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ABSTRACT 

By generating closed-loop electron E × B drift over the front and back surface of a band magnetron cathode, a uniform 
magnetron plasma can be formed over the front surface. Here, we attempted to generate a uniform supermagnetron 
plasma under a stationary magnetic field by situating two such band magnetron cathodes face-to-face in parallel. 
Performing uniform supermagnetron plasma chemical vapor deposition (CVD) with tetraethylorthosilicate (TEOS)/O2 
CVD, SiO2 films with good uniformity (±5%) at the central region of the cathode could be achieved under a stationary 
magnetic field of about 160 G. Using this supermagnetron plasma CVD apparatus, a-CNx:H films were then deposited 
to investigate their characteristics using isobutane (i-C4H10)/N2 mixed gases. A relatively high deposition rate of about 
100 nm/min was obtained. The a-CNx:H films obtained had a hardness of about 25 GPa, higher than that of glass (22 
GPa). 
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1. Introduction 

High-uniformity deposition of hydrogenated amorphous 
carbon nitride (a-CNx:H) films is essential for the fabri- 
cation of the high-reliability devices that depend on these 
films, such as opto-electronic and vacuum microelec- 
tronic devices, including light emission diodes and field 
electron emission devices [1-7]. High-density plasma can 
be easily generated by magnetron discharge; however, 
the application of a magnetic field can cause unevenness 
in the localization of the plasma [8,9]. By generating 
closed-loop electron E × B drift over the front and back 
surface of a magnetron cathode, i.e., a band magnetron 
cathode, uniform magnetron plasma can be easily formed 
over the front surface under a stationary magnetic field 
[10]. However, the conventional supermagnetron plasma 
that is generated is asymmetrical in relation to the cath- 
ode. In previous research we succeeded in depositing 
uniform thin films by rotating a magnetic field over the 
supermagnetron cathode [11]. However, a stationary mag- 
netic field is desirable for depositing homogeneous thin 
films of a-CNx:H with good hardness. 

In this study, a new supermagnetron plasma apparatus 
with two parallel band magnetron cathodes placed face- 
to-face in parallel was investigated for the uniform depo- 

sition of supermagnetron plasma under a stationary mag- 
netic field. First, the uniformity of SiO2 films thus gener- 
ated was investigated as a function of the distance of the 
stationary permanent magnet from the sample. Then, this 
uniform supermagnetron plasma chemical vapor deposi- 
tion (CVD) apparatus was used for the deposition of hard 
a-CNx:H films. The film characteristics were investigated 
and are reported here. 

2. Experimental Procedures 

a-CNx:H films were formed using the uniform supermag- 
netron plasma CVD apparatus shown in Figure 1. Two 
cathodes were arranged in parallel. The shape of each 
cathode was an electrode with rounded side surface, just 
like a pillow, whose structure is almost similar to the 
magnetron cathode reported by Bui et al. [10]. A nearly 
uniform magnetic field of approximately 160 G was ap- 
plied parallel to the two electrode surfaces using a ring 
permanent magnet reported by Kinoshita et al. without 
rotaing it [8]. When electron E × B drift is generated with 
a closed loop over the front and back surface of a band 
magnetron cathode, a uniform magnetron plasma forms 
over the front surface. By putting two such cathodes face- 
to-face in parallel, at a spacing of 30 mm, we attempted 
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Figure 1. Schematic of the uniform supermagnetron plasma 
CVD apparatus with a stationary permanent magnet. 
 
