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Study on the integration of barrier dielectric with low

dielectric constant
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Abstract

We know that the metal linewidth and
spacing decreases with the device scaling,
resulting in large RC time delay. Copper is an
applicable alternative due to its low resistivity
(1.7 pQ-cm), which is much lower than that
of Al (2.7 uQ-cm). Besides, copper is more
resistant to electromigration problem, which is
a vital issue in device reliability. The diffusion
barrier layer is also served as the etch stop
layer during trench formation if necessary.
Silicon nitride (SiN) is the currently standard
barrier layer material since it has been
employed as a masking and passivating layer
for a long time against diffusion of metal ions

and moisture. Unfortunately, the relative high



dielectric constant (~7) of SiN conflicts with
the requirement of low dielectric IMD.
Therefore, it is urgently desirable to seek a
new barrier layer material. Recently, a
newly-developed dielectric barrier material,
amorphous SiOC:H has aroused much
attention.

In this thesis, we study the fundamental
concepts and the intrinsic properties and the
effect of O, plasma ashing and temperature in
BEOL process on the barrier properties of the
SiOC:H film against copper penetration.
Finally, we let the sample at low temperature
and measure its electrical characteristics

Key word: low-k, SIOC:H
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Cu has been recognized as the most
appropriate alternative for Al as wiring
material due to its low electrical resistivity
and excellent electromigration resistance [1],
[2]. Dual

well-accepted patterning technology since it is

damascene process is the
difficult to pattern Cu film by plasma etching.
However, some challenges exist while Cu is to
be integrated into the process. It is known that
Cu is a serious contamination source for both
silicon and silicon dioxide. To prevent Cu
from diffusion into IMD, Cu must be sealed
by diffusion barriers. The main IMD is
essentially some kind of low dielectric

constant (low-k) materials. Moreover, a
dielectric diffusion barrier layer depositing on
Cu wires is necessary to seal Cu and served as
the etch stop layer during the via etching of
the subsequent layer. This diffusion barrier
layer is also served as the etch stop layer
during trench formation if necessary. Silicon
nitride (SiN) is the currently standard barrier
layer material since it has been employed as a
masking and passivating layer for a long time
against diffusion of metal ions and moisture
[3], [4], [5]- Unfortunately, the relative high

dielectric constant (~7) of SiN conflicts with

the requirement of low dielectric IMD [6].
of SiN on

capacitance becomes more prominent with the

The impact interconnection
decrease of dielectric constant of main IMD.
Therefore, it is urgently desirable to seek a
new barrier layer material. Recently, a
newly-developed dielectric barrier material,
SiOC:H has

attention. It has been widespreadly regarded

amorphous aroused much
as the only candidate to replace SiN as the
dielectric diffusion barrier and the etch stop
layer [7],[8].

In this thesis, we will investigate the
intrinsic electric properties of the SIOC:H film

and its reliability against Cu contamination.

2. BEEH%

The various concentrations of oxygen
were controlled by O, gas flow rate during
PECVD process. The silicon carbide film was
deposited on 8 inch p-type doping silicon
wafer with a resistivity of 15-25 Q-cm. The
code name of the pure silicon carbide film in
this study is “SiOC”; besides, the code names
of silicon carbide films with various flow rate
of O, gas during PECVD process are “SiOC1”,
“Si0C2” and “SiOC3”. The flow rate of O,
gas for SiOC1, SiOC2 and SiOC3 were 20 %,
30 % and 40 %, respectively. The chamber
pressure were 1.5 torr and the chamber
temperature were 350°C.

