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Abstract— Silicon nitride films were deposited by a plasma
enhanced chemical vapor deposition technique using silane-
ammonia as the reactant gas mixture. The influence of the
process parameters such as flow ratio of the reactant gases,
pressure, substrate temperature, RF power, time of deposition
and electrode spacing on the deposition and etch rates
were investigated. From the matrix of deposition conditions,
the deposition parameters for high quality films applicable
to surface acoustic wave (SAW) technology were found.
Experimental results on the acoustic loss, reflectivity and velocity
dispersion for the fabricated devices are presented.

I. INTRODUCTION

ILICON nitride (SizN4) prepared by low temperature
S plasma enhanced chemical vapor deposition (PECVD)
is one of a group of thin film dielectrics which has found
wide application in semiconductor devices and circuits, and in
the integration of acoustic wave devices on semiconducting
substrates [1]-[3]. Such dielectric thin films can also be
useful when incorporated into SAW devices on traditional
piezoelectric substrates such as lithium niobate (LiNbOj3).
When properly configured, such layers can be used to provide
various functions including device passivation, waveguiding,
and reflective structures.

The acoustic velocity of amorphous SizNy formed by
PECVD is determined by the film density and the com-
pressional and shear elastic constants cj; and cgq4. These
quantities vary with the PECVD deposition parameters:
substrate temperature, pressure, RF power, the flow ratios
of the reactant gases and the electrode spacing (in the
case of a parallel plate system). All of these parameters
substantially affect the deposition and etch rates and other
physical and optical properties of the film. In previous work
[4]-[6], a deposition parameter matrix was constructed for a
SiH4—NH3 PECVD process, and the effects of variation of
the above parameters on the deposition and etch rates were

Manuscript received July 13, 1994; revised December 20, 1994; accepted
December 20, 1994. This work was partially supported by a Florida High
Technology Industrial Council grant, and by a grant from Sawtek Inc.

J. H. Hines, D. C. Malocha, K. B. Sundaram, and K. J. Casey are with the
Department of Electrical and Computer Engineering, University of Central
Florida, Orlando, FL 32816-2450 USA.

K. R. Lee is with the Electronic Signal Processing Laboratory, Institute of
Advanced Engineering, C.P.O. Box 2810, Seoul 110-714, Korea.

IEEE Log Number 9409921.

studied. A set of deposition parameters which result in high
quality films applicable to SAW devices were determined.
The acoustic properties of SizNs deposited on LiNbOsj
under these conditions were investigated using surface wave
devices fabricated using silicon nitride film pads and reflective
strip arrays between two unweighted transducers. Acoustic
properties such as propagation loss, velocity dispersion, and
reflectivity were studied.

II. FiLM DEPOSITION CONDITIONS

The silicon nitride films were grown in a modified Plasma
Technology reactive ion etch (RIE) system (Model RIE-80).
With a few hardware changes, this system can be reconfigured
for plasma enhanced chemical vapor deposition (PECVD).
When configured for PECVD, the system is a parallel plate
reactor with a mechanical pump for roughing and a molecular
drag pump able to provide a background pressure of 2 x
10~> Torr in the chamber prior to flowing the process gases.
The water cooled upper electrode plate is 24 cm in diameter
and uses a “shower head” assembly with 17 holes within
a diameter of 7.6 cm to uniformly distribute the process
gases. The lower plate is 24 cm in diameter, with a 95%
uniformity diameter of approximately 15 cm, and can be water
cooled or heated with the substrate heater to 400°C. The
RF power (13.56 MHz) is connected to the top plate. Films
were grown using combinations of silane and ammonia. A
3% silane in helium mixture was used as the silicon reactant
source.

The substrates used for deposition characterization studies
were n-type silicon (100) wafers. After obtaining the initial
high vacuum, the throttling was adjusted to obtain the required
pressure for deposition. The system was then purged with
ammonia at this pressure so as to clean the system from any
residual oxygen. Before introducing the silane, the plasma was
established with ammonia and this plasma was continued for
two to three minutes. The required deposition parameters were
then adjusted and all the conditions were stabilized before the
deposition was started.

