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Density functional theory simulations are used to predict ground state crystal structures, electronic pro-
perties, and thermodynamic stability of a new class of Si;— Ge N,O oxynitride materials with potential
applications as tunable dielectrics. Thermochemical simulations are also used to explore their possible
synthetic routes via reactions of ammonia with (a) mixtures of (SiH;),0O and (GeH3),0, and (b) a single-
source heteronuclear analogue SiH;OGeHj;. To obtain quantitative values for the above reaction energies we
implement a consistent computational methodology to simulate the structural and thermochemical proper-
ties of both molecular and solid state reactants and products at finite-temperature. In the case of the well-
known (SiH3),0 and (GeH3),0O compounds our calculated molecular structures and vibrational spectra are
in excellent agreement with experiment. The hypothetical SiH;OGeH3 molecule is predicted to possess an
intermediate molecular structure and energy, with stability differences on the order of 1—2 kcal/mol between
SiH;0GeH; and mixtures of (SiH3),0/(GeH3),0. For the solids we predict two new ordered structures: (i)
an o-SiGeN>O phase composed of a uniform distribution of SiN;O and GeN;O tetrahedra, and (ii) a
“pseudo-lamellar” form $-SiGeN,O in which the SiN;O and GeNO units occupy alternating layers. The
structural, electronic, and thermoelastic properties of the latter are then systematically compared to those of
Si,N>O and Ge>N,O. Here again, small energy differences comparable to those in the molecular case are
found between the SiGeN,O polytypes and their Si,N,O/Ge,N,O analogues. The enthalpy of formation of
o-SiGeN,0, -SiGeN,O, and a random SiGeN,O alloy are predicted to be comparable, indicating that
mixing entropy should favor the disordered solid at high temperatures. Collectively, a remarkable
consistency is found for the bond-lengths and bond-angles across molecular and solid-state forms. From
an experimental perspective, the recent development of industrial scale synthesis for (SiH;),O suggests that
the Ge-based analogues proposed here might be accessed using similar approaches, opening the door to new
chemically compatible Si—Ge—O—N high-k gate materials for high mobility Si—Ge based applications.

1. Introduction

Materials based on compositions Si—Ge—O—N continue
to attract considerable attention as functional components in
a variety of high-technology applications in the areas of
microelectronic and optoelectronic, including telecommuni-
cation. Recently quarternary hybrids of Si—Ge oxynitrides
with formula “MO,-M’3N,” (M,M’ = Si, Ge) and composi-
tions such as Si;—Ge,Oy;— )N 33, have been proposed as
variable index of refraction (1.4—2.1) materials for niche
waveguide applications in planar lightwave circuits.' Films
of this material are typically grown on Si substrates using
traditional methods based on plasma-assisted multisource
reactions (e.g., SiH4 and NHj3 as the source of Si and N)
which invariably lead to the incorporation of N—H impu-
rities, with corresponding hydrogen levels up to 20%. This
approach also produces local variations in composition and
bonding throughout the films which exacerbate the ther-
mal mismatch with the substrate causing birefringence in
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waveguides. These impurities also lead to processing difficul-
ties (film delamination/cracking) and unacceptable optical
losses because of vibrational overtones of the N—H reso-
nance near the critical 1.55 yum communication band, ulti-
mately vitiating widespread application in photonic devices.

In contrast, the closely related Si,N,O ternaries have
become ubiquitous in the area of silicon microelectronics
because of their utility as both dielectric and spacer compo-
nents. As high-k gate dielectrics, silicon oxynitrides offer sig-
nificant advantages over their pure oxide (y = 0) counter-
parts, including fewer interface defects and the ability to act
as barriers to conventional boron, phosphorus, and arsenic
dopants diffusing from the polycrystalline Si gate into the
substrate.” In this context the stoichiometric Si-N,O deriva-
tive has a higher dielectric constant, and it is more likely to
form a chemically robust, ordered structure adjacent to the
Si interface.*® Accordingly, this material could be used to
further mitigate current leakage and suppress dopant pene-
tration while maintaining high gate capacitance over the
reduced length scales anticipated in modern devices. Re-
cently we demonstrated the fabrication of Si,N,O films via
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Figure 1. Schematic illustration of the “nano-synthesis” concept showing the assembly of —Si—O—Si— molecular cores (left) to form the
Si,N,0 (right). The central panel highlights the coordination of the oxygen and nitrogen atoms with respect to the silicon sublattice nearest

neighbors.

reactions of disiloxane H3SiOSiH; and a large excess of NH;
according to the reaction shown by eq 1.”

In this “nano-synthesis” approach the molecular Si—O—
Si cores of (SiH3),0O deliver both the compositional and
bonding configuration at the nanoscale required to form
the desired solid-state material, as illustrated in Figure 1.
Accordingly, the Si;N,O phase can be viewed as a periodic
assembly of Si—O—Si building blocks linked together at the
Si sites by trigonal nitrogen centers (Figure 1). In contrast to
the formation of the above Si;_,Ge,O,;— )N 33, and
Si,N,O materials, obtained from reactions of NHj with
SiH,*? (or chlorosilane derivatives), our H;SiOSiH;-based
process guarantees control of composition and structure at
the nanoscale. Perhaps more importantly, the reproduci-
bility needed to achieve large-scale production is ensured
since precise control of the NHj activity is not required in
the reaction medium. This is particularly attractive from a
processing perspective since (SiH3)-O is the limiting reagent
while nitrogen (derived from NHj) is only incorporated to
the degree required to achieve the Si,N,O stoichiometry
and structure. In contrast, the use of multisource reactions
(e.g., SiH4, NHj;, etc.) invariably produces extraneous
bonding arrangements which promote the incorporation
of deleterious N—H bonds which, as noted above, can
ultimately degrade the structural, dielectric, and optical
performance of the materials.

Oxynitrides in the Si—Ge—O—N family are also expected
to play an important role in the next generation of high speed
transistors containing elemental Ge channels, which possess
a higher mobility than their Si-based counterparts. This
necessitates the fabrication of compatible gate dielectric
analogues grown directly on the surface of the transistor
channel—a role which has so far been fulfilled by GeO, and
HfO,. However, because of hydrolytic and thermodynamic
instability, the classical GeO, phase and related non-stoi-
chiometric derivatives complicate subsequent complemen-
tary metal oxide semiconductor (CMOS) processing. For
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this reason hafnium oxide based dielectrics were initially
explored but they were also found to be problematic
because they reacted with Ge to form undesirable inter-
mediates which interfere with the function of the device.
The most promising, chemically compatible alternatives
for this purpose are Ge,N,O systems'®!! (and possibly
Ge,N»O, the Ge analogue of Si;N,O) which have re-
cently attracted increasing interest. In a more general
context the pseudobinary Si;—.Ge,N,O compounds
may be of significant technological interest, particularly
from the point of view of applications in the emerging
area of SiGe- and Ge-based microelectronics. From a
molecular perspective a possible route to stoichiometric
or non-stoichiometric Ge oxynitides could be developed
in analogy with that depicted in eq 1 using reactions
involving (GeH3),0 in place of the (SiH3),0:
GeH;0GeH; (g) + 2NH; (g) - GCzNzO(S) + 6H2(g)

2)
This also opens the door to the design and synthesis of
novel pseudobinary compounds that are intermediate
between the Si,N,O and Ge,N,O phases such as (Si,Ge),-
N>O or solid solutions with compositions Si;—,Ge, N,O.
While reaction 1 has been previously implemented
using low pressure chemical vapor deposition (CVD)
in our laboratories there are no reports (to our know-
ledge) describing the use of the analogous reaction
pathway 2 to produce Ge,N,O films, despite the pro-
mise of this method to yield high-purity stoichiometric
material, that might be useful for the fabrication of Ge-
based gate dielectrics. In this context, another plausible
route to the formation of oxynitride dielectrics contain-
ing both Si and Ge, such as the stoichiometric hybrid
SiGeN,O, could involve reactions analogous to 1 and 2
such as:

SiH;0GeHj;(g) + 2NH;(g) — SiGeN,O(s) + 6H,(g)
3)

where SiH;0GeH; represents a new asymmetrical analo-
gue of (SiH3),0 and (GeHj3),0.
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Although a considerable theoretical and experimental
knowledge-base exists for the reactants (SiHz),0'" ' and
(GeHs) 5072 and products Si,N,O*?'72 and Ge,N,O** 2
ineq 1 and 2, the corresponding properties of the SiH;0-
GeH; species and solid SiGeN,O phases in reaction eq 3
are completely unknown. Accordingly the relationship be-
tween the properties of the asymmetrical analogues and the
average behavior of the corresponding Si- and Ge- based
molecules and solids is of considerable interest. Our primary
objective in the present work is therefore to explore, from
a theoretical perspective, the feasibility of forming the
SiGeN,O hybrids using the molecular approaches
described above. To elucidate the thermodynamics
of these reactions we first study the properties of
the (SiH3),0 and (GeHsz),O reactants in detail. The out-
comes from these calculations are validated by comparing
the predicted formation enthalpies and vibrational spectra
with their experimental counterparts. On the basis of the
excellent agreement found, we then predict the properties
of the heteronuclear analogue SiH;0GeH; proposed
as a single source precursor for the direct synthesis of
SiGeN,O. We show that the latter molecule possesses an
atomic structure and energetic stability intermediate to
that of the symmetrical Si and Ge molecular species. Next,
we consider the properties of the solid products Si,N,O,
Ge,N,0 and SiGeN,O. Here we propose the existence of
two mixed Si—Ge hybrids a-SiGeN,O and 3-SiGeN,O
possessing homogeneous and anisotropic Si/Ge spatial
distributions, respectively, and compare their electronic,
thermodynamic, and elastic properties with those of the
pure Si and Ge end members. Finally, the calculated
thermochemical properties of the gas and solid phase
reactants and products are combined to produce quanti-
tative estimates of the reaction free energies. By system-
atically studying the energetics of intermediate nanoscale
building blocks possessing the same local bonding struc-
ture as the target solids we propose several plausible
reaction mechanisms to produce the a-SiGeN,O and
B-SiGeN,O phases.
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2. Computational Details and Approach

Quantitative estimates of thermochemical reaction processes bet-
ween gases and solids, such as those described by eqs1—3, requires a
systematic treatment of both the isolated gas phase molecules and
the periodic solids at a fundamental level. For molecular systems
state-of-the-art packages such as Gaussian03%’ provide an efficient
means of computing the ground state molecular, electronic, and
vibrational structure. This information is then used to generate
estimates of various thermodynamic functions such as the enthalpy,
entropy, and free-energy at desired temperatures and pressures. It
should be noted that, for free molecules, the rotational and tran-
slational contributions to the thermodynamic functions are also
explicitly included. The consistent treatment of reaction thermody-
namics involving purely gas phase reactants and products is there-
fore completely accessible within this computational framework.

