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A multi-deposition multi-annealing technique (MDMA) is introduced into the process of high-k/metal gate MOSFET
for the gate last process to effectively reduce the gate leakage and improve the device’s performance. In this paper, we
systematically investigate the electrical parameters and the time-dependent dielectric breakdown (TDDB) characteristics
of positive channel metal oxide semiconductor (PMOS) under different MDMA process conditions, including the depo-
sition/annealing (D&A) cycles, the D&A time, and the total annealing time. The results show that the increases of the
number of D&A cycles (from 1 to 2) and D&A time (from 15 s to 30 s) can contribute to the results that the gate leakage
current decreases by about one order of magnitude and that the time to fail (TTF) at 63.2% increases by about several
times. However, too many D&A cycles (such as 4 cycles) make the equivalent oxide thickness (EOT) increase by about 1 A
and the TTF of PMOS worsen. Moreover, different D&A times and numbers of D&A cycles induce different breakdown

mechanisms.
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1. Introduction

With the scaling down of the metal-oxide—semiconductor
field-effect transistor (MOSFET), the high-k/metal gate
(HKMG) has become more popular for CMOS integration
process beyond the 45-nm node.l'l As is well known, the
HKMG last process is necessary for the 22-nm node and be-
yond, which has been widely applied in manufactoring.?!
However, because of the small thermal budget in the gate-last
process, there are many traps and defects in the gate stack,
which induce large leakage and worse reliability issues, such
as time-dependent dielectric breakdown (TDDB), bias tem-
perature instability (BTI), and hot carrier injection (HCI). So,
post deposition annealing (PDA) has become more important
to solve this problem.!®! A novel PDA technique, the multi-
deposition multi-annealing (MDMA) technique, was proposed
and estimated.[*] However, there has not been enough sys-
tematic analysis about the influence of the MDMA on the
TDDB characteristics, especially for the gate-last process.
Moreover, TDDB, as one of the most important reliability
issues,[®! is widely concerned and will be more important for
the beyond 22-nm node.!”) In this paper, we study the electri-
cal and TDDB characteristics of HKMG gate-last PMOS with
different MDMA techniques, including the number of deposi-
tion/annealing (D&A) cycles and the D&A time. Moreover,
the TDDB breakdown mechanism is also analyzed.
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2. Devices and experiments

In this study, the SiO,/HfO,/TiN gate stack was fabri-
cated on (100) n-type Si wafer by gate-last process. The in-
terface layer (IL) was grown using the O-zone method af-
ter cleaning the silicon surface, and the HfO, films were de-
posited by atomic layer deposition (ALD) using the MDMA
technique (annealing at 450 °C and with different annealing
times). Six different samples were prepared: the D&A cycles
of samples A, D, and F were 1, and their annealing times were
15 s, 30 s, and 60 s respectively; the numbers of D&A cycles
of samples B and E were 2, and their annealing times of each
cycle were 15 s and 30 s respectively; for sample C, its anneal-
ing time was 15 s and the number of D&A cycles was 4, which
was marked as 15 s x 4. The total ALD cycles of each sam-
ple were kept constant as shown in Table 1. Then 4-nm TiN
was deposited by ALD. Here, the electrical and TDDB charac-
teristics were measured with a Keithley 4200, and TDDB was
tested by using constant voltage stress (CVS) at high field. The
area of MOSCAP was 2.5 x 107> cm?.

Table 1. Six samples fabricated by MDMA technique.

Sample A B C D E F
D&A cycles 1 2 4 1 2 1
ALD HfO; thickness/D&A cycles (nm) 2.4 1.2 0.6 24 1.2 24
Annealing time/D&A cycles (s) 15 15 15 30 30 60
Total ALD HfO; thickness (nm) 2.4
Total annealing time (s) 15 30 60 30 60 60
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3. Results and discussion
3.1. Basic electrical characteristics.

Figure 1 shows the basic electrical characteristics of the
p-MOSCAPs used in the experiments. Figure 2 shows the
relations between the gate leakage and the equivalent oxide
thickness (EOT) of these six samples. Here, the characteris-
tics of sample C are quite different from those of the other
samples. The EOT of sample C is 0.1 nm larger than that of
the other samples, while the gate leakage is 1 order of magni-
tude smaller than the other samples’ at gate voltage Vy, +1 V.
In other words, increasing the number of D&A cycles reduces
the gate leakage, however, more D&A cycles (four cycles) in-
duce EOT to increase.

For the same total high-k deposition (~ 2.4 nm), the more
the D&A cycles are, the thinner the high-k layer for each D&A
cycle is. For sample C, the first annealing occurs so closer to
the interfacial layer than the others that the oxygen atoms en-
ter into IL to increase the thickness of the IL and induce a
small gate leakage. When the number of D&A cycles is large
enough, the MDMA induces EOT to increase greatly and gate
leakage to reduce greatly. The phenomenon is due to the IL
growth. This can be demonstrated by the x-ray photoelec-
tron spectroscopy (XPS) experiment shown in Fig. 3. Com-
paring Si"*/Si of samples C and D, it can be concluded that
the amount of Si"t in sample C is much higher than that in
sample D. Similarly, sample A has a much higher amount of
Si"*/Si than sample E according to the XPS results. Therefore
it can be demonstrated that increasing the number of D&A cy-
cles can improve the quality of the IL.
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Fig. 1. (color online) (a) The /;—V; characteristics and (b) Cg—V; char-
acteristics of p-MOSCAPs.
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Fig. 2. (color online) Relation between gate leakage and EOT of the
samples with different numbers of D&A cycles or D&A times.

