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A microstructural model based on Si-centered tetrahedra is proposed for hydrogenated amor-
phous silicon nitride (a-Si,N,H,) alloys. The dependence of the optical dielectric function
€=¢€,+ i€, of the a-Si, N, H, alloys on stoichiometry ([N]/[Si] ratio) and hydrogen content has been
determined for (1) Si-rich a-Si,N,_, alloys (containing no hydrogen), using five tetrahedra,
Si—Siy,N, (i=0-4) and (2) N-rich a-Si,N,_,(NH), alloys, again using five tetrahedra,
Si—N,_,(NH), (i =0-4). Specific alloys of interest for which € has been predicted using the Brug-
gemann effective-medium approximation include a-Si;N, and a-Si(NH),, amorphous silicon diimide.
The predictions of the model for ¢, the optical energy gap E,,, and the index of refraction n have
been obtained considering both random bonding and phase separation in the alloys. These predic-
tions are compared here with previous experimental results, while a more comprehensive compar-
ison with experiment for some N-rich a-Si, N H, films is presented in the following paper.

I. INTRODUCTION

Amorphous Si-based alloys are of great current interest
not only due to their important applications but also as
widely studied examples of primarily tetrahedrally coor-
dinated amorphous semiconductors. Studies of the opti-
cal response of such alloy films have provided a wealth of
information concerning the microstructure, i.e., local
atomic bonding configurations, present in the films.! *
In this paper a microstructural model based on a random
mixture of Si-centered tetrahedra will be presented and
developed for hydrogenated amorphous silicon nitride
(a-Si, N, H,) alloys. The predictions of the model for the
optical dielectric function e=¢;+ie, will be compared
with experimental results for a-Si, N H, alloy films, both
in this paper and also in paper II (Ref. 4) where the re-
sults of a careful study of the optical dielectric function,
infrared absorption, and density of some N-rich films are
presented. The goal of this research is to obtain as clear
a correlation as possible between the microstructure and
the macroscopic optical response of these films.

In the Si-centered tetrahedron model, the tetrahedra
are considered to be the fundamental structural units
determining the optical response of the alloys. This ap-
proach was first introduced by Philipp*® for amorphous
silicon-oxygen-nitrogen alloys and was further developed
by Aspnes and Theeten,® who correctly combined it
with the Bruggemann effective-medium approximation
(EMA).” Si-centered tetrahedra have also been employed
as the natural structural units for determining the Si—H
bond-stretching frequencies®® in amorphous Si alloys, the
Si—O and Si—N bond-stretching frequencies in a-
Si,O,N, alloys,'® and the Si 2p core-level binding ener-
gies in a-Si,N H, alloys.'"'> In addition, the tetrahe-
dron model has already been applied to a-Si, C,H, (Ref.
13) and a-Si:H (Ref. 14) alloys for the determination of
the optical dielectric function. A previous application of
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this model to the optical response of a-Si:-H/a-Si,N H,
multilayers has also been presented.'?

One important new feature of the present work is the
explicit incorporation of hydrogen atoms in the Si-
centered tetrahedra. In this way it has been possible to
study separately the effects on the optical response of
varying the alloy stoichiometry, i.e., the [N]/[Si] ratio,
and of varying the H content of the alloys. In addition,
the model has now been extended to include nitrogen rich
alloys ([N]/[Si]> 4). In particular, predictions have been
made for the optical response of amorphous silicon di-
imide, a-Si(NH),, a compound whose significance for the
study of a-Si,N H, alloys has been stressed by Tsu
et al.'® '

The tetrahedron model will be presented in Sec. II,
with the predictions of the model for €, €,, the optical en-
ergy gap E,,, and the static index of refraction n follow-
ing in Sec. III. Comparisons with some previous studies
of a-Si,N H, films will also be presented in Sec. III. Our
own experimental results for €, and €, for some N-rich
films will be presented and compared with the predictions
of the tetrahedron model in Paper IL.*

II. TETRAHEDRON MODEL DEVELOPMENT

The goal of the Si-centered tetrahedron model as
developed here is to provide an appropriate and con-
venient framework for calculating €, and €, for the a-
Si, N, H, alloys under consideration. Using the model it
will be possible to explore the effects of varying the alloy
stoichiometry and hydrogen content on the optical
response of the alloys. In order to accomplish this, the
tetrahedron probabilities P, will first be derived as func-
tions of the alloy composition. The ¢; for the tetrahedra
will then be obtained using the scaling procedure
developed first by Aspnes and Theeten.® In Sec. III, the
P, and €, will be incorporated into the Bruggemann EMA

3658 ©1990 The American Physical Society



42 TETRAHEDRON MODEL FOR THE OPTICAL DIELECTRIC. ..

(Ref. 7) in order to obtain predictions for the optical
dielectric functions of the a-Si,N H, alloy films of in-
terest. The photon energy range considered here extends
from the near infrared through the visible up to the
near-ultraviolet region (10 eV).