The absorption coefficient obtained from
FTIR measurements are shown in Fig. 1, for
SiC, SiOC1, Si0C2, SiOC3. The peak at 780

-1
cm

is identified as Si-C stretching bond.
Si-CH; bending peak is at 1245 cm™, Si-H
stretching peak is near 2100 cm™. Note that
the peaks at around 1000cm™ may also be
attributed to oxygen vibration modes such as
Si-O-Si and Si-O-C stretching. [9],[10]. Tab. 1
demonstrates
refractive coefficient of SiC, SiOCI1, SiOC2,
SiOC3. The pure silicon carbide film has a

about 4.54, and the

the dielectric constant and

dielectric constant



dielectric constants of SiOC1, SiOC2, and
SiOC3 films were 3.69, 3.55, and 3.49,
respectively. Anyhow, we found that the
dielectric constants of SiOC1, SiOC2 and
SiOC3 are smaller than the pure silicon
carbide and will decrease with the increase of
the ratio of oxygen/silicon. Fig. 2 shows the
XPS curve of SiCOIl. Fig. 3 exhibits the AES
spectrums of SiCO1.
Metal-insulator-semiconductor (MIS)
structures  were used to investigate the
behavior of basic electrical characteristic. The
completed Al and Cu gated MIS capacitors
were then bias-temperature-stressed (BTS) at
150°C with gate electrode biases (Vgae) - The
stress time was 1000 sec, which is long
enough for the mobile charges to drift across
the stacked insulator layer. The bias was
provided by an HP4156

parameter analyzer. Notably, the BTS was

semiconductor

performed with a continued N, purge to
prevent the uptake of moisture in the silicon
carbide films through testing. In addition, the
gate electrode current (Ig) of the MIS
structure during BTS measurement was
monitored, and the Igue-Vgae characteristics
were also instantaneously measured from 150
to 25 °C during the lowering course of the
temperature after BTS. We will show the
current density versus electric field (J-E) and
current density versus (I-t) diagrams to
effects BTS
(bias-temperature-stress) measuremt. Fig. 4.
shows J-E cures of SiC, SiOCl, SiOC2,
SiOC3 with Al electrode at RT. The more

oxygen concentration in the film, the lower

demonstrate  the about

leakage current it is. The more oxygen
concentration in the film will cause insulating
property increase. Fig. 5 shows J-E cures of
SiOC1  with Cu

temperature. When the temperature increase

electrode at various

will cause thermionic emission injection
improved. Fig. 6 shows Current v.s. Time
curve of SiOC1, SiOC2, SiOC3 with Cu gate

during BTS. Oxygen rich SiC film would have
better reliability. The

concentration has higher leakage current. The

lower  oxygen
leakage current is like electron beam which
impact the SiC film. The Si-C bond of SiC
film is easier break than Si-O bond. The Si-C
break cause the traps to result in Cu diffusion.
Therefore, the higher oxygen concentration
has lower leakage current.

In this Si0C1

experienced O, plasma treatment for 3min,

study, sample were
6min and 9min by PECVD (plasma-enhanced
Chemical Vapor Deposition) processes in a
parallel plate reactor operating at 13.56 MHz.
The absorption coefficient obtained from
FTIR measurements are shown in Fig 7 for
a-SiOC:H films after 3, 6, 9, 12, 15 minutes
O, plasma treatment. Note that the peak Si-O
(1000cm™) and C-O (2330 cm™) increased as
the treatment time increased. Fig. 8 and Fig. 9
show the AES plot of SiCOl after 6 and 15
minutes O, plasma treatment. When the
treatment time increased, we get more oxygen
into the film. Fig. 10 illustrated the TDS
(thermal desorption spectra)
a-SiOC:H films after 3, 6, 9, 12, 15 minutes
O, plasma treatment, H,O (m/e=18) could be
detected. Fig. 11 shows the C-V curve and Tab.

