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Abstract— The effects of the oxygen vacancies on the microscopic potential distribution and
macroscopic potential averaged over one period around the defect for silicon dioxide have been
investigated via first-principles calculations. The results demonstrate that such an effect is limited
to the dimensions of one cell. Detailed analysis of the planar macroscopic average potential shows
that the conduction band alignment caused by the defect and its effects on the tunneling currents
have been calculated. The calculations demonstrate that the relative increase in the electron direct
tunneling current caused by the oxygen vacancy depends on the position of oxygen vacancy. It is
also shown that the increase in the direct tunneling current caused by the oxygen vacancy
exponentially decreases with increasing oxide thickness, whereas its relative increase changes
little.
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1. INTRODUCTION

It is widely believed that SiO, is approaching its physical limit due to its high leakage current when the
dimension-scaling continues to shrink the thickness of the gate dielectrics in a transistor down to
nanometers. Now the silicon oxynitride and high-k diclectric have been extensively used as the gate
dielectric. However, silica still plays an important roll as an interlayer between the channel and the high-k
gate dielectric, and it is almost impossible to effectively grow HfO, on Si without the formation of an
interfacial SiO, or silicate-like layer. Structure defects in crystalline and amorphous silica play an
important role in the performance of microelectronics devices. A major concern in silicon technology is
the reliability of MOSFETs (metal-oxide-semiconductor field effect transistor) while they are scaled to
nanometers. As scaling trends shrink the thickness of the gate dielectrics in transistors, silica will likely
fail to meet the industry requirements of an insulating barrier due to defect-mediated leakage and
quantum-mechanical tunneling current. The point defects in silica will result in the localized states being
introduced into the band gap of silica. They are potential sources of the leakage current in MOSFET. A
large number of experimental and theoretical studies have been devoted to the characterization of the point
defects in silica due to their role in the degradation of silica based electronic devices [1-15].

The simplest, but also most important defect in SiO, is the oxygen vacancy corresponding to the
process: =Si—0—Si= — =Si—Si= +0; two Si—O bonds are broken and replaced by a single Si—Si
bond. The bond angle between O-Si-O is always 109° while the bond angle between Si-O-Si ranges from
120° to 180°. The bond will be severely weakened above 150° and can lead to bond breakage, followed by
the oxygen vacancy, which comes after bond breakage. A complex of a hydrogen atom with an oxygen
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vacancy has been reported as the defect responsible for stress induced leakage current [4]. The neutral
oxygen vacancies were believed to cause an optical absorption band with a maximum at around 7.6 eV in
both crystalline quartz and in amorphous SiO, [5].

In this work, first-principles simulations have been used to study how the oxygen vacancies affect the
planar microscopic potential around oxygen vacancies. Thus the conduction band alignment around the
vacancy is estimated. Finally, we analyze how the oxygen vacancies in the oxide affect the tunneling
current through the oxide in a MOSFET.

2. METHODS

Amorphous silicon dioxide is believed to have similar band structure properties to those of alpha quartz,
and the techniques used for determining the behavior of alpha quartz have also been applied to the more
disordered structure of silicon dioxide [16]. The plane wave pseudopotential method within density
functional theory under the Perdew-Burke-Ernzerh generalized-gradient approximation was used to
calculate the total energy and electron structure [17]. Pseudo-wave-functions were expanded in plane
waves, and the Brillouin zone was sampled by a Monkhorst- Pack mesh. By using Broyden-Fletcher-
Goldfarb-Shanno update scheme, structural and electronic parameters of the relaxed structure can be
obtained [17]. CASTEP software has been used in this paper. In this work, Pseudo-wave-functions were
expanded in plane waves up to a kinetic energy cutoff of 260 eV, and the Brillouin zone was sampled by a
Monkhorst- Pack mesh of k points, with a k-point spacing of 0.04A™". Structural and electronic parameters
of relaxed structure were performed using Broyden-Fletcher-Goldfarb-Shanno update scheme until the
max force on the atoms was less than 0.1 eV/A.

