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Plasma-Enhanced Chemical Vapor Deposition of Silicon Nitride
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The optimum condition of plasma-enhanced chemical vapor deposition to deposite silicon nitride (SiN,) film and its
application as a gate insulator of a-Si thin-film transistor (TFT) have been investigated. The internal stress of SiN, in the
range of 4.3 x 10° dyn/cm? tensile to 8.0 x 10° dyn/cm? compressive is found to be controllable by changing the ratio of
H, and N, in the source gases without affecting the optical band gap. Satisfactory TFT characteristics and high reliability
are realized by using a gate insulator of SiN, having either stoichiometric or N-rich composition which shows the large

optical band gap.
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§1. Introduction

Silicon nitride (SiN,) thin-films deposited by plasma
enhanced chemical vapor deposition (PECVD) are wide-
ly applicable as protection films of semiconductor
devices and gate insulator films of thin-film transistors
(TFTs) to drive liquid crystal panels, and so on. The char-
acteristics of such SiN, films are governed more strongly
by the deposition apparatus and conditions than are
those deposited by thermal CVD methods, and
therefore, have many unknown factors.

There have been several papers'™ reporting on the

chemical compositions and physical properties of SiN,.

films deposited by PECVD methods using SiH, and NH;
as source gases.

These papers reported that the silicon nitride films
prepared by conventional PECVD methods employing a
high-frequency RF power source of more than several
MHz showed tensile stresses while those prepared using a
low-frequency RF power source such as 50 kHz showed
compressive stresses.

In thin-film device manufacturing, the internal stress
of the thin film is a highly important factor because an ex-
cessive tensile stress may cause cracking in the device
while an excessive compressive stress may invite peeling
of the deposited thin film. Moreover, the performance
and reliability of TFT using SiN, gate insulator film are
governed largely by its chemical composition.

This paper reports on the experimentally determined
relationships between SiN, deposition conditions and in-
ternal stresses, in addition to the relationship between
chemical compositions and performance of a-Si TFT of
which the gate insulator film is made of SiN, when it is
used as a switching element of a liquid crystal display
panel.

§2. Experiments

The SiN, films were deposited on either high-resistivity
silicon or quartz substrates by using a capacity-coupled
plasma CVD apparatus employing a 13.56 MHz RF
power source under various conditions of gas-flow rate,
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pressure, substrate temperature, and discharge RF
power, which are shown in Table 1.

The refractive index and the optical band gap (Egop)
were measured for the evaluation of SiN, characteriza-
tion. The optical band gap is defined as photon energy
where the absorption coefficient is 5% 10*cm™'. The
chemical composition of film was determined by Ruther-
ford backscattering analysis (RBS), proton recoil detec-

tion (PRD) and electron spectroscopy for chemical

Table I. Deposition conditions.
Apparatus 13.56 MHz
frequency 9'00 cm?

cathode area

Source gases

SiH, 15~18 scem
NH, 72~90 sccm
N, ~300 sccm
H, ~300 sccm
Pressure 0.9~1.2 Torr
Substrate Temp. 290~ 320°C
RF power 100 ~400 W
Source Passivation Drain
Al/MoSi SiNx a-Si n'a-Si Al/MoSi
/ /
| [* /1 |
I 7 1
/  EE—
¢ / ¢
/ ' / \
Gate Insulator Gate Glass Substrate
SiNx Cr Corning #7059
Fig. 1. Schematic configuration of a-Si TFT.
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analysis (ESCA). The hydrogen bond and spin density
were evaluated by an IR method and by ESR, respec-
tively.

The internal stress was calculated from the change in
the curvature of the substrate on which SiN, film was
deposited, and its etching rate was determined using a
buffered HF solution (BHF(1:6)). The characteristics of
TFT were evaluated by fabricating inverse-staggered
TFTs of which the channel was passivated by the SiN,
film, as shown in Fig. 1.

§3. Experimental Results

3.1 Effects of deposition condition on SiN, film proper-
ty

3.1.1 Dependency on RF power

Figure 2 shows a plot of internal stresses of prepared
SiN, films when the RF power is varied in the range 100-
400 W while keeping the gas-flow rate, pressure, and the
substrate temperature constant. The gases used are either
of a SiH,, NH; and H, system gas or a SiHy, NH; and N,
system gas. As shown in Fig. 2, the internal stresses of
SiN, film which is tensile at low RF power (~250 W)
changes toward compressive with increasing RF power
when the SiH,, NH; and H, system gas is used. At RF
power of 400 W, the stress is a compressive one of 2.8-
3.8 x 10° dyn/cm?. However, when the SiH,, NH; and N,
system gas is used, the internal stress is consistently ten-
sile (3.1-4.5x 10°dyn/cm?). This is true even with a
higher RF power, thus indicating very little dependency
on the RF power.

