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Abstract
We present a new plasma etch process optimized for etching piezoelectric aluminum nitride
(AlN) film deposited on thin molybdenum (Mo) metal electrode. Such film stack finds
application in the integration of AlN-based RF microelectromechanical systems devices. The
process is based on Cl2/BCl3/Ar gas chemistry with added buffer gas in inductively coupled
plasma reactive ion etching system. The new gas mixture overcomes a generic problem of
etched surface roughness without significant drop in AlN etch rate. Using design of
experiment, the process window is optimized for improving selectivity to Mo and reducing
microtrenching while maintaining smooth etched surface. Finally, an etching rate of
280 nm min−1 with reliable etch stop on Mo electrode and smooth bottom surface is reported.
The integration suitability of the developed etch process is tested by etching 2.0 to 5.0 μm size
square shaped via holes in 1.0 μm thick (0 0 2) oriented piezoelectric AlN on 0.2 μm thick Mo
electrode while integrating contour mode resonators.

1. Introduction

Piezoelectric aluminum nitride (AlN) material possesses a
favorable combination of electromechanical properties, which
make it suitable for many types of microelectromechanical
systems (MEMS) devices [1]. A thin film of AlN sandwiched
between metal electrodes, preferably molybdenum (Mo), is
one of the structures investigated for development of film
bulk acoustic resonators and other MEMS devices [1, 2].
In such architectures, etching of AlN film for opening via
to bottom Mo, which is generally thin (�0.2 μm), is an
important fabrication step. One of the challenges in this process
is roughness developed in etched areas which is characteristic
of both wet and dry etching for different metal nitrides with
highly oriented crystallographic structures. As compared to
amorphous films, materials with oriented columnar structure
may display difference in etch rate between grains and
intergranular material, leading to roughness. This effect may
be dependent on both the deposition and etching condition as

reported in [3] for plasma etching of TiN in Cl2-based plasma.
For AlN, strong dependence of wet-etch generated roughness
on deposition conditions was demonstrated in [4]. The problem
of roughness in AlN plasma etch has been highlighted in
several works and smooth post-etch surface was achieved only
with very low etch rates. For example in [4], it was reported
that using inductively coupled plasma reactive ion etching
(ICP-RIE) system, a smooth surface could be provided at etch
rates not exceeding 98 nm min−1. Based on detailed study of
the effects of process parameters in Cl2/Ar chemistry in ICP-
RIE system, in [5] it was concluded that to maintain surface
roughness after etching at the same level as after deposition
or only slightly higher is possible only with etch rates not
exceeding 90 nm min−1, whatever are combinations of the
process parameters. In a later work [6], it was mentioned that
adding BCl3 into Cl2/Ar reduces surface roughness but no
detailed study was carried out to quantify the effect and the
data was presented only for high etch rate (up to 400 nm min−1)
with rough surface.
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Considering AlN thickness in micron range for most
of the MEMS applications, etching with low etch rate to
get low surface roughness is not an adequate solution and
improvements in etch process are therefore needed. This work
studied possibility of developing production—worthy process
for smooth etching of AlN with reasonable etch rates. Since Mo
electrodes are widely used in combination with AlN, the study
concentrated on developing the etching process for opening of
contact vias in AlN to Mo.

2. Experimental

Two types of wafers were used in this work. The first type had
separately deposited AlN and Mo layers directly on 200 mm Si
substrates. These wafers were used for partial etch of AlN and
Mo to study etch parameters. The second type of wafers had a
stack including 20 nm AlN seed layer followed by 200 nm Mo
and 1000 nm AlN as described in [2]. Wafers with such a stack
were used for evaluation of optimized process for contacts etch
in AlN to bottom Mo emulating real device wafers. AlN was
deposited at a rate of 50 nm min−1 using reactive sputtering
with pulsed direct current magnetron and RF biased wafer
chuck in a Sigma R©Deposition System from SPTS. Deposition
of Mo was done by Ar sputtering with dc magnetron without
substrate bias at a rate of 400 nm min−1. Mo films had (1 1 0)
crystal orientation with full width of half maximum (FWHM)
value of 1.7◦ measured by x-ray diffraction and roughness
2.3 nm (root-mean-square (RMS)) measured by atomic force
microscope. AlN films had (0 0 2) crystal orientation with
FWHM value of 1.4◦. RMS surface roughness of as-deposited
AlN films on Si substrate was 2.3 nm while roughness of AlN
films deposited on Mo was 3.3 nm.

