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HfO2ÕHfOxNyÕHfO2 Gate Dielectric Fabricated by In Situ
Oxidation of Plasma-Enhanced Atomic Layer Deposition HfN
Middle Layer
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By using H2 plasma as a reactant with tetrakis�dimethylamino�hafnium precursor during plasma-enhanced atomic layer deposition,
we deposited the HfOxNy layer between HfO2 layers. The 5 nm thick HfO2/HfOxNy /HfO2 �HfONO� trilayer gate oxide shows
reduced capacitance equivalent oxide thickness ��1.25 nm� than that ��1.40 nm� of the HfO2 film with the same thickness due
to the contribution of nitrogen incorporation to the high dielectric constant. The HfONO film utilizing H2 plasma shows lower
values of interface trap density �Dit�, trapped positive charge density ��Np�, and gate leakage currents than the HfO2 layer with the
same thickness while maintaining comparable hysteresis ��30 mV�. The results can be attributed to the presence of N–H bonds,
which can reduce localized states below the conduction band and prevent the conduction-band lowering, and decrement of N–N
and N–O bonds, which contribute to trap density, confirmed by the combination of X-ray photoelectron spectroscopy and
near-edge X-ray absorption fine-structure analyses.
© 2009 The Electrochemical Society. �DOI: 10.1149/1.3147254� All rights reserved.

Manuscript submitted December 15, 2008; revised manuscript received March 2, 2009. Published June 10, 2009.

0013-4651/2009/156�8�/G109/5/$25.00 © The Electrochemical Society
The incorporation of nitrogen atoms to gate oxide produces ben-
eficial effects, such as the reduction in leakage currents and im-
provements of the reliability by passivating oxygen vacancy states
and enhancing structural stability.1,2 Conventionally, the nitrogen in-
corporation into gate oxide has been carried out by high temperature
or plasma annealing under a nitrogen environment. In previous re-
sults, high process temperatures over 700°C were usually required
for nitridation.3,4 Moreover, a large amount of nitrogen incorpora-
tion at the interface between channel region and gate oxide induced
large flatband voltage shift, resulting in the mobility degradation.5

For example, the plasma-nitrided HfOxNy has shown a negative
voltage shift ��VFB = −80 mV� in spite of reliability
enhancement.6 Also, thermal nitridation by NH3 has shown a large
VFB shift ��VFB = −500 mV� with 200 mV hysteresis.3 To solve
these problems, a postdeposition nitridation process has been
suggested.3,4 But this method requires high temperature and multiple
steps; besides, there is a difficulty in controlling nitrogen profile
with atomic accuracy. Thus, the controllable manipulation of nitro-
gen incorporation into the dielectrics not affecting the interface is
essential for the gate dielectric layer in future microelectronic de-
vices.

Due to its elaborated controllability of thickness to the extent of
atomic scale, atomic layer deposition �ALD� can be regarded as the
excellent candidate for the deposition technique to produce thin
films with atomically modulated compositional depth profiles. Re-
cently, we reported the nitrogen depth profile control by in situ ni-
tridation during plasma-enhanced atomic layer deposition �PE-ALD�
for the HfO2 layer growth with nitrogen/oxygen mixture plasma.7

The electrical and interface properties were significantly improved
when the nitrogen atoms are located in the middle of the HfO2 films
based on the angle-resolved X-ray photoelectron spectroscopy �AR-
XPS� and capacitance–voltage �C-V� measurements. When the O/N
mixture plasma was employed in PE-ALD, however, incorporated
nitrogen contents were limited to less than � 4%, which is too small
to achieve robust thermal stability, as shown in the previous report.7

Further, for the higher nitrogen-incorporated insertion layer of
HfOxNy �nitrogen fraction y � 0.04; fN/O plasma gas fraction in
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growth condition �4�, a complete trilayer showed quite high inter-
face state density �Dit� and larger hysteresis �� 80 mV� than that
�� 30 mV� of HfO2 films.7

