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A B S T R A C T

The thermal stability of pure HfO2 thin films is not high enough to withstand thermal processes, such as S/

D activation or post-metal annealing, in modern industrial CMOS production. In addition, plasma

nitridation technology has been employed for increasing the dielectric constant of silicon dioxide and

preventing boron penetration. In this experiment, atomic layer deposition (ALD) technology was used to

deposit HfO2 thin films and inductively coupled plasma (ICP) technology was used to perform plasma

nitridation process. The C–V and J–V characteristics of the nitrided samples were observed to estimate the

effect of the nitridation process. According to this study, plasma nitridation process would be an effective

method to improve the thermal stability of HfO2 thin films.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

To solve the problem of the excessive leakage, Hafnium-based
dielectrics have emerged as promising high-k candidates to replace
the SiON dielectric for advanced CMOS technologies [1–3]. Pure
HfO2 is considered as a suitable gate dielectric material because of
the acceptable band gap (6 eV) and the large dielectric constant
(about 25). In general, the band gap of Hafnium-based dielectrics
would not be too small to cause the large gate leakage that may form
the large power consumption. Meanwhile, the dielectric constant of
Hafnium-based dielectrics is high enough to increase the physical
thickness of the gate dielectric and maintain the relatively
low effective oxide thickness (EOT). However, there are several
challenges having to be considered in order to integrate these high-k
dielectrics into a conventional CMOS process flow such as the
interface SiO2 regrowth and the thermal stability [4]. Furthermore,
the nitridation process has been shown to improve the thermal
stability of Hafnium-silicate thin films [5]. The purpose of this study
was to examine the plasma nitridation effect to pure HfO2 thin films.

2. Experimental

After initial standard RCA cleaning, wafers were placed into the
chamber and a HfO2 layer was deposited on the every wafer by the
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atomic layer deposition (ALD) system. Then the samples were
annealed (post-deposition annealing) at 600 8C for 30 s in pure N2

gas and nitrided by an additional ICP plasma treatment at the
substrate temperature of 300 8C. The conditions of the plasma
treatment were in pure N2 or N2O for 30 s, 60 s, and 90 s,
respectively. In addition, the process pressure of the plasma
nitridation process was 100 mTorr. The RF power of the ICP system
was set as 1 W/cm2 and the DC power of the ICP system was set as
0 W/cm2. After the plasma nitridation, there was an annealing
process (post-nitridation annealing) to reduce the plasma damage
caused by the nitridation process. The condition of the annealing
process was at 600 8C for 30 s in pure N2. A pure aluminum film
was deposited on the top side of every sample by a PVD process.
The top electrodes were defined by the mask process. Finally,
backside aluminum electrodes were evaporated by a thermal
evaporation.

3. Results and discussions

Different times were tested for the N2 and N2O plasma
nitridation process to achieve the best nitridation effect for HfO2

thin films. Fig. 1 shows the capacitance–voltage (C–V) character-
istics of the HfO2 gate dielectrics treated in ICP N2 plasma for
different process times. If the nitridation time was set less than
30 s, the nitridation effect of those samples would be not uniform.
On the other hand, if the process time was set more than 90 s, the
effect of plasma damage would be serious. So the nitridation
time awas set as 30 s, 60 s, or 90 s. The capacitors treated for
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Fig. 1. The C–V and J–V characteristics of the HfO2 thin films treated in N2 plasma for

different process times.

Fig. 3. The nitrogen SIMS depth profiles of the nitrided HfO2 thin films and the as-

deposited HfO2 thin films.
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90 s performed the maximum capacitance density among those
samples with different process times. Furthermore, the capacitors
treated for 30 s or 60 s both presented the larger values than the
ones without any annealing or nitridation processes. The factor of
improvement could be from the post-deposition annealing (PDA)
process [6] and the nitrogen incorporation in hafnium oxide,
which might enhance the electronic polarization as well as the
ionic polarization. As a result, the dielectric constant of the HfO2

thin films would increase just as nitrided HfSiO thin films [7] and
nitrided SiO2 thin films [8]. The small figure inserted in Fig. 1
describes the leakage–voltage (J–V) characteristics of the p-type
HfO2 capacitors treated by ICP N2 plasma with different process
times from 0 V to �2 V. The gate leakage current density was
suppressed while the treatment times were 60 s or 90 s. The
reduction of the leakage current could be attributed to the PDA
process [7]. The gate leakage current density of the samples that
were not treated in ICP N2 plasma at VG = �1 V was about
8.52 � 10�8 A/cm2 and the gate leakage current density of the
capacitors treated in ICP N2 plasma for 90 s at VG = �1 V was about
1.95 � 10�8 A/cm2. Specially, the leakage current of the samples
treated in N2 plasma for 30 s was even larger than the one of the
as-deposited samples. The reason could be that the nitridation
time is too short, thus, the nitridation effect might not be obvious
and the crystallization caused by the post-nitridation annealing
(PNA) appears.
Fig. 2. The C–V and J–V characteristics of the HfO2 thin films treated in N2O plasma