The deposition and etch rates of the films were studied
with respect to variations in the deposition parameters: flow
ratio of silane to ammonia, chamber pressure, RF power,
substrate temperature, deposition time, and electrode spacing.
The range of these parameter variations performed are listed in
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TABLE 1
RANGE OF DEPOSITION PARAMETERS EVALUATED

Parameter Range of Values
Silane/Ammonia Flow Ratio 0.01 0.05 010 1.00
Chamber Pressure, mTorr 100 200 500 1000
R.F. Power, Watts 10 50 100 150
Substrate Temperature, °C 30 100 200 350
Time, minutes 5 10 20 30
Electrode Spacing, mm (ES) 30 40 50 60

Table I. The etch rates were determined by etching the silicon
nitride film with buffered oxide etch (13 NH4F:2 HF) 9 : 1
diluted in water. Following optimization of film deposition
parameters for acoustic device applications, film compositions
were studied using Auger spectroscopic analysis.

III. EVALUATION OF FILM DEPOSITION RESULTS

A. Effect of Silane to Ammonia Flow Ratio

The range of silane to ammonia flow ratio tested was from
0.01 to 1.0. Fig. 1 shows the variation of deposition rate
with respect to an increasing gas flow ratio of SiH,/NHj
for two pressures (300 and 700 mTorr). The RF power and
the substrate temperature were kept constant. It is seen that
the deposition rate slowly decreased when the flow ratio
increased. The deposition rates have similar values at a flow
ratio of 0.5 as reported by Sinha et al. [7] and the deposition
rate is higher at higher chamber pressure conditions. Several
studies at different deposition conditions showed a similar
trend for the deposition rate with increase in the flow ratio.
This is contrary to the results reported by Sinha et al. and
Piccirillo et al. where it is reported that as the flow ratio
increases the deposition rate also increases [7]-[8]. However,
Piccirillo’s measurements of deposition rate versus flow ratio
were performed at an RF power of 20 Watts, well below the
power at which minimum deposition rate occurs. Osenbach
et al. while examining the flow ratio range between 0.2-2.0
found that the deposition rate increased initially, reaching
a maximum value and finally showed a decreasing trend
[9]. In the present work, very small flow ratio experiments
could not be performed because of the limitation of the
flow meters and, for the given deposition conditions, the
deposition rate showed a decreasing trend for an increase in
flow ratio.

Fig. 2 shows the plots of the wet etch rate versus the
flow ratio of silane to ammonia for films deposited with two
different electrode spacings. Similar results were reported by
other workers showing that the increase in flow ratio causes
a decrease in etch rate [7], [8], [10], [11]. This is due to the
fact that the films deposited under high silane condition have
more silicon and less hydrogen and nitrogen content in the film
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which decreases the etch rate [12]. The low etch rate observed
at high flow ratios is also indicative of high density films.

B. Effect of Pressure

The chamber pressure was varied from 200 to 1000 mTorr
during deposition. Increase in the chamber pressure caused
both deposition and etch rates to increase as shown in Fig. 3.
The increase in pressure causes more ionized radicals in the
processing ambient causing an increase in the deposition rate.
The increase in deposition rate will, in turn, correspond to less
dense films which can be etched faster, as observed by Sinha
et al. and Hey et al. [7], [13]. As the density of the films
decrease, acoustic losses tend to increase due to scattering
caused by voids.

C. Effect of Power

The RF power was varied in the range of 10 to 200 Watts for
depositions which corresponds to a power density of 22-440
mWatt/cm?. The increase in RF power caused increases in both
deposition and etch rate as shown in Fig. 4. Similar results
were reported by other workers [14], [15]. Sinha et al. found no
critical change in density and etch rate with respect to increase

Authorized licensed use limited to: J Hines. Downloaded on October 11,2020 at 18:33:27 UTC from IEEE Xplore. Restrictions apply.