In order to determine the valence band alignment in the first-principles calculations [18-20], the local
potentials have been calculated. This means that a planar microscopic potential along the z direction
Zmz (z)can be obtained based on the local potential. Thus a planar macroscopic potential
V w01 (2) averaged over one period can be obtained as

= 1 2 _
Vit (2) = z -[z j'LL//szloz (Z’)dz' (D)

where L is the length of a single period. Therefore the potential shift AV 1o can be used to determine the
valence band offset [18-20]:

AEV = A;tot + AEVBM (2)

where AE,,,, is the difference in the energies of valence band maxima of the two bulk materials
measured with respect to their respective bulk potentials.
The direct tunneling current has been calculated by using the following equation [21]:

J= 12 (e i [ ) (e i, G)

O 2723

where 7(E,) is the transmission coefficient when the longitudinal electron energy is E,, and f.and f; are the
distribution functions in the right and the left contact. The transmission coefficient 7(£) has been
calculated by a numerical solution to the one-dimensional Schrédinger equation under effective mass
approximation. The barrier has been discretized by N partial subbarriers of rectangular shape covering the
gate oxide. From the continuity of wave function and quantum current density at each boundary, the
transmission coefficient is then found by
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where M is a (2x2) product matrix, My, is the quantity of the second row and the second column in this
matrix M = HZN:O M, with transfer matrices M given by
_ 1| (S)extlithark)n] (=8 )exd-itha+k)z (5)
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In the above equation S, =m, k, /m,k,,,, z is the position of the /th boundary, and the effective masses

ox
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and momenta are discretized as m, = m*[(zH +z, )/ 2]and k, = :

(Vox 1s the applied voltage across the oxide, # is the thickness of the oxide, and ¢ is the barrier height),
respectively. From the expression of the wave vector, the effect of the barrier height and the voltage on the
transmission coefficient can be found. The Fermi-Dirac distribution was used in the tunneling current
calculations, in which the maximum of the longitudinal electron energy was set at 20kg7 (kg is Boltzmann
constant, 7 is the temperature) above the conduction band. The entire oxide is assumed to be composed of
many supercells, (some with the oxygen vacancy and the others without oxygen vacancies), and thus

dilute vacancies can be calculated according to the following expression:

J = %jj(x,yys (6)

where S is the area of the oxide, j(x,y) is the local tunneling current. By using the Eq.6, the effects of the
oxygen vacancies with arbitrary concentration on the tunneling currents can be calculated. For simplicity,
the defect oxide layer has been assumed to be composed of the same supercell with one oxygen vacancy in
this work. Compared to first principle calculation of leakage current applying Non-Equilibrium Green's
function (NEGF), the above method can exponentially save calculation time.

3. RESULTS AND DISCUSSION

The supercell method with 72 atoms has been used to model defects in quartz [22] and to comparatively
study the defect energetics in the monoclinic hafnium oxide and o-quartz [23]. In this work, a sandwich
structure, which is the perfect a-quartz supercell layer/the defect a-quartz supercell layer/ the perfect -
quartz supercell layer (the interface is perpendicular to z direction, the structure used in this work has 107
atoms), has been studied by using the first-principles simulations. Every supercell is composed of 2x2x1
a-quartz cell. One oxygen atom in the middle of the oxide layer has been removed and forms a defect
layer. The crystal parameters of the a-quartz unit cell used in the simulations have been selected according
to reference [24]: a=4.9384, b= 4.9384, ¢=5.4213. In this work, the x direction and the z direction
represent the a-axis and the c-axis of the a-quartz cell, respectively.