Etching experiments were performed in the Omega R©etch
system from SPTS using radial coil design ICP-RIE process
module operating at 13.56 MHz with a basic gas mixture
of Cl2/BCl3/Ar into which other gases were added during
design of experiment. Wafer chuck (platen) was equipped with
electrostatic clamping and helium backside cooling system and
was maintained at 45 ◦C.

Based on integration flow preferences, etching was carried
out under hard mask of silicon dioxide deposited by a plasma-
enhanced chemical vapor deposition process. Etching of the
hard mask was performed by RIE in C4F8-based plasma
followed by O2 plasma resist stripping and wet cleaning.

Analysis of etch results was performed by cross-section
of vias using focused ion beam (FIB) and subsequent
measurements using scanning electron microscope (SEM).
One, 2 and 5 μm vias were cross-sectioned for study of etch
rates, sidewall angle, microloading and microtrenching effects.
Calculation of microtrench was based on measurements
illustrated in figure 1 and was done by the formula:

M-trench = (AlNcntr − AlNed)/(AlNdep − AlNcntr) × 100,

where M-trench is microtrench for 2 μm via in %; AlNcntr is
remaining AlN in via center; AlNed is remaining AlN in a
via edge; AlNdep is as-deposited AlN thickness. Since AlNdep–
AlNcntr represents AlN etch depth in a via center, microtrench
is calculated as a percentage of an increase of the etch depth
near sidewall of the via comparing to the center of the same
via.

Figure 1. FIB-SEM image taken after partial etch of AlN in the gas
chemistry of Cl2/BCl3/Ar with added buffer gas.

Figure 2. Tilted view SEM image of rough AlN surface after partial
etch with gas chemistry Cl2/BCl3/Ar. Surface roughness is 28.2 nm
(RMS).

3. Results and discussion

3.1. Screening experiments

Initial etching results were obtained for known gas mixture
with flow rates of Cl2/BCl3/Ar = 28/20/12 sccm [6]. At a
source power of 900 W and platen power of 200 W, the etch
rate was high (600 nm min−1) however, as expected, partially
etched AlN surface displayed substantial roughness as shown
in figure 2. During overetching this roughness was transferred
into a bottom Mo layer as shown in figure 3, where contact
of Al to a bottom Mo was fabricated after opening of vias in
AlN. Such contacts could be prone to poor reliability due to
large surface roughness.

For Cl2/Ar-based gas chemistry, the suppression of
etch roughness could be achieved by using recipes with
considerably reduced supply of Cl-containing species and/or
their energy, however, it happens at a price of considerable
reduction of AlN etch rate [5]. At a starting point, we presumed
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Figure 3. TEM image of Al–Mo interface in the AlN via opened by
etching with gas chemistry Cl2/BCl3/Ar.

that there may be other ways of suppressing etching roughness
than just reducing Cl concentration. Therefore, experiments
were conducted with an addition of different gases (referred
here as buffer gases) to Cl-based gas mixture without reduction
of RF powers, and total flow rate of Cl-containing gases.

Three different buffer gases were tested. The common
purpose of each of these gases was to generate by-products
with Al having less volatility than by-products of Al with Cl.
Indeed, it was found that with addition of sufficient flow of
buffer gas the surface roughness was reduced or even fully
suppressed through reduction of etch rate in grain boundaries
as compared to the protruding grains. This happens in the
following way. Species generated by buffer gas adsorbs on the
surface and reduce capability of main etchant—Cl—to come
into contact with Al. At the same time, these adsorbed species
or their compounds with Al are removed by ion bombardment
faster on protruding parts of surface than in recessed grain
boundaries resulting in preferential etching of protruding parts
and surface smoothing.