to form uniform supermagnetron plasma over the cathode, 
as shown in the figure. The dimensions of each flat cath- 
ode surface were about 110 × 110 mm square. Two dif- 
ferent rf power sources with the same rf frequency (13.56 
MHz) were supplied to the two electrodes inserted into a 
grounded metal chamber. The front surface of the upper 
electrode was covered with a graphite plate. The phase 
difference between the two rf voltages was controlled to 
be approximately 180˚ using a phase shifter. The lower 
electrode (substrate holder) was heated to 90˚C and 30˚C 
for the silicon dioxide (SiO2) and a-CNx:H depositions, 
respectively. As deposition gases, tetraethylorthosilicate 
(TEOS; 5 sccm)/O2 (80 sccm) and isobutane (i-C4H10; 15 
sccm)/N2 (35 sccm) were used for silicon dioxide (SiO2) 
and a-CNx:H depositions, with gas pressures controlled 
at 9.3 Pa and 4 Pa, respectively. The film thicknesses 
were measured by profilometry (ULVAC DECTAK-3). 
The bonding configuration of the SiO2 film deposited in 
this experiment was measured using a Fourier transform 
infrared (FTIR) spectrometer (JIR WINSPEC-50). The 
thickness of the SiO2 film used in FTIR analysis was 
controlled to be about 830 nm. The film hardness was 
evaluated using a dynamic ultra-micro-hardness tester 
(Shimadzu DUH- W201). The nitrogen and oxygen atom 
concentrations were measured by X-ray fluorescence 
spectroscopy (XRFS; Rigaku ZSX Prims). 

3. Results and Discussion 

First, SiO2 films were formed on Si wafers to evaluate 
the uniformity of deposited films using the uniform su- 
permagnetron plasma CVD apparatus under a stationary 
magnetic field. The source gases of TEOS and O2 (5/80 
sccm) were introduced into the CVD chamber through 
two mass flow controllers, and the gas pressure and wa- 
fer temperature were maintained at 9.3 Pa and 90˚C, re- 
spectively. The FTIR absorption spectrum was measured 
for SiO2 film deposited at upper electrode rf power (UPR 
F) of 100 W and a lower electrode rf power (LORF) of 
300 W, as shown in Figure 2. Two sharp peaks of ab- 

sorption were clearly observed at 820 cm−1 (Si-O-Si ben- 
ding vibration) and 1090 cm−1 (Si-O-Si stretching vibra- 
tion) [12]. 

SiO2 film thickness uniformities on the 4-inch Si wa- 
fers were measured as a function of the location of the 
stationary permanent magnet. The magnet distance was 
measured as the vertical distance from the top surface of 
the wafer placed on the lower electrode to the bottom 
surface of the permanent magnet, as shown in Figure 1. 
Figure 3 shows the SiO2 film thickness distribution ob- 
served on 4-inch Si wafers. The mean film thickness of 
these deposited SiO2 films was about 1 µm. Film unifor- 
mity was defined as ± [(maximum film thickness – mini- 
mum thickness)/(maximum thickness + minimum thick- 
ness)] × 100%. The film thickness distribution was sym- 
metric at the center, where it peaked. The uniformity area, 
where the film thickness remained within ±5% difference, 
is shown to gradually increase as the magnet distance in- 
creased. Thickness uniformity was evaluated as a func- 
tion of radial distance from the center, as shown in Fig- 
ure 4. In the case of magnet distance of ±0 and −2 cm, 
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Figure 2. FTIR absorption spectra of SiO2 film deposited 
using the uniform supermagnetron plasma CVD apparatus. 
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Figure 3. SiO2 film thickness distribution observed on 4- 
inch Si wafers as a function of permanent magnet location. 
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the increase rate with radial distance from the center was 
relatively high. In the case of the magnet distance of +3 
cm from the center, it was relatively low. In the case of 
+3 cm magnet distance, a high uniformity of ±5% could 
be obtained in the 2-inch wafer region. 

This uniform supermagnetron plasma CVD apparatus 
under a stationary magnetic field was applied to a-CNx:H 
film deposition. In this experiment, the source gases of 
i-C4H10 and N2 (15/35 sccm) were introduced into a CVD 
chamber through two mass flow controllers, and the gas 
pressure and wafer temperature were maintained at 4 Pa 
and 30˚C, respectively. 