Figure 1 shows the contour of the microscopic potential of the plane where the oxygen vacancy
locates in the defect oxide layer and the corresponding oxygen site locates in the perfect oxide layer. From
these figures, it is clearly seen that the oxygen vacancy will result in a larger change in the microscopic
potential around the position of vacancy (the coordinates of the vacancy position are x=2.7 A and y=2.5 A,

June 2011 1JST, Transactions of Electrical Engineering, Volume 35, Number E1



4

Ling Feng Mao

respectively). Checking Fig. 1, it can be concluded that the change in the microscopic potential

distribution of the plane at
one cell.
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the position of the oxygen vacancy in the oxide is limited to the dimensions of
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Fig. 1. The contour of the microscopic potential at the plane where oxygen vacancy locates in the defect oxide

layer (a) and the corresponding plane locates in the perfect oxide layer (b)

Figure 2a demonstrates the planar averages microscopic potential along the z direction and the

macroscopic potential averaged over one period along the z direction (the z direction is perpendicular to
the perfect oxide/ defect oxide interface). It is clearly seen in this figure that the significant change in the

planar microscopic potenti

al caused by the oxygen vacancy is limited to one period. Figure 2b shows the

planar macroscopic potential averaged over one period and its Gaussian fit. From this figure, the relation
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between the change of the planar macroscopic potential averaged over one period caused by the oxygen
vacancy and the distance away from the position of the oxygen vacancy can be described by using a
Gaussian distribution. In this work, the Gaussian fit curve in Fig.2b uses the following form:

(Z—Zo)2

1
¢—¢0=—1.3x\/gexp - 5 @)

where ¢ and ¢, are the potentials which use the unit of eV, z, is the position of the oxygen vacancy along
z direction, z is the distance away from the position of the oxygen vacancy (zo and z use the unit of
angstrom). The maximum depth of the change in the planar macroscopic potential averaged over one
period caused by the oxygen vacancy is 0.52 eV, and its full width at half minimum is 2 A. The Gaussian
fit here just gives an analytical description of the band edge around the vacancy necessary. One can use
the planar average potential and obtain the exact transmission coefficient.
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Fig. 2. The planar averages microscopic potential and the planar macroscopic potential averaged
over one period along z direction, which is perpendicular to the perfect oxide/ the
defect oxide interface (a); the planar macroscopic potential averaged
over one period and its gauss fit (b)
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Based on the analysis of the above results, it can be concluded that the length along the x direction,
the y direction, and the z direction where the microscopic potential is significantly affected by the oxygen
vacancy is limited to one period along the three directions. Thus, the space where the microscopic
potential will be affected by the oxygen vacancy can be assumed to be limited to the dimensions of one
cell. Therefore, the valid planar macroscopic potential in this case should be averaged over one period,
and the effects of the oxygen vacancy on the planar macroscopic potential could be estimated. As we
know that the conduction band offset of the heterojunction can be determined by using the planar
macroscopic average potential [18-20]. According to the above discussion, this method should also be
valid for the case of a perfect a-quartz supercell layer/defect a-quartz supercell layer /perfect a-quartz
supercell layer structure after the planar macroscopic potential averaged over one period is valid to
describe the effect of the oxygen vacancy on planar macroscopic average potential. For the case of a
perfect a-quartz supercell/defect a-quartz supercell/perfect a-quartz supercell structure, AE,,,, is zero.
Thus, Eq. (2) can be rewritten as

AE, = AV o0 ®)

Because AE = 0 in this case (The defect can be assumed not to affect the bandgap), the conduction band
offset around the oxygen vacancy can be obtained as

AE, = AV o0 ©)

A similar method has been applied to study oxygen vacancies in the conduction band alignment of HfO,
[25].

Figure 3a shows the conduction band edge profile of an Al/perfect SiO,/n-Si MOS device when the
oxide thickness is 1.5 nm. According to the above discussion, we know that the conduction band
alignment around the oxygen vacancy can also be described by using Eq. (7). Figure 3b shows the
conduction band edge profile of an Al/defect SiO,/n-Si MOS device when the oxide thickness is 1.5 nm
and the oxygen vacancy locates at the middle of the oxide.