It is appropriate from the outset to impose some re-
strictions on the local atomic bonding configurations to
be considered for these a-Si, N, H, alloys. In particular,
H—H and N-Hj; configurations, i.e., H, and NH; mole-
cules, are excluded since these units would not be part of
the network. Also, N—N single bonds (1.7 eV) are ex-
cluded from consideration as Si—N (3.5 eV) and N—H
(4.1 eV) bonds are much more stable.!” There may also
be steric limitations on the existence of N—N bonds in
these alloys. Although the approach®® followed here is
generally referred to as the ‘“random-bonding model”
(RBM), in fact the bonding in the tetrahedra is not com-
pletely random. Since the number of possible Si—N
bonds is maximized in the RBM, the alloys considered
actually possess considerable short-range chemical order-
ing. In addition, the issue of whether the bonds are
homogeneously dispersed throughout the alloy, as as-
sumed by the RBM, or phase separated into distinct re-
gions is an important one and will be discussed below.

Each Si atom at the center of a tetrahedron has four
valence electrons available, each of which can participate
in a bond to one of the following five bonding units: Si(4),
H(1), N(@3), NH(2), and NH,(1). The number of valence
electrons which each of these units has available for
bonding to the network is indicated in parentheses. By
distinguishing between the N, NH, and NH, bonding
units, some potentially important second-nearest-
neighbor effects are included in the model. The contribu-
tion of Si dangling bonds to the optical dielectric function
is not included in this model since observed spin densities
(less than 10" ¢cm ™ in hydrogenated and 10*° cm ™3 in
hydrogen-free silicon nitride'?) are small compared to
typical Si-atom concentrations* of (2-3)X 10?2 cm .
The number of distinct Si-centered tetrahedra which can
be constructed from these bonding units is given by
N=(n+k—1)/[kWn —1)!], where n =5 is the number
of distinct bonding units and k =4 is the number of
valence electrons which the central Si has available for
bonding. There are thus N =8!/(4!4!1)=70 possible
tetrahedra for a-Si,N H, alloys. To include all 70
tetrahedra would make the model too complicated to be
useful. The model will therefore focus only on some spe-
cial cases which are reasonably simple yet meaningful
enough to correspond to physically attainable alloy films.

Another potentially useful approach to bonding in a-
Si, N, H, alloys is to consider N-centered units, of which
there are only three possibilities: N-Si;, N-Si,H, and N-
SiH,. It is not possible, however, to develop a model for
the optical response of the alloys based only on these
three units as Si—Si bonds which absorb strongly in the
photon energy range of interest are not explicitly includ-
ed.

A aSi,N,_, (3<x<1)

Hydrogen-free a-Si, N, _, alloys containing only Si—Si
and Si—N bonds will be considered first. These include
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the Si-rich alloys for which the [N]/[Si] ratio (1 —x)/x is
less than the stoichiometric value of $. Since only Si and
N are available for bonding to the central Si atom, the
number of distinct tetrahedra is N =5!/(4!1!)=35, corre-
sponding to Si-Siy _,N;, with i =0-4. This case has al-
ready been considered in detail by Aspnes and Theeten,®
and so the presentation here will be brief. The probabili-
ties P, for these five tetrahedra can be expressed as func-
tions of the composition parameter x = f(Si), the frac-
tion of Si atoms, with 1 —x = f(N) being the fraction of
N atoms. In accord with the RBM, homogeneous disper-
sion of the Si—Si and Si—N bonds throughout the alloy
will be assumed, while phase separation into separate re-
gions corresponding to a-Si and a-Si;N, will be treated as
a special case.

