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Abstract Plane-wave pseudopotential total energy method
was used to calculate the effects of impurity Li atom on
crystal structure, electronic and dielectric properties of
Si;N,O. It is proved that Li atom prefers to occupy inter-
stitial site than to substitute the Si atomic site. In addition,
the presence of interstitial Li atom leads to relaxation of
internal coordinates of Si, N, and O atoms, and bring out a
different X-ray diffraction (XRD) pattern compared with
that of a pure Si;N,O. The result is helpful to understand
the diversity of experimental XRD data for Si,N,O sintered
with and without Li,O additive. The theoretical polycrys-
talline dielectric constant of Li-doped Si,N,O is larger than
that of a pure one, which can be attributed to a reduction of
band gap. The mechanism is that interstitial Li atom pro-
vides extra electronic states at the bottom of conductive
band.

Introduction

Compounds in the Si—-O-N system exhibit excellent ther-
mal, chemical, and mechanical stability, as well as high
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diffusion barrier and good dielectric properties [1]. Stoi-
chiometric silicon oxynitride (Si,N,O) is a refractory
material with all the aforementioned and desirable prop-
erties, and also has enhanced performance compared with
SiO,- and SizNy-based devices [2-5]. Synthesis of Si,N,O
has been the recent focus of intense researches because of
its potential applications for high-temperature engineering
component and has been achieved by sintering equimolar
SiO, and SizN,4 powders with additives. In the past years,
some theoretical and experimental studies have been done
to understand the influence of defects on both the micro-
structure and property for bulk material and inter-granular
films of Si;N,O with the aim to control their appearance
and concentration [6-8].

Recently, a new synthesizing method to prepare Si,N,O
with Li,O additive is reported by Tong et al. [9]. Compared
with using other metal oxide sintering additives, the sin-
tering temperature of using Li,O additive is greatly lowered
and the firing time is shortened to get pure and dense
Si;N,0. Furthermore, Si;N,O synthesized in this method
still keeps good mechanical and dielectric performances.
However, the effect of Li on the structure and properties of
Si,N>0 is not well understood and need to be clarified
because of the following reasons: Li easily enters Si,N,O
forming point defects due to its small size. Unfortunately, it
is hard to investigate the mechanism of small amount of Li
being in Si,N,0 lattice. On the other hand, it is known that
crystal structure, electronic structure, and electrical/optical
properties of insulating ceramics are affected and even
deteriorated due to the existence of intrinsic and heteroge-
neous defects. Influence of doped Li atoms on the optical
and electrical properties of some ceramics, such as ZnO,
V,0s, and LisFe,(PO4); [10-12], has been widely studied.
For the present case, it is observed that the polycrystalline
dielectric constant of Si,N,O enhanced with the increase of



J Mater Sci (2009) 44:6416-6422

6417

residual Li content [9]. Thus, investigation of lithium-doped
Si,N,O is of technological significance to understand the
electronic structure and electrical/optical properties of
experimentally synthesized compound. In addition, a large
discrepancy appears between XRD pattern of Si,N,O pre-
pared with Li,O additive and that prepared by other meth-
ods [9, 13]. Both the intensity and the height of some peaks
conflict within each other in different XRD patterns [9, 13].
Until now, a satisfied explanation was not provided about
this experimental phenomenon.

Characterization of point defects in material is typically
quite hard without the help of theoretical calculation.
Density functional theory (DFT) has been successfully
used to study the defective structure of polymorphous TiO,
[14, 15] and pyrochlore type rare earth oxides (Re,Zr,0O-,
Re = rare earth) [16, 17]. Thus, a first-principle investi-
gation of Li-doped Si,N,O is necessary, which will serve
as a firm basis to understand defect-related phenomena
and provide a new sight to recognize these phenomena in
electron scale. Ching [18] and Xu and Ching [19] have
systematically investigated the electronic structure and
dielectric constant of the compounds in Y-Si—~O-N phase
equilibrium diagram including Si,N,O by DFT method.
Liu et al. [8] have studied the native point defect and
nonstoichiometry in Si,N,O combining DFT and force-
field method, in which the oxygen/nitrogen antisites dom-
inate the native defect and accommodate the deviations
from stoichiometry. However, no paper ever reported
effects of impurity atoms on the properties of Si,N,O. In
the present work, we employ DFT calculations to study the
changes of crystal structure and electronic structure origi-
nated from Li doping. Then, we further explain the diver-
sity of experimental XRD data for Si,N,O sintered with
and without Li,O additive. Furthermore, the enhancement
of polycrystalline dielectric constant of Si,N,O after Li
doping is also discussed based on an analysis of electronic
structure. The present theoretical investigation provides a
comprehensive insight into the effect of impurity Li atom
on structure and properties of Si,N,O.

