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Free-energy model for bonding in amorphous covalent alloys
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A free-energy model (FEM) for bonding in amorphous covalent alloys is developed and applied to
the ternary a-Si N~H, alloy system. The Gibbs free energy of mixing GM=HM —TSM is obtained
with use of the quasichemical approach to the thermodynamics of regular solutions. The enthalpy
of mixing, HM, is expressed in terms of the nearest-neighbor bond energies, while the entropy of
mixing, SM, is given by the number of possible bonding configurations in Si-centered tetrahedra.
Chemical ordering (CO) in these alloys is shown to correspond to the preference for Si—N and
Si—H bonds at the expense of Si—Si and N—H bonds. The predictions of the FEM are shown to
be in good agreement with experimentally determined bond concentrations in a-Si N~H, alloy films

where, in general, neither the CO (T =0 K) nor random-bonding limits are valid.

Amorphous covalent network alloys such as a-Si H
and a-Si N H, are first and foremost characterized by
the absence of long-range order (LRO). They can, never-
theless, possess a considerable degree of short-range or-
der (SRO) which, in alloys, is generally referred to as
chemical ordering' (CO). CO usually corresponds to a
preference for unlike nearest-neighbor (NN) bonds and
results from the tendency to maximize the chemical-
bonding energy in the alloy. Random bonding, on the
other hand, refers to a purely statistical distribution of
NN bond types. ' While the NN distribution of Si—Si
and Si—H bonds in single phase a-Si H alloys is fixed by
the composition and by the fact that H—H bonds can-
not be considered to be part of the network, the distribu-
tion of bonds in a-Si N H, and similar ternary alloys
cannot be determined from the composition alone even if
bonds such as H—H and N—N are excluded. This is due
to the fact that the division of H into Si—H and N—H
bonds cannot be obtained solely from the composition,
but must be specified separately. The ability to predict
the NN bond distributions in amorphous covalent net-
work alloys is clearly of fundamenta1 importance as an
aid in constructing realistic network models and is also of
great practical significance since, for example, Si—Si and
Si—H bonds have been proposed to act as precursors for
the Si dangling bonds, which are important defects in the
a-Si N H, films currently used in a variety of device-
related applications. We note that while Si—H bond
concentrations can be obtained from ir absorption, there
is no direct method available to determine the concentra-
tion of Si—Si bonds in these alloys.

We have developed a free-energy model (FEM) for
bonding in amorphous covalent alloys which includes
chemical-bonding effects in the enthalpy and effects due
to the statistics of bonding within local structural units
(in this case, Si-centered tetrahedra ) in the entropy.
While recognizing the obvious fact that these alloys are
not in thermodynamic equilibrium, our approach has
been to determine the state of lowest free energy among
the possible states of the amorphous alloy which lack

LRO. The rationale for this approach is that even
though the deposition processes typically used for these
alloy films are not, strictly speaking, equilibrium process-
es, nevertheless the bonding in the film which corre-
sponds to the greatest product stability should be
favored. The absence of LRO in these amorphous films is
clearly due to kinetic effects, i.e., insufficient atom mobili-
ty at the surface of the growing film. Nevertheless, the
SRO which is typically present is controlled by nearest-
neighbor bonding, and this is the focus of the FEM. An
outline of the FEM for bonding as applied to a-Si„N H
a11oys wi11 be given below. The predictions of the FEM
for the distribution of bonds will then be presented and
compared with the results of previous experimental stud-
ies of the bonding in a-Si N H, films, including our own
recent results for a series of ¹ ich films.

The FEM for bonding in amorphous covalent alloys is
based on the quasichemical approach to the thermo-
dynamics of regular solutions, which is the simplest
model that can be used to describe the free energy of mix-
ing of the alloys of interest here. Although the usual as-
sumption of atoms residing on a lattice does not apply,
the more important assumptions of including only pair-
wise bonding energies and a specific coordination number
for each type of atom given by the normal chemical
valence (8 —X rule) are retained. The minimization of
the Gibbs free energy of mixing, G~ =HM —TS~, where
H~ and S~ are the enthalpy and entropy of mixing, re-
spectively, will yield the normalized bond concentrations,
i.e., bond fractions, for an alloy of fixed composition
x,y, z.

