of
the hardmask used for AlN etching. Therefore, 1.0 to 1.2 μm
oxide is required to be etched in region C, while only etching
0.6 μm oxide in the regions A and B. In particular, the Mo in
region B should be preserved while etching the thicker oxide
in region C.

To achieve this, the oxide was first etched with normal
high-power recipe to keep profile straight and then switched to
soft recipe (low power) for avoiding the Mo electrode attack.
The straight profile of oxide etching help in saving a spacer
layer later on as discussed below. Figure 8 shows the SEM
images of the sample after isolation oxide etching in regions
A, B and C, respectively. It can be observed from the figure
that Mo is not attacked during the isolation oxide etch.

3.4. SiN spacer to protect from XeF2

In the proposed integration scheme, there are regions having
exposed Mo, which should be protected from the top and
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Residues at 
active Cl2 sites 

(a) (b)
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Figure 6. (a) Corrosion and residue formation at the edge of the AlN pattern after etching AlN using a chlorine-based recipe. (b) EDX
image of a sample (a) showing high chlorine content. (c) No residues after NE14 wet clean on Verteq at the same step. (d) EDX image of
sample (c) showing no chlorine content.

Figure 7. Schematic top view of the filter showing three different
regions where two different thickness of the isolation oxide needs to
be etched.

sidewalls to prevent being etched away during XeF2 release.
A thin SiN spacer layer was proposed for this purpose. While
thick layers can offer better protection, the extra mass may
cause device performance to differ from designed values. A
short loop experiment was conducted to determine the optimal
SiN layer thickness. A 1 μm film of a-Si was deposited and
patterned, and was followed by the deposition and patterning
of the SiN spacer layer. These wafers were then subjected to
XeF2 releasing.

Figure 9(a) shows the module development results for the
SiN spacer layer where a 1500 Å thick PECVD SiN layer was
used. No attack on the a-Si was observed from the top nor
from the sidewalls of the pattern until 60 min of XeF2 etching.
Figure 9(b) shows the SEM cross-section view of 1500 Å thick
SiN spacer layer used sample after the 60 min XeF2 release
process. In order to make all layers clear in the SEM cross-
section view, the sample was coated with the Pt metal and a
short dilute HF dip was performed. Figures 9(c) and (d) show
the optical and SEM image, respectively of 1000 Å thick SiN
spacer layer protected sample after the 50 min XeF2 release
process. It can be observed from the image that the a-Si was
attacked from the sidewalls in this case. Figure 9(e) is the
cross-section image which shows a void due to a-Si being
attacked by XeF2 through 1000 Å SiN sidewall. A 1000 Å
thick SiN spacer layer could only protect the a-Si from the
XeF2 attack for up to 40 min.

In the actual integration, a thin stack of 0.05 μm
oxide/0.2 μm SiN nitride/0.05 μm oxide layers was used
as a protective layer to protect the underside of the bottom
Mo electrode during XeF2 release. To protect the Mo from the
sidewalls of the FBAR pattern safely, a 0.2 μm SiN spacer
layer in addition oxide left at sidewall from the mass loading
step was used in the actual integration. The SiN spacer etching
was performed as the final step before the release, because it
can be selectively etched on the thin mass loading oxide to
expose the pads and retain the SiN on the sidewalls of the
topography to protect the Mo electrode. Figure 10 shows the
SEM image of the sample after the 0.2 μm SiN spacer etching.
It can be observed from the figure that the SiN spacer layer is
protecting the Mo at the bottom of the sidewall of the pattern.

7



J. Micromech. Microeng. 24 (2014) 035019 J Sharma et al

Region C:AlN Region B: Mo Region A: a-Si 

PR 

PR 
PR 

Figure 8. An SEM image of three different regions on the filter where two different thicknesses of the isolation oxide was etched.

 

SiN Protection layer 

Pt metal coating during SEM 
a-Si filled under oxide 

(a)

(c) (d ) (e)

(b)

Figure 9. (a) An optical image of 1500 Å thick SiN protected sample after a 60 min XeF2 release process, (b) an SEM image for sample
protected using 1500 Å thick SiN after a 60 min XeF2 release process, (c) an optical image of 1000 Å thick SiN protected sample after a
50 min XeF2 release process. The attack on a-Si can be seen from the sidewall. (d) Top view an SEM image of (c), (e) cross-SEM image of
the sample protected using 1000 Å SiN after a 50 min XeF2 release process showing a void.

