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Oxygen vacancies are electronic defects in materials. In a metal oxide system, the distribution of
such vacancies is determined by the oxygen affinity. This study predicts the oxygen vacancy
concentration in a high-k/metal gate system using a developed thermal dynamic model. A system
with Ti:N=2 has a 200 mV lower flat band voltage than an N rich metal. The Gibbs free energy of
formation of oxygen vacancies, ~0.5 eV, is derived from flab band voltage shifts and created
neutral oxygen vacancy. The oxygen vacancy model based on estimating thermal dynamics is
proposed. © 2010 American Institute of Physics. [doi:10.1063/1.3473772]

The aggressive scaling down of complementary metal
oxide semiconductor (CMOS) transistors depends on the use
of metal oxides with high dielectric constants to overcome
the physical limitations of SiO, interfacial layers. To date,
Hf-based metal oxides such as HfO,, Hf silicate, and
HfSiON are of the great interest attracting the most attention.
The effective work function (EWF) must be adjusted to meet
the reliability criteria by engineering the high-k/metal gate
stack.' Various study have addressed the tuning of the EWF
by incorporation of interface dipole layers that are formed
separately by generating a lanthanide-based and Al-based
n-and p-metal-oxide-semiconductor field-effect transistors
(MOSFETS), respectively.” Etching dielectric metal oxide is
difficult. Engineering the metal gate materials can be effec-
tive in changing the EWF. The tunable and midgap TiN with
a work function of 4.3-4.5 eV, adjusted by varying the Ti to
N ratio, is the most promising candidates. The use of a high-
k/metal gate stack raises numerous challenging: the n and p
type planer bulk CMOS devices must have near Si band edge
work functions (4.05 eV and 5.15 eV for NMOS and PMOS,
respectively). Recently, oxygen vacancies have been pro-
posed to be responsible for the threshold voltage (V) shifts.
The present authors have proposed that oxygen vacancy (V)
induced interface dipoles may be responsible for the large
flab band voltage (Vy,) shifts. Fermi level pinning explains
the effect of oxygen vacancies on the substantial threshold
voltage shifts in a p+poly Si gate.3’4

This work introduces the use of a metal gate TiN to
adjust EWF by changing the Ti/N ratio. An SiO, film was
deposited at 10 A using a chemical oxidation process and
SC1 solution. HfO, was at 15 A in a atomic layer deposition
process using precursor [(MeCp),Hf Me(mmp), mmp
=0CMe,CH,0Me] on an OH™ treated surface. TiN was pre-
pared at 50 A by rf PVD by adjusting the Ti to N ratio. Three
films A, B, and C, with TiN/HfO,/SiO, gate stacks were
used: scheme A had Ti/N=2, scheme B had Ti/N=1.5, and
scheme C had Ti/N=1. Capacitance-voltage (CV) measure-
ments were made in parallel mode (at 100 kHz) to determine
the dependence of the Vy,.

The flat band voltage in TiN/HfO,/SiO,/Si capacitors
was investigated as function of the metal composition. The
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flat band voltage shifted in the negative direction as the Ti to
N ratio increased. For a Ti to N ratio of 2:1.5:1, the band
voltages were —415, —350, and —215 mV. The flat band
shifts increase with Ti concentration, indicating that the in-
terface dipoles contribute to Vg,. Figure 1 shows the C-V
curves of schemes A, B, and C.

To elucidate the physical behavior of high-k metal/gate
stacks, x-ray photoelectron spectrometer (XPS) and trans-
mission electron microscopy (TEM) are used to determine
the bonding structure and microstructures. Figure 2 shows
the evolution of SiO, and HfO, with temperature as deter-
mined by XPS analysis. No SiO, is present upon Ti/N
=2:1 deposition but the SiO, is observed again after rapid
thermal annealing at 1273 K. TEM is applied to confirm the
XPS analysis. However, HfO,/Si0, thickness changes are
negligible at Ti/N=1. Figures 3(a) and 3(b) present the
deposition of TiN 50 A/HfO, 15 A/SiO, 10 A for
scheme A, at room temperature and after rapid thermal pro-
cessing, respectively. The SiO, layer is absent and an in-
crease in the thickness of HfO, by 25 A is observed. To
understand the redistribution of oxygen, the standard free
energy change is expressed in terms of the standard enthalpy
and entropy of the reaction, using AG°=AH°-TAS°. Ana-
lytical methods introduced for M-X (M=Ti, Hf, and Si,
X=0) have been applied to study oxygen affinity of the
metals.” Thus a plot of AG® against temperature can be used
to compare the oxidation and dissociation behaviors when
the reactions are considered in terms of the consumption of
one mole of oxygen.6 Figure 4 plots the Gibbs free energy
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FIG. 1. (Color) Systematic variation in flatband voltage in HfO,/TiN ca-
pacitors with different Ti to N ratios.
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for the SiO,, HfO,, Ti,0O, TiO, Ti,03, Tiz0s, TiO,, and TiN
as a function of temperature. The standard Gibbs free energy
change for the formation of metal oxide as a function of
temperature can be expressed by the following equations:

2Ti+30,=Ti,0, AG®=-279 400
+43.5 T, cal/mole, (1)

2Ti+ 0, =2TiO, AG°=-244 600
+42.6 T, cal/mole, (2)

FIG. 3. (Color) TEM imags of scherme A {(a) at 298 K and (b} at 1273 K.
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FIG. 4. (Color) Gibbs free energy vs temperature for the SiO,, HfO,, Ti,O,
TiO, Ti,0s, Ti;0s, TiO,, and TiN.

iTi+0,=3Ti,0;, AG®=-239 166
+412 T, cal/mole, (3)