By contrast, the systematic calculation of thermochemistry in
solids is significantly more challenging. While the absence of free
translational and rotational degrees of freedom implies that
thermal corrections to the electronic energy are dominated by
vibrational contributions these necessitate the calculation of the
harmonic phonon spectrum of the lattice {w, x}, where n and k
label the phonon mode and the wave vector, respectively,
which is computationally intensive. Various thermody-
namic functions are then typically obtained by invoking
the quasi-harmonic approximation,?® which states that
the thermal contribution to the energy for any structural
configuration {R} (unit cell parameters and correspond-
ing internal atomic coordinates) is given by that of the
corresponding harmonic system. In principle, the equi-
librium structural parameters at a given pressure P and
temperature 7 are those that minimize the Gibbs free
energy on the adiabatic electronic surface according to

G(T.P) = minE(R) + Frn(R: )+ PV(R)]  (4)

where E is the electronic energy evaluated using the
parameters {R} and the “constrained” vibrational free-
energy function is given by

1
Fyp(R;T) = Z [Ehwn,k—&—kBTln(l —e’hwn,k/kBT)

()

In the above formula the phonon frequencies depend
implicitly on all the crystalline structural degrees of free-
dom {R}. A more common approach encountered in the
literature is to minimize the free energy of a given solid
phase at a given temperature with respect to volume only,
and not the full set of structural parameters {R}. In the
present work, we adopt this simplified approach (see
below) which assumes that the vibrational free energy is
isotropic with respect to all structural parameters {R}.
To unify the treatment of the gases and solids appearing in
reactions eqs 1—3 we adopt a combined approach involving the
molecular thermochemistry methodology as implemented in the
Gaussian03 code, and crystal thermochemistry derived from

(27) Frisch, M. J. et al. Gaussian 03, Revision B.04; Gaussian Inc:
Wallingford, CT, 2003.

(28) Wallace, D.C. Thermodynamics of Crystals; John Wiley & Sons,
Inc.: New York, 1972.
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energies, structures, and vibrational properties calculated using
the Vienna Ab-initio Simulation Package (VASP).?” While the
former code uses Gaussian functions (basis sets) to mathemati-
cally represent molecular electronic functions, the latter em-
ploys plane-waves in the periodic context. Nevertheless, using
appropriate precautions the VASP code can also be used to treat
molecules, for example, by placing them on a widely spaced
periodic grid to suppress artificial interactions. Using a common
density functional theory (DFT) framework as a “bridge”
between these two methodologies we establish the computa-
tional conditions necessary for either approach to yield the same
ground state molecular structures. Under these conditions the
thermal corrections to the electronic energy obtained from the
Gaussian03 code become transferable. The VASP code is then
used to accurately compute a consistent set of electronic energies
for all gas and solid phase reactants and products. Approximate
thermal corrections are then applied to these energies to gen-
erate quantitative predictions of the reaction free energies
corresponding to eqs 1—3. This strategy is crucial in the present
work because of the delicate energy balances exhibited by the
Si—Ge—N-—0O systems, as we demonstrate a posteriori below.

To study the thermochemistry of the molecules we employ
three model chemistries: (i) the hybrid B3LYP*® DFT func-
tional, (ii) the CBS-QB3*' compound method, and (iii) the
GGA-PW91°? density functional. Method (i) is a popular choice
for the efficient and quantitative description of molecular
structure and vibrational properties, while approach (ii) com-
bines various model chemistries and scaling properties to
achieve a high predictive capability for thermodynamic proper-
ties. The PW91-GGA DFT treatment in (iii) has been demon-
strated to provide reliable binding energies and consistent
structural predictions for both molecule and solids. Further-
more, it is available in both the Gaussian03 molecular code and
the solid state VASP code. All Gaussian03 DFT calculations
based on the B3LYP and PW91-GGA functionals were carried
out using a 6-311N++G(3df,3pd) basis set, “tight” convergence
criteria for the structural optimizations and no symmetry con-
straints. The dynamic stability of the optimized equilibrium
molecular structures was confirmed by carrying out vibrational
calculations to verify that all normal modes have positive
definite frequencies. The vibrational data from these calcula-
tions was then used to generate the thermochemistry output.
For the CBS-QB3 calculations standard internal default settings
were employed. The treatment of the gas phase species using the
VASP code involved placing each molecule at the center of a
slightly orthorhombic supercell with edge lengths ~20 A. This
length scale ensures a negligible interaction between the contents
of adjacent cells. We note that isolated atoms/molecules treated
in a completely symmetric cell have a tendency to converge to a
false minimum; thus a slightly distorted cell was used to break
the symmetry in the periodic setting. In all cases the PAW-GGA
methodology was employed with an 800 eV energy cutoff for the
plane-wave expansion and a single k-point at I'. All calculations
involving Ge atoms employed pseudopotentials which explicitly
include the 3d electrons.™
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Figure 2. Temperature dependence of the vibrational free energy (per
formula unit) obtained from the quasi-harmonic approximation.

The spectrum of normal mode vibrational frequencies needed
to simulate the thermochemistry of the various oxynitrides, was
obtained using the fropho code’* in which a finite number of
special “frozen phonon” displacements is applied to the ground
state equilibrium structure to generate the force constant (and
mass-weighted dynamical) matrix. For the oxynitride solids
considered here less than a dozen such displacements are
typically needed to generate all of the required matrix elements.
A 2 x 2 x 2 orthorhombic supercell representation containing
160 atoms was found to be sufficient in all cases to convergence
of the matrix elements with respect to near-neighbor contribu-
tions. Exceedingly high convergence tolerances were required to
generate the stress-free and zero-atomic force equilibrium start-
ing structures needed for the dynamical calculations. Typically
we employed a value —1 x 107® for the structural criterion
EDIFFG, and increased the augmentation grids in the FFT part
of the code. To determine the free-energy minimum for each
system at 300 K, the constrained free-energy function in eq 5 was
added to the E(V) curve that was generated using about 10
equally spaced volumes around equilibrium, and then fitted to a
third order Birch—Murnaghan equation of state.® Typical free-
energy functions for the Si;N,0, Ge,;N,O, and o-SiGeN,O
compound, evaluated at the corresponding equilibrium volume
for each system, are shown in Figure 2. The plot indicates that
the free energies generally decrease with increasing temperature.
The green curve represents the temperature dependence of the
free energy for a-SiGeN,O. Note the departure of the alloy free
energy from the average behavior of the pure Si- and Ge- end
members indicating a tendency toward increased relative stabi-
lity at high temperatures. Further details concerning the proper-
ties of hypothetical solid phases will be provided below.

3. Molecular Properties of Gas Phase Reactants
and Products

3.1. Structural Results. The calculated ground state
structures for the gaseous (SiH3),0, (GeH3),0, SiH;0GeHj,
NHs;, and H,, are listed in Table 1 which compares the out-
come of the three computational approaches (PW91-GGA,
B3LYP, and CBS-QB3) with one another, as well as with
experiment (where available). Using all methods listed the
Si—O and Ge—O bond lengths and Si—O—Si and Ge—O—
Ge bond angles in the (SiH3),0O and (GeHs),O closely match
those determined using gas phase electron diffraction of these

(34) Togo, A.; Oba, F.; Tanaka, 1. Phys. Rev. B 2008, 78, 134106.
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Table 1. Summary of Thermochemical Data Obtained from Simulation for All Gas and Solid Phase Reactants and Products Involved in Reactions 1-3,%8

system methodology bMO bMH QMOM GHMH EO EA AG(300K)

(SiH3),0 VASP (PW91) 1 645 1.484 143 1 110.0 —1.47037 —1.11377
GO3 (PWI1) 1.652 1.487 142.5 110.3 —657.86876 —1.08942  0.02726
GO3 (B3LYP) 1.638 1.478 150.7 109.8 —657 99054 —1.09711 0.02438
GO3 (CBS-QB3) 1.638 1.479 154.9 109.8 —656.91038 —1.06124
Experiment'* 1.634 144.1°

(GeH;),0 VASP (PW91) 1.794 1.536 124.6 110.9 —1.30988 —0.96092
GO3 (PWI1) 1.797 1.539 124.9 110.5 —4233.08713 —0.95507  0.01803
GO3 (B3LYP) 1.784 1.536 129.8 110.3 —4232.91385 —0.95002  0.01943
GO3 (CBS-QB3) 1.789 1.536 132.8 110.4 —4230.17512 —092823
Experiment™ 1.766 1.531 126.5° 106.4

