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Abstract

The structural, optical and electrical properties of
plasma enhanced chemical vapor deposited
silicon nitride layers are investigated, which have
been used as a dielectric layer during RF MEMS
fabrication. During growth, the gas ratio
(SiH4/NH3) is varied between 0.33-0.5 and
pressure is varied between 400-700mTorr while
deposition time is kept constant. The results in
the films show differing properties. The
thicknesses of the resultant films are between
150 to 220nm with different gas flow ratios and
pressures whereas the deposition time was kept
constant. A Bruggeman effective medium
approximation is utilized to model the refractive
index of the films. Reflectance measurements
were carried out in the range of 210-250nm. The
refractive indexes of the films varied between
1.79 to 2.03, with a dielectric constant varying
from 6.66 to 7.22. Capacitance voltage
measurements yield a fixed dielectric charge
value in the low-10"cm? while a breakdown
voltage of 915V/um is achieved for films grown
at the lowest gas ratio and pressure. The quality
of Si/Si,N, interface is also considered.

Index Terms: RF MEMS, PECVD, silicon
nitride, series switch

1 Introduction

Radio frequency micro electromechanical
systems (RF MEMS) based switches show great
potential for use in mobile and satellite
communication and can be integrated on chip
with driving electronics (Mansour et.al. 2003).
Silicon nitride films are commonly used for
MEMS due to its hardness, chemical inertness
and good electrical insulation properties (Hines
et. al. 1995; Bustillo et. al. 1998; Daldosso et. al.
2004 ). Various methods can be used to produce
SixNy films; they include thermal chemical vapor
deposition (CVD), thermal nitridation of silicon,
plasma enhanced chemical vapor deposition
(PECVD), ion implantation, ion beam
deposition, pulse laser ablation, reactive
evaporation and reactive sputtering (Olson
2002). In addition to switches a number of other
RF components can use SixN, as a dielectric
layer including inductors, capacitors, phase
shifters and surface acoustic wave devices. The
optical and electrical properties of SixN, layers
must be optimized for each type of device.

In addition to RF MEMS devices, SixN, films
have found application as oxidation masks,
protection and passivation barrier layers, etch
stop layers and inter-level insulators for isolation
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in the semiconductor industry (Sanders et.
al.1997; Xu et. al. 2003). A near stoichiometric
silicon nitride, deposited at low temperature is
used for these applications and has a high
breakdown voltage and low interface trap density
(Daldosso et. al. 2004). SixN, is also a candidate
to replace SiO, in ultra-thin dielectric structures
since SiyN, has a higher dielectric constant and
exhibits better performance as a diffusion barrier
than SiO, (Duefas et. al. 1997). Despite their
widespread application, there is only a few
reported works in the literature that deal with the
electrical properties of the Si/SiN, interface
(Duefias et. al. 1997; Stesmans 1989; Garcia et.
al. 1998; Gong et. al. 2010).

Here, the deposition of SiN, by PECVD is
studied for application as a dielectric layer in RF
MEMS switches. It is shown that the properties
of the layers can be customized by varying the
deposition conditions such as the gas flow ratio
and the chamber pressure. Reflectance
measurements were used to measure the quality
and stoichiometry of the film. Capacitance-
voltage (C-V) and deep level transient
spectroscopy (DLTS) measurements are also
used to quantify the interface state density.
Finally, the fabrication process for RF MEMS
switches indicating the use of SixN, as a
dielectric layer is discussed.

2 Experimental Procedure

SixNy films were grown on 2 inch polished n-
type, p-doped (100) silicon wafers with a
resistivity of 5Q.cm using a parallel plate
PECVD reactor (VACUTEC-1500 plasma
system). A schematic diagram of the PECVD
apparatus is shown in fig. 1. The diameter of the
PECVD reactor chamber is 305mm and the
diameter of the shower head through which the
gases enter is 260mm with a RF frequency of
13.56MHz. A gas mixture of SiH,/NH; was
introduced into the reaction chamber through a
shower head in the upper electrode for SiN,
deposition under different processing conditions.

The SiH4/NH; ratio was varied from 0.33 to 0.5
while the pressure was varied from 400-
700mTorr. The wafer temperature during growth
was measured from a lower electrode and was
kept constant at 300°C. Other parameters such as
power and deposition time were kept constant to
75W and 8min, respectively. The experimental
deposition parameters are shown in table 1.
These parameters resulted in a stoichiometric

ratio of Si,N, with x=3.03 and y=4 as determined
with ellipsometry measurements.

Table 1. Deposition conditions for the Si,N, films
formed under three processing routines

Substrate type Si n-type(100) 5 Q.cm
Substrate temperature 300°C

RF power 75W

Time 8 min

Pressure 400-700mTorr
Ratio-1 (SiH4/NH) = 0.333
Ratio-2 (SiH4/NH3) = 0.375
Ratoi-3 (SiH4/NHs) = 0.5

After deposition, various properties of the films
were measured. They include, the refractive
index, growth rate, surface roughness (R,),
breakdown voltage, dielectric constant and
flatband voltage.