$Ti+0,=3Ti;05, AG°=-232950
+40.9 T, cal/mole, 4)

Ti+0,=TiO,, AG°=-217703
+41.4 T, cal/mole, (5)

2Ti+ 0, =2TiO, AG°=-244 600
+42.6 T, cal/mole, (6)

Hf+0,=HfO,, AG®=- 266435
+48.1 T, cal/mole, (7)

Si+0,=8i0,, AG®=-215 600
+41.5 T, cal/mole. (8)

Figure 5 shows the Si, Hf, and Ti predominance phase
diagram as the function of oxygen and nitrogen partial pres-
sure at a temperature of 1273 K. The equilibrium of O, or N,
pressure can be derived from the standard Gibbs free energy
changed associated with M-O or M-N system, where AG® is
Gibbs free energy change, R is the gas constant, and T is the
absolute temperature.
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FIG. 5. (Color) Si-Hf-Ti predominance phase diagram, temperature
=1273 K.



041912-3 H. L. Chang and M. S. Liang

M(s) + 30,(2) =MO(s), log POY* = AG°/2.303RT,
)

M(s) + 5N,(g) = MN(s), log PN}*=AG°/2.303RT.
(10)

The partial pressure of oxygen in a system is commonly
referred to as its oxygen potential uO,=u05+RT In PO,.
The value of oxygen affinities in the oxidation reaction, Ti in
a system with an oxygen potential of a chamber 10~'* atm at
298 and 1273 K can be evaluated from Fig. 5.

Hence, in such an atmosphere, Ti in this system under-
goes spontaneous oxidation. The oxygen affinities follow the
order Ti,O>HfO,>TiO,>SiO,>TiN. The incorporation
of oxygen from the HfO, into the Ti rich metal is energeti-
cally favorable. Supplementing the oxygen in HfO, from
Si0, underlayer is also energetically favorable, since HfO,
has a higher oxygen affinity than SiO,. When the metal gate
of TiN films with different Ti to N ratios, the first phase that
is formed by the oxidation of TiN is Ti,O. Consider the
incorporation of oxygen into the Ti-rich electrode; the energy
is gained by the formation of Ti,O, the metal electrode acts
as drains of oxygen by dissolving it, yielding oxygen defi-
cient HfO, and the absence of an SiO, layer. The SiO, has a
lower oxygen affinity in the Ti/HfO, system. In the Ti-rich
TiN electrode, transfer of oxygen and the absence of interfa-
cial SiO, at low temperature involves the following mecha-
nism; (1) the transportation of oxygen atoms from HfO, sites
to TiN (Ti-rich electrode), and the dissociation of oxygen in
the electrode: 2HE}+OX =2Hf{;+ Vg +50,; (2) the transpor-
tation of oxygen atoms from SiO, sites to HfO, sites: Vg
+2€’+%O220Hf; the oxygen deficiency of interfacial layer
causes the transitional silicate formation (3) the reaction be-
tween silicate and HfO,: the mixing of SiOy y ., and HfO, is
energy gain at room temperature from the SiO, ;.,+HfO,
= (HfO,)(SiOy x»)," The major contribution of silicate to the
HfO, causes an increase in HfO, thickness. (4) In high tem-
perature annealing, the spinodal decomposition of the meta-
stable HfSiO, phase can cause phase separation of HfO, and
5102.9 Therefore, the SiO, and HfO, layers have physical
thicknesses that are similar to their as-deposited thickness.
However, for the Ti:N=1 electrode, the oxygen transporta-
tion and interaction proceed as follows: (1) incorporation of
oxygen from the ambient into the metal gate, %Oz(g)=01(/[, (2)
slight reaction of silicate and HfO, to form a solid solution
(HfO,)(SiO,) at below Tg, because the degree of SiO, oxy-
gen deficiency is negligible, and (3) slight spinodal decom-
position of (HfO,)(SiOy) into its original forms.

When one more of Ti,O is formed, the concentration of
oxygen sites 10> ¢m™ is equivalent to the concentration of
requested oxygen atoms in the system, implying that the
amount of oxygen vacancies is formed.

According to flat band voltage shifts and fixed charge at
the high k insulators giving

1 i
AV =—f xpur(x)dx, (11)
i Cerr(t; +12) J Pk

t; and t, are high k and oxide thickness and pyy is the high
k charge density,
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FIG. 6. (Color) Estimated flat band voltage shift vs oxygen vacancy con-
centration in high k film.

Figure 6 shows a shift in V of 100 mV associated with
10" cm™ oxygen vacancies. A neutral vacancy can be cre-
ated in HfO, with two electrons in its vacancy level. These
electrons gain energy by falling into the metal Fermi energy
E;. The number of effective charged vacancies is expressed
by n=n, exp(—~AG/KT), where n, is the oxygen ion density
in HfO,, n,=6.2X 10 cm™. AG is estimated to be 0.5 eV,
which value is consistent to the predicted formation energy
~0.7 eV, indicating that enough vacancies are created to pin
E;. According, when a Ti-rich electrode is used, oxygen va-
cancies contribute to the negative shift in Vg,

Vy, is tuned as a function to oxygen affinity by applying
a metal electrode herein in this work. The required Gibbs
free energy for Vy, shifts is estimated by evaluating the num-
ber of oxygen vacancies in physical and electrical perfor-
mances. The association between oxygen transportation and
vacancy formation is explained by thermal dynamic estima-
tion. The fact that oxygen transportation is responsible for
the interaction of TiN/HfO,/Si0,/Si systems at room tem-
perature demonstrates the importance of controllable integra-
tion.
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ing this research.
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