In the nitridation process, it is crucial to control nitrogen-related
defects. High nitrogen incorporation into the interface has been gen-
erally thought to be detrimental to electrical properties of gate ox-
ides by increasing the interface states through N–O and N–N bond-
ing or interstitial N formation.8 These nitrogen-related bonding
states �N–O or N–N, etc.� usually form trap charge states in the
HfOxNy thin film.9 Previously, near-edge X-ray absorption fine-
structure �NEXAFS� analysis has revealed the presence of a large
number of N–N bonds in nitrided oxide films formed by high tem-
perature annealing.10 Thus, to improve the electrical properties of
nitrided gate oxides, the removal of these unnecessary bonds is es-
sential and a fabrication method for nitrogen depth profile control is
strongly desired for high-k gate dielectrics in future microelectronic
devices. In this paper, we report on the improved electrical proper-
ties of the HfO2/HfN/HfO2 �HfONO� trilayer, which is formed us-
ing H plasma as a reactant during PE-ALD.

Experimental

For this study, the PE-ALD system �Quros 200� was used for the
deposition of the HfONO trilayer. Tetrakis�dimethylamino�hafnium
was used as a Hf precursor and H2 plasma was used as a reactant in
the HfN PE-ALD system. The growth rates of ALD HfO2 and HfN
were 1.7 and 1 Å/cycle, respectively, by measuring the thickness of
each sample deposited for 300 ALD cycles using an ellipsometry.
The 1.3 nm thick HfO2 layer in contact with the silicon channel
region was deposited by PE-ALD in O2 plasma ambient for 7
cycles, followed by HfN layer �2.5 nm� deposition for 25 cycles in
H plasma ambient. An additional 7 cycles of HfO2 deposition with
the same growth condition as an introlayer were employed to cover
the nitride layer. Separately, the HfO2 layer with the same thickness
was prepared for reference sample.

The impurity contents and chemical binding structures were ana-
lyzed by AR-XPS. The recrystallization temperature was determined
by X-ray diffraction �XRD� analyses in postannealing experiments
on as-deposited amorphous layers in N2 ambient for 1 min at
500–800°C. The electronic structures of thin films were compara-
tively investigated using synchrotron analysis techniques, including
X-ray photoemission spectroscopy �XPS� and NEXAFS analyses.
The photoelectron spectroscopy was performed without surface
sputtering at 90° of light incidence angle. To enable the microstruc-
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ture and chemical composition analysis in nanoscale, high resolution
Cs-corrected scanning transmission electron microscopy �STEM�
�JEOL JEM-2100F� with energy-dispersive spectroscopy �EDS� was
employed. The STEM was operated at 200 kV and its probe size
was reduced to 0.1 nm for precise EDS analyses.

The films were deposited on p-type Si�001� substrates, which
were cleaned at 70°C for 10 min in RCA solution �1:1:5 �v/v/v�
NH4OH/H2O2/H2O� followed by dipping in buffered oxide enchant
solution for 30 s to remove native oxide. For metal-oxide-
semiconductor �MOS� capacitor fabrication, Ru was deposited by
magnetron sputtering as a gate metal through a patterned shadow
mask with a radius of 150 �m. Thermal-evaporated Au was used as
a back contact. Postdeposition annealing and forming-gas annealing
were carried out at 400°C for 10 min in an oxygen environment and
for 30 min in H2 5%–N2 95%, respectively, to reduce trap charges.
C-V and current–voltage characteristics were determined by using a
Keithley 4200 semiconductor parameter analyzer with an HP4284
LCR meter. The capacitors were swept from inversion �+2.5 V� to
accumulation ��2.5 V� and back to check the amount of the C-V
hysteresis.

