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Abstract

In this work the dielectric properties of plasma enhanced chemical vapor deposited (PECVD) amorphous SiOC (a-
SiOC) films with various concentrations of oxygen are investigated for the barrier dielectric application. Experimental
results show after fluorine (F) ion implanted into a-SiOC film, the leakage current in carbide film is increased due to the
generation of trap centers. Afterwards, the traps can be effectively repaired after thermal annealing, leading to the
decrease of leakage current further. From the extraction of the current–voltage (J–E) characteristics, the conducting
mechanism of the leakage current obeys the Poole–Frenkel type behavior for intrinsic, F-implanted and thermally
annealed samples. Also, the barrier height of the F-implanted and thermally annealed samples are extracted and exhib-
its a higher value than that of the intrinsic sample.
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1. Introduction

Copper (Cu) is a serious contamination source
for both silicon and silicon oxide in interconnect
applications [1,2]. To prevent Cu from diffusion
into inter-metal dielectrics (IMD), Cu must be
sealed using diffusion barriers [3,4]. A dielectric
diffusion barrier layer is deposited on Cu and
ed.
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serves as the etch stop layer during the etching of
trench or via of the next metal layer. Convention-
ally, silicon nitride (SiNx) has been the barrier
dielectric because of its barrier capability against
ionic impurities, moisture resistance and chemical
inertness. SiNx has also been utilized as an etching
stop layer and a final capping/passivation layer.
However, SiNx has a high dielectric constant
(�8.0). To reduce the effective dielectric constant
in the damascene structure, the amorphous oxy-
gen-doped silicon carbide (a-SiOC), deposited by
plasma enhanced chemical vapor deposition using
tri-methyl-silane ((CH3)3SiH), has been investi-
gated as the copper diffusion/drift barrier layer,
hard mask and etching stop layer [5,6]. Also,
amorphous oxygen-doped silicon carbide (a-SiOC)
has lower dielectric constant (about 4–6) than that
of silicon nitride. In this study, a-SiOC films were
investigated to be utilized as the barrier dielectric.
It is observed from the electrical characterization
that oxygen-doped silicon carbide as a barrier
dielectric prevents copper penetration after F ion
implantation. Moreover, the influence of thermal
treatments on electrical characterization of oxy-
gen-doped silicon carbide was demonstrated in this
work.
Fig. 1. Auger electron spectra of SiOC-D1.
2. Experimental methods

The oxygen-doped silicon carbide films were
deposited using tri-methyl-silane (3MS) in a
PECVD system. The various concentrations of
oxygen of the SiOC films were controlled by O2
gas flow rate during PECVD deposition process.
The flow rates of O2 gas for samples SiOC-D1,
SiOC-D2 and SiOC-D3 were 10%, 25% and 40%,
respectively. During deposition, the pressure was
controlled at 1.5 Torr with the temperature of
350 �C. The material analyses of oxygen-doped sil-
icon carbide films were characterized by AES,
FTIR and n&k analyzer. The refractive index is
also measured by n&k analyzer. The electrical
measurements were performed on the metal–
insulator–semiconductor (MIS) structure with Al
or Cu gate electrode. The permittivity of the
dielectrics is determined by C–V 4284A precision
LCR meter at 1 MHz frequency. The current–
voltage (I–V) characteristics were measured using
4156C parameter analyzer. The Cu gate MIS
capacitors were performed with the bias-tempera-
ture–stress (BTS) at 150 �C for 1000 s with gate
electric field 4 MV/cm and 5 MV/cm to simulate
and stimulate the diffusion of Cu ions. F ion
implantation followed by 400 �C thermal anneal-
ing was explored to enhance the ability of prevent-
ing the penetration of Cu ions through a-SiOC
films [7].
3. Results and discussion

The Auger electron spectrum (AES) was em-
ployed to detect the concentration of Si, C and
O elements of SiOC films. In Fig. 1, the AES spec-
tra of sample SiCO-D1 show that SiCO-D1 has
the least oxygen concentration. The infrared spec-
trometry, performed from 400 to 4000 cm�1 by
using Fourier transform infrared (FTIR) spec-
trometer, is calibrated to an unprocessed bare
wafer, which is shown in Fig. 2 for determining
the chemical structure of the silicon carbide films
[8]. Si–C (780 cm�1), Si–O (1000 cm�1), Si–CH3

(1250 cm�1) and Si–H (2100 cm�1) bonds are
clearly exhibited in Fig. 2. The basic parameters
for intrinsic samples and F-implanted samples
with annealing are listed in Tables 1 and 2, respec-
tively, where n represents the refractive index, k
relative dielectric constant and d is the thickness
of the films. The dielectric constant due to the elec-
tronic contribution is declined drastically with an
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Fig. 2. FTIR of all samples (intrinsic) at RT.