N

Thickness 1.5 nm Thickness 1.5 nm

Fm Fm

(a) (b)

Fig. 3. The conduction band edge profile of an Al/perfect SiO,/n-Si MOS device (a); the conduction band edge
profile of an Al/defect SiO,/n-Si MOS device with the oxygen vacancy
located at the middle of the oxide (b)

The parameters of the effective mass and the barrier height of SiO, used in the tunneling current
calculations were selected according to Ref. [26] and its corresponding references: the effective electron
mass in the oxide is 0.5 my (mg is free electron mass) and the barrier height is: ® =3.17 eV
and¥ =3.15eV. The conduction band diagrams, which are shown in Fig. 3, have been used in the

following tunneling current calculations.
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Figure 4a shows the comparison of the electron direct tunneling current through the perfect oxide and
the defect oxide and its relative increase changing with the oxide voltage when the oxide thickness is 1.0
nm, 1.5nm and 2.0 nm, respectively. Here and in the following, J, represents the calculated electron
tunneling currents though a perfect gate oxide; AJ means the increase in the tunneling current caused by
the conduction band offset alignment of the gate oxide due to oxygen vacancies compared to that through
perfect oxide. From this figure, it is clearly seen that the oxygen vacancy will result in an increase in the
electron direct tunneling current. Checking this figure carefully, it can also be concluded that a relative
increase in the electron direct tunneling current caused by the oxygen vacancy will increase with
increasing oxide voltage but only have a small change with the oxide thickness under the same oxide
voltage. Figure 4b shows the comparison of the electron direct tunneling current through the perfect oxide
and the defect oxide for different positions of oxygen vacancy. The oxygen vacancy locates in the middle
of the oxide, near the gate with the distance between the oxygen vacancy and the gate/oxide interface
being 2.9 A, and near the substrate with the distance between the oxygen vacancy and the substrate/oxide
interface being 2.9 A, respectively. The relative increase in the electron direct tunneling current changing
with the oxide voltage is also given in this figure when the oxide thickness is 1.5 nm. It is clearly seen in
this figure that it always results in an increase in the electron direct tunneling current through the oxide
wherever the oxygen vacancy locates in the oxide. It can also be concluded that the relative increase in the
electron direct tunneling current caused by the oxygen vacancy locating near the substrate/oxide interface
in the oxide is larger than that of the one locating in the middle of the oxide. It can be noted that the entity
of the changes in the tunneling current caused by the alignment of the conduction band offset is rather
small. But it does not indicate that the increase in the tunneling current caused by oxygen deficiency does
not play a significant role in ultrathin film conduction, as oxygen vacancies can introduce a defect-related
energy level within the bandgap and trap-assisted tunneling occurs [27, 28]. Ref. [28] demonstrates that
the total relative increase in the leakage current caused by defect assisted electron and hole tunneling
varies from 50% to 150% when oxide thickness u changes from 1.5nm to3.0nm at an electric field of 3
MV/cm. Comparing this work with that in Ref. [28], we can find that the increase in the leakage current
caused by the defect assisted tunneling is only about 2-3 times that caused by the band offset shift. These

indicate that the leakage current caused by the band offset shift for ultra-thin oxide cannot be neglected.

Vv
\/2m,(E—¢+qt(’x(z,1 +z,)/2J

ox

According to the k; =

2 , the defects near the first interface will have

different effects on the wave vector than that near the second interface. Thus, the defects locating at
different positions will lead to different transmission, and a difference in the leakage current.

Figure 5 shows the comparison of the increase in the electron direct tunneling current caused by the
oxygen vacancy and its relative increase changing with the oxide thickness when the oxide electric field is
0.5 MV/cm and 1.0 MV/cm. It is clearly seen in this figure that the increase in the electron direct
tunneling current decreases exponentially with the oxide thickness increasing, but its relative increase has
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little change with the oxide thickness. After checking the data carefully, it can be found all the (AJ orJ
vs thickness) curves are smooth. Thus, the ripple in Fig. 5 might be caused by the calculation error in
numerical calculations.