The interface state density �Dit� was determined by a conduc-
tance method carried out at various frequencies from 1 kHz to 1
MHz. Conductance Gp vs voltage and frequency was measured. The
measured Gp value was corrected by taking into account the series
resistance and insulator capacitance.11 The conductance loss �Gp/��
was selected at a maximum value in swept voltage. The Dit value
was extracted by the following equation12

Dit = �Gp

�
�

max
�qfD��s�A�−1 �1�

where Gp/� is the corrected conductance loss, � is the angular
frequency �� = 2�f , f is the measurement frequency�, q is the elec-
tronic charge �1.6 	 1019 C�, fD is the universal function as a func-
tion of standard deviation of band banding �s, and A is an area of
the metal gate. For HfO2, the fD is 0.35–0.4.12 To study the negative
bias temperature instability �NBTI� characteristics, the �3 V voltage
stress was applied for 3 min at room temperature to 125°C. After the
voltage stresses, the VFB shift and variations in Dit were measured.
From the relationship of �Np = −Cox�VFB/q, the trapped positive
charge-density change ��Np� was calculated. From the relationship
of �Np = −Cox�VFB/q, the trapped positive charge-density change
��Np� was calculated.

Results

Figure 1 shows typical XRD 
-2
 scans from HfONO layers
deposited on Si substrates, followed by an annealing process in N2
atmosphere for 5 min at 500, 600, 650, and 750°C. For a separately

Figure 1. XRD data of HfONO after high temperature annealing.
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prepared HfO2 layer deposited by the PE-ALD system, recrystalli-
zation was observed at the annealing temperature around 500°C,
revealing the XRD peak at 29° for the monoclinic structure of HfO2

� 1̄11�. However, Fig. 1 shows that the HfONO film still remains
amorphous up to 650°C and finally generates a monoclinic HfO2

� 1̄11� peak around 29–30° at the temperature of 700°C. An increase
in recrystallization temperature of HfOxNy films with 15% nitrogen
content was previously reported.13 The recrystallization temperature
of the HfONO sample in the present study has been increased by
approximately 200°C compared to that of the pure layer, indicating
the enhanced thermal stability against the recrystallization. The re-
crystallization produces a grain boundary, which is a major path for
leakage current in gate dielectric. A separately prepared PE-ALD
HfN film using H2 plasma has shown an XRD peak of cubic HfN
�111� at 34.5° and HfN �200� at 39.5° �data not shown�. However,
HfONO did not have those peaks, indicating that the nitride layer
between HfO2 layers was entirely oxidized during the deposition of
the upper oxide layer, resulting in the formation of HfOxNy.

The chemical bonding states of samples were investigated in
detail by XPS analyses. In our previous study, the XPS spectrum of
HfO2 was almost entirely composed of Hf–O bonds and did not
have any impurity such as nitrogen- or carbon-related peaks, indi-
cating the high purity of the films.14 Figure 2a and b shows the
representative Hf 4f and N 1s peaks of XPS analyses on the HfONO
layers grown by PE-ALD using H2 plasma, respectively. The nitro-
gen concentrations are 12 atom % from the XPS analysis. XPS of
HfONO layers as shown in Fig. 2 revealed clear and distinct Hf–N
bond-related peaks at 15.8 eV, 17.8 eV in Hf 4f, and 397 eV in N 1s,

Figure 2. �a� Hf 4f and �b� N 1s XPS spectra of the HfONO sample.
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showing the formation of N–Hf bonds.15 This result clearly indicates
that the in situ nitrogen incorporation during PE-ALD was achieved
by the current process. While conventional nitridation techniques to
nitride the HfO2 film require high temperature annealing �700°C� or
plasma nitridation,3 the current method employs the low process
temperature because the nitridation layer is formed by direct depo-
sition. The peak for N–H bonds at 399.2 eV was also observed.16 A
very small N–O bond was also detected at 401.5 eV.7 However, the
intensity of the N–O bond is much lower than that of our previous in
situ nitridation method.7

Figure 3a is a typical bright-field transmission electron micros-
copy �TEM� image, showing the cross-sectional view of the HfONO
layer grown on the Si substrate. The thickness of the film including
the interfacial layer is approximately 5 nm. The nitrided middle
layer is amorphous with a clean and smooth interface, which was
formed by oxidization of the HfN during the upper HfO2 layer depo-
sition and subsequent annealing process. Figure 3b and c shows
elemental maps obtained from the EDS analysis of the HfONO layer
for Hf and O, respectively. The EDS results with the TEM image
verify that the HfONO film is totally amorphorized and oxygen
atoms are evenly distributed in the entire film, which agrees with the
XRD and XPS analyses.