The deposition rate of a-CNx:H films was measured as 
a function of UPRF at the set LORF of 500 W, as shown 
in Figure 5. The deposition rate changed little with 
changes in UPRF and was about 100 ± 15 nm/min. From 
this experiment, it seems that the deposition rate de- 
pended mainly on LORF. In this case, the dc self-bias 
voltage (Vdc) of the lower electrode was about −170 V 
independent of UPRF. Therefore, the deposition rate is 
thought to be strongly dependent on the Vdc of the lower 
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Figure 4. SiO2 film thickness uniformity evaluated as a 
function of distance from the center. 
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Figure 5. Deposition rate of a-CNx:H films measured as a 
function of UPRF at a LORF of 500 W. 

electrode. Bombarding positive ions on the substrate 
placed on the lower electrode caused the synthesis of 
films. As the magnitude of Vdc of the upper electrode was 
relatively low (≤170 V), sputtered materials from the 
upper electrode were slight and the contribution of UPRF 
might be negligible. A high deposition rate of about 100 
± 15 nm/min was obtained in spite of a very low Vdc of 
−170 V. This high deposition rate was caused by the gen- 
eration of high-density plasma using this uniform super- 
magnetron plasma CVD apparatus. 

The hardness of the generated a-CNx:H films was 
measured as a function of UPRF at LORF of 500 W, as 
shown in Figure 6. Hardness changed little with UPRF 
and was about 24 ± 3 Pa. These values were slightly 
higher than that of vitreous silica (SiO2), which we mea- 
sured as 22 GPa. Such a high hardness was ascribed to 
the inclusion of the three-dimensional configuration of 
sp3 C-C bonds. In spite of a Vdc as low as −170 V, high 
hardness was achieved using this uniform supermagne- 
tron plasma CVD apparatus. We concluded that this su- 
permagnetron plasma CVD apparatus is suited for syn- 
thesizing hard a-CNx:H films under operation at a very 
low Vdc of −170 V. 

The nitrogen and oxygen atom concentrations of the 
formed a-CNx:H films were measured as a function of 
the UPRF at a set LORF of 500 W using XRFS, and are 
shown in Figure 7. The minimum nitrogen concentration 
of 11.0 mass% was obtained at an UPRF of 0 W. With 
the increase of UPRF from 0 W to 300 W, the nitrogen 
concentration was increased up to 16.5 mass%. With 
further increase of UPRF from 300 W to 500 W, the ni- 
trogen concentration decreased to 15.0%. The oxygen 
concentration was negligible, below 1%. Despite the only 
slight changes of deposition rate (Figure 5) and hardness 
(Figure 6) with an increase in UPRF, the nitrogen con- 
centration showed very large changes, indicating a strong 
dependence on UPRF. With the increase of UPRF from 0 
W to 300 W, the density of positive nitrogen ions gener- 
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Figure 6. Hardness of a-CNx:H films measured as a func- 
tion of UPRF at a LORF of 500 W. 
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Figure 7. Nitrogen and oxygen atom concentrations of the 
formed a-CNx:H films measured as a function of UPRF at a 
set LORF of 500 W using XRFS. 
 
ated over the upper electrode was increased and the num- 
ber of CN molecules sputtered from the upper electrode 
to the lower electrode increased. With a further increase 
of UPRF from 300 W to 500 W, the Vdc of upper elec- 
trode was increased and the energy of positive N ions 
was also increased. As the N ion energy increased, many 
impinging N ions became embedded in the surface of the 
graphite plate placed on the upper electrode. As these 
embedded N ions increased in number, the number of 
CN molecules sputtered toward the lower electrode likely 
decreased. The high nitrogen concentration (11.0 - 16.5 
mass%) achieved in this experiment was due to the high 
plasma density achieved by the uniform supermagnetron 
plasma CVD apparatus. 

4. Conclusion 

A uniform supermagnetron plasma CVD apparatus under 
a stationary magnetic field was applied to SiO2 and 
a-CNx:H film formation. Film thickness uniformity was 
evaluated using SiO2 CVD films, and the best uniformity 
was obtained at a permanent magnet location of +3 cm 
over the lower electrode. a-CNx:H films were deposited 
at the high deposition rate of about 100 ± 15 nm/min and 
at a very low substrate Vdc of −170 V. In this deposition 
condition, hard a-CNx:H films (24 ± 3 Pa) were success- 
fully deposited. Despite the low substrate Vdc of −170 V, 
high nitrogen concentrations of 11.0 - 16.5 mass% were 
achieved. This high nitrogen concentration of a-CNx:H 

films was caused by the high plasma density and low 
substrate Vdc of this uniform supermagnetron plasma CVD 
apparatus under a stationary magnetic field. 
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