(SiH3)O(GeH;)  VASP (PW91) 1.647,1.798 1.493, 1.533 131.0 110.1,110.8 —1.39034 —1.03756
GO3 (PWI1) 1.651, 1.799 1.497, 1.538 131.5 108.8, 109.1 —2445.47830 —1.02260
GO3 (B3LYP) 1.637, 1.786 1.481, 1.533 1374 106.5, 111.5 —244545258 —1.02395  0.02254
GO3 (CBS-QB3) 1.638,1.790 1.481,1.534 140.6 111.1,111.8 —2443.54337 —0.99535

NH; VASP (PW91) 1.022 106.6 —0.72023 —0.48571
GO3 (PWI1) 1.021 106.4 —56.55882 —0.52223  0.01541
GO3 (B3LYP) 1.013 107.2 —56.58755 —0.58048  0.01614
GO3 (CBS-QB3) 1.016 106.5 —56.46020 —044021
Experiment 1.012 106.7° —0.44143

H, VASP (PW91) 0.750 —0.24972 —0.16734
GO3 (PWI1) —1.17009 —0.16729 —0.00166
GO3 (B3LYP) —1.18003 —0 17551 —0.00144
GO3 (CBS-QB3)  0.744 —1.16608 —0.16645
Experiment 0.741 —0.17370

“M refers to {Si,Ge}, and all energies are quoted in atomic units (Hartree). Bond lengths are given in Angstroms. For the SiH;0GeHj; the by and byy
columns list both Si- and Ge- related bond lengths, respectively. ” Note: VASP results above obtained using “hard” PAW-GGA (PW91) potentials for H, O, and
Ge. VASP electronic energies reported for molecules is “energy-without entropy”. PW91 atomic energies (Hartree): H = —0.50140. N = —54.53239. O =
—75.05798. Si=—289.35648. Ge = —2077.03284. B3LYP atomic energies (Hartree): H=—0.50226. N = —54.50029. O =—75.09091. Si = —289.39448. Ge =
—2076.92968. VASP atomic pseudo-energies (Hartree): H = —0.04119, N = —0.11095, O = —0.0.1414, Si = —0.02766, Ge = —0.02384. 1 hartree =

627.509 kcal/mol = 2625.50 kJ/mol.

molecules. The molecular cores of (SiHs),O and (GeH;),O
also closely reflect the intrinsic bonding arrangements in
the corresponding solid state forms (silica and germania)
where [bg;o~ 1.61 A, <Si0Si~ 146°] in a-SiO, and [bGeo ~
1.78 A, <GeOGe ~ 135°] in a-GeO,. We note that the
observed Si—O—Si and Ge—O—Ge bond angles in the mole-
cules are best reproduced by the GGA-DFT method, while
the other approaches give deviations as large as 10 degrees.
For example, the Ge—O—Ge angle in (GeHs),O obtained at
the GGA-DFT level (125°) is very similar to that obtained
from gas electron diffraction of 127°, while the Ge—O bond
length of 1.77 A found experimentally is close to our com-
puted value of 1.79 A. Similar excellent agreement between
theory and experiment is found for the structure of the
(SiH3),0 molecule. For SiH;0GeHj3 we find that the Si—O—
Ge bond angle (131.3°) is predicted to be within 1—2 degrees
of the average between the Si—O—Si and Ge—O—Ge bond
angles in (SiH3),O and (GeHz),O. Similarly, Si—O and
Ge—O0 bond lengths in SiH;0GeHj; are nearly identical to
those in the homonuclear analogues. The structure of the
remaining gas phase species, NH; and H,, are very also well
reproduced by all of the methods, with typical deviations
in bond lengths and bond angles on the order of <1%.
Collectively, the best comparison with observed structural
data for all molecules is obtained from the GGA-DFT
method using either the Gaussian03 or the VASP codes, in
spite of their manifestly different numerical implementa-
tions of the formalism (e.g., Gaussian basis set vs plane-
wave expansion).

3.2. Atomization Energies. The equilibrium ground
state electronic energies for all molecular species are listed
as E| for all of the methods employed in Table 1. To enable

the direct comparison of relative energies across the different
methods we computed the static atomization energies E 4 for
all species, which represent the energy needed to completely
dissociate the molecule into its constituent atoms. For each
computational scheme listed, the latter are obtained by sub-
tracting the spin-polarized ground state energy of the con-
stituent atoms from E. These appear at the bottom of Table 1
for all atoms involved. In general we find that the atomization
energies obtained using the compound CBS-QB3 method are
in excellent agreement with the available experimental values,
with discrepancies of ~0.7 and 4.3 kcal/mol for H, and NHj,
respectively. We note that the latter, however, implicitly
include room temperature (7 ~ 298 K) thermal corrections.
For the DFT methods (PW91-GGA and B3LYP) the inclu-
sion of T'= 298 K free-energy corrections to the static ato-
mization values reduces the discrepancy with experiment
from —10% to —6% for NH;3 and from +3.7% to +2.3%
for H,. It should be noted that the largest variation in the
calculated atomization energy using various DFT methods
employed (0.0368 H=1¢V =23.06 kcal/mol) is found in the
NHj; molecule. This is a well-known problem, and it has been
demonstrated that exceedingly high quality basis sets (e.g.,
aug-cc-pVS5Z), and anharmonic thermodynamic correc-
tions, are required to obtain a reasonable description of the
atomization energy and electron affinity in this system.*
Here we find that the standard 6-311N++G(3df,3pd) basis
set as implemented in Gaussian03 does not appear to per-
form as well as the description afforded by the plane-wave
expansion as implemented in the VASP code. Finally, we
note that the GGA values obtained for E , for all molecules is

(36) Martin, J. M. L.; Lee, T. J. Chem. Phys. Lett. 1996, 258, 136.
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Figure 3. Calculated infrared spectra of the (SiH3),0, (GeH;)O(SiH3), and (GeHs),O molecules (in order from top to bottom). Left and right panels
contain the low- and high-frequency spectra, respectively, and no frequency scale factors have been applied.

Table 2. Frequencies and Mode Assignments for the Infrared Spectra of the (SiH3),0, (GeH3)O(SiH3), and (GeH3),O Molecules”

SiH;0SiH; SiH;0GeH; GeH;0GeH; primary mode assignments
So 582 M, 498 G, 450 Si/Ge—0O—Si/Ge symmetric stretchmg
M, 641 G, 649 out-of-phase GeH, wagging
N 751 My 730 out-of-phase SiH, wagging
M, 643 G, 675 out-of-phase GeH; wagging
S, 752 My 740 out-of-phase SiH; wagging
S; 963 M; 851 G; 795 In-phase SiH;/GeH; wagging
M, 876 Gy 876 out-of-phase GeH, scissors
S4 967 My 970 out-of-phase SiH, scissors
M; 870 Gs 876 In-phase GeHj scissors
Ss 970 My 963 in-phase SiHj scissors
Se 971 Gg 878 in-phase SiH,/GeHj; scissors
N 1022 M 1000 G5 892 out-of-phase SiH;/GeH; wagging
Sg 1119 Mg 1025 Gg 928 Antisymmetric Si/Ge—O—Si/Ge stretching
So 2219 My 2140 Gy 2118 out-of-phase swim. SiH3/GeHj stretching
* 2219 * 2120 out-of-phase asymm. SiH;/GeHj stretching
Mo 2144 Gio 2127 in-phase asymmetric GeH, stretching
Sio 2223 My 2200 in-phase asymmetric SiH, stretching
Sii 2228 M, 2206 G 2129 in-phase symmetric SiH,/GeH, stretching
Si» 2241 M, 2151 Gip 2157 out-of-phase SiH/GeH stretching
Sis 2246 \Y% PEY 2236 Gis 2160 in-phase SiH/GeH stretching

“The vibrational modes, labeled S.,, My, and Gy, correspond to the features shown in Figure 3.

found to be similar using the Gaussian03 and VASP meth-
ods, with typical differences on the order of 1—2%.

3.3. Vibrational Spectroscopy. Our prior computa-
tional studies have demonstrated that the B3LYP functional,
combined with a 6-311N++G(3df,3pd) basis set, provides

(37) Chizmeshya, A. V. G.; Ritter, C. J.; Hu, C.; Tolle, J.; Nieman,
R. A.; Tsong, L. S. T.; Kouvetakis, J. J. Am. Chem. Soc. 2006, 128,
6919.

(38) Ritter, C. J.; Hu, C.; Chizmeshya, A. V. G.; Tolle, J.; Klewer, D.;
Tsong, I. S. T.; Kouvetakis, J. J. Am. Chem. Soc. 2005, 127, 9855.

(39) Tice, J. B.; Chizmeshya, A. V. G.; Roucka, R.; Tolle, J.; Cherry,
B. R.; Kouvetakis, J. J. Am. Chem. Soc. 2007, 129, 7950.

(40) Tice, J. B.; Fang, Y.-Y.; Tolle, J.; Chizmeshya, A.; Kouvetakis, J.
Chem. Mater. 2008, 20, 4374.

an excellent quantitative account of the observed infrared
spectrum of a range of Si—Ge hydrides.*”~*' Accordingly,
we used the same prescription to simulate the infrared spec-
tra of (SiH;),0, (GeH3)O(SiH3), and (GeHs),0. Figure 3
shows plots of the low- and high-frequency range of the
spectra, while the corresponding frequencies and mode
assignments are listed in Table 2 (we note that the standard
frequency scale factors typically used to reconcile theory with
experiment have not been applied). All of the assignments

(41) Tice, J. B.; Weng, C.; Tolle, J.; D’Costa, V. R.; Singh, R.;
Menendez, J.; Kouvetakis, J.; Chizmeshya, A. V. G. Dalton Trans.
2009, 34, 6773.