—~ 10° |
i=
5 45
< g
.‘E —_~
£ e
> 2
o 10 <
o S
£ 3% <
O 4 . )
c 10 lectron direct tunneling current
5 through perfect oxide
= — —through defect oxide 130
0.5 1.0 1.5 2.0 2.5
Voltage (V)
(a)
- - 80
— [Electron direct tunneling current
NE ithrough oxide with vacany Z
G 10° = — near oxide/gate interface 70
2 ¢ - - middle of the oxide
:’ = = = near oxide/substrate interface . /]
[ through perfect oxide /7 460 —~
0 4o ’ R
: < E
o
© 150 2
2 -1 3
= 10* P
c _ 40
c S e —- —-—-
S5 g
- 103 ° 1 1 1 30
0.5 1.0 1.5 2.0 2.5
Voltage (V)
(b)

Fig. 4. The comparison of the electron direct tunneling current through the perfect oxide and the defect oxide and its
relative increase changing with the oxide voltage when the oxide thickness is 1.0 nm, 1.5nm and 2.0 nm (a); the
comparison of the electron direct tunneling current through the perfect oxide and the defect oxide (the oxygen acancy
locates the middle of the oxide, locates the position with the distance between the oxygen vacancy and the gate/oxide
interface is 2.9 A, and locates the position with the distance between the oxygen vacancy and the substrate/oxide
interface is 2.9 A) and its relative increase changing with the oxide voltage when the oxide thickness is 1.5nm (b)
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Fig. 5. The comparison of the increase in the electron direct tunneling current caused by the
oxygen vacancy and its relative increase changing with oxide thickness when the
oxide field is 0.5 MV/cm and 1.0 MV/cm
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In a word, the first-principles calculations have been done based on the plane wave pseudopotential
method within density functional theory under the Perdew-Burke-Ernzerh generalized-gradient
approximation. Such an approximation can lead to underestimation of the band gap and band offsets. In
the tunneling current calculation, charge quantization effects at substrate/dielectric interface on the
tunneling current have been neglected. There are also some articles on transistors in Iranian Journal of
Science and Technology, Transaction B: Engineering [29-30].

4. CONCLUSION

Based on the first-principles calculations, the effects of the oxygen vacancy on the planar microscopic
potential and the planar macroscopic potential have been studied. The simulations demonstrate that the
oxygen vacancy results in a larger change in the planar microscopic potential around the oxygen vacancy.
The planar microscopic potential that will be affected by the oxygen vacancy can be found to be limited to
the dimensions of one cell. The planar macroscopic potential has been assumed to be good at studying the
oxygen vacancy and its effect on the planar macroscopic potential. The planar macroscopic potential
around the oxygen vacancy has been assumed to be as alike as a potential well, with the center being the
position of the oxygen vacancy. Detailed analysis demonstrates that the maximum change of the planar
macroscopic potential around the oxygen vacancy is 0.52 eV, and its full width at half minimum is 2 A.
Thus, a Gaussian fit is found that can be used to describe the relation between the change in the planar
macroscopic potential averaged over one period and the distance away from the position of the oxygen
vacancy.

Numerical calculations of the tunneling currents through the ultra-thin SiO, layer with or without the
oxygen vacancies demonstrate that the oxygen vacancies could result in a large increase in the electron
direct tunneling current. Detailed analysis of the results shows that a relative increase in the electron direct
tunneling current caused by the conduction band offset alignment will increase with the oxide voltage, but
only have a small change with the oxide thickness under the same oxide voltage. The oxygen vacancies
can cause an increase in the electron direct tunneling current wherever it locates in the oxide. The relative
increase in the electron direct tunneling current caused by the oxygen vacancies depends on its position.
The increase in the electron direct tunneling current exponentially decreases with increasing oxide
thickness, and the relative increase in the electron tunneling current changes little with the oxide thickness.

Acknowledgments: The author acknowledges financial support from the National Natural Science
Foundation of China (NSFC) grant No. 61076102.
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