Firstly,  reflectance = measurements  were
performed using a CARY 5G photospectrometer.
The measured data was then compared with
modeled reflectance data for the Si,N, films,
using a least squares analysis. The modeled
reflectance data was simulated using WVASE
ellipsometric software which implements the
Fresnel thin film equations for reflectance.

The input parameters for the simulated
reflectance curves are the film thickness
(measured using a DEKTAK profilometer and
AFM) and the optical parameters refractive
index (n) and extinction coefficients (k), which
were to be determined.

The refractive indexes and extinction coefficients
of the films were determined by fitting the
modeled and measured reflectance data, using a
Bruggeman effective medium model (Niklasson
et. al. 1981). The modeled reflectance data
consists of known refractive index data for
silicon nitride, amorphous-Si (a-Si) and voids of
the Bruggeman model. The measured reflectance
data was used as the fitting parameter with the
modeled data which allowed the determination
of the refractive indexes of our films. It should
be noted that the use of SiyN,, a-Si and voids in
the Bruggeman effective medium model allows
us to vary the refractive index of our fit, but does
not imply the actual presence of a-Si and voids
in the films.

Metal-insulator-semiconductor (MIS) structures
were fabricated with 250um diameter Al dots



evaporated on the Si.N, films for current-voltage
(1-V), capacitance-voltage (C-V) measurements
and deep level transient spectroscopy (DLTS). I-
V measurements were performed at room
temperature with SONY Tektronix-370 curve
tracer high current source measurement unit. The
supply voltages from -40V to +400V were used
to determine the electric breakdown field. C-V
and deep level transient spectroscopy (DLTYS)
measurements were performed at room
temperature on a SULA Technologies DLTS
system. C-V scans were performed from
inversion to accumulation at a rate of 0.005 V/s
to ensure the capacitor was in equilibrium
throughout the measurement. DLTS was also
performed to characterize the Si-SixN, interface.
The DLTS spectra were formed by a standard
box-car method with a 1MHz AC probe
frequency.

3 Results and Discussion
3.1 Deposition Rate vs. Pressure

Fig. 2 shows the variation in deposition rate as a
function of the gas ratios and pressures listed in
table 1. As the gas pressure increases the
deposition rate increases. As the gas ratio
SiH4#/NH; increases the deposition rate also
increases. The deposition time was kept constant
so that film thicknesses could be controlled. The
deposition rate is almost linear with the change
in pressure.

3.2 Reflectance Measurements

Fig. 3 shows the refractive index, n, variation at
A= 633nm as a function of gas ratio and pressure.
There is an increase with gas pressure with a
peak in refractive index at 600mTorr
independent of the gas ratio used. The refractive
indexes for films grown in gas Ratio-3 are
noticeably higher than the other films. It is
possible to customize the refractive index of the
film by managing deposition conditions such as
pressure and gas flow ratios (Daldosso et. al.
2004).

3.3 Pressure vs. Surface Roughness

The surface roughness of the films was assessed

by measuring roughness parameters, R,

using atomic force microscopy (AFM). Ra'rmS is

defined as the root mean square average of the

height (H ) deviations taken from the mean data
plane. It is expressed as

19 = .2
I:ea,rms = _Z(H| - H) (1)
N3

where N is the number of points with the given

area, H; is the current height value and H is the
average of the height values within the plane.

In fig. 4, it is also observed that a high gas ratio
results in a relatively high surface roughness
which increases with gas pressure.

The other two gas ratios considered have a
surface roughness less than half of Ratio-3. The
dependence on gas pressure for these films is
weaker but tend to suggest that a maximum
surface roughness is achieved for 500 and
600mTorr for Ratio-1 and 2, respectively.

3.4 C-V Measurements

A typical C-V curve is shown in fig. 5 for a
sample grown in a ambient pressure of
400mTorr with gas Ratio-3. The voltage is
pulsed from OV to -13V at the start of the
measurement. This results in driving the MIS
into deep depletion. Some time is needed for the
minority carrier to form and thus to reach
equilibrium. This behavior is signified by the
slow increase in capacitance up to the inversion
capacitance which is reached at about -11V. The
scan rate was chosen to be 0.01V/s to minimize
this.

The flatband voltage (Vy,) for the C-V curve
shown in fig. 5 was -9.2V. We estimate the fixed
dielectric charge to be in the low - 10" cm™
Within experimental error, there is no change in
fixed dielectric charge with the processing
parameters considered here. The dielectric

constant of this film was determined to be 6.7.

The variation in dielectric constant for the other
films is shown in fig. 6. Generally, the dielectric
constant decreases as the gas ratio increases.
However, at a pressure of 600mTorr the opposite
is true. This may have some correlation with
refractive index variation at this pressure and
requires further investigation.

Fig. 7 shows the DLTS signal for a Si/SisN,4
interface where the SisN, film was grown at a
pressure 400mTorr with gas Ratio-3. A peak is



observed at low temperatures which is due to the
Si=Si; defect (Py,) (Stesmans 1989).