g,f,; _ 40+ i

Pt (Y]

@ § 30} >

@ = SIH4

— > NH3

i o 20+ N2

o O

== Cathode Area

T

1.0 900 cm?2

RF Power (W)

100 200

a

o Jo)* &

% Py

a NE

v 5 20k

qa "E

O > 3OL SiHe 15 scem
E_;? NH3 'S0 scem
= O Hz . 200 scem
S — 40t Pressure:lO0  Torr
O Tsub, :300T

Fig. 2. Effect of RF power on the internal stress of SiN, films.
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Figure 3 shows the dependence of other characteristics
of SiN, film on the RF power. It shows decreases of both
the refractive index and the optical band gap with in-
crease in RF power. This can be interpreted as a decrease
of the silicon to nitrogen (Si/N) ratio in the SiN, film for
a higher RF power, and this means that the SiN, film has
turned into a nitrogen-rich film. Moreover, the fact of
Iower etching rate of such a film in BHF implies that the
film density increases with a higher RF power.

3.1.2  Effects of mixture ratio of H, and N,

The stress of SiN, films is compressive when deposited
in the SiH,;, NH; and H, system gas with a higher RF
power (300 W ~) while it is tensile when deposited in the
SiH4, NH; and N, system gas with a higher RF power.
The ratio of H,/(H,+N,) is varied by holding the gas
flow rates of SiH, and NH; at constant. Figures 4 and §
show the results.

As shown in Fig. 4, the stress of the films changes in
the range of 4.3x10°dyn/cm® tensile to 8.0x10°
dyn/cm? compressive when the ratio of H,/(H,+N,) in-
creases. Figure 5 shows that increasing the ratio of
H,/(H,+N,) leads to an increase in the refractive index
and a slight decrease of the optical band gap. The small
change in optical bandgap implies that there is little
change of the excessive Si in the film even if the stress in
the film changes significantly.

3.2 Composition of SiN, film

The content of hydrogen in the SiN, film was deter-
mined by using PRD and IR methods, and the apportion-
ment ratio between Si-H bonds and N-H bonds was
calibrated from the IR absorption® of Si-H and N-H str-
etching frequencies at 2190 and 3350 cm ™",
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Fig. 3. Effect of RF power on the properties of SiN, films.
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Fig. 6. Effect of RF power on the hydrogen content in SiN, films and

the ratio of hydrogen atoms bonded with silicon atoms.
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E 800 & kg

T 600 -

E 400 + n 120 %

[&] T

il 200 | {119 £

®

0 118

E 350 i 5.6 E

< 154 =

3 300 - S

s 4 52 uw

£ 25

£ 250

o

S 200

O 25 50 75
H,/H+N, (%)

100

Fig. 5. Effect of the H,/(H,+N,) ratio on the properties of SiN,
films.

Figure 6 shows the effect of increasing RF power with
the other conditions constant on the hydrogen content
and the ratio of Si-H/N-H. The hydrogen content in the
film is independent of RF power and the number of
hydrogen atoms bonded with silicon atoms decreases at
the higher RF power. This means that more dangling
bonds in the film deposited by a lower RF power exist
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Fig. 7. Effect of the H,/(H,+N,) ratio on the hydrogen content in
SiN, films and the ratio of hydrogen atoms bonded with silicon
atoms.

because of excessive silicon atoms in the film and inade-
quate hydrogen atoms with which to bond with, but the
increased nitrogen atoms in the film deposited by a
higher RF power bond with silicon atoms and the dangl-
ing bonds decrease substantially.

The ratio of H,/(H,+N,) is varied, keeping RF power
constant (Fig. 7). Under these conditions, the content of
hydrogen atoms in the film is nearly independent of the
ratio of H,/(H,+N>), and the Si-H bonds increase slight-
ly with increasing H,/(H,+N,) ratio. This correspoonds
to the tendency of the slightly decreased optical band
gap.
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Table 11 shows the results of RBS and chemical com-
positions of the film determined by ESCA for the SiN,
films prepared under a typical deposition condition. The
chemical composition is determined by curve-resolving
the Si 2p peak into the respective peaks for the
stoichiometric silicon nitride bond (Si3sNs), the in-
completely bonded chemical state of the silicon-nitrogen-
hydrogen bond (SiNH), and the silicon-silicon bond (Si-
Si) or silicon-hydrogen bond (Si-H) as shown in Fig. 8.

