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Abstract 

The application of plasma-enhanced 
chemical vapour deposited (PECVD) silicon 
nitride as a diaphragm material for condenser 
microphones has been investigated. By means 
of adjusting the SiHJNH, gas-flow composi- 
tion, silicon-rich silicon nitride films have 
been obtained with a relatively low tensile 
stress. Aluminium can be etched selectively 
with respect to the silicon nitride films. 
Using aluminium as a sacrificial layer, 
300 x 300 pm silicon nitride diaphragms have 
been made. Admittance measurements on sil- 
icon nitride capacitances have shown that the 
insulating properties are sufficiently good for 
application as a microphone diaphragm. 

1. Introduction 

Silicon micromachining has become an im- 
portant tool for the fabrication of many types 
of sensors and. actuators. Recently a capac- 
itive blood-pressure sensor and an electret 
microphone have been developed, both using 
silicon mi_cromachining [ 11. 

The first generation of the silicon-based 
electret microphone consists of an anisotropi- 
tally etched silicon backplate and a commer- 
cially available Mylar diaphragm, which is 
attached manually per wafer and fixed by 
means of glue [ 11. Disadvantages of using this 
type of diaphragm are the lack of compatibil- 
ity with IC technology, wafer-to-wafer irre- 
producibility and the lack of possibilities of 
controlling diaphragm stress. Therefore, at 
present research is directed towards the devel- 
opment of a second generation of the silicon- 
based microphone, in ivhich diaphragms will 
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be realized by means of IC-compatible tech- 
nologies and materials, as for instance pre- 
sented by Hohm and Hess [2]. 

In the research described in this paper, 
sacrificial layer etching has been chosen in 
favour of wafer bonding, because the use of 
wafer bonding implies the application of a 
laborious wafer-alignment step and exposure 
of the wafers to high electric fields or high- 
temperature steps. 

It has been shown elsewhere that it is 
preferable that the condenser microphone di- 
aphragm material is insulating for optimiza- 
tion of the signal-to-noise ratio [3]. Silicon 
nitride is an insulating material whose me- 
chanical properties can be controlled by 
means of the processing conditions of the 
chemical vapour deposition process. An ad- 
vantage of plasma-enhanced with respect to 
low-pressure chemical vapour deposition is 
the lower deposition temperature (typically 
300 “C and 800 “C respectively). The lower 
deposition temperature of the plasma- 
enhanced process may be advantageous for 
the magnitude of the stress in the silicon 
nitride layer and for the use of other materi- 
als with a relatively low decomposition tem- 
perature. 

The objective of this paper is to investigate 
if plasma-enhanced chemical vapour de- 
posited (PECVD) silicon nitride can be ap- 
plied as a condenser microphone diaphragm 
material. First, the requirements which sili- 
con nitride has to fulfil for the application as 
a microphone diaphragm material will be 
discussed. Experimental results concerning 
the influence of the plasma-enhanced chemi- 
cal vapour deposition process parameters on 
the final properties of silicon nitride will be 
discussed in order to determine which 
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parameter(s) can be used to optimize the 
silicon nitride. Next, PECVD silicon nitride 
films will be characterized and finally an ex- 
ample of a silicon nitride diaphragm will be 
given. 

2. Requirements of Silicon Nitride as 
a Diaphragm Material 

Most of the thin films being used in IC 
processing, as deposited on a silicon wafer, 
exhibit stress which can be tensile or com- 
pressive. When etching freestanding micro- 
mechanical structures, like beams and 
diaphragms with clamped edges in a film, 
the presence of a too large compressive 
stress will cause buckling [4]. On the con- 
trary, the presence of a tensile stress causes 
the structures to be stretched. It has been 
shown that in both cases the sensitivity of a 
microphone or pressure sensor strongly de- 
pends on the stress in the diaphragm [5]. 
Tensile stress reduces and compressive stress 
increases the sensitivity. Especially in the de- 
sign of microphones, the sensitivity is a criti- 
cal aspect and therefore the realization of 
structures with compressive stress seems at- 
tractive, but on the other hand buckling 
should be avoided. Therefore it is preferable 
to realize microphones with a controllably 
small tensile stress. 