2 shows the dielectric constant and refractive

curves of

coefficient for O, plasma treatment. The
dielectric constant coefficient is increased
around 3.9 after O, plasma treatment, and Vg,
is no shift after treatment. Fig. 12 shows J-E
curve measured at R.T. of SiCO1 after O,
plasma treatment with Al electrode. The
current density are the same at low electric
field (<3 MV/cm), and decreased at high field
(>4 MV/cm). Fig. 13 shows J-E curve of
SiOC1 after O, plasma treatment with Cu
electrode. Fig. 14 and Fig. 15 shows BTS of
SiOC1 after 9min O, plasma treatment with
Al and Cu electrode. Fig. 16 demonstrates J-E
curve of Al electrode SiOCl measured at
150°C and R.T. after 3 MV/cm stress with



STD and 3min O, plasma treatment. Fig. 17
demonstrates J-E curve of Cu electrode SiOC1
measured at 150°C and R.T. after 3 MV/cm
with STD and 3min O,

treatment.

stress plasma

For both Al and Cu electrode samples,
we have found that the leakage current is quite
comparable before and after BTS. Hence, it is
apparent that the electrode material has little
impact on the leakage current characteristics.
Furthermore, after O, plasma treatment, the
leakage current is decreased for both Al and
BTS

current-time plot, we observe that the both Al

Cu electrode. However, from the
and Cu electrode samples tend to breakdown
in high electric field. In addition, the leakage
current difference before and after BTS of Cu
electrode sample is larger than that of Al
electrode. Therefore, we can conclude that the
resistance against Cu penetration of SiOC:H
film is deteriorated after O, plasma treatment
even that its leakage current characteristics
has been improved.

Furthermore, we are interesting in
impacts of thermal annealing of the silicon
carbide film, so the oxygen-doped silicon
carbide film with Cu or Al metal gate was
transferred into furnace at the temperature
400°C for 3 hours in N, ambient is showed in
Fig. 18 and Fig. 19. After thermal treatment
electrical measurement will be also executed.
MIS used for the

determination and

capacitors were
evaluation of the
permittivity of silicon carbide film. The
I-V)

and bias-temperature-stress

current-voltage characteristics
measurements
(BTS) measurement were also executed using
MIS with HP4156 parameter
analyzer. Fig. 20 is J-E cures of SiOC1,Si0OC2,
SiOC3 with Cu electrode after thermal
annealing at RT. Fig. 21 to Fig. 23 is Current
v.s Time curve of SiOCI1, SiOC2, SiOC3

using Cu gate with intrinsic or after thermal

structure

annealing during BTS. The leakage current

would decrease after thermal annealing.
Heating process will not degrade our silicon
carbide films, but seem to eliminate the
defects or dangling bonds in the films. Fig. 24
Current V.S. Time curve of
SiOC1,Si10C2,Si10C3  with Cu gate after
thermal annealing during BTS. Fig. 24
compare with Fig. 6. We will find thermal
annealing cause reliability of silicon carbide
films improved.

Leakage current behaviors of silicon
carbide films can be investigated further on
the J-E (leakage current density-electric field)

12
and

characteristics such as In(J) — E
In(J/E) — E"? plots. The linear variations of
the  current  correspond  either  to
Schottky-Richardson
Poole-Frenkel

Schottky-Richardson emission generated by

emission or to

mechanism. The

the thermionic effect is 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
quantified by the following equation:

/2
B

where S, =(e’ /4ne,e)''? , e is the

electronic charge, g is the dielectric constant
of free space, ¢ is the high frequency relative
dielectric constant, A4* 1is the effective
Richardson constant, 7 is the absolute
temperature, £ is the applied electric field,
@, is the contact potential barrier, and kg is
the Boltzmann constant. The schematic of
the energy diagram for Schottky emission is
Besides, the

Poole-Frenkel (P-F) emission is due to

displayed in Fig. 25.

field-enhanced thermal excitation of trapped
electrons in the insulator into the conduction

band. The current density is given by:



ﬂPFEl/z _¢PF
T j )

where o, is the conductivity, £ is the

J=0o,F exp(

electric field, B, = (e’ / we,6)"'?, and Dpr

is the height of trap potential well. The
of the

Poole-Frenkel (P-F) emission is illustrated in

schematic energy diagram for
Fig. 26. The barrier height, however, is the
depth of the trap potential well, and the
quantity PBpr is larger than in the case of
of 2.

