LOW-STRESS SILICON NITRIDE
DEPOSITED AT LOW SUBSTRATE
TEMPERATURE USING HOT-WIRE CVD
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Abstract— By using Hot-wire chemical vapor deposition
(HWCVD), we deposited transparent silicon nitride (SiN,)
coatings at temperatures below 250 °C. As determined with
elastic recoil detection (ERD) and Rutherford backscattering
(RBS), these films show a very high mass density of 2.8 glcm®.
The low 16BHF etch rate of 18 nm/min confirms the good
compactness of the films. The deposition rate of these high-
density films prepared at low temperature is just as high as when
deposited at 450 °C, which is 3 nm/s. Moreover, these rapidly
deposited high-density films have very low absorption in the
visible wavelength region, which enables the use in optical
devices. These high-density layers exhibit a total stress of only
155 MPa (tensile) at a thickness of 208 nm. The electric
breakdown field of these layers was also determined and, despite
the low deposition temperature, it showed values of up to 1.1
MV/cm.

Index Terms— Silicon nitride, Hot-wire CVD, Low substrate
temperature, Dielectric properties, low stress

I. INTRODUCTION

Silicon nitride (SiN,) is a well known alloy, used in many
industrial applications. For instance, crystalline Si;Ny is
widely applied as ceramic material and thermal insulator.
Amorphous SiN, is commonly used in large area electronics
such as conventional thin film transistors (TFT) [1,2] and
commercial (multi-)crystalline Si solar cells [3-5].

Promising new applications for SiN, are high-quality
transparent barrier coating [6-8] and implementation as
dielectric medium in plastic electronics such as TFTs on
flexible substrates [9-10]. These barrier coatings are important
to prevent organic light-emitting devices (OLEDs) and
flexible solar cells from degradation caused by oxygen and
water vapor. These barrier coatings are employed as single-
film coatings, although it can also be used in an organic-
inorganic stack [7,8]. Amorphous SiNy is a very promising
material for these coatings since it possesses a high mass
density [9,10] and is transparent for the visible wavelengths.
Also for its use as dielectric medium in microelectronics, SiN,
is frequently used since conventional SiOy is not so easily

deposited at the relatively low temperatures necessary for
these flexible substrates.

However, high-quality SiN, films have thus far only been
reported when deposited at high substrate temperatures of
above 400 °C [11,13,14]. For successful implementation of
SiNy in plastic electronics, these high substrate temperatures
need to be lowered. This temperature decrease is not only
important to enable deposition on flexible (organic) substrates,
a low substrate temperature is also necessary to enable
stacking with other materials, such as polymers [7,8,15],
which are unstable at temperatures above 250 °C. Therefore,
research is necessary to enable depositions at low substrate
temperature (<250 °C) of high-density SiNy.
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Figure 1: Schematic drawing of the cooled hot-wire CVD reactor.

One candidate for deposition of high quality SiNy films at
low substrate temperatures is hot-wire (HW) CVD. Using the
HWCVD technique, the source gasses are decomposed at
heated filaments to radicals only with very high efficiencies
(~95%) [16,17], which enables deposition rates of up to 7
nm/s for transparent SiN, films [14,18,19]. This deposition
rate is much faster than commercial deposition systems can
offer [20]. Furthermore, since no plasma is applied, HWCVD

has the advantage that it prevents the substrate from possible
damage by ion bombardment. The use of HWCVD for SiN,
depositions at a substrate temperature of 450 °C has resulted
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in films with very high mass density (3.0 g/em’) [12], in
combination with good optical transmission, resulting in good
device performance [4,17].

Lowering the substrate temperature using the HWCVD
technique is not straightforward, since the substrate is
irradiated by the heated filaments. One possible solution is to
increase the distance between the heated filaments and the
substrate, however, this also reduces the deposition rate,
which is economically undesirable. Another option is to apply
active cooling which enables both the low deposition
temperature and high deposition rate.

In this paper we characterize high growth rate (3 nm/s) SiNy
layers deposited at substrate temperatures of 230 °C using the
HWCVD process with active substrate cooling. In doing so,
we will show that transparent SiNy films can be obtained with
very high density (2.8 g/cm’) in combination with minimal
light absorption. Therefore, these high-density films have
great potential for application in plastic electronics.

