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E�ect of Ion Bombardment on the Chemical and the Mechanical
Properties of Silicon-Nitride Thin Films Deposited by Using
PECVD with SiH4/NH3/Ar Gases at Low Temperature
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The inuence of the ion bombardment energy controlled by using the d.c. bias voltage from
no-bias to {200 V on the chemical and the mechanical properties of SixNy deposited by plasma
enhanced chemical vapor deposition (PECVD) at substrate temperatures lower than 100 �C was
investigated for applications to thin �lm di�usion barriers for organic electronic devices. The
deposited �lm was a silicon-rich SixNy thin �lm having oxygen and hydrogen as major impurities.
A change in the d.c. bias voltage up to {200 V during the deposition changed the properties,
such as the stress, the hardness, the surface roughness, etc. in addition to the deposition rate.
A lower stress, a harder material, and a smoother surface could be obtained by applying a
moderate bias voltage of about {100 V through a change in the bonding states of the oxygen impu-
rity in the �lm, a densi�cation of the �lm, and an increased surface mobility of the deposited atoms.

PACS numbers: 52.75.R, 81.15.G
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I. INTRODUCTION

Silicon nitride (SixNy) is a material that has been used
in various applications, such as passivation layers for di-
verse microelectronics, a gate dielectric material for thin
�lm transistors including organic thin �lm transistors
(OTFTs), etc., due to their chemical inertness, excellent
dielectric properties, and thermal stability [1{5]. Gen-
erally, SixNy is deposited by using chemical vapor de-
position (CVD) or plasma enhanced CVD (PECVD) at
temperatures higher than a few hundred degrees. The
deposition of SixNy at a high temperature not only im-
proves the mechanical and the chemical properties of the
thin �lms but also reduces the stress in the �lm. How-
ever, in some applications such as thin�lm passivation
of organic light emitting diodes and OTFTs, depositions
on plastic substrates, etc., high-temperature processing
is not suitable [6,7]. In fact, the use of PECVD instead
of CVD in the deposition of SixNy decreases the deposi-
tion temperature by using the plasma to dissociate the
gas molecules to be deposited, such as SiH4 and NH3,
before the gas molecules reach the substrate [8]; there-
fore, if a high-density plasma, such as an inductively cou-
pled plasma (ICP), is used instead of a capacitively cou-
pled plasma, the deposition temperature can be further
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decreased even though low-temperature deposition has
some disadvantages, such as the enhanced sensitivity to
moisture and the environment, etc. [9].
The ion bombardment of the substrate during the de-

position of SixNy by negatively biasing the substrate can
also help in decreasing the deposition temperature and in
changing the chemical and the mechanical properties. In
this study, SixNy was deposited using an ICP plasma by
varying the substrate bias voltage at temperatures lower
than 100 �C, and the e�ect of the biasing voltage on the
chemical and the mechanical properties of the SixNy was
investigated.

II. EXPERIMENT

A schematic diagram of the PECVD system used in
this experiment is shown in Figure 1. The plasma source
was an ICP source having a spiral inductive coil made
of a 3.5-turn copper located on the top of the process-
ing chamber and separated by a SiO2 plate to transmit
the electromagnetic �eld from the coil to the chamber.
A rf power of 13.56 MHz was applied to the ICP coil
through a L-type matching network. The substrate was
biased with another 13.56-MHz rf power supply, and the
bias voltage was varied from no-bias to {200 V for ion
bombardment of the substrate during the processing. At
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Fig. 1. Schematic diagram of the ICP PECVD system
used in the experiment.

the no-bias condition, due to the oating potential, a self
bias of {20 V was induced.
The sample was a p-type <100> silicon wafer, and

SixNy was deposited at a 200 W rf power by using
SiH4 (6 sccm)/NH3 (4 sccm)/Ar (25 sccm, dilution gas)
and biasing the substrate without heating the substrate.
Even though the substrate was not heated, the sample
was heated by the plasma and by the ion bombardment
during the biasing; therefore, the substrate temperature
could be kept lower than 100 �C by using a chiller. A
dry pump was used to evacuate the chamber, and the
working pressure was maintained at 80 mTorr.
The �lm thickness was measured using an �-step pro-