Calculation method

Theoretical investigations were accomplished by using the
CASTEP code [20], employing the Vanderbilt-type ultrasoft
pseudopotential [21] and local density approximations [22]
(LDA). The plane wave energy cutoff and the Brillouin zone
sampling were fixed to 450 eV and 3 x 2 x 3 special
k-point meshes, respectively [23]. Lattice parameters,
including lattice constants and internal atomic coordinates,
were modified independently to minimize the free enthalpy,
interatomic forces, and unit-cell stresses. The Brodyden—
Fletcher—Goldfarb—Shanno (BFGS) minimization scheme

[24] was used in geometry optimization. The tolerances for
geometry optimization were: difference on total energy
within 5 x 107% eV/atom, maximum ionic Hellmann—
Feynman force within 0.01 eV/A, maximum ionic dis-
placement within 5 X 10~* A and maximum stress within
0.02 GPa. These parameters were sufficient in leading to
well-converged total energy and geometrical configurations.
Increasing the plane-wave cutoff energy to 550 eV and the
k-pointmeshto4 x 3 x 4changed the total energy less than
0.009 eV/atom. Furthermore, the present first-principle
calculation scheme was reliable for predicting crystal
structure, elastic stiffness, and inter-atomic force constants
of ternary carbides [25-27] and complex oxides such as
LaPO, monazite [28], Si,N,O [8] and La,Zr,O; pyrochlore
[29].

The diagonal components of the dielectric function (¢)
can be expressed as ¢ = ¢; + i¢, in which [30]

2 [ vea (v)
& = 1 —‘r;p/ 1)2 — wde (la)
0
& = he’ x> / kM (k) |*0(E; — E; — o) (1b)
) = 3nm2w2 - ! 1 j

Here p is the moment operator, ® is the angular frequency
of light, the subscripts / and j denote the conduction and the
valence bands, respectively, e and m represent the charge
and the mass of electron, M;(k) is the momentum matrix
element with wave vector k.

The point defect structure was represented by a
1 x 2 x 2 super-cell containing 16 Si,N,O formulas (80
atoms in number) and 1 Li atom located at the interstitial
site or substituted 1 Si atom. In defect calculations, lattice
parameters and atomic positions were fully relaxed without
any symmetry constraints. Formation energy Effcl.  of
point defect in Si,N,O was calculated by:

defect
formation

—Eq—E, +y (2)

where Ej is the total energy for a defective lattice, E, the
energy for a defect-free super-cell, and y; the chemical
potential in pure solid of each species, together with “+”
for vacancy and “—” for interstitial atom. This equation
represents the equilibrium between Si,N,O and pure solid
of the i component.

The calculated structure discrepancy of the Li-doped
Si,N,O and the pure one was characterized by X-ray dif-
fraction simulations. An X-ray diffractometer with Cu Ka
radiation, including both Ko and Ko, (4; = 1.540562 A
A = 1.54439 A and I,/I, = 0.5), was used to obtain the
Bragg reflection from the structure model of Si,N,O. At
the same time, the Bragg—Brentano correction is applied
to the data. Because there was no monochromator, the
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polarization correction combined with Lorentz factor, L,,
was defined as

~ p+(1—p)-cos?20

L
sinf cos 20

D

(3)

where p = 0.5 was the polarization fraction, and 0 was the
diffraction angle. The grain size used here is 3 pm which is
consistent with the experimental one [9].