3890 Chem. Mater., Vol. 22, No. 13, 2010

shown in Table 2 were made by systematically examining
each normal mode displacement pattern in the molecular
spectra. According to our calculations, the most intense
infrared features in this class of molecules occur in the
frequency range from 800 to 1000 cm™', and arise from
in-phase SiH;/GeH; wagging motions. These modes are
designated as S3;, M3, and Gj in (SiH3),0, (GeH3)O(SiH3),
and (GeH;),0, respectively (see Figure 3). The correspond-
ing out-of-phase SiH;/GeH; wags (S7, M5, and G7) are much
weaker and typically occur at frequencies ~70—150 cm™!
higher than their in-phase counterparts. The weaker intensity
features in all three molecules (S;,, M5, My », and Gy )
arise predominantly from out-of-phase, but symmetric, GeH,/
SiH, wagging motions. (Note: here the terms “in-phase”
and “out-of-phase” refer to vibrational patterns that are
synchronous/asynchronous with respect to the oxygen
center). In the case of the latter wagging motions we find
that the SiH, and GeH, wags in all molecules occur
in a narrow frequency range from ~730—750 cm™ ' and
~640—670 cm ™', respectively. This can be clearly seen
from the close alignment of the (S;,S,;) features in
(SiH3)-0 and the (M;,M») in the (GeH;)O(SiH3) analo-
gue. A similar close correspondence is observed between
the (G1,G,) modes of (GeHj3),0 and the (M{,M») modes
in (GeH3)O(SiH3). The least intense S,, My, and Gy
features are associated with symmetric (Si,Ge)—O—
(S1,Ge) skeletal stretching, and exhibit a systematic down-
shift in frequency with increasing mass of the terminal
Si/Ge atoms, as expected (e.g., the progression of these
frequencies isin the order VSi—0O—Si > VSi—0—Ge > VGC-O—GC)'
We note that the exceedingly weak S, mode, predicted to
occur ~582 cm™ ! in the (SiH3),O molecule, is not visible in
Figure 3. The most dramatic intensity variation observed
among the low-frequency modes in the three molecules is
predicted to occur in the antisymmetric (Si,Ge)—O—(Si,Ge)
stretching bands Sg, Mg, and Gg for which the intensities
follow the ratio I(Sg)/I(Mg)/I(Gg) ~ 1.0:0.5:0.0. Note that
these modes also exhibit downward frequency shifts with
increasing mass of the terminal Si/Ge atoms, in complete
analogy with their symmetric Sy, My, and G, counterparts. As
to the various H—Si—H and H—Ge—H scissor modes, these
are predicted to occur in a narrow frequency range from
~960—970 cm ™" and ~870—880 cm ™!, respectively. Accord-
ingly, in (SiH3)>O these modes (S4,S5,.S) overlap with the
high-frequency shoulder of the intense S; mode, and are
therefore difficult to resolve (see Figure 3).

The high-frequency infrared spectra (2000—2300 cm ™)
of (SiH3),0, (GeH;3)O(SiHj3), and (GeH3),0 are shown in
the right panels of Figure 3. These bands are due to
symmetric and asymmetric Si—H and Ge—H stretching
vibrations of the terminal SiH; and GeH; groups. The
basic shape of these bands in the (SiH3),O and (GeH3),O
compounds is typical of Si and Ge hydrides, with the most
intense peaks (S;o and Gy, respectively) being due to the
asymmetric stretching modes. In the present case, how-
ever, weak symmetric stretching vibrations possessing an
out-of-phase displacement pattern with respect to the two
Si/Ge terminal groups are shifted to lower frequencies
(2219 cm ™" and 2118 cm ™, respectively) with respect to
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Figure 4. Comparison of the calculated and observed infrared spectrum
of (SiH3),0. Frequency scale factors 0f 0.989 and 0.979 have been applied
to the low- and high-frequency theoretical spectra as described in the text.

the pure asymmetric modes. The corresponding asym-
metric out-of-phase stretching vibrations occur at the
same frequencies but are not IR active (see entries with
asterisks in Table 2). Thus both molecules possess six normal
modes in the 2000—2300 cm™ ' range. The high-frequency
spectrum of the (GeH3)O(SiH3) can be essentially interpreted
in terms of the hydrogen bands of (SiHs),O and (GeHs),O
(see Table 2). An important distinction is that all six of the
high-frequency modes in this molecule involve proton vibra-
tions localized to either the Si or the Ge site, so that
the “in-phase”/“out-of-phase” designation is redundant, and
can be ignored. Three of these modes (Mo, My, and M;,)
correspond closely to their (GeHs),O counterparts both in
their character and frequencies (e.g., within ~20 cm™").
Similarly, the modes My, My, and M5 correlate in the
same fashion with their counterparts in (SiH3),O. In the latter
case, the splitting between the symmetric and the asymmetric
modes in (SiH3),O is more or less preserved in the hetero-
nuclear analogue (GeH3)O(SiH3), while the corresponding
splitting in the Ge—H modes is significantly reduced.

Our calculated and experimental spectra for (SiH3),O
are compared in Figure 4, and indicate that the B3LYP/
6-311N++G(3df,3pd) level of theory is able to capture
most of the principal quantitative features observed. In
particular we note that the intensity ratio among the
peaks is well reproduced in the low frequency region
and that the splitting between the asymmetric/symmetric
Si—H bands in the high-frequency regime is accounted
for. Here we follow our previous work on Si—Ge hydride
molecules and apply low- and high-frequency scale fac-
tors of 0.989 and 0.979, respectively, to the calculated
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Table 3. Thermochemical Data for the (SiH3),0, (GeH3),0, and
(GeH3)O(SiH3) Molecules”

molecule Eo+Hcorr Eo+Gcorr AH?- AH?(corrected)

(SiH;3),0  —656.903268 —656.940769 —87.528 —83.127

(—79.4 £ 2.0)
(GeH3),0 —4230.167739 —4230.207336 —40.998 —20.994
average  —2443.535504 —2443.574053 —64.263 —52.061

(SiH3)O-  —2443.536079 —2443.576044 —064.624 —52.422
(GCH3)

“The first two columns list the enthalpy and free-energy corrected
electronic energies (in Hartree units) while the third and fourth columns
lists the standard and “corrected” heat of formation (in kcal/mol) for the
compounds. (Note: 0.0368 H = 23.06 kcal/mol).

spectra. In the case of (GeHs),0, our calculated spectrum
agrees very well with the infrared spectrum and mode
assignments reported previously by Cradock.** Although
a numerical spectrum is not available, the most intense
mode frequencies can be compared directly with the
frequency-scaled theoretical values as follows (observed
values in parentheses and cm™'): G,, 448 (452); G,
668(674); G, 787 (784/798); G, 883 (882); G, 919 (928/
937); G, 2082 (2084); G1», 2112 (2120).

3.4. Molecular Thermochemistry. In addition to pro-
viding total electronic energies and the equilibrium
molecular structures, the Gaussian03 code was also used
to generate enthalpy and free energy estimates at 298 K
(Ey + Hcorr and Eg + Georr, respectively). Using this
data and the corresponding values for the atomic species,
we computed the standard heat of formation AH} of
(SiH3),0, (GeH3),0, SiH;0GeH; using the formula

AHY 05(M) = E(M) + ZPVE(M)
atoms

+ [H29s(M) — Ho(M)] — Z {E(A) + [Has(A)
A

atoms

—Ho(A)]} + ) AH] 54(A) ()
A

where the energy difference between the molecule (M) and its
constituent atoms (A) is offset by the experimental reference
state, for example, the sum of atomic formation energies
AH? 720s (the latter were obtained from the CODATA ther-
modynamic database®). The largest errors in this formula
arise primarily from the treatment of exchange and correla-
tion effects in the electronic energy. Thus, DFT-based
methods involving local density or generalized gradient
approximations (LDA and GGA) are not expected to be
as accurate as the compound CBS-QB3 method which
includes a non-local correlation treatment at the MP2 level.
To improve the prediction of ground state thermochemical
properties we determine a set of consistent atomic enthalpy
corrections &; for the H, O, Si, and Ge atoms using an
optimization procedure which minimizes the deviations
between experimental and calculated heats of formation
for a large set of Si—Ge—O—H containing molecules.*

(42) Cradock, S. J. Chem. Soc. A 1968, 1426.

(43) Cox,J. D.; Wagman, D. D.; Medvedev, V. A. CODATA Key Values for
Thermodynamics; Hemisphere Publishing Corp.: New York, 1989; see also
http://www.codata.org/resources/databases/key1.html.
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Figure 5. Prototype M,N,O orthorhombic unit cell showing the “layer-
ing” of the 8 M group 1V sites (gray spheres). Note that the oxygen atoms
(red) link these sites along the layers, while nitrogen atoms (blue) connect
group IV sites between layers. Crystallographic axes are labeled by
arrows.

Denoting the difference between the uncorrected enthalpy
in eq 6 and the corresponding observed value by AH,, and
the stoichiometry numbers for each of the n elements in a
given molecule by #;, the minimization of AH(§) = AHy+
> i-mi&; yields optimal atomic enthalpy corrections &y =
0.565, &o = 0.294, &g; = 0.358, and &g, = 8.163 kcal/mol.
These parameters represent a global minimum over the test
set hydride molecules used as input, and are found to be
insensitive to the initial conditions in the optimization
procedure.

The corrected heats of formation obtained by this proce-
dure are listed in Table 3 which indicates that AH’; s is
controlled by the strength of the M—O bonds, attaining the
largest (—83.13 kcal/mol) and smallest (—20.99 kcal/mol)
values in (SiH3),0 and (GeH3)-0O, respectively. As expected,
the heat of formation —52.42 kcal/mol of (GeH;)O(SiH3) is
calculated to be intermediate to the values for (SiH3),0 and
(GeHj3),0, and close to their average of —52.06 kcal/mol
indicating an ideal additivitiy behavior for Si—O and Ge—O
bond enthalpies These trends are consistent with both the
observed high thermal stability of (SiH3),O and the newly
synthesized (GeH3)»(SiH,),O species,”’ and the relative
instability of (GeH3),O which typically decomposes at room
temperature to produce germane and H—Ge—O polymers.
We note that our calculated value for the (SiH3),O enthalpy
of formation (—83.1 kcal/mol) is very close to the experi-
mentally determined value (—79.4 kcal/mol)"*. The delicate
energy balance between the SiH3;0GeH; species and the
average of (SiH3),0 and (GeHj3),0, expected on the basis of
bond conservation, is also directly reflected in the free-energy
corrected ground state electronic energies £y + Gcorrs,
whose difference is ~1.25 kcal/mol for these species.