The fraction of Si atoms in the alloy which can bond to
a given Si atom is given by

[1SD=f(Si)=3f(N)/4=x —3(1—x)/4=(Tx —3)/4 ,
(1)

which is less than £ (Si) by the amount 3/ (N)/4 which is
equal to the fraction of Si atoms required to satisfy the
bonds of all the N atoms present. Thus, these Si atoms
are effectively unavailable to bond to other Si atoms.
Note that f|(N)=1—x since N atoms are bonded only to
Si atoms. Finally, the fractions of all atoms which can
bond to a Si atom which are Si or N atoms are given by

S2S1)=4f,(S1)/[4f,(SD+3f(N)]=(Tx —3)/4x (2)
and
Fo(N)=3f(N)/[4f(S1)+3f,(N)]=3(1—x)/4x ,

respectively, where the fact that Si has four valence elec-
trons while N has three valence electrons available for
bonding has been explicitly included. The P;(x) for the
five Si-Si, N, (i =0-4) tetrahedra under consideration
are given in the RBM by

43S (N
‘ (4—i)i! ’

(3)

and are shown in the left-hand side of Fig. 1 as functions
of the [N]/[Si] ratio y /x =(1—x)/x from y/x =0 to %.
The P,(x) are also given in Table I, along with the
volumes V, associated with each tetrahedron. Note that
these P;(x) are not valid for y /x > %, the [N]/[Si] ratio
above which N—N bonds would have to be present in
these hydrogen-free films. If the Si—Si and Si—N bonds
are phase separated into regions containing only Si-Si, or
Si-N, tetrahedra, i.e., a-Si or a-Si;N,, then the corre-
sponding tetrahedron probabilities are given by
P,=f,(S8i), P,=P;=P,=0, and Ps=f,(N).

Since the €, for the five tetrahedra are, in general, not
available from experiment, the scaling approach of
Aspnes and Theeten® will be used to obtain the €, by scal-
ing from the measured € of a-Si. This approach is based
on the dielectric model of Phillips,'® van Vechten,!® and
Levine®® and has been discussed in detail previously.® !4
The results of the scaling are presented in Table I,
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FIG. 1. Probabilities P, for Si-centered tetrahedra as func-
tions of [N]/[Si] ratio y/x. Left-hand side of figure: Si-
Si;— N, (i=0-4) tetrahedra in a-Si,N,_, alloys for
0<y/x=(1—x)/x<%. Right-hand side of figure: Si-
N, ,(NH), (i =0-4) tetrahedra in a-Si,N, ,(NH), alloys for
$<y/x<2. [Note that x +y +z=1 and z=(3r—4)/(4r —3)
where r =y /x.]

where  (r)=(4—i)r(Si—Si)/4+ir(Si—N)/4,  with
r(Si—Si)=1.176 A and r(Si—N)=0.867 A. E, and C
are the homopolar and heteropolar parts of E,, the
average-energy-gap parameter. The energy scaling pa-
rameter C, and the parameter C, which scales the mag-
nitude of € are also given in Table I for the five tetrahe-
dra.

We note that the lone-pair electrons associated with
the N atoms have not been included here in the dielectric
model even though they have been predicted to lie near
the top of the valence band for stoichiometric films and
thus might be expected to contribute to the optical
response. Aspnes and Theeten® have attempted to in-
directly include the lone-pair electrons in the model by
using the measured € of a-Si;N, for the contribution of
the Si—N bonds. Martin-Moreno et al.?! have pointed
out, however, that the lone-pair contribution to the opti-
cal response can be neglected to a large degree due to a
low cross-section for transitions from the lone-pair states
to the states lying at the bottom of the conduction band,
which are spatially separated from them.

In Fig. 2 the scaling predictions for €; and €, for the
five tetrahedra are given as functions of photon energy E.
The curves for i =0 correspond to the data of Aspnes
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FIG. 2. Real part €; and imaginary part €, of the dielectric
function vs energy E for Si-centered tetrahedra Si-Si,_,N,
(i =0-4), obtained by scaling from a-Si (see text). The experi-
mental data of H. R. Philipp (Ref. 2) for a-Si;N, (X) are includ-
ed for comparison with the predictions for the i =4 tetrahedron
Si-Nj,.

et al.> for hydrogen-free chemical-vapor-deposited
(CVD) a-Si. It is apparent that the maxima in both ¢,
and €, decrease in magnitude and shift to higher energies
as stronger Si—N bonds replace weaker Si—Si bonds, as
expected. In previous work!® the €, and €, spectra for
these tetrahedra were scaled from q-Si:H in order to at
least partially account for the effects of hydrogen bonded

TABLE I. Tetrahedron probabilities P,, volumes V,, and scaling parameters for a-Si, N, _, alloys.