HM will be taken here to be equal to E„,—Eb,„d„
where E„, , is the sum of the energies of the isolated
atoms and Eb,„d, is the sum of the NN bond energies in
the alloy. With three constituents present in the a-
Si N H, alloys of interest, there are in principle six pos-
sible NN bond pairs. H—H bonds can be excluded as
not being part of the network, while N—N bonds will be
excluded due to their low binding energy, 1.7 eV. In ad-
dition, broken (or dangling) bonds will not be considered.
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where E(Si—Si)=2.34 eV, E(Si—H)=3.34 eV, E(Si—N)
=3.45 eV, and E(N—H)=4.05 eV. Although these NN
bond energies are initially assumed to be independent of
the local environment of the bonds in the alloy, i.e., the
identity of the second nearest neighbors and strain effects
due to deviations of bond lengths and angles from their
"ideal" values, possible variations of E(Si—N) with com-
position will be discussed below. Extensions of the model
to explicitly account for the effects of strain will be desir-
able.

HM is minimized for a given alloy when the chemical
bonding energy Eb,„d, is maximized. This limit corre-
sponds to the maximum possible CO and it will be shown
below for a-Si&NyH that this is equivalent to maximiz-
ing X(Si—N) and N(Si—H). This result is consistent with
the following network bond reaction equation:

Si—Si+ N—H~Si—N+ Si—H,
for which the change in chemical-bonding energy is
exothermic in the forward direction. The driving force
for CO is given by the generalized interaction parameter
0, which for a-Siz Ny Hz can be expressed by

Il =E(Si—N)+E(Si—H) —E(Si—Si)—E(N—H) . (3)

When the bond energies listed above are used, a value of
Q, =+0.40 eV is obtained. Better estimates for 0 are ob-
tained below from comparisons of the predictions of the
FEM with the results of experiments on a-Si„N H, al-
loys.

The mixing or configurational entropy S~ is given by
kblnt, where I will be taken in the FEM to be the num-
ber of possible bonding configurations in Si-centered
tetrahedra. The five distinct atomic units in a-Si&NyHz
that can bond to the four bonds on a central Si atom are
Si(4), H(1), N(3), NH(2), and NH~(1). The number of
valence electrons that each unit has available for bonding
to the network is indicated in parentheses. Their proba-
bilities of bonding to a Si atom can be expressed in terms
of the composition x,y, z and two additional parameters
y& and yz, which are defined to be the fractions of N
atoms bonded to one or two H atoms, respectively. We
note that with this notation X(Si—H)/X(N —H)
=(~ —

3 ]
—23 2)/(31+23 2).

It is assumed in the FEM that all four bonding sites in
a Si-centered tetrahedron are equivalent, so that
SM=k~lnl =k~ln(r, l 21 31 ~) =4kzlnr&, with I

&
for a

single site given by

r, =x(sl)!/(N„!N„!xN! NN„! NN„. ) . (4)

Here N(Si) is the concentration of Si atoms in the alloy
and Ns;, for example, is the concentration of Si atoms

Eb,„d, can then be expressed in terms of the four bond
concentrations N (X—Y) and corresponding NN bond
energies E (X—Y) via

Eb,„„,=X(Si—Si)E(Si—Si)+X(Si—H)E(Si—H)

+X(Si—N)E(Si—N)+X(N —H)E(N —H),

N(si —X)
N{Si)

N(N-z)
N(N)

Qa s—
0

y/x

FIG. 1. Predicted bond fractions N(Si—X)/N(Si), with
X=Si, H, or N, and X(N—H)/N(N) as functions of the [N]/[Si]
ratio y/x for a-Si„N~H, alloys with z=0.4. Predictions of the
FEM are shown for T=300'C with 0+0.40 eV (see text)
( X X X ) and also for the random (0=0, SEA) and CO ( T=O
K, 0) limits.

bonded at one of the tetrahedral sites. We note that the
bond concentrations are given by X(Si—Si) =2Xs;,
N(Si—H)=4NH, N(Si—N)=4(NN+XNH+XNH ), and

N(N —H) =2NNH+8NNH .