Only one of the three tested buffer gases was chosen
for detailed optimization because that gave better results in
terms of less drop of etch rate and less by-product deposition
on via sidewalls and, hence, less etch CD shrink. Table 1
provides the change of roughness (increase/decrease) against
increase in the value of input process parameters for screening
experiments with buffer gas added to Cl2/BCl3/Ar mixture.
Roughness of etched surface increased with an increase of
pressure, decrease of Cl2/BCl3 ratio and decrease of buffer
gas flow. The roughness did not change noticeably with an
increase of source power while it displayed mixed effect (up
or down) with an increase of platen power, depending on values
of other parameters.

One of improved results found in the course of screening
experiments is illustrated in figure 4, where the central part of

Figure 4. Partially improved surface roughness after AlN etch in gas
chemistry Cl2/BCl3/Ar with added buffer gas.

Table 1. Effect of the process parameters on AlN roughness.

Roughness value change with
Process parameter increase of process parameter

Cl2/BCl3

Pressure

Source power

Platen power

Buffer gas flow rate

via still has a thin layer of AlN while Mo is exposed at the
via periphery. Etching was done with 25% of buffer gas added
into the gas mixture of Cl2/BCl3/Ar and with Cl2/BCl3 flow
rate ratio of 1.5, and source/platen powers 700 and 200 W,
respectively. This recipe provided mostly smooth surface with
standalone grains at the etch rate of 320 nm min−1, which is
sufficient for MEMS applications. Therefore, we proceeded
with detailed design of experiment in the vicinity of the recipe
used for figure 4.

3.2. Response surface statistical experimental design

The following parameters were chosen as input variables for
DOE: flow rate of buffer gas, platen power and Cl2/BCl3 flow
rate ratio. All other input parameters were fixed at the following
values: total flow rate of gas mixture Cl2/BCl3/Ar 60 sccm, Ar
flow rate 10 sccm, pressure 7 mT, source power 700 W. Source
power was fixed approximately in the middle of the initially
studied range because we did not find an obvious change
of roughness versus this parameter in screening experiments.
Since roughness decreases with a reduction of pressure (see to
table 1), the latter was fixed at 7 mT as this is a minimal value
achievable at a given total gas flow rate in our system.

The important output process parameters (responses) cho-
sen for analysis in this paper were the following: AlN and Mo
etch rates, selectivity AlN/Mo and AlN/SiO2, AlN post-etch
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Table 2. DOE factors and their levels.

Levels

Variable factor Unit Low High

Buffer gas flow rate sccm 10 30
Cl2/BCl3 gas flow ratio – 0.8 2.0
Platen power W 120 250

Table 3. Statistical significance of DOE results.

Process parameter Adjusted R-square

AlN etch rate in 5 μm via 0.984
AlN etch rate ratio of 5 to 1 μm vias 0.996
Mo etch rate in 5 μm via 0.995
Selectivity AlN/Mo 0.962
SiO2 etch rate 0.954
Selectivity AlN/SiO2 0.958
Sidewall angle in 2 μm via 0.868
Roughness 0.963
Microtrench in 2 μm via 0.901

surface roughness, AlN sidewall angle, microtrenching at AlN
via bottom and microloading effect for an AlN etch presented
by ratio of etch rate in 5.0 μm vias to etch rate in 1.0 μm vias.
A response surface Box–Behnken statistical experimental de-
sign was used for etch process study [7]. This design is based
on a 33 factorial design, three replicates of the central run,
leading to 15 sets of experiments, enabling each experimental
response to be optimized. Factors and their levels chosen for
the DOE are summarized in table 2.

After performing 15 DOE runs and corresponding
measurements, the data were analyzed by CornerstoneTM

software, and initial regression models representing
correlation of input variables and etching results were
generated. Then, the model was refined by exclusion of
non-significant terms using stepwise regression procedure.
Statistical significance of the resulting DOE model is presented
in table 3, where the adjusted R-squares are the values
estimating the proportion in the responses that can be attributed
to terms in the model. As the values of the R-squares
are sufficiently high, the model was considered fit for all
estimated parameters and thus used for results prediction. The
model predictions for parameters of interest in this paper are
presented in the form of graph matrices of predicted responses
in figures 5 and 6.