II. EXPERIMENTAL DETAILS

All depositions were performed in a four-filament hot-wire
reactor that is part of an ultra high vacuum multi chamber
system (PASTA) [21]. As source gasses pure silane (SiHy4)
and ammonia (NH;) were used. In all cases the ammonia flow
was kept constant and the silane flow was altered to obtain
different flow ratios. The deposition pressure was set at a
constant value of 200 pbar. The source gasses were
catalytically decomposed at tantalum filaments held at 2100
°C. These heated wires are placed 3 cm from the substrate. In
this laboratory system, a shutter is situated between the sample
and the wires, to control the duration of the deposition. For
thickness uniformity a square showerhead gas inlet was used,
which creates a uniform deposition area of 5x5 cm®.

Two types of substrate holders were used, one with and one
without active water cooling. The cooled substrate holder is
attached to a cooling body through which cooling water of 14
°C conducts the irradiated heat away from the substrate.

To investigate the influence of the substrate temperature on
the composition of the deposited films, two series of
depositions were performed. The first series was performed
without substrate cooling, on c¢-Si wafer and thin (50 pm)
Schott AF45 glass. These substrates were heated by the
radiation from the heated wires and reached a substrate
temperature of 450 °C. A second series was made using the
water cooler whereby the substrate temperature was decreased
to 230 °C. This temperature was directly measured by a
thermocouple attached to the surface of both the c-Si substrate
and the glass substrate. Other types of cooling liquids for the
substrate holder would obviously also lead to different
substrate temperatures, for this research only water is used.
All deposited layers had a thickness of around 300 nm.

The composition of the deposited samples was investigated
with elastic recoil detection (ERD) [22] using 50 MeV Cu®"
particles. Rutherford back-scattering (RBS) [23] with 2 MeV
He'-atoms was applied for accurate (within 5%) determination

of the mass density. Fourier transform infrared spectroscopy
(FTIR) was performed to investigate the bonded hydrogen,
where we corrected for coherent and incoherent reflections
[24,25]. The ambient H,O and CO, signals were eliminated
from the spectrum by intensive dry N, purging during the
FTIR measurements. The thickness and extinction coefficient
(k) of the deposited layers were measured by
reflection/transmission measurements [26,27]. The etch rate of
the films was determined using a 16BHF solution (5 parts
40% NH4F with 1 part 50% HF).

For the stress measurements, films were deposited on ultra
flat Schott D263T glass (100 um). The curvature, before and
after the deposition, was determined over a long range of 4 cm
using a DEKTAK step profiler. Due to stress in the films, the
film-substrate stack curves. The stress is quantified by the
approach of Glang et al. [28]. A more detailed discussion
about the use of this method for HWCVD SiN; films is given
elsewhere [29].
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Figu re 2: N/Si ratio and deposition rate dependence on the flow ratio. The
trends for the different substrate temperatures are roughly the same.

III. RESULTS AND DISCUSSION

In Fig. 2, the atomic N/Si ratio of the deposited films is shown
as well as the deposition rate for both the 450 °C and the 230
°C series. The flow ratio of the source gasses has a large
influence on the atomic N/Si ratio (= x in SiN,) of the
deposited films. Since the NH; flow was constant the
difference in flow ratio is created by using different SiH,
flows. It can be seen that the deposited films have an N/Si just
over stoichiometry (N/Si > 1.33) for low SiH, flows. When
increasing the SiH, flow the films become more Si-rich since
more SiH,; molecules are exposed to the heated wires. Since
the volume density of Si atoms in the film is independent of
the composition [12-14], the deposition rate of the deposited
films has a linear correlation with the SiH, flow, such that
higher SiH, flows result in higher deposition rates.
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Figure 3: The mass density and 16BHF etch rate of the various SiNx
samples. The etch rates confirm the high mass densities. The lines are a guide
to the eye.

It is remarkable that the composition and the deposition rate
reveal the same dependence on the flow ratio for the two
substrate temperatures. The only difference between the two
substrate temperatures is when depositing at relatively high
SiH4 flow, applying higher substrate temperature leads to
lower N/Si ratios in the films compared to films deposited at
230 °C. In this paper we will use the N/Si ratio to characterize
the films since this is a physically more meaningful parameter
than the flow ratios during deposition.