4. Properties of Solid State Si,N,O, Ge,;N,0,
and SiGeN,O

As discussed in the introduction pseudobinary intermedi-
ates between Si,N->O and Ge,N»O phases such as (Si,Ge),-
N,O or solid solutions with compositions Si;— Ge, N,O may
be of significant technological interest. A broad range of
alloy polytypes can be envisioned on the basis of the
simple orthorhombic Si,N>O prototype structure shown in
Figure 5. The latter contains 8 group IV atom sites (gray
spheres in Figure 5) which can be occupied in a variety ways
to form highly ordered structures with four Si sites and four
Ge sites (e.g., SiGeN»O). When viewed along a direction
normal to the b-axis these Si/Ge sites can be identified by
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Figure 6. Calculated orthorhombic (Z = 4) cell parameters (bold font) of the a-

SiGeN,O and 3-SiGeN,O. Values in parentheses represent the average of

the Si,N,O and Ge,N,O parameters and indicate a virtually ideal Vegard-like behavior. The crystallographic orientation is the same as in Figure 5.

Table 4. Optimized GGA (PW91) Structural Parameters and Energies of

the Solid Phases Si;N,0, Ge,N,0, a-SiGeN,O, and f-SiGeN,O*

pseudo-ortlwrhombic

system primitive cell parameters atomic positions cell dimensions
. Si,N,O
a(A) 5.223 o (deg) 90 Si (8b): (0.5222,0.1714,0.2913) (a=p=7vy=090)
Cme2, (Z = 2) b(A) 5.223 B (deg) 90 N (8b): (0.4114,0.8396,0.1399) 8.894 5.477 4.845
p(g/gm3) = 2.820 c(A) 4.845 y (deg) 116.750 O (4a): (0.2762,0.2762,0.2316) 8.866 5.486 4.845
Qo(A%) = 59.00
Eo(H) = —1.50184
. GezNzo
a(A) 5.484 a (deg) 90 Ge (8b): (0.5169,0.1697,0.2959) (a=p=7vy=090)
Cme2y(Z = 2) b(A) 5.484 B (deg) 90 N (8b): (0.4271,0.8339,0.1481) 9.331 5.764 5.125
p(g/ecm”) = 4.559 c(A) 5.125 y (deg) 116.591 O (4a): (0.2469, 0.2469, 0.2055) 9.317 5.752 5.105
Qo(A%) = 68.91
Eo(H) = —1.22774
. a-SiGeN,O
a(A) 9.138 a (deg) 90 Si (2a): (0.8341, 0.8145, 0.6847) (= =290,y = 90.047)
P2, (Z=2) b(A) 4.981 S (deg) 31.506 Ge (2a): (0.4801, 0.8160, 0.6961) 9.138 5.600 4.981
p(g/gm3) = 3.769 c(A) 5.359 y (deg) 90 N (2a): (0.8463,0.1546,0.7288)
Qo(A%) = 63.74 N (2a): (0.4130,0.1752,0.7612)
Ey(H) = —1.36387 O (2a): (0.7517,0.7437,0.5157)
. B-SiGeN,O
a(A) 5.339 o (deg) 90 Si (4b): (0.5113,0.1668,0.3058) (a=p=y=90)
Cm(Z = 2) b(A) 5.339 B (deg) 90 Ge (4b): (0.4731,0.8257,0.8170) 9.091 5.600 4.981
p(g/gm3) = 3.790 c(A) 4.981 y (deg) 116.731 N (4b): (0.5536,0.1605,0.6471)
Qo(A%) = 63.40 N (4b): (0.3878,0.8337,0.1741)
Ey(H) = —1.36326 O (2a): (0.2948, 0.2948, 0.2230)
O (2a): (0.7734, 0.7734, 0.7570)

“Lattice parameters and atomic positions are listed for primitive (Z = 2)

unit cells. Volume (V in A3) and ground state electronic energy (Ey in

Hartree) are per formula unit, and equivalent pseudo-orthorhombic cell parameters are provided in the last column with experimental values where
available. Experimental data (bold italic) for Si,N->O and Ge,N,O are taken from refs 45. and 46, respectively. (Note: 1 hartree = 627.51 kcal/mol).

their stacking sequence along the c-direction (we note that no
oxygen linkages occur in this direction). We thus consider
two simple choices: the first contains mixed Si—Ge occu-
pancies within each layer and is designated a-SiGeN-O,
while a second choice, 5-SiGeN,O, is crafted by placing Si
and Ge exclusively in alternating layers. In the following
sections we consider in detail the crystalline properties of
these two simple polytypes in relation to their parent phases
Si,N,O and Ge,N-O, as shown in the simulated ground state
unit cells shown in Figure 6 (see also Figure 9, below).
The VASP code was used exclusively to obtain the equi-
librium crystalline, electronic and vibrational properties
of the Si—Ge oxynitrides considered in the present study.
In all calculations we adopted the PAW-GGA methodo-
logy based on the Perdew—Wang parametrization®” of the
exchange-correlation energy. For N, O, and Si atoms we
employed the standard pseudopotentials to represent the s-
and p- valence states, while 3d orbitals were also included in
the case of Ge atoms. The optimization of the Si,IN>O and
Ge,N,O structures was carried out in a 10-atom (Z = 2)

primitive unit cell setting (space group Cmic2,), by simulta-
neously minimizing the atomic forces and the stress on the
cells. We used an 800 eV energy cutoff for the plane-wave
expansion and 80 irreducible k-points for Brillouin zone inte-
grations to obtain highly converged structures with forces
less than 0.0002 eV/A and a residual external stress less than
0.01 kbar. For the a-SiGeN,O and $-SiGeN,O polytypes
the 10-atom (Z=2) primitive representations possess a lower
monoclinic/triclinic symmetry (space group P2; and Cm,
respectively), and accordingly, a denser reciprocal space grid
containing 150/300 irreducible k-points, respectively, was
needed to generate the same quality of convergence as ob-
tained for higher symmetry Si,N,O and Ge,N,O structures.

4.1. Crystal and Electronic Structure. The optimized
lattice parameters of Si,N,O, Ge,N,O, o-SiGeN,O,
and $-SiGeN,O are listed in Table 4, and indicate a very
good agreement with the available experimental data.
It should be noted that the latter compounds are typically
obtained from powder data of polycrystalline samples. The
slight overestimate seen in the theoretical predictions is a
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Table 5. Average Bond Lengths and Bond Angles in Si;,N,O, Ge,N,O,
a-SiGeN,0, and #-SiGeN,O

Bond Lengths
Si—O Ge—0 Si—N Ge—N
Si,N,O 1.633 1.728 £+ 0.002
Ge,N,O 1.774 1.840 4 0.005
a-SiGeN,O 1.635 1.770 1.731 £0.011 1.832 £ 0.005
B-SiGeN,O 1.638 1.772 1.720 £ 0.004 1.846 4+ 0.006
Bond Angles

Si—O—Si Ge—0—Ge Si—0—Ge
Si,N,O 145.6
GegNzo 131.9
a-SiGeN,O 138.3
B-SiGeN,O 145.8 129.5

Si—N-—Si Ge—N—-Ge Si—-N—Ge
Si,N,O 119.5+4.0
Ge,N,O 1184 +3.2
a-SiGeN,O 120.5 114.2 118.1+ 1.7
B-SiGeN,O 131.2 114.1 1140+ 11.8

N-Si—N N—-Ge—N

Si,N,O 1092 +£2.2
Ge>NO 109.7 + 1.8
a-SiGeN,O 109.7 £ 3.1 109.7 £ 1.0
B-SiGeN,O 109.7 £ 2.6 108.9 £ 3.0

well-known artifact of the GGA implementation of DFT,
which typically yields bond lengths 1—2% larger than those
observed. However, in this case it appears to be well within
the experimental uncertainty of the measurements (~0.5%).
Our calculated structural data is also quite consistent with
values obtained in earlier theoretical studies.”**>?’ The
structural parameters of the hypothetical a-SiGeN,O and
B-SiGeN,O polytypes are predicted to be virtually identical.
We note that the molar volume of the S-polymorph is found
to be slightly lower than that of its - counterpart, which may
be associated with the slightly different packing obtained
upon layering the SiN;O and GeN>O polyhedral units. As
shown in Figure 6, the lattice parameters of a-SiGeN,O and
B-SiGeN>O closely correspond to the Vegard average of
Si,N>O and Ge,N>,O (<0.5% difference). The figure also
shows the distribution of Si and Ge in the a- and -polytypes.

The bond lengths and bond angles corresponding to the
optimized structures are listed in Table 5. As can be seen
from the data, the values for the Si—O and Ge—O bond
lengths are remarkably consistent throughout the four com-
pounds with small variations on the order of 0.005 and 0.002
A, respectively. Similar consistency but slightly larger varia-
tions (~0.01 A) are observed in the corresponding Si—N and
Ge—N bonds, which exhibit a distribution in all structures.
This is indicated by the + values in the table, which represent
departures from the mean values (both for bond lengths,
and later in the table for bond angles). In the case of the

(44) Weng, C.; Chizmeshya, A.V.G. Thermodynamic Properties of
Si-Ge Hydrides and their Chlorinated Analogs: Accurate Formation
Enthalpies from First Principles. J. Comp. Chem.; submitted for
publication.