HINES et al.: DEPOSITION PARAMETER STUDIES AND SAW CHARACTERIZATION OF PECVD SILICON NITRIDE FILMS ON LITHIUM NIOBATE

30 45
c2sf
g 5 140
N —
Eaul £
g 135 E
&5 c
g T
£ 430 ©
20| ; &
g Flow Ratio: 0.10 <
[ Power :100 W L
o Temp. :300°C 425 W
5 Time :5min
ES : 56 mm
0 1 1 1 1 1 | 1 1 1 20
100 200 300 400 500 600 700 800 900 1000 1100
Pressure(mTorr)
Fig. 3. Deposition and etch rates versus chamber pressure.
20 120
. 18 F
< -100
§ 16 =
IR 1% ¢
K €
g 12 r 460 &
c 2
S lof T
‘@ Flow Ratio: 0.01 <
s 8 r Pressure : 400 mTorr P4
o Temp. :300°C 420 ¥
6 I Time :10 min
ES : 57 mm
A 1 ! ! L s 1 1 0

100 150 200 250 300 350 400 450
RF Power(mW /cm?)

0 50

Fig. 4. Deposition and etch rates versus RF power.

in RF power, though deposition rate increased [7]. Piccirillo
et al. observed a deposition rate with a strong RF power
dependence which exhibited a minimum of slightly under 100
A/min near 50 watts for a wide range of flow ratios. The
deposition rate was observed to increase to over 200 A/min
for both higher and lower power levels. Piccirillo also observed
a corresponding minimum in the etch rate, corresponding to
the decrease in density with increasing film deposition rate
[13]. This minimum is not observed in the current work since
the lowest power considered is approximately 50 Watts. Also,
a slightly higher maximum power (200 Watts) is considered
here, while Piccirillo maintained power at or below 150
Watts.

D. Effect of Substrate Temperature

The effect of temperature on the deposited film was in-
vestigated by varying the temperature from room temperature
to 350°C, keeping the other parameters fixed. Fig. 5 shows
the effect of temperature on deposition rate. As temperature
increased the deposition rate decreased. Roster et al. [16] con-
cluded that accurate temperature control is not very important
in a CVD process activated not by temperature but by an RF
glow discharge because it is found that the deposition rate
decreased by only 3% for every 50°C increase in temperature
[8]. This is contrary to the current findings, where it is
observed that deposition rate can decrease by up to 25% for
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a 50°C increase in temperature. Films produced at higher
temperature will tend to have less hydrogen content, be more
dense, and etch more slowly, all desirable film properties for
SAW applications. Fig. 5 also shows this effect of deposition
temperature on etch rate, and similar results have been reported
by other researchers [7], [8], [11].

E. Effect of Electrode Spacing

The electrode spacing was varied between 25 mm and 58
mm for the silane-ammonia process. The behavior of the
deposition rate is shown in Fig. 6. The electrode spacing
to achieve highest deposition rate for the stated deposition
parameters is approximately 38 to 40 mm. Since the density
of the deposited film is inversely related to deposition rate,
the electrode spacing to achieve high quality films for acoustic
applications under optimum SAW film deposition conditions
was selected as 57 mm.

F. Optimum SAW Film Deposition Conditions

Silicon nitride films which are desirable for SAW device
applications have densities nearing those of bulk SizNy, indi-
cating high quality films with few voids. Such films result in
high acoustic reflectivity, a large change in acoustic velocity
due to stiffening of the surface of the piezoelectric substrate,
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and inherently low propagation loss under the film relative
to other dielectrics. These effects allow for implementation
of acoustic reflecting structures and waveguiding structures
with thin nitride film thickness’, further reducing acoustic
losses due to presence of the film. In order to obtain dense,
high quality films, it is necessary to deposit the films under
conditions which limit the amount of hydrogen incorporated
into the films, and allow for film growth at low deposi-
tion rates. Deposition conditions which yielded excellent film
properties for use in the acoustic devices under consideration
were chosen from the matrix of depositions described above.
System operation was optimized with the following deposition
parameters:

Power Density = 663 mW/cm? RF Power = 100 Watts
Electrode Spacing = 57 mm Pressure = 700 mTorr
Gas Flow = SiHy/NH3 = 0.705 Temperature = 300°C

Films were deposited with deposition times ranging from 6
minutes to 30 minutes. The deposition rate with the conditions
specified above was approximately 110 A/min.