Results and discussion
Crystal structure of Si,N,O

Before investigation of the Li-doped Si,N,O, we calculated
the structural configuration of the pure one that possessed
the local minimum total energy at first. For Si,N,O, any of
the three types of atoms (Si, N, O) has only one crystal-
lographic equivalent site, as a consequence of the adopted
Cmc2, symmetry [31]. And the N and Si atoms are,
respectively, in three- and fourfold coordination as those in
SizNy [32], while the oxygen atom locates at a mirror plane
and bridge Si—N slabs through Si—~O-Si bonds as shown in
Fig. 1. Optimized lattice constants are listed in Table I,
together with values obtained by other first-principle cal-
culation [18, 19] and experiment [33] for comparison. The
computed lattice constant deviates from previously repor-
ted data within 1%. Density, bond lengths, and the Si—O-Si
bond angle are also listed in Table 1 to further validate the
calculated crystal structure. The present results are in good
agreement with the experimental values with a maximum
deviation of 3.8% on Si—O-Si angle, which further con-
firms the reliability of the calculated results.

Defect structure of the Li-doped Si,N,O

For an impurity lithium atom in Si,N,O, two possible sites
were considered: occupation of interstitial site and substi-
tution of Si atomic site. For the case of Li substitution of Si
atom, it is easy to achieve by Li atom taking any Si site
because there is only one Si crystallographic equivalent site
in Si,N,O. However, for the interstitial case, we need to
search the preferred interstitial site at first. Due to the
complex crystal structure and low symmetry of Si,N,O,
one possible way to search the preferred interstitial site is
to map out the potential energy surface as a function of
three independent coordinates of interstitial Li atom. The
details for determining interstitial site are as follows:
firstly, the possible interstitial site should locate at the large
open space between adjacent Si—-N slabs and could not
occupy extremely small open space inside the Si—N slab.
Furthermore, the mirror plane of oxygen atoms divides the
space between adjacent Si-N slabs into two equal parts

@ Springer

(b)

Fig. 1 a The optimized crystal structure of Si;N,O and the crystal-
lographic inequivalent atoms are signed. Interstitial position in
Si,N,O is also shown in (a) and the tetrahedron around it is
illustrated in (b)

because of the Cmc2; symmetry of crystal structure.
Therefore, only half open space between adjacent Si—N
slabs were investigated to search preferred interstitial site.
The present consideration also excluded those interstitial
sites when a distance between Li atom and other atoms was
shorter than 1 A.

We tested two internal coordinates along the (100)
direction for Li atom: x = 0.35 (the interstitial site located
between the Si—N slabs and oxygen plane) and x = 0.5 (the
interstitial site in oxygen plane), and change in the values of
other internal coordinates y and z from O to 1 with a step of
0.25 increment. During searching the possible interstitial
site, 19 initial geometry with different Li sites were built.
Thereafter, 19 geometry optimizations were conducted to
fully relax lattice constants and internal atomic coordinates
of starting structure in order to minimize total energy. For all
the cases, the optimized crystal structures converge to the
same equilibrium configuration whatever the starting struc-
ture is. Therefore, the preferred interstitial site is determined
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Table 1 Calculated lattice . - . .

parameters and dielectric SN0 with [ SiNoO without I;

constants for both undoped and This work Calc. Expt. [33]

Li-doped Si,N,O. The -

previously reported values from a(A) 8.814 8.790 8.874 [18], 8.843 [19] 8.866

both ISIm_u‘al“%“ ;‘;d experiment p, (A) 5.444 5.450 5.489 [18], 5.437 [19] 5.486

are also included for o

comparison c(A) 4.804 4.801 4.846 [18], 4.835 [19] 4.845
p (glem?) 2.90 2.89 2.82 [18], 2.86 [19] 2.82
Si—-N(1) (A) - 1.702 1.714 [19] (average) 1.701
Si-N(2) (A) - 1.709 1.731
Si-N(3) (A) - 1.703 1.711
Si—0 (A) - 1.601 1.623 [19] 1.645
Angle (Si-O-Si) (°) - 153.0 147.4 [19] 149.5
Dielectric constant 3.58 2.97 2.91 [18], 3.34 [19] -