(45) Idrestedt, I.; Brosset, C. Acta Chem. Scand. 1964, 18, 1879.

(46) Labbe, J. C.; M. Billy, C. R. Acad. Sci. Ser. C 1973, 277, 1137.
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o-SiGeN,O and f-SiGeN,O structures it is noteworthy
that all bond lengths (with the exception of Si—N bonds)
in the B-phase are slightly dilated with respect to those in
the a-structure. The Si—O—Si and Ge—O—Ge bond angles
are also essentially transferable (to within ~1°) between all
structures, while the Si—O—Ge bond angle (138.3°) is vir-
tually identical to the average (138.8°) of the Si—O—Si and
Ge—0O—Ge bond angles in Si,N,O and Ge,N>O, respec-
tively. Perhaps not surprisingly, the same trend was noted at
the molecular level (see Table 1) where the Si—O—Ge bond
angle in SiH;0GeH; (131°) was found to be only a few
degrees smaller than the average of the M—O—M bonds in
(SiH3),0O and (GeH;),0. Finally, we note that the largest
angular deviations are found in the N—M—N tetrahedral
and Si—N—Ge bonding distributions of the hybrid struc-
tures for which Af ~ 3° and ~12°, respectively. Such large
deviations in bond angle are likely needed to compensate for
the remarkable lack of bond strain, as evidenced by the
consistency of Si—O, Ge—O, Si—N, and Ge—N bond lengths
throughout all of the predicted ground state structures.

Figure 7 shows band structure plots for Si,N,O, Ge,N,O,
o-SiGeN,0, and $-SiGeN,0O, along with the corresponding
density of states (DOS). As expected a-SiGeN,O and
S-SiGeN,O exhibit electronic properties intermediate to those
of Si,N>O and Ge,N>O. We used a common orthorhombic
unit cell setting to map the band along a common k-space
path to facilitate comparison between these systems. In the
case of the slightly “pseudo-orthorhombic” a-SiGeN,O pri-
mitive cell, the structure was recast into a perfectly orthor-
hombic setting by adjusting the non-orthogonal c-axis (~0.05
degrees) to a right angle to simplify the comparison with the
other systems. We have verified that the energy change
associated with this orthorhombic symmetry constraint in
a-SiGeN,O leads to very small (~ 0.1 meV/atom) increase in
the total energy. However, note that the total energy data
listed in Table 4 was calculated using the ground state primi-
tive cells for all systems.

The band structure of the prototypical Si,IN>O system has
been previously***** studied using DFT-LDA methods
using a variety of methodologies including full potential
linearized muffin-tin (FLMTO) and the orthogonalized
linear combination of atomic orbitals (OLCAO), resulting
in some ambiguity in the quantatitve outcome at the same
level of theory. The most striking discrepancies involve the
band widths and band gaps (E,). In the latter case the values
of the direct gap for Si,N,O range from 3.2 to 5.3 eV, while
an indirect gap of ~6.0 eV has also been reported.>* Corre-
sponding direct energy gaps in Ge,N,O have been predicted
in the range 2.0—3.8 eV. All of these values differ signifi-
cantly from the experimental values of E4[Si,N,O] ~ 5.2—
5.6 eV (to our knowledge a reliable value for the band gap of
Ge,N,0 has yet to be determined). This level of uncertainty,
both in the magnitude and character (direct/indirect) of the
band gaps prompted us to carry out a series of state-of-the-
art calculations using an efficient modern band structure
approach, as implemented in the VASP code. All-electron-
like PAW pseudopotentials generated at the GGA level were
employed in all of our calculations. We adopted the same
computational conditions as for the structure optimization
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Figure 7. Band structure plots for Si;N,O, Ge,N,O, a-SiGeN,O, and -SiGeN,O. The k-space path shown along the bottom of each plot corresponds to a
common orthorhombic unit cell setting, and the vertical axis represents eigenvalues in eV (note that 1 eV = 23.06 kcal/mol). In the case of the a-SiGeN,O
the slightly non-orthogonal ¢-axis (~0.05 degrees) was set to a right angle for the purpose of the band-structure comparison.

Table 6. Table of Calculated E, Indicating That All Compounds Exhibit
Direct Band Gaps in the Range 3.5—4.9 eV*

system E, (eV) VB—CB (character)
Si,N,O 4.86 I'(d,p)—T(p.s)
Ge;N,O 2.72 I'(d,p)—T(s)
average 3.79
a-SiGeN,O 3.69 I'(d,p)—T(s)
B-SiGeN,O 3.53 I'(d,p)—T ()

“The corresponding nature and location (in k-space) of the CB and
VB states is indicated in the third column.

described above; however, the k-point integrations used in
the final density and SCF Kohn—Sham potential were
carried out using a more accurate “tetrahedron method”.
The resulting band structure for the SioN,O system is shown
in the top left panel of Figure 7.

The origin of the bands was analyzed by examining the
contributions from s, p, and d angular momentum pro-
jections of the various bands for Si, Ge, N, and O. In
general we find that the conduction band (CB), valence
band (VB), and semi-localized states below —10 eV all
have a common origin with regards to the hybridization
among the constituent atoms. Specifically, in all cases the
valence band originates predominantly from mixing of O
and N p-orbitals. The outer Si and Ge occupied p-orbitals
also contribute near the center of the VB, while their

corresponding s-states are dominant in the bottom 2 eV
portion. For both of these features the Ge atom makes a
stronger contribution than its Si counterpart.

In all compounds the conduction band devolves mainly
from a mixture of unoccupied Si/Ge s- and p-states, and
their hybridization with a lesser p-state contribution from
nitrogen. We note that in Si,N,O the CB edge possesses
p-character, while in all other compounds the unoccupied
4s states of Ge dominate this energy range. Finally, all
compounds are found to exhibit DFT-GGA direct gaps in
the range 2.72—4.86 eV, as shown in Table 6. In all cases the
band character of the relevant VB and CB edge states is
expected to lead to direct transitions, as indicated by the
designations in parentheses, which list the dominant char-
acter as the first entry followed by the minor one. While
these values are consistent with those calculated in earlier
work,***?* they were all obtained using a consistent meth-
odology for the first time. This is necessary to establish
reliable trends across this family of compounds. Our data
shows that the SiGeN>O compounds exhibit band gaps
close to a Vegard average with a slight negative bowing of
0.1—0.3 eV, and that the difference between the gaps of the
o- and S-polytypes is about 0.2 eV, with the a-SiGeN,O
gap (~ 3.7 eV) being closest to the average (3.8 eV).

The remaining set of bands occurring directly below
the main VB (e.g., < —10¢V) possess primarily N(2s)
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character, with a minor Si or Ge atom p-orbital contribution.
These bands appear to be quite independent of the chemical
composition, as evidenced by the robust and immutable
structure of the DOS feature between —14 and —17 eV.
Finally, below this latter manifold of states lies a much
narrower, semilocal band of purely oxygen-2s origin which
occurs near —18 eV in Si,N,O and —19 eV in Ge,N,O. In
the a-SiGeN,»O polytype this band occurs at an intermedi-
ate energy of —18.5 eV, as might be expected since the
oxygens occur exclusively in Si—O—Ge units. By contrast,
both the —18 eV and —19 eV bands remain distinct in the
anisotropic 3-SiGeN,O compound, which is consistent
with a lamellar structure in which the Si- and Ge-layers
contribute independently to the band structure. Accord-
ingly, this narrow band may serve as an excellent spectro-
scopic feature to distinguish the various Si—Ge oxynitride
polytypes.

4.2. Compression Equations of State. The incorpora-
tion of strong Si—N bonds (trigonal nitrogen) and tetra-
hedrally coordinated silicon in Si,N,O imbues the material
with thermoelastic properties intermediate to those of its
structuro-chemical SizN4 and SiO, components. Prior theo-
retical work has demonstrated that this is a useful analogy
for elucidating the origin of the electronic structure and opti-
cal properties of Si,N,O.# In the case of its bulk modulus,
By, a comparison with Si3Ny (By~230 GPa) and SiO,
(By~30 GPa) suggests that By[Si,N,O] ~ 130 GPa. A similar
calculation for the Ge analogue using Ge;Ny (By~160
GPa) and GeO, (By~30 GPa) yields an estimate of ~95
GPa for By[Ge,N,O]. Recent high-pressure hydrostatic
compression experiments on Si,N,O corroborate this
expectation and report a bulk modulus near 127 GPa,*?
while previous first-principles calculations based on LDA
and/or GGA have produced values ranging from 130 to 180
GPa. In view of this latter variability in theoretical values for
Si,N>O, and since experimental compression data for
Ge,N,0 is limited (see below), it is of considerable interest
to pursue a systematic study of the compression behavior
Si—Ge—O—N compounds. The pressure dependence of the
enthalpy difference between the SiGeN,O polytypes and the
Vegard average of Si,N,O and Ge,N,O, is also of interest
since it provides additional information about the stability
of these new materials at high pressure.