G. Analytic Film Studies

Films deposited under the optimized conditions described
above were observed to have a wet etch rate of 22+7 A/min
in buffered oxide etch at room temperature. This slow etch
rate is due to the high density of the films, measured to be
2.9610.07 g/cm?, fairly close to the density of bulk SizNy,
3.1 g/em®. The slight decrease in density with increasing
film thickness observed by Hickernell [3] was not seen for
films with thickness’ between 800 A and 3600 A. It is
well documented that silicon nitride films fabricated by low
temperature PECVD using silane and ammonia are often high
in hydrogen content [3], [8], [18], [19], resulting in variation
in physical and chemical film properties. High densities imply
low hydrogen content and stoichiometry nearing SizNy. The
density reported by Taylor for a film with the composition
SizNy was 3.00 g/cm® [19]. Interpolating Taylor’s measured
densities and stoichiometries, the measured densities for the
films produced in the current work indicate that these films
are approximately SizNs sgs. The compositions of the films
were analyzed using Auger electron spectroscopy (AES). The
AES depth profiling of the films was done to a depth of 1500 A
by sputter etching the film and making a measurement every
100 A. A typical AES depth profiling of the silicon nitride
film is shown in Fig. 7 indicating that the composition of the
film was fairly uniform, with very low carbon and oxygen
contents. An estimation of the average composition of the
film based on AES spectra was found to be Si3N3.83600.05,
in good agreement with the density-based estimate. Infra-red
spectroscopic analysis confirmed the low hydrogen content of
these films.

IV. SAW DEVICE DESIGN AND RESULTS

Simple delay lines were fabricated on 128° YX and YZ
LiNbO3 for measurement of the SAW properties. Three dif-
ferent fundamental frequency devices were designed having
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Fig. 7. AES depth profile of silicon nitride films.

wavelengths of 24 ym, 40 pm, and 80 pm. All devices used
split electrodes to eliminate internal transducer reflections.
The transducers were 10\ long with seven dummy electrodes
at each end and acoustic beam widths of 50\. The devices
generated both fundamental and harmonic responses, and
measurements were made at the fundamental and all harmonic
frequencies that had good suppression of RF feedthrough
relative to the SAW delay line response. This approach pro-
vided multiple data points of normalized thickness without
the need for design and fabrication of a large number of
devices. Control devices were fabricated without the presence
of silicon nitride thin films. Two port S-parameter data was
obtained from the control device at the fundamental and
harmonic frequencies of interest. Through parameter extraction
techniques, the transducer electrode thin film loss, electrical
mismatch loss, and propagation loss were found at every
frequency of interest. This technique of parameter extrac-
tion takes into account the effects of varying electrode duty
cycle and small fabrication defects which affect thin film
loss and electrical mismatch loss as a function of frequency
[17].

Sets of test devices were then fabricated with a silicon
nitride film pad in the propagation path between the two
transducers. The film extended well beyond the edges of the
SAW aperture to eliminate waveguiding effects. The effective
propagation length of the SAW under the silicon nitride
film was approximately 10 mm and the transverse ends of
the film were slanted to eliminate acoustic reflection effects.
Device measurements were made at each frequency of interest.
Parameter extraction was then conducted to eliminate the thin
film and electrical mismatch losses for each transducer. The
propagation loss from the control devices was then subtracted,
leaving only the propagation loss due to the silicon nitride film.
Velocity measurements were made by measuring the group
delay of the S data at the frequencies of interest. The velocity
data was corrected for free surface regions and for the regions
under the transducer.