Tetrahedron i P2 V, (r) Ey C E° C¢ C,
(A% (A) €V) (V)  (eV)

Si-Siy 0 f3(Si) 20.02 1.176 4.76 0 4.76 1.00 1.00

Si-Si;N 1 4f3Sif,(N) 2108 1.099 564 094 572 0824  0.832

Si-Si,N, 2 6fASIFAN) 2213 1022 675 216 709 0610 0671

Si-SiN, 3 4f,(Si)fI(N)  23.18 0944 822 391 910 0413 0523

Si-N, 4 FUN) 2424 0867 10.15 650 1205 0257  0.395

2£,(Si)=(7x —3)/4x and f,(N)=3(1—x)/4x.
YE}=E}+C.

°C,=[n(i)/n (i =0)]C3, where n is the density of bonding electrons.

9C, =E, (i =0)/E,(i).
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in the alloys. Since the effects of hydrogen will be explic-
itly included below, it is more appropriate now to scale
from a-Si. The spectra shown for the i =4 tetrahedron,
Si-N,, correspond to a-SizN,. The measured spectra ob-
tained by Philipp? for CVD a-Si;N, are shown for com-
parison.

B. a-Si,N,H,

The incorporation of hydrogen in the alloys will now
be explicitly considered by including the bonding of H in
the Si-centered tetrahedra. Two cases will be considered,
the first corresponding to N-rich ([N]/[Si] > 3) alloy films
which are typically prepared via plasma-enhanced CVD
using high [NH;]/[SiH,] ratios R. For R high enough
(R >20), the films can be shown to essentially contain
only Si—N and N—H bonds,* so that Si—H and Si—Si
bonds can be ignored to a first approximation. The
second case will include Si—H and Si—Si bonds and thus

is more appropriate for films prepared using lower values
of R.

1. a-Si,N,H,=a-Si,N,_,(NH),

There are now only Si—N and N—H bonds present in
the alloys and, in addition, only two units will be allowed
to bond to the central Si, namely, N and NH. NH, bond-
ing units are not included at this stage, primarily because
little evidence has been found for their existence in the
films studied.* The number of distinct tetrahedra is again
five, given by Si-N,_;(NH); with i =0-4. Note that the
i =4 or Si-(NH), tetrahedron corresponds to silicon di-
imide Si(NH),,

Using the same notation as in Sec. II A, it follows that

fi8)=x—3(y —z)—2z=1(4x -3y +2)=0,
filN)=y—=z,

and (4)
fi(NH)=z ,

where the fact that each NH unit can bond to only two
tetrahedra has been taken into account. Note that
f1(S1)=0 due the absence of Si—Si bonds and that this
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yields the supplemental condition 4x —3y +z=0. Final-
ly, we have that

f,(81)=0,

fR(N)=3(y —z)/4x ,
and (5)

f>(NH)=z/2x .

The tetrahedron probabilities P, are given in the
random-bonding model by
41f57(N)f5(NH)

_ M2 2 ©)

! (4—i)!

and thus have the same functional form as those given
previously in Eq. (3).

The P, for these tetrahedra are shown on the right-
hand side of Fig. 1 as functions of the [N]/[Si] ratio y /x
($<y/x =2) and are also presented in Table II, along
with the tetrahedron volumes and scaling parameters C,
and C,. In the dielectric model it has been assumed that
r(Si—N)=r(Si—NH) and that nitrogen lone-pair elec-
trons can again be omitted. The volume V;=27.25 Al
for Si-N, has been obtained by using a density? of 2.86
g/cm® for a-Si;N,. For Si-(NH),, ie., Si(NH),, an
analysis carried out in paper II (Ref. 4) for a N-rich film
with a measured density of 2.08 g/cm’ has yielded
V,=48.81 A3, This analysis has made use of ir absorp-
tion results to obtain experimental values for the P; for
this film. It should be noted that this tetrahedron volume
V, corresponds to a density of 1.98 g/cm® for a-Si(NH),.

€, and €, for these tetrahedra have been scaled from
the measured € of Philipp? for a-Si;N,, with the results
presented in Fig. 3. The spectra shown for i =4 corre-
spond to the predictions of the model for a-Si(NH),. The
gradual shifts of the maxima in both €, and €, to higher
energies reflect increases in E, and the average Si—N
bond energy as the Si—N bond becomes more ionic.
This prediction is in agreement with that of Robertson®*
who found an energy gap in the density of states for the
Si—N;(NH) tetrahedron (equivalent to his Si,N;H case)
which was larger than that of Si—N,.