500 (a) Si 2p 1
C: 15 sx4
— D : 30 sX1
2 400 - i
o
~
>
5
z
f: 300 | s+ .
200 ==l ]
106 104 102 100 98 96
Binding energy/eV
10 T T T T
(b) )
2 Si 2p
.a 8 -
= — A : 15 sX1
5 — E: 30 sx2
-
s 6r
=)
i
~
Zoar
% Sin+
2
= 2f
106 104 102 100 98 96

Binding energy/eV

Fig. 3. (color online) Si 2p XPS spectra of HfO,/IL/Si stack. Peak posi-
tions are all assigned to C 1s peak binding energy. The results in panels
(a) and (b) are obtained using different equipments.

3.2. Time zero dielectric breakdown characterization.

The time zero dielectric breakdown (TZDB) as shown in
Fig. 4 is measured. The dielectric breakdown voltage (Vuq) is
defined as the voltage at which the current increases by about
one order of magnitude. In Fig. 4, the TZDB voltage of sam-
ple Cis 4.3 V, while the TZDB voltages of the other samples
are about 5.1-5.4 V. Sample C is the worst one. In order to
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know more about the breakdown characteristics of these sam-
ples, we analyze the TDDB characteristics and the physical
mechanism.

current has decreased. The Weibull distributions of samples A,
B, C, and E are shown in Fig. 6(b). For samples A, B, and C,
the annealing time of each cycle is 15 s, whereas the anneal-
ing cycles of them are quite different: the number of cycles of
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Fig. 5. (color online )Breakdown characteristics of the MOSCAP, with
0.5/ increase being the failure criterion.

In Fig. 6(a), we can obtain the TTFs of samples A, D, and
F at the failure percentile of 63.2%. By comparing the TTFs,
it can be concluded that doubling the PDA time can double the
TTF. The reason is probably that increasing the annealing time
can improve the quality of the HK layer by reducing the oxy-
gen vacancies in the HK layer. This is proved by comparing
the O 1s densities/Hf 4f densities of samples A and E acquired
from the XPS experiment. The O 1s and Hf 4f densities of
sample A are less than those of sample E. (The fitting results
are not shown in this article.) What is more, the gate leakage

Fig. 6. (color online) Weibull distribution of HfO, gate stack MOSCAP
tested under V; = 3.6 V at room temperature, showing (a) the weibull
distribution of samples with only one D&A cycle and (b) the weibull
distribution of samples with multi D&A cycles.

The slope of the Weibull distribution, 3, is an impor-
tant parameter to evaluate the reliability properties. There is
the transition of the Weibull slope as shown in Fig. 6, and
the slopes of these six samples are different (Table 2), which
means the crucial layers that determine breakdowns are differ-
ent. Generally, the Weibull slope 3 is dependent on the thick-
nesses of high-k and IL.18] The B of the IL (0.8 nm) is about 1,
and that of the HK layer is almost the same value 1.5-2.0.°1 Tt
is the IL that determines the breakdown for sample A, and for
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the low percentile sample D, the breakdown is mainly caused
by the IL. However, the HK layer determines the breakdown
for the high percentile sample D. As for sample C, it is the
HK layer that controls the breakdown. This is in accordance
with the case of the low gate leakage current of sample C. This
means that both the number of PDA cycles and PDA time of
each cycle can determine the main breakdown layer. The rea-
son has been demonstrated by the XPS experiment shown in
Fig. 3.

Table 2. Slopes of bimodal distribution.

Sample A B C D E F
TTF 99 493 25 222 546 326
Bi 1.22 3.65 2.41 0.8 241 3.09
B2 0.84 1.47 3.48 5.1 458 1.79
Determining

IL HK—IL HK IL—-HK HK HK

breakdown layer

It can be properly concluded that increasing the number
of annealing cycles can also improve the quality of the HK
layer by reducing the oxygen vacancies, but too many cycles
can lead to the oxygen vacancies entering into IL, which has
been proven by the XPS experiment. The increasing of the IL
thickness leads to smaller leakage current and shorter lifetime.

4. Conclusion

The MDMA technique for HKMG gate-last process can
reduce the gate leakage and affect the TDDB characteristics
and the degradation mechanism. Properly increasing the an-
nealing time and the number of annealing cycles can reduce

the oxygen vacancies in the HK layer. In our study, changing
the annealing time from 15 s to 30 s can reduce the gate leak-
age current by 15% and increase the lifetime by 34%. Increas-
ing the number of annealing cycles from 1 to 2 can reduce
the gate leakage current by twice and increase the lifetime
by 8 times. Even though too many annealing cycles lead to
small gate leakage current and large EOT due to the increased
IL during PDA, but they induce worse TTF of TDDB due to
worse HK layer by HK-breakdown mechanism.
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