Distinction between the two mechanisms of

Schottky emission by a factor

leakage current can be done by comparing
of B with the
experimental one. The Bsand Bpr before and
after BTS(4MV/cm) for SiOC1, SiOC2 and
SiOC3 are listed in Tab. 3. The Bs and Bpr
before and after BTS(4MV/cm) for SiOCl1,
SiOC2 and SiOC3 after thermal annealing

are listed in Tab. 4. Besides, it can be

the theoretical wvalue

approximately  recognized  from  the
symmetry or asymmetry on J-E curves.
Because of the differences of work function
and carrier concentration between gate and

substrate materials, the J-E curves should be

asymmetric in Schottky emission conduction.

In other words, Schottky emission
conduction is dominated by “electrode”. But
carries in traps meet the same barrier height
no matter in positive or negative bias. That is
the reason why Poole-Frenkel emission
shows a symmetric J-E curve and its
behavior is dominated by “bulk”. Based on
the above, we also can roughly determine the
conduction mechanism by the symmetry
about J-E curves.

The extraction procedure of experimental

Bs and Bpr values are demonstrated on the left

half court and right half court. For silicon

carbide with Cu or Al gate, the slope

(= p/kyT ) of the straight line portion of

curves is showed in Fig. 27. We suppose that

there are many defeats and dangling bonds in
silicon carbide films essentially and they will
clutch and then release the carriers inject from
electrode like “traps”. If carriers are held by
traps, the carriers will form a build-in field
against external field due to the Coulomb

force. From the following equation:

Bigea (E — EB)% = IBﬁtE% (3)

Bidear 18 the ideal value of Bpr, P is the
experimental Bpr exacted by fitting the In(J/E)

versus E'?

plot, E is external field, and Eg is
build-in field. Therefore, (E-Eg) which is
shown in Fig. 28 is the actual field applied
on insulator . If the quantities of traps
increase, the Eg will be enhanced and then
let the value of B decrease. It is universally
known that high temperature will let carriers
jump out of the potential well easily. In
another word, the release efficiency of traps
will increase due to higher temperature.
From the statistical viewpoint, the
probabilities of carriers existing in traps
decrease and then make the build-in field Eg
faint. We suppose that is the reason why we
get a larger value of Bg; at high temperature.
Furthermore, ys is the contact potential
barrier and ypr is the height of trap potential
well. For trap states with coulomb potentials,
the expression is virtually identical to that of
the Schottky emission. The barrier height is
the depth of the trap potential well. In
addition, we can calculateys the contact
potential barrier andypr the height of trap
potential well at high field. From Eq. (1) and

Eq. (2), the current density is given as

follow:
B 7 @1 4
In(J)=InA*+—VE ——)—
() (kB kB)T
1n(i)—1na Jr(—ﬂ"FE%_CD”F)l 5
)=l cr O

We plotted In(J) v.s. (1/T) and In(J/E) v.s.
(1/T). We can get the slope of the straight line



portion of curve.
®, = BAE —slopexk, (6)
D :ﬂPF\/E_Slopeka (7

The barrier height of SiOC1 was listed in Tab.
5. As shown in Tab. 6 , we found that Bpr and
ypr of SiOC1 will increase after thermal
annealing. Fig. 29 is J-E curve of SiOCl
before and after annealing with Cu gate at
150°C. The leakage current decreased after
annealing. According to Eq. (3), after thermal
annealing, the quantity of traps might decrease
and then lower the Eg. We will obtain a large
value of Bg;. That could be the reason why we
got a higher By value after thermal annealing.
Moreover, the increase of the value of wypp
might caused by eliminating the shallower
traps during thermal annealing and then make
the average value of the height of traps
potential well rise.