The microphone diaphragm will be 
formed by means of sacrificial layer etching 
[6] of which the successive processing steps 
are shown in Fig. 1. First, the sacrificial 
layer is deposited and patterned, followed by 
the diaphragm material deposition (a). Small 
access holes are etched in the diaphragm ma- 
terial (b). The movable diaphragm is formed 
by sacrificial layer etching via the access 
holes (c). While the sacrificial layer is etched 
in the lateral direction for several hundreds 
of microns, the diaphragm, with a thickness 
of the order of one micron, should not be 
attacked by the etchant. With practical di- 
mensions, the ratio between the etch rate of 
the sacrificial layer and the nitride should be 
much larger than 1: 1000. 

(4 

(4 

Fig. 1. Schematic drawing of the diaphragm fabrica- 
tion process: (a) deposition and patterning of sacrifi- 
cial layer; (b) deposition of diaphragm material and 
etching of access holes; (c) etching of the sacrificial 
layer. 

3. Plasma-enhanced Chemical Vapour 
Deposition Process Parameters .in Relation 
to Film Stress 

Figure 2 shows a schematic cross section 
of a parallel-plate plasma-enhanced chemical 
vapour deposition reactor, in which the lower 
electrode supports the silicon wafers. The 
temperature of the lower electrode is kept at 
a constant value by means of a resistive heat- 
ing element and a thermocouple. The reactive 
gases enter the reactor through holes in the 
upper electrode. Mass-flow controllers keep 
the flow rate of each gas at a fixed value. The 
gas pressure in the reactor is controlled by 
means of a valve between the reactor and the 
vacuum pump. The plasma is sustained by an 
r.f. generator, of which the output power can 
be varied. 

Many authors have discussed the influence 
of the process parameters on the properties of 
the silicon nitride fihns produced. It has been 
found that by varying the substrate tempera- 
ture, the stress can be varied from compres- 
sive, at lower substrate temperatures, to 
tensile, at higher temperatures [7-91. The 
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Fig. 2. Schematic cross section of the parallel-plate 
plasma-enhanced chemical vapour deposition reactor. 

temperature at which zero film stress is ob- 
tained has been found to vary from 70 “C [9] 
to 580 “C [7], depending on the other experi- 
mental conditions, like reactor geometry, 
composition of reactive gases, gas pressure, 
plasma frequency, etc. In general, CVD sili- 
con nitride films contain a certain amount of 
hydrogen, which decreases with increasing 
substrate temperature [7,8, lo]. The stress is 
determined by densification of the film, 
caused by hydrogen desorption and forma- 
tion of atomic bonds, which are both temper- 
ature-dependent processes, resulting in films 
with tensile stress for high deposition temper- 
atures. Considering these results, it seems at- 
tractive to use the substrate temperature as a 
tool for optimization of the film stress. How- 
ever, it has also been found that films de- 
posited at temperatures below 300 “C are 
very unstable during additional temperature 
steps and have a high pinhole density [8]. 
Both effects are unacceptable for microphone 
applications, and therefore the deposition 
temperature should be higher than or equal 
to 300 “C. 

It has been found that the use of low 
plasma frequencies ( ~4 MHz) results in films 
with compressive stress, and the use of high 
plasma frequencies in films with tensile stress 
[7]. This is ascribed to the fact that at low 
frequencies, ions in the plasma are acceler- 
ated by the alternating electric field and will 
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reach the substrate surface with high velocity. 
The kinetic energy of the ions impinging on 
the growing silicon nitride film is large 
enough to break atomic bonds, causing the 
film to expand, resulting in a film with com- 
pressive stress. At high frequencies, ion bom- 
bardment does not occur because of plasma 
ion inertness. The film stress is now only 
determined by hydrogen desorption and for- 
mation of atomic bonds and will therefore 
be tensile. The dependence of the film stress 
on the plasma frequency has been used to 
grow low-stress silicon nitride films [9], by 
applying a plasma that is alternately of high 
(13.56 MHz) and low (187.5 kHz) frequen- 
cies. The intention was to use the ratio of the 
deposition time of both types of films as a 
parameter. Unfortunately, it has been found 
that the film stress changes abruptly from 
tensile to compressive as a function of the 
percentage of low frequency. 

