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Abstract

The dielectric breakdown field is one of the important concerns for device reliability. The breakdown of dielectric is originated at a
fatal flaw that grows to cause failure and can be explained by the weakest-link theory. In this study, metal-insulator-metal (MIM) capac-
itors with plasma enhanced chemical vapor deposited (PECVD) SiN, are prepared. Ammonia (NH;) plasmas are applied after the depo-
sition of the dielectric SiN,. The Weibull distribution function, which is based on the weakest-link theory, is employed to analyze the
effect of the electrode area as well as the plasma treatment on the breakdown of the MIM capacitors. The time dependent dielectric
breakdown testing indicates a decrease in both the leakage current and the lifetime of the MIM capacitors treated with plasma. Possible

dielectric degradation mechanisms are explored.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

When an electron current passes through the dielectric
layer of a capacitors, defects such as electron traps, inter-
face states, etc., gradually build up in the dielectric until a
critical defect density is reached where the dielectric sud-
denly and destructively breaks down. The dielectric break-
down field and time dependent dielectric breakdown
(TDDB) are main factors of the important concerns for
device reliability especially in deep submicron technology
as device is scaled down [1]. It is reported that when the
oxide SiO, is thicker than 5 nm, hard breakdown caused
by hot-hole injection is its major failure, the breakdown
mechanisms were generally accepted to be charge trapping
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in the oxide [2], and a critical defect density of around
5% 10" cm ™2 was reported [3]. The critical defect for break-
down shows a strong decrease with thickness below about
5 nm, and then becomes constant below 3 nm. The critical
defect density is explained by the formation of a percolation
path of defects across the oxide and the formation of the
breakdown path [4-7]. Besides, for ultrathin oxide (1.4—
2.2 nm), the location of the damaged region is relevant to
the oxide breakdown [8,9]. Allers [10] derived the physical
model offers the consistent description of the metal-insula-
tor-metal (MIM) capacitors with SiN, and shows the rela-
tions of the dielectric breakdown of SiN, and the charge
of breakdown [10]. However, although there have been
many works related to the thickness effect of oxide break-
down. Very few work reports on the area effect on the
dielectric breakdown.

This is a continuing research and our previous work
reveals that plasma treatment eliminates the dispersive
behavior and electrical hysteresis of the SiN, MIM capac-
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itors. Besides, the leakage current density of SiN, MIM
capacitors decreases due to the decrease of the trap den-
sity after plasma treatment [11]. In this study, MIM
capacitors with plasma enhanced chemical vapor depos-
ited (PECVD) SiN, were fabricated. Ammonia (NH3)
plasma was applied to the as-deposited SiN, capacitor,
before deposition of the upper electrode. The effects of
electrode area and plasma treatment on the breakdown
strength of the dielectric are investigated using Weibull
distribution. Finally, we describe the TDDB characteriza-
tions of the as-deposited and plasma-treated SiN, capac-
itors, and the breakdown electric fields for 10 years
lifetime are represented in this paper.

2. Experimental procedures

Four inch diameter p-type (100) Si wafers with nomi-
nal resistivity of 1-10 Q-cm were used as substrate. After
standard RCA cleaning process, a 100 nm thick SiO, film
was grown on the Si substrate. A 100 nm Al film were
deposited with thermal evaporation coater onto the
Si0,/Si substrate to serve as the bottom electrode. Silicon
nitride (SiN,) was prepared in this study. While the SiN,
films with a thickness of 50 nm, were deposited with the
PECVD system (Multichamber PECVD, STS-MULTI-
PLEX CLUSTER SYSTEM, England) using a SiH,/
NH;/N, gas mixture. The flow rates of SiH4, NH; and
N, were 20, 80, and 510 sccm, respectively. Before the
deposition of the top electrode, some samples were sub-
jected to plasma treatment. The SiN, films were treated
with SiH4/NH; plasma (the flow rates were 6 and
700 sccm for SiH4 and NHj;, respectively) for 30 min.
Aluminum films (150 nm in thickness) were then depos-
ited as the top electrodes. The electrodes are circular in
area.

The electrode areas of capacitors in this study are:
237x10*em? (radius r=275um), 1.59x107%cm?
(r =225 pm), and 0.96 x 10~* cm? (r = 175 ym). The cur-
rent-voltage (/-V) measurement was carried out with a
semiconductor parameter analyzer (HP4155B, Hewlett
Packard Co., USA) at 25°C and 150 °C. The breakdown
electric field is defined when the leakage current density
exceeds 0.5 A/cm?  Atomic force microscope (AFM)
(NS3a controller with D3100 stage, Veeco Instruments
Inc., USA) was employed to measure the surface roughness.