A common computational approach for obtaining the
compression equation of state (EOS) of a solid is to calculate
its relaxed crystal structure at a series of fixed volumes, by
allowing the internal coordinates and “shape” of the unit cell
to vary. The resulting energy-volume data is then typically
fitted to a third order Birch—Murnaghan® E(V) form to
obtain the equilibrium energy ( £y), volume (V}), By, and bulk
modulus derivative at P =0 (By'). Here we adopt an alter-
native “finite stress” approach in which the enthalpy, H(P) =
miny[E(V) + PV], is directly minimized at a series of fixed
pressures (P) by varying the internal coordinates and cell
parameters. We note that all such structure optimizations are
carried out without imposing symmetry constraints (e.g.,
using Pl symmetry). The energy—volume data obtained
from this procedure is then also fitted to a third order Birch—
Murnaghan (B-M) EOS to obtain the parameters Ey, V, B,
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Figure 8. Left panel: Calculated compression equations of state data
(circles) for Si,N,O, Ge;N,O, a-SiGeN,O, and 5-SiGeN,O. The corre-
sponding Birch—Murnaghan fits are ploted as solid red, blue, green, and
green-dashed lines, respectively. Right panel: Static enthalpy differences
between the a-SiGeN,O and 5-SiGeN,O phases and the average enthalpy
of Si;N>O and Ge,N,>O indicating a minimum metastability the o- and
f- structures at ~17 and ~8 GPa, respectively. (Note: 1 hartree = 627.51
kecal/mol, and 1 meV = 0.023 kcal/mol).

Table 7. Calculated Compression Equation of State Parameters of
Si,N,0, Ge;N,0, 0-SiGeN,0, and #-SiGeN,0O, Indicating That the
Proposed Hybrid Structures Exhibit Properties Very Close to the “Vegard
Average” of the Corresponding Si,N,O and Ge,N,O

Eo (H) Vo(A) By (GPa) By
Si,N,O —1.50184 58.995 129.1 0.532
Ge,N,O —1.22774 68.912 91.0 1.529
Vegard average —1.36497 63.954 110.1 1.03
a-SiGeN,O —1.36387 63.723 107.5 1.254
B-SiGeN,O —1.36326 63.535 117.7 0.919

and By. As an internal consistency check, the latter EOS was
differentiated analytically to verify that the pressures corres-
ponding to each data point match the input pressures
employed in the finite stress calculations. Using the conver-
gence conditions and structural tolerances described above
(Section 4 introduction) we find that the deviation between
the fit-derived pressures and those used as input is 1—2%
over the range of pressures from —10 to 25 GPa used in our
study.

The results of our compression EOS calculations for
Si,N,0, Ge;N>O, a-SiGeN»O, and -SiGeN,O are pre-
sented in Figure 8, and indicate that the energy—volume
data (circles) is very well represented by the analytic
Birch—Murnaghan EOS form (solid and dashed lines).
The binding energy trend is clearly evident from the plots
(SiN-O > SiGeN>O > Ge,N,0) which also indicate
decreasing compressibility in going from Ge,N,O to
Si,N,O. The EOS parameters for all four solids, obtained
from our best fit to the B-M equation of state, are listed in
Table 7. Our calculated value for the bulk modulus of
Si,N>O, 129 GPa, is quite close to the value 130 GPa
reported recently by Kroll'® using an almost identical and
high-quality computational procedure. Both of these
values closely match the experimental value of 127 GPa
obtained via neutron diffraction at low-pressures (P < 3
GPa), and somewhat overestimate the value of 115 GPa
recently obtained by Haines et al.?> using an extended
compression range (P < 50 GPa). The latter authors also
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Table 8. Ground State Electronic Energy (E,), Atomization Energy
(E4), and Vibrational Free Energy Correction AG(300 K) per Formula
Unit (in Hartree) for the Si;N,0, Ge,N,0, o-SiGeN,0, and
P-SiGeN,O Solid Phases”

system methodology E, Ex AG(300 K)
Si,N,O VASP (PW91)  —1.50184  —1.17048 0.01293
Ge,N,O VASP (PW91) —1.22774  —0.90402 0.02330
o-SiGeN,O ~ VASP (PW91)  —1.36387 —1.03633 0.01958
p-SiGeN,O  VASP (PW91)  —1.36326 —1.03572 0.01932

“Note: 1 hartree = 627.51 kcal/mol.

report an anomalously small value for the bulk modulus
derivative By ~ 1.2, which they ascribe to the possible
effect of non-hydrostatic stress in their experiments.
However, the corresponding bulk modulus derivative
values for all of our simulated structures is also in this
range (By ~ 0.5—1.5), suggesting that this may be a
characteristic value for these materials and not an experi-
mental artifact. The compressibility of Ge,N,O has also
been determined experimentally to be ~101 GPa,*® which
is somewhat higher than our theoretical value of 91 GPa.
The origin of the discrepancy is likely related to inaccura-
cies associated with the severely limited compression
range (P < 3 GPa) used in their experiment.*®

Also listed in Table 7 are the “Vegard average” EOS
parameters of Si,N,O and Ge,N>O, which correspond
closely to those of a-SiGeN,O and -SiGeN,O. We note,
however, that while the energy and volume of the o- and
p- are very similar, the bulk modulus of 5-SiGeN,O (118
GPa) is ~9.5% larger than that of the aa—SiGeN,O phase
(108 GPa). This increase might be explained by the pre-
sence of the more rigid biaxial Si-bonded layers in 8-SiGe-
N,O. Nevertheless, the average of the a- and - bulk
moduli (113 GPa) is close to the Vegard average of the
Si,N,O and Ge,>N,»O values (110 GPa). The compression
mechanism in all of the four solids considered above was
elucidated by examining the structural data in our models
(e.g., the M—(N/O) bond lengths and M—O—M’ bond
angles) as a function of pressure. Over the pressure range
—10 to 25 GPa the volume change in all four compounds
is found to be directly correlated with the tilting of the
SiN3O/GeN;O tetrahedra, as suggested by the prior
experimental studies of Srinisvasa and co-workers.*®

Finally, we note from the static lattice equilibrium (elec-
tronic) energies in Table 7 that the a-SiGeN,O and -SiGe-
N,O phases are marginally metastable with respect to an
equivalent stoichiometric mixture of Si,N->O and Ge,N,O.
Using the EOS fit data it is trivial to construct the enthalpy
functions for the relevant phases to examine the phase
stability of the a- and - polytypes as a function of pressure.
The enthalpy difference functions are plotted in Figure 8 in
meV per formula unit, and indicate that a-SiGeN,O and
B-SiGeN,O achieve metastability minima with respect to the
Si,N,O/Ge,>N,O mixture at ~17 GPa and ~8 GPa, respec-
tively. The small energy differences, particularly for the
0o-SiGeN,O phase, suggest that these compounds might
even be accessible via high pressure. However, important
mixing entropy contributions and thermal corrections may
alter the quantitative estimation of the critical pressures.
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5. Formation of Si,N,0, Ge,N,0, and SiGeN,O from
Molecular MH;0M'H3 (M, M’ = Si, Ge) Building Blocks

5.1. Reaction Thermodynamics. The calculated ground
state energies and thermochemistry of the gaseous and solid
reactants/products provided in Tables 1 and 8, respectively,
can be used to estimate the standard free energies of reaction,
AG_?, for reactions involving the (MH3)O(M'H3) precursors
{M,M'’ =Si, Ge} in a large excess of ammonia to yield the
Si,N>O, Ge,N>O, a-SiGeN-O, and -SiGeN,O solid pro-
ducts and an H, byproduct (see eqs 7— 10 below). One of the
key contributions to the reaction thermodynamics is the elec-
tronic energy, which reflects the changes in bonding between
reactants and products. According to our tabulated results
(Tables 1 and 8) the electronic energies of both gaseous and
solid species are most systematically reproduced by the DFT
treatment based on the Perdew—Wang (PW91) parametriza-
tion of the GGA, as implemented by the VASP code. Accor-
dingly, our calculations here combine the VASP(PW91) elec-
tronic energies for the gaseous and solid species with the free
energy corrections at 7= 300K, listed as AG(300 K). For the
molecules, the latter correction includes translational, rota-
tional and vibrational contributions, as well as the term AN
RT~ APV, which accounts for possible molar changes in gas
phase constituents in the reactions. In the case of solids the
VASP(PWOI) electronic energy is combined with a quasi-
harmonic approximation of the vibrational free energy eq 5
to provide an estimate of the Gibbs free energy, which is com-
putationally consistent with the molecular treatment. Using
the data provided in Tables 1 and 8, and the foregoing pres-
cription, we obtain the following reaction thermodynamics:

AEy(1) = —56.1 keal/mol
AG)(1) = —90.6 kcal /mol

G€H3OG€H3 (g) + 2NH3 (g) - GezNzo(S) + 6H2(g) (8)

AEy(1) = +15.2 keal/mol
AG)(1) = —17.0 keal /mol

1 1
ESiH30SiH3 (g) + EGeHgoGeHg (g)
+2NHj;(g) — f-SiGeN,O(s) + 6H (g) 9)

AEy(1) = —20.4 kcal/mol
AG)(1) = —48.8 keal/mol

SiH;0GeH;(g) + 2NH3(g) — o-SiGeN,O(s) + 6H,(g)
(10)

AEy(1) = —19.7 keal/mol
AG)(1) = —47.1 kcal /mol

On the basis of the static electronic energies AE, alone, these
results indicate that the energetic “driving force” for the
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Figure 9. Hypothetical ordered solid phases of SiGeN,O containing solely
Si—O—Ge units (0-SiGeN,0), or an equal mixture of Si—O—Si and Ge—
O—Ge building blocks (5-SiGeN,0). Note that the latter structure possesses
a lamellar stacking of purely SiON;3 and GeONj tetrahedral layers.

reaction 7 is considerably larger than that for reaction 8. The
calculated values of AG})( 1) corroborate this trend and clearly
indicate that reaction of (SiH3),O to form Si,N,O is expected
to be most favorable from an experimental perspective.
Nevertheless, we note that the corresponding reaction of
(GeHs),0 is calculated to be slightly exothermic (—7 kcal/
mol), indicating that formation of Ge,N,O using this method
is not as favorable.