The effect of the total gas pressure in the 
reactor on the film stress in silicon nitride has 
been described for low-frequency deposition 
only [7]. It has been found that the film stress 
was always compressive, but that its magni- 
tude decreased as the total gas pressure in- 
creased. The gas pressure in the reactor 
chamber determines the number of collisions 
between ions and neutral particles in the 
plasma, and therefore the kinetic energy of 
ions. As the gas pressure increases, the inten- 
sity of ion bombardment decreases, and 
therefore the compressive stress decreases. 

The film stress in silicon nitride has been 
measured for different gas-flow compositions, 
using SiH4/NH3 mixtures diluted with 
N2 [9, 111. For low-frequency deposition 
(50 kHz), the film stress showed a minimum 
value, but was always compressive due to ion 
bombardment [ 111. For high-frequency depo- 
sition (13.56 MHz), the film stress was com- 
pressive for a high SiH4/NH3 gas-flow ratio 
and tensile for a low gas-flow ratio [9]. The 
observed transition from tensile to compres- 
sive stress is ascribed to the total hydrogen 
content of the silicon nitride film and the type 
of hydrogen bonds that are formed [9]. 

It can be concluded that stress in PECVD 
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silicon nitride films can be controlled between 
tensile and compressive by means of sub- 
strate temperature, plasma frequency and 
gas-flow composition. The deposition temper- 
ature has been chosen as 300 “C, because 
with the available equipment it was not possi- 
ble to use temperatures above 300 “C, and 
temperatures below 300 “C result in films 
which are unstable during additional temper- 
ature steps and have a high pinhole density. 
The plasma frequency cannot be varied 
continuously, because the available equip- 
ment could only operate at 187.5 kHz and 
13.56 MHz. With a plasma that is alternately 
high- and low-frequency driven, it is still 
difficult to control the film stress, due to the 
observed abrupt transition from tensile to 
compressive stress. Therefore, in the experi- 
ments described below, the gas-flow composi- 
tion has been chosen to control the film stress 
of silicon nitride layers. 

4. Deposition and Characterization of 
PECVD Silicon Nitride Films 

The experiments have been carried out 
with a parallel-plate reactor (Electrotech PF 
310). Silicon nitride films with a thickness of 
0.5 pm have been grown on two inch (lOO)- 
oriented bare silicon wafers. SiH4 diluted in 
N2 (2%) and NH3 have been used as the 
reactive gases. Gas pressure, substrate tem- 
perature and SiH4 flow have been kept con- 
stant at 650 mTorr, 300 “C and 2000 seem 
respectively. The NH, flow has been varied in 
different runs. The r.f. power has been chosen 
to be 20 W for high-frequency ( 13.56 MHz) 
and 60 W for low-frequency ( 187.5 kHz) de- 
position. These conditions were known to 
yield useful silicon nitride films. 

The stress in the silicon nitride films has 
been measured by using the wafer bending 
technique [ 121. The measured stress as a func- 
tion of the NH, flow for high- and low- 
frequency deposition is shown in Fig. 3, from 
which it can be observed that for high- 
frequency deposition the stress in the silicon 
nitride can be adjusted as a function of the 
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Fig. 3. Measured film stress of silicon nitride as a 
function of NH, flow for high and low plasma frequen- 
cies. Substrate temperature 300 “C, pressure 650 mTorr, 
BH, flow 2OOOsccm. (a) .13.56 MHz, 20 W; (b) 
187.5 kHz, 60 W. 

SiH,/NH, gas-flow composition. Using low- 
frequency deposition, films with compressive 
stress have been obtained, which is in accor- 
dance with the literature [ 111. Using a NH3 
flow of 10 seem and high-frequency excita- 
tion, films with a relatively low tensile stress 
of ( 1.1 + 0.2) x 10’ N/m* can be grown. The 
silicon nitride films, grown with a NH3 flow 
of 7 seem, have a stress too small to be 
measured with the wafer bending method. 
Therefore it could not be distinguished 
whether the stress was tensile or compressive. 

The refractive index of silicon nitride is 
determined by its composition. Figure 4 
shows the measured refractive index of silicon 
nitride films as a function of the NH3 flow. A 
refractive index larger than 2.0 is typical for 
silicon-rich films [ 131, and therefore it may be 
concluded that the high-frequency deposited 
films are silicon rich. 