Using standard relationships between the bond and
atom concentrations, the Gibbs free energy of mixing,
GM, of a-Si„N„H, can thus be expressed as a function of
the composition x,y, z, the two parameters yi and y2, the
NN bond energies, and the temperature T. For given
x,y, z, and T, the predicted bond concentrations can be
calculated once the values of y, and y2 that minimize GM
are found. We note that the T=O K limit of the FEM
which corresponds to G~ =HM yields the maximum pos-
sible CO. The Q=O (or T~ ~ ) limit, on the other hand,
corresponds to the maximum possible bonding disorder,
or simply the random limit.

The predictions of the FEM for the bond fractions, i.e.,
N(Si—X)/N(Si) with X=Si, H, or N, and N(N —H)/
N(N), are shown in Fig. 1 as functions of the [N]/[Si] ra-
tio y/x for z=0.4, 6=+0.40 eV, and T=300'C, a typi-
cal film deposition temperature. Also included for com-
parison are the predictions corresponding to maximum
CO (T=O K) and maximum disorder (Q=O). Since the
interaction parameter 0 for a-Si N H, is relatively large,
it is not surprising that the T=300 C prediction lies
close to the CO limit over the entire composition range, a
result that is observed for z=0.2 as well. The random
limit can be seen from Fig. 1 to correspond to significant
concentrations of Si—Si bonds even in ¹ ich alloys and
of N—H bonds even in Si-rich alloys. The CO limit, on
the other hand, yields no Si—Si or N—H
bonds for the same alloys, which, as mentioned before, is
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equivalent to maximizing N(Si—N) and N(Si—H). The
dividing line between what are referred to here as Si-rich
and ¹ ich alloys is a function of z and is given by
y/x =(4—5z)/(3 —2z) =0.91 for z=0.4. This expression
has been obtained using x +y +z= 1 and 4x —3y —z=0.
Neither the random nor the CO predictions of the FEM
have been found to be valid for plasma-deposited a-
Si N H, films where small but nonzero concentrations of
Si—Si (N—H) bonds are found in ¹ich(Si-rich) films.
It can be seen from Fig. 1 that the FEM does in fact pre-
dict the presence of Si—Si bonds in ¹ich films (and
N—H bonds in Si-rich films) at 300 C, in agreement with
experiment. We will return to this important point
below.

The prediction of the FEM for the fraction of H atoms
bonded to Si, N(Si—H)/N(H), is shown in Fig. 2 as a
function of y/x for z=0.3 and T =300'C. Also shown
are our own experimental results and those of Claassen
et a/. ' for a-Si&NyH films with values of z between 0.2
and 0.4. The experimental results are seen to be quite
consistent with the FEM prediction when the value of 0
is taken to be +0.25 eV. The predictions corresponding
to maximum CO and to random bonding are shown in
Fig. 2 to be in poor agreement with experiment. In the
limit of maximum CO Si—H (and Si—N) bonds are
favored and no N—H bonds are predicted to be present
for y/x(1. 04, while for random bonding N—H bonds
are predicted to be present for all y/x)0. Although
0= +0.40 eV was obtained using the bond energies listed
previously, the lower value of +0.25 eV, which has been
found here to give the best agreement with experiment,
may be understood as follows. If it is assumed that
Si—H and N—H bond energies are to a first approxima-
tion independent of their environment, then either Si—Si
bonds must be stronger or Si—N bonds weaker than ex-
pected to explain this lower value for 0,. Since the form-
er situation seems very unlikely, we tentatively attribute
the decrease in Q from +0.40 to +0.25 eV to a decrease
in E(Si—N) from 3.45 eV, the average bond energy in
Si3N4 to 3 30 eV in these a Siz Ny Hz al loys. This de-
crease may be due either to strain or to the fact that most
Si—N bonds have between one and four NN H atoms in
these alloys.