when the interstitial Li atom occupies the position (0.5,
0.1385, 0.2921). This interstitial site is surrounded by four
anions (two N and two O) in a tetrahedron, as indicated in
Fig. 1a, b. In addition, the preferred interstitial site locates in
the oxygen plan. This result is reasonable because the open
space between adjacent Si—-N slabs is large enough to
accommodate a foreign impurity atom [34].

To model geometric configuration after Li doping, we
used a 1 x 2 x 2 super-cell (S122) with one Li atom. The
calculated formation energy of an impurity Li atom is
1.92 eV. While, the formation energy is 9.45 eV for the case
of Li substituting Si atom, which is much higher than that of
the interstitial case. Therefore, impurity Li atom may occupy
interstitial site in Si,N>O. To further validate our conclusions
using the current supercell, defect formation energies for
interstitial and substitutional cases are also calculated in
larger 2 x 2 x 2 (S8222) and 1 x 3 x 3 (S133) supercells.
The calculated defect formation energy of S222 and S133 is
0.066 and 0.048 eV lower than that of S122 (1.92 eV),
respectively, for the interstitial case; and 0.104 and 0.095 eV
lower than that of S122 (9.45 eV), respectively, for the
substitutional case. Thus, the 1 x 2 x 2 supercell is large
enough to exclude the self-interaction of Li atom originated
from periodical boundary calculation. So, a convincible
result on influence of impurity Li atom on structure and
properties of the Si,N,O can be obtained by using the present
calculation parameters.

Effect of doped Li on structure and properties
of Si,N,O

To understand the influence of interstitial Li atom on
crystal structure, change of lattice constants needs to be
considered. Therefore, we calculate the elongate ratio
along ith direction by e;:

a

e =N 100% (4)

a;

where, i denote three crystallographic axial orientations:
[100], [010], and [001] (namely a, b, and c directions); ai/
and a; denote the lattice constants along ith direction of
Si,N,O with and without Li atoms, respectively. So, the
elongate ratio along three axes is 0.27% (e,), —0.11% (e;),
and 0.06% (e.). The equilibrium lattice constants of the
Li-doped Si,N,O exhibit an interesting change compared
to the pure ones: a expands and c increases slightly; while b
shrinks on the other hand. At the same time, the density of
this compound increases due to lithium atom incorporation.
This fact needs to be further discussed taking the nonuni-
form displacements of oxygen and nitrogen atoms around
interstitial lithium into account. The distances between
interstitial lithium atom and first nearest neighbor atoms
before and after relaxation are shown in Table 2. The
lengths for Li-O1 bond in relaxed and unrelaxed lattice is
2.217 and 2.258 1&, respectively; while those of Li—O2
bond are 2.145 and 2.175 A, respectively. At the same
time, the lengths of Li—N bonds (both N1 and N2) increase
from 2.310 to 2.362 A after lattice relaxation. It can be
concluded that Li and O (both O1 and O2) atoms move
closer due to the strong attraction between them, while
Li—N (both N1 and N2) distances become larger. Thus, we
can attribute the decreasing of b axis (0.006 A) to the
shrinkage of Li—O1 and Li—O2 bond lengths. Moreover, the
larger expansion of a axis originated from the elongation of
two Li-N bonds and the minor change of ¢ axis can be

Table 2 Calculated distances between interstitial lithium atom and
its nearest atoms for both relaxed and unrelaxed cells

Distance (1&)

Unrelaxed cell Relaxed cell

Li-Ol1 2.258 2217
Li-02 2.175 2.145
Li-N1 2.310 2.362
Li-N2 2.310 2.362

@ Springer



6420

J Mater Sci (2009) 44:6416-6422

attributed to the simultaneous increasing of two Li-N
distances and decreasing of Li—O2 bond length. The results
show that crystal structure of Si,N,O is disturbed by the
impurity Li atom.