TABLE II. Tetrahedron probabilities P,, volumes V,, and scaling parameters for a-Si,N, ., (NH),

alloys.
Tetrahedron P2 V, Ey C E, C, C,
(A%) (eV) eV) (eV)

Si-N, S3HN) 27.25 10.15 6.75 12.19 1.00 1.00
Si-N,(NH) 4f3(N)f,(NH) 32.64 10.15 7.87 12.84  0.846  0.949
Si-N,(NH), 6/3(N)f3(NH) 38.03 10.15 8.69 13.36 0.745 0.912
Si-N(NH), 4f,(N)f3(NH) 43.42 10.15 9.29 13.76  0.677 0.886
Si-(NH), f3(NH) 48.81 10.15 9.71 14.05 0.630 0.867

*f,(N)=3(y —z)/4x and f,(NH)=z/2x.



3662

f
i
i
7

S1-N (NH)

4-1 1

Tetrahedra

5~ 3,94
€, i €,

40 3
3 \‘\’32
ar 1
1{L44LI| 1 L 1 i 1 It L

o 1 2 3 4 5 6 7T 8 15

E(eV)

FIG. 3. Real part €, and imaginary part €, of the dielectric
function vs energy E for Si-centered tetrahedra Si-N,_,(NH),
(i =0-4), obtained by scaling from a-Si;N, (see text).

2. Tetrahedra containing Si—H or Si—Si bonds

For a-Si, N H, films prepared using low [NH;]/[SiH,]
ratios (R <20), experiments4 indicate that Si—H and
Si—Si bonds will be present in the films in addition to
Si—N and N—H bonds. Tetrahedron volumes and scal-
ing parameters are listed in Table III for the six tetrahe-
dra which have been used in Paper II (Ref. 4) in EMA fits
to the measured €, and €, for the films studied. These
tetrahedra include two containing Si—H bonds [Si-
HN(NH), and Si-HN,(NH)] and four containing Si—Si
bonds [Si-Si(NH);, Si-SiN(NH),, Si-SiN,(NH), and Si-
Si;N,]. The € spectra for these tetrahedra, again ob-
tained by scaling from Philipp’s data’ for a-Si;N,, are
shown in Fig. 4. Note that the €, and €, spectra for
tetrahedra containing 0, 1, or 2 Si—Si bonds are quite
distinct from each other.

III. TETRAHEDRON MODEL PREDICTIONS

In addition to the predictions of the tetrahedron model
for the €, and €, spectra of individual tetrahedra which
have already been presented in Figs. 2, 3, and 4, predic-
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FIG. 4. Real part €, and imaginary part €, of the dielectric
function vs energy E for six Si-centered tetrahedra, numbered as
follows: (1) Si-Si,N,; (2) Si-SiN,(NH); (3) Si-SiN(NH),; (4) Si-
Si(NH);; (5) Si-HN,(NH); (6) Si-HN(NH),.

tions for specific a-Si, N H, alloys can be obtained by us-
ing the EMA to determine the optical response of mix-
tures of tetrahedra. The Bruggemann EMA (Ref. 7) for
the dielectric function € of the alloy is given by

=
i

zvlzl 2

1

€,—€
€, +2e

5

(7

where v, and €, are the volume fraction and dielectric

TABLE III. Tetrahedron volumes ¥V, and scaling parameters for several Si-centered tetrahedra.

Tetrahedron Vv, (r) Ey C E, Cc,? C,?
(A?) (A) (eV) (eV) eV)

Si-HN(NH), 34.34 0.835 11.13 7.38 13.36 0.826 0.912
Si-HN,(NH) 28.95 0.835 11.13 7.01 13.16 0.908 0.926
Si-Si(NH), 41.61 0.944 8.21 6.03 10.19 1.171 1.196
Si-SiN(NH), 36.22 0.944 8.21 5.59 9.93 1.274 1.227
Si-SiN,(NH) 30.83 0.944 8.21 4.95 9.59 1.428 1.271
Si-Si,N, 23.64 1.022 6.76 2.22 7.11 2.539 1.714

#Note that C, =C, =1 corresponds to Si-Nj.
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function, respectively, of the ith component, taken here
to be the Si-centered tetrahedra. Given an alloy of com-
position x,y,z, the v;(x,p,z) to be used in the EMA are
given in terms of the P;(x,y,z) and V; by

Pi(x,y,2)V;

Ui(x’y’Z):m ’ :

where the sum is over all the possible tetrahedra in the al-
loy. Using the €; for the tetrahedra given in Figs. 2, 3,
and 4, the € for the alloy of interest is obtained from Eq.
(7). Results for specific alloys will now be presented.