The numerical average reaction energies 7 and 8 can be
easily seen to yield AEy(1 + 2) 46 = —20.4 kcal/mol and
AG?( 142) 46 =—48.8 kcal/mol, respectively, suggesting that
ammonia reacted with a mixture of (SiH3),O and (Ge-
H;),0 may provide a possible route (eq 9) to the lamellar-
type B-SiGeN,O oxynitride solids composed of an equal
mixture of Si—O—Si and Ge—O—Ge building blocks, as
shown in Figure 9. Reaction 10 describes an alternative route
to the SiGeN,O polytypes via reaction of ammonia with a
single source precursor SiH;OGeH; which implicitly includes
Si—O—Ge building blocks, suitable for the formation of
o-SiGeN,O (see Figure 9).

The ground state structures of the SiGeN,O polytypes,
shown in Figure 9, clearly highlights the difference in
network linkage with respect to the positions of both the
nitrogen and the oxygen atoms, and the resulting stacking
order of the SION3 and GeONj; tetrahedra in both the
o- and - structures. While the a-SiGeN,O can be envi-
sioned to form uniquely from the SiH;OGeH; monomer, the
synthesis of the 5-SiGeN,O as described in reaction eq 9 does
not take into account the competing reaction involving the
individual (SiH3),O or (GeH3)>O molecules with ammonia
to form a mixture of Si,N,O and Ge,N,O oxynitrides, rather
than the desired SiGeN,O phase. To elucidate the possible
reaction pathway en route to the extended structures of the
condensed phases, we examined the formation energy of
prototype nanoscale building blocks obtained by linking the
three oxygen-bridged precursor cores such as Si—O—Si,
Ge—0—Ge, and Si—O—Ge. As shown in Figure 10 the
latter are interconnected via trigonal nitrogen (as in the
solids) to form ecight-member rings inherent to the average
structure of typical SiO,—Si3Ny4 covalent networks. Accord-
ingly, the stability of the a-SiGeN,O and -SiGeN,O solid
structures are expected to be closely related to the energetics
of these elementary bonding arrangements. A basic account
of the relative stability of such clusters was obtained by
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Ge,N,0

Figure 10. Molecular models of the four-member prototype clusters and
their calculated formation energies from standard states (AEy), given in
kcal/mol per atom. Note that the latter decreases in proportion to the
number of Ge—N bonds.

computing the electronic energy difference A Ey, between each
ring structure and its corresponding “standard state” con-
stituents as shown by the thermochemical reaction below,
where (M,M’) = {Si,Ge}:

(MH2),(M'H2),0,(NH),(g) — 2M(s) +2M'(s)
+O2(g) + Na(g) + SHa(g) + ALy (11)

The VASP DFT code was used to calculate the equilib-
rium structures and energies of the required solid and gas
phase components in the above reaction. As for the gas
phase calculations of the simpler molecules using VASP
(described in Section 3), a slightly orthorhombic supercell
with edge lengths ~20 A was used to represent the isolated
molecular species. We note that isolated atoms/molecules
treated in a completely symmetric cell have a tendency to
converge to a false minimum; thus, a slightly distorted cell
is used to reduce the symmetry. The PAW-GGA metho-
dology was employed with an 800 eV energy cutoff for the
plane-wave expansion, and a 10 x 10 x 10 Monkhorst-
Pack k-point grid for the solid phases (a single k-point at "
was used for the molecular calculations).

The formation energies obtained from this procedure
are superimposed upon the structural models shown
in Figure 10. The results show that the homonuclear
(GeH»)40,(NH), and (SiH,)40,(NH), are, respectively,
the most weakly and strongly bound structures, while the
heteronuclear analogues (SiH;),(GeH,)>,O,(NH), pos-
sess a formation energy intermediate to the latter and
close to their numerical average, as expected. Accordingly
the formation energies in Figure 10 indicate that the
competing reaction of (GeH3)>,O with ammonia in the
presence of (SiH3)>,O might show a propensity to form
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Figure 11. Representative 1 x 2 x 2 supercell model of a random
SiGeN,O alloy showing distribution of SiONj (gold) and GeONj
(gray) tetrahedra. Optimized lattice parameters (in A) are indicated on
the structure.

(d) rather than (e). The (SiH,)>(GeH,)>O>(NH), cluster
would then combine with the dominant (SiH,)4O0,(NH),
species to produce silicon-rich alloys Si>Gey—N>O
with x > 0.5 as described by reaction 12:

xSiH;0SiH;(g) + (1 — x)GeH3;0GeHj;(g)
+ 2NH; (g) - Siszez(l _x>N20(s) +6H,(g) (12)

AG)(3) = =9lx—(1—x)7

Conversely, our calculations indicate that the intermediate
structures such as (b) and (c), formed from the hybrid
precursor SiH;0GeHj;, are energetically very similar to the
intermediate (d) suggesting that the most likely route to
single phase o-SiGeN,O is that described by reaction eq 10.

As mentioned above in the context of pressure depen-
dence of the enthalpy the lowering of the free-energy and
enthalpy of Si;—.Ge,N>O phases via disordering of the
Si/Ge sublattice may represent and important stabiliza-
tion mechanism. From the data in Table 4 we find that the
o- and 8- polytypes of the SiGeN,O are metastable by
25.0 and 41.6 meV (per formula unit) relative to average
of Si»N>,O and Ge,N»O. Besides the vibrational energy
corrections discussed in this section (see Table 8) there
are no other configurational entropy contributions since
both polytypes are ordered. On the other hand, our analysis
of the bonding in the solid phases indicates that the M—O
and M—N (M = {Si,Ge}) bonds are remarkably transfer-
able among the tetrahedral units. Accordingly, we expect
that the disordering of the Si/Ge sublattice will have a very
small effect on the lattice enthalpy. To verify this expectation
we have conducted calculations on a random SiGeN,O alloy
(50% Si, 50% Ge) using a pseudocubic 1 x 2 x 2 supercell
based on the structures shown in Figure 6. Using the same
PAW-GGA prescription as above, and identical energy
cutoffs but only 4 irreducible k-points, the structures were
converged with residual forces of less than 0.0002 eV/A and
essentially zero cell stress. The representative structure in
Figure 11 shows a possible quasi-random distribution of
SiON3; and GeONj; tetrahedra. We note that the o- and
[3- structure were also optimized using the same procedure,
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and in the same supercells as a reference, yielding energies
within a few dozen microHartree of the ones listed in Table 4.
Averaging over three such random configurations yielded
a mixing enthalpy estimate of 38.5 meV per formula unit
(again relative to the average of Si,N,O and Ge,N>O).
Using an ideal mixing assumption, the corresponding
mixing entropy —7'Spuix ~ —17.9 meV per formula unit for
a 50% alloy, yielding a Gibbs free energy of approximately
20.6 meV at 300 K. This demonstrates that thermodynamic
mixing provides only a slight stabilization in these systems
with respect to the ordered o- and - polytypes, and suggests
that the latter are slightly higher in free-energy compared to
their random counterpart by ~4 and 11 meV per formula
unit, respectively. Accordingly, at room temperature both
the o- and the f3- structures are expected to be energetically
competitive with a random alloy of the same stoichiometry.
We note that for the latter AGy = 0 at 7~560 K indicating
additional stabilization because of mixing entropy at higher
temperatures, as expected. In view of the close similarity in
the free-energies of the ordered and random phases it is likely
that the reaction Kkinetics, associated with the different
synthesis routes discussed above, will play a key role in the
formation of the SiGeN,O solid.

6. Conclusions

We have presented a systematic simulation study of
the thermochemistry involved in the formation of Si;_ Ge,-
N,O oxynitrides based on reactions of both (SiHs),O and
(GeHs3),0 molecules, and the proposed SiH;OGeHj; analo-
gue, in an ambient of ammonia. Our main conclusion is that
a broad range of Si;_,Ge,N,O oxynitrides can be synthe-
sized using this approach, depending on the proportions of
MH;0M'H; precursors used in the reactant mixture. Silicon-
rich alloys Si> Ges(—N>O with x > 0.5 are expected if a
mixture of (SiH3),O and (GeH3),O molecules is reacted with
ammonia. Two new ordered structures are proposed for the
SiGeN,O composition: (i) an a-SiGeN,O phase composed of
a uniform distribution of SiN;O and GeN;O tetrahedra, and
a “pseudo-lamellar” form $-SiGeN,O in which the SiN;O
and GeN;O units occupy alternating layers. Thermodynamic
considerations suggest that while both of these ordered phases
are expected to be slightly metastable under ambient condi-
tions , the condensation of a-SiGeN,O is slightly favored, and
a random SiGeN,O alloy analogue should possess a compar-
able enthalpy of formation. The latter result indicates that
mixing entropy should stabilize the disordered solid at high
temperatures. Cluster calculations on nanoscale rings ende-
mic to the internal structure of the proposed Si;_ Ge,N,O
phases suggest that the most facile route to a-SiGeN,O is
through reactions of SiH;OGeH; with ammonia.

Our work also provides guidance with regards to the
expected properties of (GeHs),0O and SiH;0GeH3, as well
as those of the a-SiGeN,O and f-SiGeN,O polytypes.
For both molecules and solids our simulations indicate
that the energy differences between the heteronuclear
molecules (and corresponding solids) differ only slightly
from the stoichiometric combination of their homonuclear
counterparts. In addition, we find a remarkably robust
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transferability of the M—O and M—N (M = {Si,Ge}) bond
properties between/among the molecules and solids, lead-
ing to a striking observance of Vegard’s law in many, if not
all, of the associated properties.

The excellent agreement between the observed and
calculated structural, vibrational and thermoelastic
properties of the known compounds [(SiH3),O().
(GeH3):0(g), Si-N,O(y)] suggests that our predictions for
the lesser known (or unknown) analogues may provide a
useful guide for future experimental work in this class of
materials. In particular, solid Si—Ge—O—N phases may
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be immediately relevant in the emerging areca of high-k
gate materials for use in next-generation high mobility
Si—Ge based transistors.
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