Table II also shows a significant dependence of the
Si/N ratio in the deposited SiN, on the RF power,
depositing SiN, films close to the stoichiometric ratio of
0.75 of Si;N, or nitrogen-rich films with increasing RF
power. However, the result of ESCA composition
analysis shows that the composition ratio of
stoichiometrically bonded Si; N, is independent of the RF
power, but shows an increase in incompletely bonded
SiNH components and a decrease in Si-Si bonds at a
higher RF deposition power, as shown in Fig. 8(a).
Therefore, the optical band gap rises with increasing RF
power.

Table II. Analytical results.

B Conditions Eyp  RBS ESCA (at.%)
RF power  Hy/H,+N, V) SUN N, siNH - sissi
100 W 100% 41 098 76 13 11
400 W 100% 56 078 76 15 9
300 W 50% 5.3 0.90 85 5 10
300 W 0% 5.5 0.5 90 0 10
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Furthermore, in Fig. 8(b) the result of analysis of SiNx
films deposited by changing the hydrogen ratio or the
H,/(H,+N,) ratio shows very little change in the
amount of excessive Si-Si bonds, but an increase of
SiNH and a decrease of SisN, when the H,/(H,+Ny)
ratio increases in the source gas. From these analytical
results, it is concluded that constant Si-Si bonds is
responsible for the slight decrease in the optical band gap
even when the Si/N ratio becomes a Si-rich condition.

Figure 9 shows the relationship between the optical
band gap and the spin density determined by ESR. The
spin density tends to decrease with the increased optical
band gap showing decrease in dangling bonds of silicon.
This means that a low content of excessive silicon atoms
unbonded with nitrogen atoms exist in the stoichiometric
or N-rich SiN, fitm which has the high optical band gap,
and thus, a low dangling bond density.

§4. Application to Liquid Crystal Driver TFTs

4.1 TFT characteristics

Cracking and an abnormal etching of SiN, film is often
observed when a SiN, film with higher tensile stress is
deposited on a multi-layered device such as TFT. This is
caused by an internal stress in the film. Figure 10 shows
the SEM photographs of a cross section along a metal
line after slightly etching the SiN, surface with BHF. In
contrast to the abnormal etching form at the step of SiNy

Peak intensity(arb. units)

95 100 105
Binding energy(eV)
()

Fig. 8. Curve resolved spectra of ESCA for Si 2p in SiN, deposited under the typical conditions: (a) dependency of RF power,

(b) dependency of H,/(H,+N,) ratio.

NI | -El ectronic Library Service



The Japan Soci ety of Applied Physics

JJAP Series 5

[ T 1T 1 1 1 I T T 1 1 T T |
L P-CVD SiNx i
10 RF 13.56 (MHz)

g " .

~ - \ N

2 - g .

= [ \. ]
&
o

c 107t :

o - ° ® -

n T ESR \ .

C g=2.005 i

10" £ 3

: 1 1 1 1 1 1 1 i 1 1 1 ] 1 :

5.0 55 6.0

Egopt (eV)

Fig. 9. Si/N atomic ratio as a function of SiN, optical band gap.

films showing tensile stresses, the etching form is normal
with the films showing compressive stresses, as shown in
Figs. 10(a) and 10(b), respectively.

Figure 11 shows the mobilities and threshold voltages
(Vt) of TFTs of which gate insulator SiN, films are
prepared by changing the H,/(H,+N,) ratio with the
other conditions constant. This shows the best result with
TFT wusing SiN, film deposited at 70% of the
H,/(H,+N,) ratio, or having slight compressive stress.
Furthermore, peeling of the a-Si layer in TFT using SiN,

(@)

Fig. 10. SEM photographs of cross section along a metal line after slightly etching the SiN, surface: (a) tensile stress of SiN
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Fig. 11. Effect of the H,/(H,+N,) ratio in the source gas for PECVD

SiN, on mobility and threshold voltage of TFTs.

film which is deposited at 100% of the H,/(H,+ N,) ratio
causes a rapid decrease in mobility and the increase of
Vi

This is believed due to a substantial decrease in inter-
nal stress at the a-Si/SiN, interface which causes SiN,
film to be compressive stress since the internal stress of a-
Si film is found to be compressive.

(®)

x

deposited with 0% of H,/(H,+N,) ratio, (b) compressive stress of SiN, deposited with 100% of H,/(H,+N,) ratio.
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4.2 Reliability

SiN, as a gate insulator of TFT is deposited with varied
RF powers. The source gas NH;/SiH, ratio is 4 or 6, and
H,/(H,+N,) is 30%. Then the optical band gap of SiN,
is varied between 4.8 and 6.0 eV, and the thickness of
SiN, is 400 nm. Figure 12 shows a dependency of
threshold voltage shift (4V?) on the optical band gap
under a constant gate bias stress. The gate bias is 30 V so
that the electric field in the SiN, (Es) is 7.5 x 10° V/cm.
The AVt decreases with increasing optical band gap of
the SiN, film until about 5.4 eV, above which the AV is
found to be almost constant.