For successful application in devices it is important to
deposit compact films with a high mass density. In Fig. 3 both
the mass density and the 16BHF etch rate are plotted for
different compositions. For the series deposited at a substrate
temperature of 450 °C the mass density increases with
increasing N/Si to a very high value of 3.0 g/cm’ for N/Si =
1.31. For higher N/Si ratios the mass density decreases. This
is caused by the creation of voids in the films, which are also
observed with TEM [30]. For the films deposited at a
substrate temperature of 230 °C again an increase in mass
density with increasing N/Si is observed. In this case however,
a maximum of 2.8 g/cm® was achieved at a N/Si just above
stoichiometry. The 16BHF etching experiments confirm these
trends in mass density: a very low etch rate of 7 nm/min is
reached for films deposited at 450 °C, which increases to 18
nm/min when films are deposited at a substrate temperature of
230 °C.

For applications in optical devices (OLEDs and solar cells),
it is important to be transparent in the visible-wavelength
range. In Fig. 4 the extinction coefficient (k) for visible
wavelengths of films deposited at 230 °C with different
compositions is shown. As can be observed absorption only
occurs at wavelengths smaller than 600 nm and increases with
decreasing N/Si ratio. This occurs since decreasing the N/Si
ratio leads to more Si-rich material, which causes narrowing
of the band gap.

For the application of SiN, in plastic (flexible) electronics it
is obviously important for the SiN, films to have low
mechanical stress. Therefore, the total stress of the films is

determined. For the most N-rich samples (N/Si = 1.56) have a
low value of 155 MPa tensile. Based on earlier measurements
[29], it is expected that more Si-rich sample will have even
less stress.
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Figure 4: The extinction coefficient of the hot-wire CVD deposited SiNx
deposited at 230 °C. Up to N/Si=1.20 there is negligible absorption in the
coatings.

The hydrogen concentration in the SiN, films deposited at
230 °C was determined using ERD. In Fig. 5 the total
hydrogen concentration in the films is shown as a function of
composition. A clearly decreasing trend can be observed, in
which the lowest hydrogen concentration is measured for the
most N-rich samples. All samples contain a relatively high
hydrogen concentration, despite their high mass density. The
lowest concentration of 16.5 at.% is significantly higher than
for materials deposited at 450 °C (~9 at.%) [31], however still
lower than reported for SiN, films deposited at comparable
substrate temperatures using PECVD [32,33].
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Figu re 5: Total hydrogen concentration of the SiNx films deposited at 230
°C, and its relative distribution over the N—H and Si—H bond. The lines are
guides to the eye.

Since cross-linking reactions at the surface are the major
mechanism for hydrogen removal during the deposition
process [14], these higher hydrogen concentrations are
possibly caused by a lower rate of cross-linking reactions due
to the lower substrate temperature. Fig. 5 also shows the
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integrated absorption of the Si—H and N-H stretching modes
at 3340 cm ' and ~2200 cm ' respectively. This analysis
reveals that for Si-rich material the amount of hydrogen
bonded in the Si—H configuration decreases with increasing
N/Si ratio. The intensity of the N-H peak shows the inverse
trend with a maximum for the most N-rich samples.

To investigate if the same low substrate temperature SiN,
films also have potential for implementation as dielectric
medium, I-V measurements were performed on HWCVD
SiN, films implemented in a MIS structure. Fig. 6 shows a
typical I-V curve. The most N-rich samples have a breakdown
field of 1.1 MV/cm.
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Figu re 6: I-V curve of a 208 nm thick SiN, 5 films in a MIS structure.
These films have an electrical breakdown field of 1.1 MV/cm.

IV. CONCLUSIONS

For application as barrier coating in opto-electronic devices, it
is important to develop transparent silicon nitride (SiNy)
coatings with a high mass density deposited at low substrate
temperatures. By using hot-wire chemical vapor deposition
(HWCVD) we were able to deposit dense, transparent SiNy
coatings at 230 °C. These films have a high mass density of
2.8 g/em’. The deposition rate of the films with the highest
mass density films was kept unchanged with respect to that of
films deposited at ~450 °C, at 3 nm/s. Furthermore, these high
density films have very low light absorption for the visible
wavelengths which enables their use in optical devices. These
high-density layers exhibit a total stress of only 155 MPa
(tensile) at a thickness of 208 nm. The electric breakdown
field of these layers was also determined and, despite the low
deposition temperature, it reaches a value of up to 1.1 MV/cm.
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