Figure 4a shows the C-V curves of MOS capacitors for both
PE-ALD HfO2 and HfONO. The capacitance equivalent oxide thick-
ness �CET� of HfONO ��1.25 nm� was lower than that of HfO2
��1.40 nm�. The process for nitrogen incorporation to dielectrics by
H2 plasma PE-ALD effectively contributes to the reduction in CET
and obtains high-k. The nitride layer in the middle of the dielectric
film can act as the trap charge layer. If the nitride layer is thick
enough to retain the nonoxidized nitride layer in spite of the follow-
ing oxide deposition, the large hysteresis would be observed due to
charge trap effect as in a floating gate device. In effect, the C-V
characteristics of HfO2�1 nm�/HfN�20 nm�/HfO2�1 nm� multi-
level dielectrics, which was separately prepared, showed about 130
mV hysteresis. However, our 5 nm thick HfONO layer showed only
�30 mV hysteresis �too small to be identified in Fig. 4a�, which is
similar to that of the HfO2 monolayer �5 nm�. The inner HfN layer
in the HfONO film in this study was so thin that it is mostly oxi-
dized, forming HfOxNy and losing N–N bonds during the oxidation.
Compared to the middle nitrided sample prepared by oxygen–
nitrogen mixture plasma in our previous study,7 C-V hysteresis has
been reduced from �80 to �30 mV. This method does not produce

Figure 3. �Color online� �a� The TEM image of the Si/HfONO film, �b�
elemental mapping by EDS analysis of the film �point: Hf�, and �c� elemental
mapping by EDS analysis of the film �point: O�.
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a VFB shift in contrast to plasma nitridation which induced a signifi-
cant negative VFB shift ��VFB = −80 mV�.6 This difference is re-
lated to the low nitrogen incorporation into the interface due to the
profile control of nitrogen. Figure 4b shows the leakage currents of
MOS capacitors with HfO2 and HfONO. The leakage currents of the
HfONO sample are almost 12 times lower than that of HfO2 at �1
MV/cm. This value �8 	 10−8 A/cm2� is almost 2.5 times lower
than that of our previous HfOxNy sample by N/O mixture plasma.7

Figure 5a and b shows the changes in trapped positive charge
density ��Np� and the changes in interface state density ��Dit� with
increasing stress time, respectively. After 7 min of constant voltage
stress, the �Np of HfONO becomes two times lower than that of
HfO2 and the �Dit of HfONO becomes almost 30% lower than that
of HfO2. The NBTI immunity of the HfONO layer is more im-
proved than that of the HfO2 layer. The enhancement of the NBTI
immunity can be attributed to the nitrogen incorporation combined
with reduced defect states in the Hf-based oxide film.

To investigate the electronic structure of both HfO2 and HfONO
samples, valence-band spectra were studied using XPS analyses, as
shown in Fig. 6a. The valence-band maxima �Ev� of HfO2 and
HfONO films were measured as �3.9 and �3.5 eV from Fermi
energy, respectively, by a simple intersecting method.17 The
valence-band maximum of the HfONO layer is 0.4 eV higher than
that of HfO2. The lower valence-band offset ��Ev�Si–HfONO�
= Ev�Si� − Ev�HfONO�� by nitrogen incorporation was previously
reported in other research.18 The conduction-band offset of HfONO
was not decreased from the O K edge NEXAFS data of HfONO
�shown in Fig. 6b�. Figure 6c shows the N K edge spectrum of the
HfONO sample. In the spectrum, two clearly different states of N
are presented at approximately 405 and 400 eV.