Table 1
Basic parameters for intrinsic samples

SiC SiCO-D1 SiCO-D2 SiCO-D3

k 4.54 4.51 4.02 3.14
n 1.88 1.737 1.741 1.749
d (nm) 100 100.1 100.5 104.5

Table 2
Basic parameters for F-implanted with annealed samples

SiCO-D1 SiCO-D2 SiCO-D3

k 5.31 4.77 2.91
n 1.744 1.852 2.068
d (nm) 105.6 103.2 93.3
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Fig. 3. Current density–electric field curves of the intrinsic
samples.
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Fig. 4. Current density–electric field of SiOC-D1 for intrinsic
and F ion implant at room temperature and 150 �C.
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increased O2 flow rate. The reduction of the dielec-
tric constant of the a-SiOC film caused by the elec-
tronic contribution is attributed to the replacement
of Si–C by Si–O bonds. The higher electronegativ-
ity of oxygen atom decreases the polarizability of
the bonds and results in a lower k-value [9]. As
shown in Fig. 3, the leakage current of SiC is
larger than that of the oxygen-doped SiC in high
electric field. It exhibits SiCO-D3 has the largest
leakage current and SiCO-D1 has the smallest
leakage current. Current density–electric field
(J–E) characteristic of SiOC-D1 for F-implanted
and intrinsic samples at RT and 150 �C are shown
in Fig. 4. It is found that the leakage current was
increased after F ion implantation in SiCO-D1.
The comparison of J–E characteristics at

150 �C of D1, D2 and D3 after implantation is
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Fig. 5. Comparison of current density–electric field curves of
D1, D2 and D3 after F implantation at 150 �C.
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Fig. 6. Current density–electric field curves of D1 after thermal
annealing at 400 for 3 h.

Time (sec)
0 200 400 600 800 1000

C
ur

re
nt

 d
en

si
ty

 (A
/c

m
2 )

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102 SiOC-D1 4MV/cm 
SiOC-D1 5MV/cm 
SiOC-D2 4MV/cm  
SiOC-D2 5MV/cm 
SiOC-D3 4MV/cm 
SiOC-D3  5MV/cm

Fig. 7. Current density–electric field curves of F-implanted
with annealing samples after BTS.
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shown in Fig. 5. It is inferred that F ion implanta-
tion causes the increasing quantities of traps in sil-
icon carbide films that raises the leakage current.
SiCO-D1 after F ion implantation were trans-
ferred into a quartz furnace at 400 �C for 3 h in
N2 ambient [10]. After the thermal annealing, it
is found that the leakage current is lower than that
of the pre-annealed samples in Fig. 6. The traps
were repaired which leads to the decrease of leak-
age current after thermal annealing. The electrical
results of BTS measurements are shown in Fig. 7.
It shows that the thermal annealing helps to lower
the leakage current for the stress field of 4 MV/cm
after F ion implantation but not for 5 MV/cm.
Thermal annealing has the ability to mend traps
caused from F ions. However, because SiCO-D3
contains more oxygen atoms than that of SiCO-
D1 and SiCO-D2, oxygen atoms help F ions grab
free electrons, which results in that the leakage
current is not lowered even with thermal annealing
after F ion implantation [11].
To investigate the leakage mechanisms of the

conduction of SiOC films, there are two typical
leakage current mechanisms such as Schottky–
Richardson emission and Poole–Frenkel emission
analyzed in the electrical results of the samples.
The linear variations of the ln(J)–E1/2 or ln(J/E)–
E1/2 current correspond to either Schottky–Rich-
ardson emission or Poole–Frenkel emission. The
Schottky–Richardson emission is defined by the
thermionic effect caused by the electron transport
across the potential energy barrier via field-
assisted lowering at a metal–insulator interface.
The current density (J) in the Schottky emission
can be formulated by the following equation:
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Fig. 8. ln(J/E)–E1/2 curves of SiCO-D1 (intrinsic) at various
temperature.