for different process times.
Fig. 2 describes the C–V characteristics of the HfO2 gate dielectrics
treated in N2O plasma for different process times. The capacitance of
the samples nitrided by N2O plasma was larger than the one of the
samples just deposited by the ALD system. In fact, the HfO2 thin films
treated in N2O plasma for 90 s displayed the largest capacitance
density. It indicates that the N2O plasma treatment is also a
practicable method to improve the C–V characteristics of HfO2 thin
films. The inserted figure in Fig. 2 presents the J–V characteristics of
the p-type HfO2 capacitors treated in N2O plasma for different
process times from 0 V to�2 V. After the N2O plasma nitridation, the
reduction of the leakage current could be observed. The gate leakage
current density of the capacitors treated in ICP N2O plasma at
VG =�1 V for 90 s was about 7.20� 10�9 A/cm2. The reason of the
improvement in the N2O plasma nitridation process could be the
same as the one in the N2 plasma nitridation process. As mentioned
above, the best process time of the plasma nitridation in N2 and N2O
plasma are both set as 90 s. It appears that the samples treated in N2

plasma for 90 s displayed the most excellent value (the EOT of the
samples was about 2.7 nm).

The nitrogen depth profiles of the nitrided samples are shown in
Fig. 3 and the incorporation of nitrogen caused by the nitridation
process could be proved. The nitrogen that is incorporated into the
dielectric could maintain the amorphous homogeneous film
without the phase separation at high temperature [5].
Fig. 4. The oxygen SIMS depth profiles of the nitrided HfO2 thin films and the as-

deposited HfO2 thin films.



Fig. 5. The C–V characteristics of the HfO2 thin films treated by the various plasma

nitridation and the annealing processes.

Fig. 6. The J–V characteristics of the HfO2 thin films treated by the various plasma

nitridation and the annealing processes.
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Fig. 4 demonstrates the oxygen depth profiles of the nitrided
samples. The reason why that the capacitance of the sample
treated in N2O plasma is lower than the one of the samples treated
in N2 plasma could be the growth of the dielectric layer due to the
oxygen in N2O plasma. According to Figs. 1 and 2, it also presents
that there is smaller gate leakage current that might be caused by
the thicker dielectric layer in the N2O nitridation process than the
one in the N2 nitridation process. In addition, the nitridation effect
to thinner HfO2 thin films (the EOT of the samples was about
1.5 nm) was also corroborated in other experimental result.

In Figs. 5 and 6, the C–V and the J–V characteristics of the HfO2

gate dielectrics treated by different plasma nitridation processes
and thermal treatments are shown. As demonstrated in Fig. 5, for
the samples just deposited by the ALD system and not nitrided,
there is an obvious difference between the C–V characteristic of the
samples with and without the high temperature annealing (in N2

gas at 850 8C for 30 s). Therefore, from the electrical characteristic,
the original samples could not withstand the high temperature
annealing. On the other hand, for the samples nitrided in N2 plasma
for 90 s, the C–V characteristic of the samples without the high
temperature annealing was very similar to the one with the
annealing. Thus, it seems to prove that the nitridation process
could improve the thermal stability of HfO2 thin films. Further-
more, if the nitridation time was not enough, the thermal stability
of the high-k thin films would be not enough, either. Just like the
samples treated in N2 plasma for 30 s could not withstand the
high temperature annealing. In Fig. 6, after suffering the high
temperature annealing, the leakage of the samples with nitridation
could maintain a relatively lower value than the one without
nitridation. In summary, the above electrical characteristics could
also confirm the improved effect of the plasma nitridation to the
thermally stability of HfO2 thin films.

4. Conclusions

In conclusion, the suitable process time for ICP N2 and N2O
plasma nitridation processes were discussed. Moreover, the
nitridation effect and the plasma damage might need to be traded
off to achieve the optimum result. According to our study, the
whole plasma nitridation process, that also includes the PDA
process and the PNA process, could be used to strengthen HfO2 thin
films in order to enhance the C–V characteristic and suppress the
gate leakage from as-deposited thin films. Furthermore, the
plasma nitridation could be also used to improve the thermal
stability of HfO2 thin films to bear a high temperature process at
850 8C for at least 30 s.
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