The Si/ N ratio of SiN, film having a band gap of more
than 5.4 eV is either stoichiometric or N-rich, and the reli-
ability of TFT using such a SiN, film as its gate insulator
film is characteristically superior in reliability. SiN, with
a higher optical bandgap shows a decrease of dangling
bond density, as described above. Therefore, the substan-
tially decreased density of the trapping state consisting of
dangling bonds in SiN, films causes a decrease in A V7.

There have been a few recent studies of the gate in-
sulator composed of double layer of Ta,Os and SiN,,”"
or Al,Os and SiN,” in order to achieve higher production
yield and performance of a-Si TFT. We also have
measured AVt in a-Si TFT with a gate insulator of dou-
ble layer which are reactively sputtered Ta,Os and SiN;
having the optical band gap of 5.2 eV. The thickness of
Ta,Os and SiN, is both 200 nm. The gate bias stress is set
so that the electric field in the SiN of the double layer is
equal to that of the single SiN, layer, through the follow-
ing equation:

L ESiN$7.5X105 (V/CM)
Stress 30 (min)

10 ¢

- 20°C

@ 0 -SiNx
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Fig. 12. Threshold voltage shift as a function of SiN, optical bandgap
under positive and negative gate bias stresses.
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dra0" Esint dsin: ETa0

VG Esndsin dsiN®ETa0

where dr.o and dgy are thicknesses, and erqo and &siv are
dielectric constant for the Ta,Os and SiN, films, respec-
tively.

As shown in Fig. 12, A V¢ in a-Si TFT with the double
layer is to the same degree as that of the single gate in-
sulator of SiN, having the optical band gap of 5.2¢V
under positive bias stress, while 4 V¢ with double layer is
larger than the predictions for that of the single SiNi
layer under negative bias stress. From these results, it
might be thought that under positive bias stress, the
mechanism for V7 shift of a-Si TFT with a gate insulator
of double layers is the same as that for a gate insulator of
sigle layer SiN,, therefore it is related to the deterioration
mechanism at the a-Si/SiN, interface. On the other
hand, under negative bias stress, the V7 shift mechanism
of a-Si TFT with a gate insulator of double layers is con-
sidered to be different from that of a-Si TFT with a gate
insulator of single-layer SiN,.

Figure 13 shows the time dependence of A V7 under a
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Fig. 13. Time dependence of the threshold voltage shift (4Vt) for

TFTs with different SiN, optical band gaps. AV? is plotted (a) on a
linear scale and (b) against '/,
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condition of constant bias. As shown in Fig. 13(a), the
change of V¢ is proportional to log 7 in a short time span
or TFT with a gate insulator of a lower optical band gap
(4.8 eV), while it is proportional to #'/* in a long time
span or TFT with a higher optical band gap (5.5 ¢V, 6.0
¢eV), as shown in Fig. 13(b).

These facts suggest two types of deterioration
mechanism working on the time dependency of AV?. In
the first stage of deterioration, A4 V7 is believed to be due
to the charge trapping in the SiN, film by modified
Fowler-Nordheim tunneling or direct tunneling, and
therefore, AVt is low for the SiN, film having a higher op-
tical band gap because of its lower trap density. After the
above first stage, the creation of states in a-Si film due to
Si-Si bond breaking is responsible for A V¢.'¢'?

§5. Conclusion

The internal stress of SiN, film is found to be con-
trollable by changing the ratio of H, and N, without affec-
ting the optical band gap, and an increase in excessive
metallic silicon causes dangling bonds to be produced
when it is deposited under a high RF power using a SiH.,,
NH;, N, and H, system source gas.

Satisfactory TFT characteristics are realized by using a
SiN, film which has either stoichiometric or N-rich com-
position showing slightly compressive internal stress. In
addition, the shift of threshold voltage caused by the
charge injection into the traps in gate insulator film is
found to directly affect the reliability of TFT in opera-
tions of a short time span.

Therefore, it is concluded that TFTs of high reliability
can be fabricated by using SiN, films which have either a
stoichiometric or N-rich composition corresponding to
the large optical band gap as the TFT gate insulator film.

Furthermore, the characteristics of a-Si are more im-
portant to be reliability of TFT in operations of a long
time span.
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Finally our experimental results suggest that the charac-
teristics of the a-Si/SiN, interface are very important to
the reliability of a-Si TFT with double-layer gate in-
sulators under positive bias stress. The deterioration
mechanism under negative bias stress is still to be in-
vestigated.
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