�lometer (Tencor Inc. Alpha-step 500). The composi-
tions and the binding states of SixNy �lms were measured
using X-ray photoelectron spectroscopy (XPS, VG Mi-
crotech Inc., ESCA2000). The binding states were also
measured by using a fourier transform infrared spectrom-
eter (FT-IR; Bruker, Bruker IFS-66/S) for the wavenum-
ber range of 600 � 4000 cm�1 with a silicon wafer as a
reference sample. The hardness of the thin �lms was de-
termined by using a nanoindenter (MTS, NanoIndenter
XP), and the surface roughness was observed by using
an atomic force microscope (AFM, SII Nano Technology.
Inc, SPA-300 HV) in the non-contact mode. The stress
of the thin �lms was evaluated by measuring the convex
curvature of the substrate before and after the deposi-
tion (Frontier Semiconductor, FSM 500 TC) at 25 �C.

III. RESULTS AND DISCUSSION

Figure 2 shows the deposition rate of SixNy measured
as a function of the applied d.c. bias voltage at a 200

Fig. 2. Deposition rate of SixNy thin �lms as a function of
the d.c. bias voltage from no-bias to {200 V, R = NH3/(NH3

+ SiH4) = 0.4, NH3 + SiH4 = 10 sccm, Ar = 25 sccm, rf
power = 200 W and substrate temperature <100 �C.

W rf power by using SiH4 (6 sccm)/NH3 (4 sccm)/Ar
(25 sccm). As the �gure shown, an increase in the ap-
plied bias voltage from no-bias to {100 V increased the
deposition rate from 43 to 50 nm/min, and a further in-
crease in the bias voltage to {200 V decreased the deposi-
tion rate slightly. An increased bias voltage increases the
substrate temperature by bombarding the surface with
higher energy and increases the reactivity of the surface
when the bombardment energy of the ion is not too high
[10]. However, if the bombardment energy of the ions is
too high, the material deposited on the substrate can be
sputtered o�. Therefore, the increase in the deposition
rate with increasing bias voltage is believed to be from
the enhanced compound formation by activating the sur-
face while the slight decrease in the deposition rate at
bias voltages higher than {100 V is from the sputtering
of the deposited material. In addition, an increase in
the bias voltage can increase the density of the material
deposited. Liao et al. [11] found that siliconnitride �lms
prepared by using PECVD at a low temperature had
porous structures. Therefore, the slight decrease in the
deposition rate at voltages higher than {100 V appears
to be partially related to an increase in the density of
the �lm deposited by the bombardment of ions because
the �lm was deposited at a low temperature (lower than
100 �C).
The atomic concentration of the deposited SixNy thin

�lms was measured by using XPS as a function of the
substrates d.c. bias voltage, and the results are shown
in Figure 3. For the measurement, 150 nm thick SixNy
�lms were deposited on silicon substrates. As the �gure
shown, Si, C, O, and N were detected as components of
the deposited �lm, and a variation of the d.c. bias volt-
age did not change the atomic composition signi�cantly.
Among the components, carbon appears to be from air
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Fig. 3. Atomic concentrations of silicon (Si), nitrogen (N),
oxygen (O), and carbon (C) as functions of the d.c. bias volt-
age. The thickness of all samples is 150 nm. The deposition
conditions are the same as those in Figure 2.

Fig. 4. O1s XPS narrow scan of the oxygen impurity in
SixNy thin �lms as a function of the d.c. bias voltage. The
deposition conditions are the same as those in Figure 2.

exposure before the XPS measurement, and oxygen ap-
pears to be from the deposition of SixNy at a low vacuum
level, thus from impurities, such as oxygen and adsorbed
water vapor [12]. The oxygen percentage was relatively
high and was in the range from 10 � 15 %. Especially,
a d.c. bias voltage of about {50 V, the highest oxygen
percentage of about 14.7 % was observed, even though
the reason for the highest oxygen incorporation is not
clear. The ratio of Si:N was in the range from 1.09 to
1.22; therefore, silicon-rich nitride was obtained.
Figure 4 shows the narrow scan XPS data of the O1s

peak measured as a function of the d.c. bias voltage for
the conditions shown in Figure 3. As the �gure shown,
the oxygen peak was shifted from about 531.4 to 533.3