This defect Py, is the surface Si dangling bond
pointing out of the Si surface which is equivalent
to the Py, defect in the Si/SiO, system. The
defect was found to have a trap energy of 0.23eV
and a capture cross section of ¢ = 1.4x107" cm?,
The concentration of this defect was 4x10* /cm?.
Compared to a standard Si/SiO, interface this
defect density is considerable. A prominent peak
just above room temperature was found to
dominate the spectra. This peak is due to
generation-recombination processes. In general,
the quality of the Si/SisN, interface did not vary
significantly with the processing parameters
considered here.

3.5 |-V Measurements

The breakdown voltage for the MIS capacitors is
shown in fig. 8 as a function of the processing
parameters. One can notice that the highest
breakdown voltages are achieved with the lowest
deposition pressures. This is despite the fact that
the thickness of the films increases with gas
pressure and so should provide more robust
properties. The highest breakdown voltage is
915V/um which was achieved with a film grown
with Ratio-1 at a pressure of 400mTorr. For
Ratio-2 a similar trend was observed for the
breakdown voltage.

As could be expected from the gas ratios, Ratio-3
has shown the highest excess Silicon and in turn
has shown a low breakdown voltage of
410V/um. The lower breakdown voltage trend
may be related to the high surface roughness of
the film as indicated above. Silicon nitride films
were deposited at a temperature of 300°C. Fig. 8
shows that use of silane and ammonia exhibits a
variable trend in the breakdown voltage.

As the concentration of silane increases the
breakdown strength decreases to 308V/um due
to increase in conductivity. The same trend has
also been reported by (Khaliq et. al. 1988).

4 Fabrication

The fabrication of the RF MEMS switch has
been done by using silicon nitride as a dielectric
layer. The detailed fabrication process along with
its release method has been explained in
(Rahman et. al 2010). However, main mask

layers of the fabrication process are explained
below.

The fabrication process is a six mask all metal
process. DC bias lines and actuation pad are
defined by evaporating 0.04um layer of Cr. This
layer is then patterned with mask one. A 0.75 um
thick layer of silicon nitride is deposited as
insulator/dielectric layer using plasma enhanced
chemical vapor deposition (PECVD) and
patterned with mask two. Since the switch is
made of metal, a dielectric layer is needed to
prevent direct DC contact between the metal
cantilever bridge and the actuation pad. The
CPW lines are defined by evaporating/RF
sputtering of 0.04/1.0um thick layer of Cr/Au
and patterned with mask three. Cr has been used
as an adhesion layer between the Au and
substrate. Then a 2.5um thick layer of
photoresist (AZ-6632) is deposited as sacrificial
layer and patterned for anchor and dimple with
mask four and five respectively. This is followed
by a 1.5um thick layer of RF sputtered Au which
is patterned with mask six to form the cantilever
beam. Finally, the bridge structure is released by
using a dry release process. Fig. 9 shows the
fabricated switch indicating the SixN, layer used
as a dielectric layer.

The details of the fabricated switch and RF
performance have been discussed in (Rahman et.
al. 2010). The fabricated switch actuated at a
voltage of 23V. The isolation of the switches is
better than 27dB up to 40GHz. The return loss is
better than 18dB and the insertion loss is 1.3dB
respectively, for all frequency band of interest.
Using the same fabrication process several other
novel RF MEMS switch designs have also been
fabricated.

5 Conclusion

The deposition and properties of PECVD silicon
nitride films have been studied as a part of the
establishment of the fabrication process for RF
MEMS devices. The properties of silicon nitride
films were related to process conditions and
substrate material. The increase in deposition
rate was linear with change in pressure however,
little affected by SiH/NH; flow ratios. The
reflectance measurements indicated the changes
in refractive index of the films. The refractive
indexes of the films increased with an increase in
gas pressure however, it decreased above
600mTorr gas pressure. The variation in
refractive indexes can be noted with variation in



gas ratios. The surface roughness of the films
changed with increase in pressure and change in
SiH4/NH; ratios. However, in case of Ratio-1
and Ratio-2 surface roughness improved above
600mTorr gas pressure. C-V and DLTS
measurements were used to quantify the
interface state density. A peak was observed at
low temperature which was due to Si:Siz defect.
The defect was found to have trap energy of
0.23eV and captured cross section area of
1.4x10™ cm? with concentration of defect to be
4x10™ /cm?. The highest breakdown voltage is
915V/um which was achieved with a film grown
with Ratio-1 at a pressure of 400mTorr. The
breakdown voltage decreased as the pressure
increased. Similar trend was observed for the
breakdown voltage in case of Ratio-2 and 3. The
lower breakdown voltage trend may be related to
the high surface roughness of the film however,
use of silane and ammonia also exhibits a
variable trend in the breakdown voltage. The
application of silicon nitride film as a dielectric
layer has been demonstrated in fabrication of RF
MEMS series switch exhibiting satisfactory RF
performance.
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