Table 3
uPF and bPF of SiCO-D1 intrinsic and F-implanted with
annealing samples

bPF (· 10�23) uPF (eV)

Intrinsic 4 MV/cm 5.73 0.3084
F-implanted with
annealing 4 MV/cm

4.32 0.466
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J ¼ A�T 2 exp
bsE

1=2 � /s

kBT

� �
; ð1Þ

where bs = (e3/4pe0er)
1/2, e0 the dielectric constant

of free space (e0 = 8.854 · 10�14 F/cm), er the high
frequency relative dielectric constant, A* the effec-
tive Richardson constant, T the absolute tempera-
ture, E the applied electric field, /s the contact
potential barrier and kB is the Boltzmann constant
(kB = 1.38 · 10�23 J/K). The Poole–Frenkel emis-
sion is due to field-enhanced thermal excitation
of trapped electrons in the insulator into the con-
duction band. The current density (J) can be
expressed by

J ¼ J 0 exp
bPFE

1=2 � /PF

kBT

� �
; ð2Þ

where J0 = r0E is the low-field current density, r0
the low-field conductivity, bPF = (e3/4pe0er)

1/2, and
wPF is the height of trap potential well. In theory,
the value of bPF is twice as large as the value of bs.
The statement is shown by the following two
equations:

bPF ¼

ffiffiffiffiffiffiffiffiffiffi
e3

pe0er

s
ðtheoretical valueÞ; ð3Þ

bs ¼

ffiffiffiffiffiffiffiffiffiffiffi
e3

4pe0e

s
ðtheoretical valueÞ. ð4Þ

er among Eqs. (3) and (4) can be obtained by C–V
measurement with the equation

C ¼ ere0
A
t

ð5Þ

The J–E curves are transformed to ln(J/E) ver-
sus E1/2 for Poole–Frenkel emission and ln(J) ver-
sus E1/2 for Schottky emission. The slope (b/kBT)
of the curve ln(J/E) versus E1/2 and ln(J) versus
E1/2 was calculated. Distinction between the two
leakage current mechanisms can be executed by
comparing the theoretical value of bPF or bs
with the experimental value of b. Fig. 8 shows
ln(J/E)–E1/2 curves of SiCO-D1 (STD) at various
temperatures to get bPF. From Eq. (2), the current
density is given as follows:

ln
J
E

� �
¼ ln r0 þ

bPFE
1=2 � /PF

kB

� �
1

T
. ð6Þ
The relation of ln(J/E)–(1/T) can be obtained and
via the slope of the straight line portion of the
curve, the height of the energy barrier can be
extracted as shown in

/PF ¼ bPF
ffiffiffiffi
E

p
� slope	 kB ð7Þ

The experimental and theoretical b values are
compared with each other. It is found the conduc-
tion mechanism of SiCO-D1 (STD) is Poole–Fren-
kel emission whether intrinsic or F-implanted with
annealing samples. /PF values of the intrinsic
SiCO-D1and F-implanted with annealing samples
are shown in Table 3.
4. Conclusions

F ion implantation causes the increasing quanti-
ties of traps in silicon carbide films and raises the
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leakage current after implantation. After thermal
annealing, it is found that the leakage current is
lower than that before thermal annealing. The traps
are repaired which leads to the decrease of leakage
current after thermal annealing. Thermal annealing
has the ability to mend traps caused from F ions.
From the fitting of the current–voltage characteris-
tics, the conducting mechanism of the leakage cur-
rent obeys Poole–Frenkel conduction for intrinsic
or F-implanted and with annealing samples. It is
found SiCO-D1 holds Poole–Frenkel conduction
whether intrinsic or F-implanted with annealing
samples. The barrier height of the F-implanted
and annealed sample is extracted and raised to a
higher value than that of the intrinsic sample.
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