Fig. 5. FT-IR absorption bands related to Si (N, H, O)
bondings for various d.c. bias voltages. The deposition con-
ditions are the same as those in Figure 2.

eV as the d.c. bias was increased from no-bias to {200 V.
The oxygen peaks for Si-O and Si-OH are known to be
located at 531.8 and 533.8 eV [13], respectively; there-
fore, the shift of oxygen with increasing d.c. bias voltage
appears to be related to a change in the oxygen binding
states from Si-O to Si-OH due to the enhanced incorpo-
ration of hydrogen caused by hydrogenion bombardment
originating from SiH4 and NH3 [14, 15] with increasing
d.c. bias voltage [14]. In the case of the Si2p and the
N1s peaks, the peaks remain around 102 eV and 397 eV,
respectively, which is attributed to Si-N bonding, and no
signi�cant variation of the peak shift could be observed
due to the high strength of Si-N bonding [not shown].
Hydrogen could not be detected by XPS due to the

detection limit even though there was a possibility of
hydrogen incorporation in the �lms. Incorporation of
hydrogen in the deposited �lms could be identi�ed by
FTIR. Figure 5 shows the IR absorption spectra mea-
sured to estimate the chemical bonding states of 150-
nm-thick SixNy thin �lms deposited as a function of d.c.
bias voltage. The IR absorption spectra were recorded
in the range of 600 � 4000 cm�1. As the �gure shown,
all the spectra showed a strong absorption band around
840 cm�1 that originated from the Si-N bonding [11]. In
addition, broadband peaks related to Si-O (1170 cm�1)
[16], Si-H (2194 cm�1) [17] and Si-OH (3350 cm�1) [18]
or N-H (3350 cm�1) [19] were observed. The Si-O ab-
sorption peak is related to the oxygen percentage in the
�lms observed by XPS in Figure 3 even though the high-
est peak was observed at a d.c. bias voltage of {100 V.
However, after {100 V, an increase in the d.c. bias volt-
age decreased the Si-O bondings. The increase in the
Si-OH bonding with increasing d.c. bias voltage could
not be easily identi�ed due to the superimposition of the
peak related to N-H bonding. Even though the change
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Fig. 6. Stress as a function of the d.c. bias voltage for bias
voltage from no-bias to {200 V. The deposition conditions are
the same as those in Figure 2.

in the bonding states with increasing d.c. bias voltage
could not be understood clearly, the incorporation of hy-
drogen in the deposited �lms could be identi�ed by using
the FTIR measurement.
The stress induced on the deposited SixNy thin �lms

was measured. The total stress (�t) is obtained from [20]

�t =
Es:h

2
s

(1� vs)6Rt
; (1)

where Es
(1�vs) is the elasticity modulus of the substrate,

hs is the substrate thickness, t is the �lm's thickness, and
R is the e�ective curvature radius. The measured �lm
stress is shown in Figure 5 as a function of the d.c. bias
voltage. As the �gure shown, the deposited thin �lms
had compressive stresses for all cases when convex were
grown; however, the stress decreased to 136 MPa with
increasing bias voltage after the maximum of 694 MPa
at a d.c. bias voltage of {50 V. The highest compressive
stress shown at a d.c. bias voltage of {50 V appears to be
related to the highest oxygen percentage incorporated in
the �lm, as shown in Figure 3 because the SixNy lattice
needs to be strained to accommodate the oxygen impu-
rity. The decrease in the stress with further increases
in the d.c. bias voltage, however, appears to be related
to the change in the oxygen binding states from Si-O to
Si-OH, as shown in Figure 4, which releases the stress in
a SixNy lattice having an oxygen impurity.
The hardness of the deposited SixNy �lms was mea-

sured as a function of the d.c. bias voltage, and the
results are shown in Figure 7. Li et al. [21] showed that,
when the contact depth exceeded 10 � 20 % of the �lm's
thickness, a substrate e�ect on the contact, the sti�ness,
the elastic modulus, and the hardness could be observed.
Therefore, in this experiment, a 600-nm-thick �lm was
used to measure the hardness to eliminate the e�ect of