Figure 4. �a� The C-V curves and �b� the gate leakage currents of MOS
capacitors with HfO2 and HfONO as a gate insulator.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp



G112 Journal of The Electrochemical Society, 156 �8� G109-G113 �2009�G112
Discussion

From the experimental results, HfONO shows better film prop-
erties than HfO2 such as lower CET, leakage currents, NBTI degra-
dations, etc. Figure 6a shows that the valence-band maximum of
HfONO is higher than that of HfO2. From first-principles calcula-
tions, the N 2p states of Hf–N bonding are located above the
valence-band maximum of HfO2.19,20 Although the valence-band
offset decreases as nitrogen atoms incorporate due to the extension
of N 2p states into the bandgap of HfO2, the amount of the valence-
band offset is large enough to act as a good hole barrier.19,20 Thus,
the leakage currents were not increased by incorporation of the
middle nitride layer.

Given N K1 edge NEXAFS data �Fig. 6c�, the peak at the higher
energy region around 405 eV originated from the excitation from the
Hf 6sp + N 2p states.21 The lower intensity peak at approximately
401 eV represents the existence of N–H bonds,22 which is in good
agreement with the XPS analyses shown in Fig. 2b. The N–H bond-
ing was formed by H2 plasma during PE-ALD HfN in the current
process. When nitrogen atoms are incorporated to gate oxide, it is
apt to create nitrogen-related traps by N–N and N–O bonds which
have a trap energy level below the conduction-band minimum; thus,
nitrogen incorporation can induce conduction-band offset decrease
and, in turn, undesirable high leakage currents. However, previous
first-principles calculations �ab initio calculation� have shown that
N–H bonding can reduce discrete and localized states below the
conduction band available for carriers to be trapped during electrical
excitation.23 Also, N–H bonds can prevent the conduction-band low-
ering by enhancing the N 1s energy level, which is generally located
under the conduction band without N–H bonds. Thus, N–H bonds

Figure 5. �a� Change in trapped positive charge density ��Np� and �b�
change in interface state density ��Dit� of HfO2 and HfONO samples as a
function of stress time under �1 V of constant voltage stress at 398 K.
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can decrease the leakage currents, as seen in Fig. 4b. Thus, the
nitrogen incorporation without forming N–O and N–N bonding by
the current process with H2 plasma can enhance the electrical prop-
erties due to the lower defect density without conduction-band low-
ering.

Figure 7 shows the schematic band diagram of the MOS struc-
ture for the �a� HfONO MOS structure, �b� bent energy diagrams
under high electric field for the existence of trap states, �c� and
state-free case, respectively. The N–H bonds in Hf-based gate oxide
are efficient in blocking the leakage path for the metal gate. The
work function of the Ru metal gate �5 eV� is referred to another
previous study.24 The gate leakage is dominant by electron tunneling

Figure 6. �a� Valence band and �b� O K1 edge of HfO2 and HfONO. �c� N
K1 edge NEXAFS spectra of the HfONO sample.
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from the metal side under sufficient external bias. While the gate
oxide with many trap states is weak for the electron tunneling illus-
trated in Fig. 7b, gate oxide which includes H–N bonds, suppressing
conduction-band lowering, and reducing other trap sites such as
N–N and N–O bonds, is secure to the tunneling. Therefore, the
measured leakage currents of the HfONO layer showed even lower
values than that of HfO2 in spite of the lower valence-band offset.

Conclusions

The HfONO trilayer film, which was deposited using H2 plasma
as a reactant during PE-ALD, was systematically investigated. This
sample showed lower values of interface trap density �Dit�, trapped
positive charge density ��Np�, and gate leakage currents than those
of the HfO2 monolayer, still sustaining comparable hysteresis and

Figure 7. Schematic band diagram of the �a� MOS structures used in this
experiment, �b� bended energy diagrams under high electric field for the
existence of trap states, and �c� state-free case.
enhanced CET. These improved properties mainly result from the

Downloaded 27 Mar 2012 to 165.132.133.42. Redistribution subject to E
existence of N–H bonding, which raises the nitrogen 1s state level
above the conduction minimum, hence compresses the generation of
nitrogen-related defects and conduction-band lowering. Moreover,
the decrement of N–O and N–N bonding that induces gap state and
ascended recrystallization temperature further supported the better-
ment.
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