It was reported that a large discrepancy appears between
XRD pattern of Si,N,O prepared with Li,O additive [9]
and that prepared by other method [13]. To clarify the
origin, we show calculated XRD patterns of pure and
Li-doped Si,N,O in Fig. 2a, b, respectively, together with
the experimental data of Si,N,O prepared with Li,O
additive in Ref. [9]. Three diversifications need to be
considered by analyzing these pictures: firstly, the (111)
peak is the highest for Li-doped Si,N,O while it ranks the
third in height for pure Si,N,O. Secondly, the height dis-
crepancy between (110) peak and (200) peak becomes
small in Li-doped Si,N,O. Thirdly, the (002) peak
increases up to fourth in height in Li-doped Si,N,O. These
features are well consistent with the experimental one [9,
13]. Table 3 lists the calculated data of reflections, 26, and

2 =
1 =
e
= = ﬁﬁ s
-~ = = =
2 §2 578
= | (e) <
=
-=
=
g
3:
Z|m | M
3 L Jg
-
() JJL L M
T T T T T T T T T
15 20 25 30 35 40

20 (degrees)
Fig. 2 XRD patterns of pure Si,N,O (a) and Li atom-doped Si,N,O
(b), together with the experimental data (c) [9]

Table 3 Reflections, 20 positions, and intensity data for pure and
Li-doped Si,N,O

hkl Pure Si,N,O Si,N,O with Iy
20 (°) Iy (%) 20 (°) Iy (%)
110 19.16 58.08 19.16 56.33
200 20.21 91.64 20.15 89.96
111 26.74 100 26.73 100
020 32.87 11.62 32.90 12.34
310 3476 29.89 34.70 31.19
002 37.46 39.07 37.44 39.67
021 37.97 41.75 37.99 41.26
311 39.65 21.59 39.58 22.54

@ Springer

intensity for pure and Li-doped Si,N,O. The (020) peak
moves to higher angle, while the (200) and (002) peaks
shift to lower angle. These results well reproduce the
diversification of lattice constant discussed above
(a expands and c increases slightly; while b shrinks).
Simultaneously, small shifts are observed for most peaks
except for that of the (110) diffraction, and the maximum
displacement 0.07° corresponds to the (311) diffraction.

To further understand the influence of interstitial Li
atom on XRD pattern of Si,N,O, two possible mechanisms
should be considered: scattering of Li atom itself and the
internal relaxation of Si, N, and O atoms., Thus, two
structures are built: LDS1 is modeled by locating a Li atom
at interstitial site on pure Si,N,O (1 x 2 x 2 super-cell)
without internal relaxation, which considers the effect of
scattering of Li atom only. In order to evaluate the impact
of internal freedom relaxation of Si, N, and O atoms, LDS2
is established by removing the interstitial Li atom after
structure relaxation. Then, we simulated the XRD patterns
for the two models. For simpleness, the simulated XRD
patterns of LSD1 and LSD2 are not shown here because
there is no obvious discrepancy between them and Fig. 2a,
b, respectively. The results show that the XRD pattern of
LDS?2 structure is the same with that of Li-doped Si,N,O in
simulation (Fig. 2b) and similar to experiment result
(Fig. 2¢) [9], while the one of LDS1 is identical to that of
pure Si,N,O (Fig. 2a). Therefore, it can be concluded that
the discrepancy of peak height of XRD patterns between
Si,N,O with and without Li atom originates predominantly
from the internal relaxation after Li doping. In other words,
interstitial Li atom affects the XRD pattern of Si,N,O by
leading internal structural relaxation. This result is helpful
to understand the characteristics of experimental XRD
patterns [9, 13] of Si,N,O containing impurity Li.