Fig. 7. Hardness of SixNy thin �lms as a function of the
d.c. bias voltage and displacement into surface for bias volt-
age from no-bias to {200 V. The thickness of all samples is
600 nm. The deposition conditions are the same as those in
Figure 2.

the silicon substrate on the measured hardness. At a
contact depth of 80 nm, the measured hardness values
were 17.6, 23.9, 26.3, 26.5 and 25.2 GPa for dc bias volt-
ages of no-bias, {50, {100, {150 and {200 V, respectively.
Therefore, the hardness of the thin �lms increased with
increasing d.c. bias voltages up to {150 V and decreased
slightly for a further increase in the d.c. bias voltage
to {200 V. The increase in the hardness with increasing
d.c. bias voltage up to {150 V is believed to be related to
an increased density of the �lm caused by increasing the
bombardment energy. However, when the bombardment
energy is too high, then, due to physical damage to the
�lm, the density can be decreased, and the hardness of
the �lm can be decreased. Therefore, the slight decrease
in the hardness seen at {200 V appears to be related to
damage to the �lm by ion bombardment.
The surface roughness of the deposited SixNy thin

�lms was measured as a function of the d.c. bias volt-
age, and the results are shown in Figures 8(a)�(c) for
the AFM images of SixNy thin �lms on silicon wafers at
(a) no-bias, (b) {50 V and (c) {200 V and in Figure 8(d)
for the rms values of the surface roughness as a func-
tion of the d.c. bias voltage. As the AFM images shown
an increase in the d.c. bias voltage decreased the sur-
face roughness uniformly over the sample surface [12].
When the rms roughness were measured, as shown in
Figure 8(d), it decreased from 1.108 to 0.1076 nm when
the d.c. bias voltage was increased from no-bias to {
200 V. Especially, the rms roughness was drastically de-
creased when the d.c. bias voltage was increased to {100
V and decreased slightly with further increases in the d.c.
bias voltage. The decrease in the surface roughness with
increasing d.c. bias voltage is related to the increased
surface mobility of the atoms deposite by energetic ion
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Fig. 8. Morphology and roughness of SixNy thin �lms as a function of the d.c. bias voltage for bias voltage. The thickness
of all samples is 100 nm. The deposition conditions are the same as those in Figure 2. (d) rms roughness of SixNy thin �lms
as a function of the d.c. bias voltage of (a) no bias, (b) {50 V and (c) {200 V.

bombardment [20].

IV. CONCLUSIONS

The e�ect of ion bombardment during low tempera-
ture PECVD on the chemical and the mechanical prop-
erties of SixNy thin �lm was investigated by varying the
d.c. bias voltage during the growth of SixNy thin �lms at
temperatures less than 100 �C with SiH4 (6 sccm)/NH3
(4 sccm) /Ar (25 sccm). By using ICP PECVD, we de-
posited, SixNy thin �lms having impurities such as oxy-
gen and hydrogen. For an oxygen impurity, an increase
in the d.c. bias voltage changed the binding states of the
oxygen impurity in the �lm from Si-O to Si-OH, which
were caused by enhanced hydrogenion bombardment,
and changed the oxygen content in the �lm (highest at
{50 V). The deposited �lms were in compressive stress,
and a decrease in the oxygen contents and a change in
the oxygen binding state from Si-O to Si-OH appeared
to decrease the stress in the �lm. An increase in the d.c.
bias voltage increased the hardness and decreased the
surface roughness by increasing the density of the �lm
and by increasing the surface mobility of the deposited
atoms, respectively. A signi�cant improvement in the
�lm's density and surface, in addition to a much higher
deposition rate, could be obtained by biasing at {100 V.
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