We found that Bpr and ypr of SiIOC1 will
increase after thermal annealing is shown in
Tab. 7. Fig. 19 is J-E curve of SiOC1 before
and after BTS with Cu gate at 150°C. The
leakage current decreased after BTS. We will
obtain a large value of Bg. According to Eq.
(3), after BTS, the quantity of traps might
decrease and then lower the Eg . That could be
the reason why we got a higher g value after
BTS. Furthermore, the increase of the value of
ypr might caused by eliminating the shallower
traps during BTS and then make the average
value of the height of traps potential well rise.

we let the sample break down during the
bias-temperature-stress (BTS) measurement.
Then, we put the sample into low temperature
probe station and measure the current-voltage
(I-V) characteristics.

Fig. 30 to Fig. 32 show the leakage current
density versus electric field (J-E) curve of
SiOC1, SiOC2, SiOC3 measured at various
temperature of 29OOK, 2000K, 100°K with Cu
electrode, respectively. From Fig. 30 to Fig.
32, the leakage current is very large both in

negative bias and positive bias after BTS.
With the decreasing temperature, the leakage
current was still very large in negative but was
getting smaller in positive bias. The Cu ions
existing in silicon carbide would be taken as
trap states and could enhance the carriers to
transport. The transport of carriers could be
divided into three components as follows:
thermionic emission, direct tunneling, and trap
enhanced thermionic field emission. The third
way includes trap enhanced thermionic
emission and trap enhanced field emission
( indirect F-N tunneling).As shown in Fig. 33
and Fig. 34, the numerous trap states exist in
insulator and cause the insulator barrier
lowing. The insulator could be regarded as a
combination of an ohmic conduction
region(caused by numerous trap states exist in
insulator) and a very thin insulator. Because of
Cu penetration, the interface between ohmic
conduction region and thin insulator has a lot
of trap states. The electrons can easily
transport from trap to trap and weakly depend
on temperature. From Fig. 30 to Fig. 32, we
can see the more oxygen in the film , the
lower leakage current it is in negative bias at
the low temperature. It is also show that the
more oxygen in the film will has less trap

states in the film.

A novel oxygen-doped silicon carbide
(Si0C) films has been developed for barrier
dielectric applications. The silicon carbide
film is hydrophobic due to the existence of
Si-C(Hy bonds. It provides the silicon carbide
a lower dielectric constant than that of
typically used Si, Ny (k~8) as a barrier
dielectric and etch stop layer in the
interconnection. From the electric analysis, we
know that the more oxygen concentration in
the film, the lower leakage current it is. It is

presents that oxygen concentration in the film



would prevent the Cu ion from diffusing into
the film. The leakage current is like electron
beam which impact the SiC film. The Si-C
bond of SiC film is easier broken than Si-O
bond. The Si-C break generate the traps which
result in Cu diffusion. Therefore, the higher
oxygen concentration has lower leakage
current.

After O, plasma treatment, the leakage
current is decreased for both Al and Cu
BTS

current-time plot, we observe that the both Al

electrode. However, from the
and Cu electrode samples tend to breakdown
in high electric field. In addition, the leakage
current difference before and after BTS of Cu
electrode sample is larger than that of Al
electrode. Therefore, we can conclude that the
resistance against Cu penetration of SiOC:H
film is deteriorated after O, plasma treatment
even that its leakage current characteristics
has been improved.

Than we know thermal annealing process
would be a critical issue in BEOL fabrication
process since the heat provided more
possibility of the copper diffusion into low-k
IMD & ILD. Therefore, we simulated the
BEOL fabrication process by using thermal
annealing. From electric analysis, we know
the film after thermal annealing is better than
intrinsic film. Because of thermal annealing
recovered defeat of the film and caused
leakage current decreasingly. The leakage
current decreased as oxygen concentration
increased in the film is still existence.

We suppose that there are many defeats
and dangling bonds in silicon carbide films
essentially and they will clutch and then
release the carriers inject from electrode like
“traps”. If carriers are held by traps, the
carriers will form a build-in field against
external field due to the Coulomb force. If the

quantities of traps increase, the Eg will be

enhanced and then let the value of Bg; decrease.