Fig. 8 shows the linear characteristic of measured SAW
propagation loss versus normalized film thickness. The
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PECVD films selected for use in acoustic devices show
propagation loss much lower than the 0.02 dB/A reported for
SiOy sputtered films of equivalent normalized thickness on
LiNbOs [4], [5], [20]. It is believed that the low propagation
loss observed is a result of high quality films with few
voids.

The SAW velocity extracted from measured data for the
PECVD film on 128° YX and YZ LiNbOj is shown versus
normalized film thickness in Fig. 9. For both substrate cuts,
the SAW velocity is faster under a silicon nitride film than
on a free surface. As film thickness increases, the rate of
increase of velocity with increasing film thickness decreases,
implying that the film becomes less dense as it grows [3]. This
decrease in film density with increasing film thickness was not
observed in the measured film density values, perhaps due to
measurement uncertainty. The difference in velocity dispersion
observed for the two cuts may correspond to the difference in
the compressional and shear elastic constants, c;; and cy4.
The compressional elastic constant c1; is directly related to
the SAW velocity, and is the factor most influenced by the
application of a stiffening film such as silicon nitride. Thus
the larger velocity dispersion observed for 128° YX LiNbOg
may be due to the stiffening effect on the larger ci; of this
cut.
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Fig. 10. Transmission data for a 100 strip silicon nitride reflector between
two unweighted transducers.

Simple delay line devices at approximately 100 MHz center
frequency were fabricated on YZ LiNbOj3 with a silicon
nitride reflector between the transducers. The reflector was
composed of 100M\/4 silicon nitride strips. The transmission
between transducers is shown in Fig. 10. The notch does not
occur at the transducer center frequency due to the higher
velocity of the SAW under the silicon nitride surface as
compared to the SAW transducer velocity. Assuming a linear
variation with respect to normalized film thickness (h/A),
the reflectivity per strip is calculated using linear regres-
sion as 0.7411(h/A)+ 0.0023 for film thickness’ between
0.006(h/A) and 0.016(h/A) [21]. No explanation has been
obtained for the constant offset in this value of reflectivity.
An approximate fit to the observed data which agrees with
conventional theory for nonconductive steps is given by a
reflectivity per strip equal to 0.95(h/\). This reflectivity is
slightly higher than grooves on YZ LiNbOj, which have
a reflectivity of approximately 0.67(h/\) [22]. Connected
and unconnected thin aluminum lines on YZ LiNbOs3 have
a reflectivity of approximately 0.018 and 0.011, respectively
[22]. These values are essentially independent of metal thick-
ness, since piezoelectric shorting and electrical regeneration
effects (for the unconnected lines) are the dominant reflection
mechanisms, rather than mass loading or geometric discon-
tinuities. It can be seen from the expressions above that
reflectivities equal to or larger than those for metallic strips
can be achieved on LiNbOs using moderate thickness’ of
PECVD silicon nitride films. Thus, such films can be used to
provide reflective structures useful in a wide range of acoustic
devices.

V. CONCLUSION

Silicon nitride films were deposited by a PECVD process
using silane-ammonia as the reactant gas mixture. It is found
that both the deposition and etch rates of the films are good
indicators of film density and quality. By choosing the proper
combination of deposition parameters, it is possible to achieve
the desired deposition and etch rate characteristics for films for
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SAW applications. These films have low acoustic attenuation
and relatively high reflectivity, properties useful for acoustic
devices. The process parameters used for depositing high
quality silicon nitride films for SAW applications were pre-
sented. This study has shown good correlation with previously
published work and indicates that high quality PECVD silicon
nitride films should be able to be successfully grown on
many different types of SAW substrates. Silicon nitride films
could be used for passivation, frequency tuning, dielectric
reflectors, waveguides, and other applications requiring a low
loss dielectric film.
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