Si—Si bonds have been proposed to be potentially
harmful defects in the a-Si N H, films currently used in
device applications. We have obtained estimates for
N(Si—Si) for four N-rich films from measurements of the
optical dielectric function e by means of an effective-
medium-approximation (EMA) analysis based on the op-
tical response of Si-centered tetrahedra. The analysis
yielding N(Si—Si) has focused on the region of the ab-
sorption edge where the absorption is dominated by the
weak Si—Si bonds. Our EMA results for N(Si—Si)/
N(Si) are given in Fig. 3 for the four films studied, which
were prepared via plasma-enhanced chemical vapor
deposition at 400 C using R = [NH3]/[SiH4] ratios of 10,
20, and 40 at P=0.5 Torr and R=40 at 0.15 Torr. Also
included are the FEM predictions for these films for
T =400 'C with 0= +0.25 eV and for the random
(0=0) and CO ( T=0 K) limits. For the R = 10
(y/x=1. 31, z=0.19) and R=20 (y/x=1. 64, z=0.34)
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FIG. 2. Fraction of H bonded to Si, N(Si—H)/N(H), as a
function of y/x for a-Si„N~H, alloys with z=0.3. The predic-
tions of the FEM are shown for T =300 C with 0=+0.25 eV
(see text) and also for the random (Q =0) and CO ( T=O K) lim-
its. The experimental results of Claassen et al. (Ref. 10,
X X X ) and Yin and Smith (Ref. 6, ) are also shown.
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FIG. 3. Predicted and experimental values (with error bars,
Ref. 6) of N(Si—Si)/N(Si) for four ¹icha-Si„NyH, films as
functions of y/X. The predictions of the FEM for these films
are shown for T =400'C (the film deposition temperature) with
0=+0.25 eV, and also for the random (Q=O) and CO (T=O
K) limits.
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films, the EMA results for X(Si—Si) agree, to within ex-
perimental error, with the T =400 C predictions of the
FEM, and can be seen to well below the prediction for
the random limit and well above the prediction for the
CO limit, which is X(Si—Si) =0 for these films.

For the two R=40 films (y/x=1. 86, z=0.37 for 0.5
Torr; y/x=1. 91, z=0.39 for 0.15 Torr) we find instead
that the values of N(Si—Si) obtained from the EMA
analysis are about a factor of 2 higher than the
T =400'C FEM prediction and thus are somewhat more
consistent with the random limit prediction. The fact
that no Si—H bonds have been observed in these two
films is also in agreement with random bonding. A possi-
ble explanation for this result is that Q —+0 for these two
films which are quite close in composition to silicon di-
imide, Si(NH)z, with y/x=2 and z=0.4. An additional
reduction in E(Si—N) to 3.05 eV would in fact yield
0=0, although this is not a unique explanation. In
Si(NH)2 each N atom is bonded to two Si atoms and one
H atom. The presence of more electronegative H atoms
may well lead to weakening of adjacent Si—N bonds.

Recent experimental analyses" of bonding in a-
Si„N H, films have indicated that each N atom in Si-rich
films has at least one monohydrogenated Si nearest neigh-
bor. These observations can be shown to be consistent
with the tendency for CO in these alloys whereby Si—N
and Si—H bonds are favored at the expense of Si—Si and
N—H bonds. A specific example of a network bond reac-
tion involving nearest-neighbor Si and N atoms which
yields an N atom with one monohydrogenated Si nearest
neighbor can be illustrated as follows:

!

si

Si —Si —g

!

Si

L

Si

Si —Si —N

H

(5)
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where, for simplicity, only the bonds of the NN Si and N
atoms are shown. We note that the change in network
bonding expressed in this diagram [Eq. (5)j is the same as
that given by the simpler bond reaction Eq. (2).

In summary, we have presented a free-energy model
for bonding in amorphous covalent alloys whose predic-
tions have been shown to be in good agreement with the
measured bond concentrations in a-Si, N H, alloy films.
These comparisons have enabled us to determine values
for the generalized interaction parameter A for these al-
loys. It has been shown that chemical ordering in a-
Si N H, alloys corresponds to the preference for Si—N
and Si—H bonds over Si—Si and N—H bonds, as ex-
pressed by the bond reaction equation Si—Si+N—H
~Si—N+ Si—H. The FEM thus provides a simple and
convenient framework for understanding and expressing
the competition between chemical ordering and random
bonding in amorphous covalent alloys and will be useful
in constructing realistic network models for a wide range
of important alloy systems, including a-Si 0 H„a-
S1~ Cy 0 Si~ Cy Hz and also certain amorPhous chal-
cogenide alloy glasses.
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