To understand the changes of electronic structure and
properties, electronic density of state (DOS) of silicon
oxynitride with and without interstitial Li atom are illus-
trated. Figure 3a shows that the total density of state
(TDOS) and the projected density of state (PDOS) of pure
silicon oxynitride super-cell. The lowest lying states of N
and O 2p states overlap with the Si 3s states locating at
around —10 to —8 eV. The states extending from —8 eV to
the Fermi level originate mainly from N and O 2p orbitals
with slight contributions from Si 3p states. The electronic
states above the Fermi level are dominated by the Si s—p
hybridization. The features are in good agreement with
those reported by Ching and coworkers [18, 19]. The the-
oretical TDOS and PDOS calculated for Li-doped Si,N,O
is shown in Fig. 3b. It is noted that the Fermi level of
Li-doped Si,N,O locates at 0.83 eV above the bottom of
conductive band leading to an n-type feature for Li-doped
Si;N,0. The donor states mainly origin from Li 2s orbital
that is located at the bottom of conductive band. As there
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are no hybridization states between Li and O atoms, the
interaction is in ionic nature. Therefore, shorter Li-O dis-
tances can be attributed to the ionic attraction.

Now, we can further explain the structural change by
combining the bonding and structural characteristics. As is
shown above, Li and O (both Ol and O2) atoms move
closer, which is the main origin of change in crystal
structure. Especially, the shrinkage of Li—O1 and Li-O2
bond lengths directly leads to the constriction of b axis. So,
it is of importance to understand the origin for the move-
ment of O atom corresponding to interstitial Li atoms. This
feature can be attributed to following reasons: firstly, ionic
attraction exists between O and Li atoms. Secondly, it is
known that the structure of Si,N,O is easily disturbed by
Si—O-Si bending in the oxygen plan, which has been
proven by the investigation of vibrational spectra of
Si,N50 [35]. As a result, the O atoms move toward inter-
stitial Li in the oxygen plan.

Because of the feasibility of using SiO,N, glass as a
gradient index optical material [19], the optical properties
of Li-doped and pure Si,N,O need to be known. Also the
dielectric properties of crystalline Si;N,O are not well
studied due to the lack of single-crystal samples for this
compound. Figure 4 displays that the theoretical dielectric
functions of polycrystalline pure and Li-doped Si,N,O. For
pure Si,N,O, the real part has the highest peak at 6.9 eV,
and a depression lower than zero in the 11.2-19.7 eV
range, while the imaginary part has a plateau with some
local peaks in 5-20 eV range. These features are in well
accordance with other results [18, 19]. The real and
imaginary parts of Li-doped Si,N,O are similar to the pure

Li doped Si,N,0

—Re
—— Im

Dielectric Function

Frequency (eV)

Fig. 4 Calculated real and imaginary parts of the dielectric function
for pure and Li-doped Si,N,O

one. However, two peaks appear at 0.3 eV for real part and
at 0.6 eV for imaginary part, which originate from the
intraband transitions of free electronic carriers in the bot-
tom of the conductive band. This feature has been widely
observed in other compounds containing various point
defects [36, 37].
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The values of polycrystalline static dielectric constants
of pure and Li-doped Si,N,O are 2.97 and 3.58 eV,
respectively, as shown in Table 1. The value of the pure
one is in excellent agreement with other results [18, 19].
And the polycrystalline dielectric constant of Li-doped
Si;N,O is larger than that of pure one, which can be
attributed to the reduction of band gap due to the extra
states of impurity Li atom at the bottom of conductive
band. This conclusion is the key to explain the experi-
mental observation by Tong et al. [9], who found that the
polycrystalline dielectric constant of Si,N,O enhanced
with the increase of residual Li content.

Conclusion

In summary, the effect of heterogeneous impurity lithium
atom on crystal structure, electronic structure, and dielec-
tric properties of silicon oxynitride are studied by first-
principle calculations. Impurity Li atom prefers to occupy
the interstitial site in Si,N,O due to its lower defect for-
mation energy. The crystal structure of Si,N,O containing
impurity Li atom changes obviously, which leads to the
significant diversity of XRD patterns between without and
with impurity Li atoms in Si;N,O. Furthermore, the poly-
crystalline dielectric constant of Si,N,O containing impu-
rity Li is larger than that of the pure one, which is attributed
to the reduction of band gap.
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