3. Results and discussion

The breakdown of dielectric is thought to originate at a
fatal flaw that grows with time. The formation of a weak
link threatens the reliability of the electronic components
because too defects of critical size will cause failure. The
weakest-link theory gives the cumulative probability F(E)
that breakdown occurs below electric field (E) for Weibull
distribution as [12]:

F(E) = 1 — exp(—E/Ey)" (1)
I - F(E) = exp(~E/Eo)" 2)
In(~In(1 — F(E))) = m x In(E) — m x In(Eq) (3)

where E|j is the characteristic breakdown field which is the
field when 63.2% of capacitors breaks down, and m is
called the slope parameter of Weibull distribution. Since
m is the Weibull slope of the In[—In(1 — F(E))] versus
In(E) plot.

Fig. 1 is the Weibull distribution In(—In(1 — F(E))) ver-
sus In(E) plots as a function of electrode area measured at
25 °C and 150 °C of SiN, MIM capacitors without plasma
treatment, while Fig. 2 is that of SiN, MIM capacitors with
plasma treatment. A software named Origin (Microcal Soft-
ware Inc.) based on minimum chi-square (°) statistics is
employed to fit the Weibull distribution In(—In(1 — F(E)))
versus In(E) curve. The values of m and Ej are then evalu-
ated from Figs. 1 and 2 and summarized in Table 1.

As the Weibull distribution function is based on the
weakest-link theory, it can be employed to predict the elec-
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Fig. 1. The Weibull distribution In(—In(1 — F(E))) versus In(E) plots as a
function of electrode area measured at 25 °C and 150 °C of as-deposited
SiN, MIM capacitors. Electrode area: L: 237x103cm? M:
1.59 x 1073 cm?, S: 9.6 x 10~* cm?. Data measured at 25 °C and/or 150 °C.
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Fig. 2. The Weibull distribution In(—In(1 — F(E))) versus In(E) plots as a
function of electrode area measured at 25°C and 150 °C of plasma
treated- SIN MIM capacnors Electrode area: L: 2.37x 1073 cm? M:
1.59 x 1073 em?, S: 9.6 x 10~* cm?. Data measured at 25 °C and/or 150 °C.
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Table 1
Weibull slope parameter m, the characteristic electric field E, and surface
roughness of SiN, MIM capacitors with and without plasma treatment

Electrode area (1073 cm?) 2.37 1.59 096  0.96
Measuring temperature (°C) 25 25 25 150
Without plasma M 11.47 1228 9.81 10.62
treatment Ey 3.73 429 4.62 4.52
Surface roughness
(RMS) 0.579 nm
With plasma M 14.86 1525 19.07 11.51
treatment Ey 5.79 5.87 599 5.63
Surface roughness
(RMS) 0.293 nm

trode size effect on the breakdown strength of the capaci-
tors. If the dielectric in-between a small portion of the elec-
trode area breaks down, the whole capacitor breaks down.
From statistics, if the probability of the dielectric break-
down in-between any one small portion 04 of the electrode
area is p, the probability of the dielectric breakdown
between N independent small portions of the electrode area
is

F(E)=1-(1-p)" (4)
In(—In(1 — F(E))) = In(N) + In(—In(1 — p)) (5)
Combining Eqgs. (3) and (5), one has
In(—In(1 — F(E))) = In(N) + In(—1In(1 — p))

=m x In(E) —m x In(Ey) (6)

The probability p of the dielectric breakdown is depen-
dent on both the intrinsic strength of the dielectric and
the electric field (E) applied. From Eq. (6), one finds that
the characteristic breakdown field E is affected by the elec-
trode area, the intrinsic strength of the dielectric, and the
electric field applied. The slope m and the characteristic
breakdown field E, were obtained from Figs. 1 and 2 and
summarized in Table 1, while they were plotted as a func-
tion of electrode area in Fig. 3. The Weibull slope m of the
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Fig. 3. Weibull slope m and characteristic breakdown field E, as a
function of electrode area of SiN, MIM capacitors with and without
plasma treatment. Sample designation: (w, T) and (w/0, T), where w, w/0,
and T stand for with plasma treatment, without plasma treatment, and
temperature in °C, respectively.

individual curves was the measure of the spread in the
experimental data. The higher the slope, the smaller is
the variation in the measured electrical parameter. When
the electrode area increases from A4; to A,, the characteris-
tic breakdown field decreases from E| to E,, as described in
the following [5].

E\/E, = (Az/Al)l/m (7)

Therefore, the characteristic field E, decreases with the
increase of the electrode area as predicated from the weak-
est-link theory and exhibited in Fig. 3. The characteristic
field E, decreases when the measuring temperature
increases from 25°C to 125°C. However, no apparent
trend is observed between the slope parameter m and the
electrode area A. Besides, the results of the measurement
and simulation with Eq. (7) are shown in Fig. 4 as a plot
of the ratios of E;/E, versus the ratio of 4,/A4;. It is obvi-
ous the data of the plasma treated SiN, are fitted better
than ones of the as-deposited SiN,.