Each graph representing the dependence of the response
on the particular variable factors (predictor) is plotted using
fixed values for other predictors, which were set at mid points
in this case and are shown on the graphs using vertical dotted
lines.

The following observations can be drawn from the graphs
in figure 5. Both the etching rate of AlN and selectivity to
SiO2 (AlN/SiO2) increases with an increase of platen power,
and Cl2/BCl3 flow rate ratio and decreases with an increase
of buffer gas flow rate. Mo etch rate also decreases with
an increase of buffer gas flow rate, however, it shows weak
maximum with an increase of Cl2/BCl3 flow rate ratio and
platen power. As a result, selectivity AlN/Mo increases with
an increase of Cl2/BCl3 flow rate ratio and an increase of

Figure 5. AlN etch rate in 5 μm vias, AlN etch rate ratio in 5 to
1 μm vias, Mo etch rate, selectivity AlN/Mo and AlN/SiO2 versus
variable process parameters.

Figure 6. Surface roughness, microtrench and sidewall angle versus
process parameters.

Figure 7. Selectivity AlN/Mo versus buffer gas flow rate and platen
power; Cl2/BCl3 flow rate ratio fixed at 0.8. The range of dc bias
observed in DOE was −90 to −230 V.

platen power, while it decreases with an increase of buffer gas
flow rate (figure 7). For all DOE runs, the etch rate of AlN is
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noticeably lower for via size of 5 μm compared to that of 2 μm
and 1 μm—the phenomena which may be described as micro-
loading effect. As can be seen from figure 5, the ratio of AlN
etch rate in 5 μm via to etch rate in 1 μm via increases with
an increase of Cl2/BCl3 ratio and an increase of platen power.
Since both these factors result in an increase of concentration
of main etchant, Cl, it can be predicted that to bring etch
rates in vias of different sizes even closer, Cl concentration
should be further increased. For this purpose further increase of
platen power as well as increase of source power and pressure
could be explored, however, possible deterioration of surface
roughness may be a limiting factor.

Figure 6 shows that the most critical parameter in this
study, roughness, has strong dependence on Cl2/BCl3 ratio and
buffer gas flow rate. Roughness decreases with an increase of
buffer gas flow and a reduction in Cl2/BCl3 ratio. This result
agrees with our expectation as both an increase of buffer gas
flow and a decrease of Cl2/BCl3 ratio reduce the chemical
component of etching which is sensitive to crystallographic
orientation and responsible for the development of roughness.

Combination of low Cl2/BCl3 ratio and high buffer
gas flow rate gives roughness value the same or even less
than roughness after deposition. However, the microtrench
shows contrary behavior: it increases (deteriorates) at low
values of the Cl2/BCl3 ratio and the maximum flow rate
of buffer gas which are the best combination of parameter
values for minimal roughness. Another important parameter,
the selectivity of AlN/Mo, also has minimal values for the
combination of low Cl2/BCl3 ratio and a high buffer gas
flow rate. Therefore it is difficult to satisfy the requirements
of low roughness, low microtrenching and high selectivity
of AlN/Mo in a single recipe. Optimization of both
microtrenching and selectivity AlN/Mo is very important in
the case of thin bottom Mo electrode because insufficient
selectivity of AlN/Mo in combination with microtrenching
may result in full removal of the Mo in the periphery
of the contact via. Unfortunately, as explained above with
reference to figures 5 and 6, the directions of improvement
for roughness on one hand and microtrenching and AlN/Mo
selectivity on the other hand seem opposite. However, as will
be shown below, in-depth analysis of available data by DOE
software revealed that there are some opportunities for process
optimization.