The high-frequency deposited silicon-rich 
silicon nitride films with a tensile stress of 
( 1.1 &- 0.2) x 10’ N/m* seem to be useful as 
diaphragm material. Therefore the etch rate 
in various chemical etchants of this type of 
film has been determined by measuring the 
thickness of the film before and after etching. 
The etch rates in a HF/NH4F 1:6 solution 
(27 “C), a 33 wt.% KOH solution (silicon 
etchant, 70 “C) and a H3P0JCHsCOGH/ 
HN03/H20 80:5:5:10 mixture (aluminium 
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Fig. 4. Measured refractive index of silicon nitride as a 
function of NH, flow for high and low plasma frequen- 
cies. Temperature 300 “C, pressure 650 mTorr, SiH, 
flow 2000sccm. (a) 1356MHz, 20 W; (b) 187.5 kHz, 
60 W. 

etchant, 50 “C) have been found to be 
840 rim/h,, 41.0 rim/h and 2.5 rim/h respec- 
tively. The etch rates of aluminium and sili- 
con, in the above-mentioned etchants, are 
both 1 pm/min, resulting in etch selectivities 
of 1:24 000 and 1: 1500 respectively. The low 
selectivity of KOH excludes the use of silicon 
as a sacrificial layer. 

Silicon nitride capacitances have been used 
for electrical characterization of the silicon 
nitride films. 600 x 600 pm aluminium elec- 
trodes have been defined on top of a 0.5 pm 
silicon nitride film, with the silicon substrate 
as the opposite electrode. The relative dielec- 
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Fig. 5. The measured capacitive and resistive parts of 
the admittance of a silicon nitride capacitance in the 
frequency range lo-60 000 Hz. (a) Resistive part (l/R); 
(b) capacitive part (WC). 

tric constant, cr, has been determined from 
CV measurements and found to be 7.8. The 
silicon nitride capacitances are considered as 
a capacitor parallel with a resistor that repre- 
sents the leakage current through the capaci- 
tor. Admittance measurements in the 
frequency range lo-60 000 Hz have shown 
that the capacitive part of the admittance is 
always much bigger than the resistive part, as 
shown in Fig. 5. The leakage current can be 
neglected with respect to the total current. 
Therefore it can be concluded that the insu- 
lating properties of silicon nitride are suffi- 
ciently good for application as a diaphragm 
material for condenser microphones. 

5. PECVD Silicon Nitride Diaphragms 

Silicon nitride diaphragms have been real- 
ized on (lOO)-oriented p-type silicon wafers 
provided with 0.2 pm thermal oxide. As a 
sacrificial layer, evaporated aluminium with a 
thickness of 1 pm has been used. 1 ,um thick 
silicon nitride has been grown with a tensile 
stress of (1.1 + 0.2) x lo* N/m2 under the ex- 
perimental conditions shown in Fig. 3. The 
access holes for sacrificial layer etching, as 
schematically drawn in Fig. 1, have been 
formed in the silicon nitride layer by means 
of reactive ion etching. 

Silicon nitride diaphragms of 200 x 200 ,um 

Fig. 6. SEM picture of a 300 x 300 pm silicon nitride 
diaphragm. 
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and 300 x 300 pm have been realized by 
means of sacrificial layer etching. The times 
required to complete etching for 200 x 200 pm 
and 300 x 300 pm diaphragms were about 8 
and 24 h respectively. Figure 6 shows a 300 x 
300 pm silicon nitride diaphragm. Force- 
deflection measurements on a 200 x 200 pm 
diaphragm with a DEKTAK surface profiler 
have shown that these diaphragms are not 
sensitive enough for application as a micro- 
phone diaphragm. A rough estimate indicates 
that the dimensions should be of the order of 
1000 pm. 

6. Conclusions 

PECVD silicon-rich silicon nitride with a 
relatively low tensile stress of (1.1 f 0.2) x 
10’ N/m2 can be grown with a plasma fre- 
quency of 13.56 MHz and a NH3 flow of 
10 seem. Admittance measurements have 
shown that the insulating properties of the 
silicon-rich silicon nitride films are sticiently 
good for application as a microphone di- 
aphragm. The etch selectivity of silicon nitride 
and aluminium has been found to be I:24 000. 
The use of silicon as a sacrificial layer is 
excluded because of the relatively low etch 
selectivity. Diaphragms can be produced from 
silicon nitride by means of sacrificial layer 
etching. The development of larger di- 
aphragms is necessary to produce diaphragms 
with a suitable sensitivity for a microphone. 
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