SiN spacer left after top SiN etch 

SiN spacer left after top SiN etch 

(a) (b) 

Figure 10. (a) schematic diagram, (b) SEM image of the sample at the sidewall after a SiN spacer etch process.

8



J. Micromech. Microeng. 24 (2014) 035019 J Sharma et al

(b) (a) 

(d) (c) 

Figure 11. (a) An SEM image of fabricated band pass filter without etch holes (2) RF response (S21 parameter) of the band pass filter of
figure 11(a); (c) an SEM image of fabricated band pass filter with etch holes (d) RF response (S21 parameter) of the band pass filter of
figure 11(c).

4. Results and discussion

The fabricated RF MEMS FBAR filter devices were tested on
a Cascade Alessi REL-6100 manual probe station. Network
parameters were measured using an Agilent E5071B vector
network analyzer connected to GSG probes with short-open-
load-through (SOLT) calibration.

Figures 11(a) and (c) show the SEM images of band pass
filters with and without etch holes, respectively, fabricated
using the above proposed integration scheme. It can be
observed from the SEM images that both types of band pass
filter devices are released. Figures 11(c) and (d) show the
RF band pass filter responses for the band pass filter devices
shown in figures 11(a) and (c), respectively. The presence of
the RF band pass filter response of the fabricated devices also
confirms that the structures have been released.

The RF response of the band pass filter devices verify
that the SiN spacer layer on the sidewall and the 0.05 μm
oxide/0.1 μm SiN/0.05 μm oxide stack layer at the bottom
of the Mo electrode worked well to protect Mo during
the XeF2 release process. No attack on Mo was observed
from the bottom and the sidewalls of the pattern during the

XeF2 release process. Both types of fabricated band pass filters
had center frequencies very close to the designed frequency
of 2.17 GHz. Stop band rejections of −24 dB and −32 dB
were obtained. However, the insertion loss in the pass band
was −9.5 dB which can be improved by optimizing the
metallization step, by improving the rocking curve by lowering
surface roughness before the deposition of AlN/Mo/AlN seed
stack and optimization of the devices design. The insertion
loss for both type filters is comparable. However, band stop
rejection is different for both filters.

The 3 dB bandwidth for the filters was measured to
be 37.04 and 51.05 MHz for the FBAR filters shown in
figures 11(a) and (c), respectively. The coupling coefficient
(K2

eff) and Q-factor for FBARs were calculated from the
bandpass filter response using following formula [33].

IL(dB) = 20 log

⎛
⎝ 4

4 + 3π2

k2
effQ

⎞
⎠ .

The K2
eff and Q-factor for FBAR in the filters were

calculated to be 3.8% and 90–94%, respectively. These
reported Q-values are on the lower side. However, his work
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was focused on the verification of the integration process
scheme. The design optimization was not a prime concern. The
above results show that the process integration is working. In
particular, the oxide layer at the bottom of the AlN solved the
delamination problem, and the SiN spacer layer successfully
protected Mo from XeF2 during the release process. However,
there is still some scope of improving the process and design
to improve the Q-value of the FBAR in this scheme. Following
parameters may be crucial in improving the Q-factors
i.e. (i) device design optimization, (ii) improvement and
optimization of the top metallization step. (iii) Optimization of
the bottom Mo electrode thickness, (iv) Further optimization
of the rocking curve value to the lower side by reducing surface
roughness.

5. Conclusion

AlN was successfully integrated with Mo as a bottom electrode
and a-Si as a sacrificial layer. A thin oxide/nitride/oxide stack
and a SiN spacer layer were successfully used to protect the
Mo electrodes from the bottom and the sidewalls of the pattern,
respectively, during a-Si sacrificial layer etching using XeF2.
The thin oxide/nitride/oxide stack has four advantages in the
proposed integration: (i) it improves the adhesion between a-Si
and AlN seed as oxide has good adhesion with both the layers;
(ii) the thin layer of oxide/SiN/oxide act as a protection layer
for the bottom surface of the Mo electrode during XeF2 release;
(iii) the thin layer of oxide/SiN/oxide at the bottom of the Mo
electrode also act as a diffusion barrier for the Mo; (iv) it also
act as a temperature compensation layer.

The FBAR band pass filter having lateral dimensions
of 140 μm, which requires 70 μm a-Si etching from edge
to the center, was released in 40 min. The band pass filter
fabricated using the proposed integration scheme shows a
good RF response. The capability of the proposed scheme
was also proven by the fabrication of a complicated AlN-
actuator for an impedance tuner. This shows that the proposed
integration scheme is robust for the fabrication of AlN-based
MEMS devices with a short release time.
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