It is worth mentioning here that figures 5 and 6 are
snapshots of responses versus input factors only for the case
when other parameters are fixed at mid-level. The DOE
study of multifactor processes also provides information about
interaction of parameters. Interaction may result in situation
when the level of one factor influences the value or even
the direction of the effect of another factor on the particular
response. One of important interactions found in this study
is interaction of buffer gas flow rate and platen power with
respect to microtrenching. As shown in figure 8, for platen
power at mid and low levels, microtrenching increases with
increase of buffer gas flow rate, however, it decreases at high
level of platen power (refer to top right quadrant of the figure).
Similarly, microtrenching increases with an increase of platen
power for buffer gas flow at a low levels, however, it decreases

Figure 8. Interaction of platen power and buffer gas flow with
respect to microtrenching.

Table 4. Comparison of results for initial DOE and optimized run.

Best result Result of
Process parameter in DOE optimized run

AlN etch rate (nm min−1) 195 280
Selectivity AlN/Mo 3.76 4.00
Microtrench (%) 16.5 10.5
Roughness, nm (RMS) 1.50 1.78
AlN etch rate ratio of 5 μm to 0.80 0.67
1 μm vias

for cases when buffer gas flow is at mid or high level (refer to
left bottom quadrant of the figure). These effects are not easy
to discover without DOE.

3.3. Process optimization

Based on the trends described above of decreasing
microtrenching with an increase of platen power at a mid
and high level of buffer gas flow rate and a trend of improving
selectivity of AlN/Mo with platen power, we attempted to
improve both microtrenching and AlN/Mo selectivity by
performing the run with a combination of parameters, which
were not included in the original Box–Behnken design. The
settings for this run were the following: platen power 300 W,
flow rate of buffer gas 20 sccm and BCl3/Cl2 ratio 0.8.
The logic of using buffer gas flow rate of 20 sccm rather
than 30 sccm was based on the fact that selectivity AlN/Mo
decreases with increase of buffer gas flow rate as shown
in figure 5. The run performed at the optimized recipe
yielded an improvement of the etch rate, selectivity AlN/Mo,
microtrench and microloading while keeping roughness very
low as illustrated in the table 4, where results of optimized
run are compared with the best result achieved in the initial
DOE (comparison done only with DOE runs giving low
roughness <3 nm). Atomic force microscopy measurements
of the surface roughness after the partial etch of AlN with the
optimized recipe gave a value of 1.78 nm which is slightly
more than the best result in initial DOE but still lower than
the roughness of AlN after deposition. Finally, the optimized
recipe was applied for etching of vias in AlN on Mo with
results illustrated by figures 9 and 10. Figure 9 shows very
smooth surface of bottom Mo after full removal of AlN.
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Figure 9. Tilted SEM view of Mo surface after opening contact vias
in AlN by optimized recipe using chemistry Cl2/BCl3/Ar with
added buffer gas.

Figure 10. FIB/SEM image of Al–Mo interface in the AlN via
opened by optimized recipe using chemistry Cl2/BCl3/Ar with
added buffer gas.

From comparison of the results of the initial recipe in
figure 3 with the results in figure 10, it is seen that contact
interface between Al–Mo has been significantly improved.
It is smooth, without observable microtrenching. The sloped
sidewall profile is favorable for metal coverage. Thus, the task
of providing a satisfactory etching process for contact opening
in AlN to Mo was accomplished. Finally, the optimized
etch process was used to fabricate functional contour mode
resonators with good yield (not reported in this work).

Nevertheless, it should be noted that the beneficial sloped
sidewall profile in this case was achieved at the expense of
bottom CD shrink by 0.8 μm. For other applications of the

AlN etch process, a steeper sidewall profile and less etch CD
bias is desirable. The work to improve those parameters is
on-going and will be reported elsewhere.

4. Conclusions

This paper proposed a solution for the important technology
issue of securing the smooth plasma etching of AlN selectively
to Mo. The solution is based on an addition of a buffer
gas into Cl2/BCl3/Ar mixture for etching of AlN. By
performing DOE around experimentally found near-optimal
process settings, we established that surface roughness of AlN
can be kept at a low level by increasing flow rate of buffer
gas and minimizing Cl2/BCl3 flow rate ratio. Based on the
found parameters effects, the final optimized etching process
provided an improved microtrenching and selectivity AlN/Mo
without deteriorating surface roughness at AN etch rate of
280 nm min−1.
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