The plasma treatment increases the characteristic field
Ey and the slope m. Previous work suggests [11] that
ammonia plasma treatment introduces hydrogen atoms
into the SiN, films to form Si-H bonds which reduce the
number of silicon dangling bonds (Si DB) in the SiN, films
and decrease the leakage current of the SiN, capacitors.
Besides, Auger depth profiling indicates a slight increase
of nitrogen to silicon ratio after plasma treatment in our
previous working [11]. On the other hand, the surface
roughnesses of SiN, are smoother after plasma treatment
as indicated in Table 1. These may be the reasons why both
Ey and m are improved after plasma bombardment and the
ratios of E,/E, versus the ratios of 4,/A4, can be fitted well
by Eq. (7) after plasma bombardment.

Van Delden and van der Wel proposed a degradation
mechanism for PECVD SiN, films in Fig. 5 [13]. The elec-
tron-hole recombination breaks the weaker Si-Si and Si-H
bonds to form the Si dangling bonds (Si DB) which are sin-
gly occupied for the neutral state (Sij). These neutral states
trap charge carriers of either sign to form Si; and Si; cen-
ters. The Si; center may react with N-H to form Si-N and
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Fig. 4. The results of the measurement and simulation with Eq. (7) as a
plot of the ratios of E|/E, versus the ratio of A,/A4;.
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Fig. 5. Schematic representation of the mechanisms describing the Si DB
(Sig) during plasma treatment and TDDB test.

leave a net concentration of negatively charged Si; centers.
For samples without plasma treatment, the initial increase
of the leakage current with time is due to an increase of
defects in the band edges. Then, silicon dangling bonds
(Si DB) which are occupied for the neutral states (Si) trap
electrons reduce the total current, as shown in Fig. 6. On
the other hand, the SiH4/NHj; plasma raised the nitrogen
to silicon ratio and/or formed the Si—-H bond at the inter-
face region as discussed previously. The number of the sil-
icon dangling bond is decrecased after plasma
bombardment, which leads to the reduction of trapping
electron. Therefore, during the TDDB test, the leakage cur-
rent of SiN, films with plasma bombardment increases
slightly before the breakdown. The initial increase and then
decrease of leakage current were not observed for SiN,
with plasma bombardment. However, the relationships of
shorter TDDB lifetime and larger breakdown field (Eg) of
SiN, films with plasma bombardment are not well under-
stood. There are many factors which degrade the TDDB
lifetime. When the behavior of the current becomes more
and more dominated by the conduction in band edges,
and the number of defects in the band edges become too
large, the breakdown occurs [13]. It is possible the plasma
treated SiN, films with less neutral states (Si}) easily result
in conduction in band edges, and therefore it decreases the
TDDB lifetime. The plasma-treated samples have higher
concentration of the weaker Si-H bonds which lead to
shorter TDDB lifetime, nevertheless, the smoother surface
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Fig. 6. Time dependence of the current density of SiN, MIM capacitors as
function of the electric field of 6.0 MV/cm, 5.5 MV/cm, and 5.0 MV/cm
with (a) and without (b) plasma treatment. Failure time (7F) versus
electrical field (E) of SiN, MIM capacitors with (circle) and without
(square) plasma treatment.
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Fig. 7. Failure time (TF) versus 1/E of SiN, MIM capacitors with (circle)
and without (square) plasma treatment. The inset shows the leakage
current can be fitted to Fowler—Nordheim conduction at the high electric
field.

can decrease the local shortcuts between top and bottom
electrodes, resulting in higher Ej.

The inset in Fig. 7 shows the leakage current can be fit-
ted to Fowler—-Nordheim conduction at the high electric
field. Therefore, the 1/E-model shows the In(7y) depen-
dence on 1/E due to Fowler-Nordheim (F-N) current con-
duction [14]. In(T¥) is plotted as a function of 1/E, as
shown in Fig. 7. These In(7T¥) data are fitted with 1/E-
model. These straight lines indicate possible extrapolations
for the lifetime of SiN, capacitors. The E}/gmoder repre-
sents the extrapolated electric fields for 10 years lifetime.
The Ei/E-model 18 4.26 MV/cm and 4.35 MV/cm with and
without plasma treatment, respectively.

4. Conclusions

In this study, Weibull distribution function is employed
to analyze the electrode area effect on the breakdown
strength of the SiN, MIM capacitors. The Weibull distri-
bution function fits the experimental data well and this
suggests that the breakdown of the dielectric can be
explained with the weakest-link theory, since Weibull dis-
tribution function is based on the weakest-link theory. For
SiN, MIM capacitors, the characteristic field £, decreases
with the increase of the electrode area (A4) as predicted by
the weakest-link theory. No apparent correction is
observed between the Weibull slope parameter and the
electrode area. Plasma treatment increases both m and
E, of the SiN, MIM capacitors which show smoother sur-
face and better fitting as Eq. (7) predicated. The enhance-
ment of SiN, capacitors may be resulted from the decrease
of trap density caused by NHj plasma as revealed in pre-
vious work. The plasma-treated samples have higher con-
centration of the weaker Si-H bonds which lead to the
shorter lifetime (7F). Both of the as-deposited SiN, and
plasma-treatment SiN, capacitors show the longer lifetime
than 10 years about 4.35MV/cm and 4.26 MV/cm,
respectively.
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