It is universally known that high temperature

will let carriers jump out of the potential well
easily. In another word, the release efficiency
of traps will increase due to higher
temperature.

After thermal annealing and BTS, the
quantity of traps might decrease and then
lower the Eg. We will obtain a large value of
Brt. That could be the reason why we got a
higher Bg; value after thermal annealing and
BTS. Moreover, the increase of the value of
ypr might caused by eliminating the shallower
traps during thermal annealing and then make
the average value of the height of traps
potential well rise.

Then we let the sample break down
(BTS)

measurement. Then, we put the sample into

during the bias-temperature-stress
low temperature probe station and measure the
current-voltage (I-V) characteristics. From the
electric analysis, the Cu ions existing in
silicon carbide would be taken as trap states
and could enhance the carriers to transport.
Because of Cu penetration, the interface
between ohmic conduction region and thin
insulator has a lot of trap states. The electrons
can easily transport from trap to trap and
weakly depend on temperature. We can see
the more oxygen in the film , the lower
leakage current it is in negative bias at the low
temperature. It is also show that the more

oxygen in the film will has less trap states in
the film.
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SiC SiOC1 | SiOC2 | SiOC3
k 4.54 3.69 3.55 3.49
n 1.88 1.816 | 1.739 | 1.661

Tab. 1: Dielectric constant and refractive

coefficient of SiC, SiOC1, Si0C2, SiOC3

STD 3min 6min 9min 12min | 15min
k 3690 | 3.89 | 374 | 395 | 401 | 387
n 1816 | 1.879 | 1.882 | 1.966 | 2.013 | 2.024
Thickn | 984 | 984 | 956 | 943 | 956 | 961
ess(A)
Tab. 2: Dielectric constant, refractive

coefficient and thickness of SiOCl1 after O2

plasma treatment.

150°C B's (x10%%) Ber (x107%)
sioc1 ideal 3.16 6.32
Before BTS 4.26
After BTS 4MV/cm 5.95
SioCc2 ideal 3.221 6.442
Before BTS 2.389
After BTS 4MV/cm 4.652
SioC3 ideal 3.245 6.49
Before BTS 2.136
After BTS 4MV/cm 3.1129
Tab. 3: PBs and Ppr before and after

BTS(4MV/cm) for SiOC1



After 1501 Bs (x10%) | Bpe (x107%%)
sioc1 ideal 3.16 6.32
Before BTS 5.131
After BTS 3MV/cm 6.221
SioC2 ideal 3.221 6.442
Before BTS 3.085 5
8
After BTS 3MV/cm 3.239 3
2
siocs ideal 3.245 6.49 <
Before BTS 2.611
After BTS 3MV/cm 3.683 e SiC
| | | | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Tab. 4: and before and after
BS BPF Wavenumber (cm™)
BTS(4MV/cm) for SiOC1, SiOC2 and SiOC3
after thermal annealing.
Fig. 1: FTIR absorption spectra for
Before annealing ¢ 0.678(ev) SiC,S10C1, Si0C2, S10C3.
After annealing ¢ 0.72(ev)
After annealing After BTS ¢ 0.847(ev)
8000
Tab. 5: ybefore and after thermal annealing
and after BTS for SiOC1 6000
)
é 4000 O (sio,)
Before After theoretical = 1s
C (C*-H)
1s
B (10-23) 4.26 5.131 6.32 2000 |- giSSi (SiD,)
2p
(OF33 0.678 0.72
L L L L L

Tab .6: The changes

on PBpr and ypp after

0
1200

1000

800 600 400

Binding energy (eV)

200

annealing
Before After theoretical . L
Fig. 2:. XPS curve of intrinsic SiOC1.
B (10-23) | 5.131 6.221 6.32
Qrr 0.72 0.847

Table 3-5 The changes on BPF and yPF after

BTS

0



Fig. 3:

AES curve of intrinsic SiOC1
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