A. a-Si,N,_, (32x<1)

The predicted €, and e, for several a-Si,N,_, alloys
with x lying between 1 (a-Si) and 2 (a-Si;N,) are present-
ed in Fig. 5 for the case of random bonding, with the
tetrahedron probabilities P; given by Eq. (3). The spectra
evolve smoothly as x decreases from 1 to 2, reflecting the
smooth evolution of the ¢; for the tetrahedra shown in
Fig. 2. The agreement between the i =4 spectra and the
measured spectra for a-Si;N, of Philipp? as shown in Fig.
2 is quite good with regard to the shift of the energy
scale, given by C,. The agreement for the magnitude of

Q8 T T T T T T T T T T T T T T T
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6] 1 2 3 4 5 6
E(eV)
FIG. 5. Real part €, and imaginary part €, of the dielectric

function vs energy E for a-Si,N,_, alloys, obtained using the
EMA (see text). Curves are labeled with the Si fraction x.
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€, is also good, while the measured €, lies somewhat
below the prediction of the model. The assumption of
the model that the lone-pair electrons of the nitrogen
atoms do not contribute significantly to the optical
response of the alloys thus appears to be consistent with
experiment.

The predicted variations of the optical energy gap E
defined by

€(E)=B(E —E,,)*/E*, )

opt?

and the static index of refraction n are shown in Fig. 6 as
functions of the [N]/[Si] ratio (1—x)/x for the cases of
random bonding and of phase separation. For both
cases, n is predicted to decrease almost linearly with
N/Si, in agreement with experiments on amorphous sil-
icon nitride both with and without incorporated H.?>%¢
The prediction that appreciable changes occur in n before
they occur in E,, is also consistent with experiment.”’

E,y is predicted for both cases to increase slowly ini-
tially and then much more rapidly as the stoichiometric
[N1/[Si] ratio of % is approached, in good agreement with
other theoretical predictions.?! This rapid increase in
E, is a clear signal of the disappearance from the alloy
of the more strongly absorbing Si—Si bonds, see Fig. 1,
and is qualitatively consistent with experimental observa-
tions.?>?® It is clear, however, that the predicted increase
in E,, is less rapid for the case of phase separation since
in this case the presence of strongly absorbing Si-Si,
tetrahedra in the alloys enhances the low-energy optical
absorption. Fewer Si-Si, tetrahedra will be present if the
random-bonding model is valid and so for this case E,
increases more rapidly as the [N]/[Si] ratio increases.
Experimental determinations of E, tend to lie between
the two curves in Fig. 6, thus indicating that partial
phase separation may be occurring under certain deposi-
tion conditions.

RBM :3.0
[ / AN / ]
E 3 / n
opt |
(eV) [ 2.5
F
}.
[
2 NS
E PS 2.0
: ! " 1 —_ 1 1 1 L | AL
Ol.o 0.2 04 0.6 0.8 1.0 1.2 1.14'5

(1-x)/x%

FIG. 6. Predicted optical energy gap E,, and static index of
refraction n vs [N]/[Si] ratio (1—x)/x for a-Si,N,_, alloys.
RBM (random-bonding model) corresponds to the case of
homogeneous dispersion of the Si—Si and Si—N bonds, while
PS corresponds to phase separation of the bonds.
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E(eV)

FIG. 7. Real part €, and imaginary part ¢, of the dielectric
function vs energy E for a-Si, N, __,(NH), alloys, obtained using
the EMA (see text). Curves are labeled with the H fraction z,
with z =0 corresponding to a-Si;N,, z =0.273 to a-Si;NsH3, and
z =0.4 to a-Si(NH),, amorphous silicon diimide. Note also that
x+y+z=1, 4x —3y +z=0, and z=(3r —4)/(4r —3) where
r =y /x for these N-rich alloys.

B. a-Si,N, _,(NH),

In Fig. 7 the predicted €, and €, spectra for three alloys
are shown with N/Si=y/x=4%, 2, and 2, corresponding
to hydrogen fractions of z =0, 0.273, and 0.4, respective-
ly. Note that these three alloys contain, respectively, all
Si—N bonds (a-Si;N,), half Si—N and half Si—NH
bonds (a-Si;NsH;), and all Si—NH bonds [a-Si(NH),].
The predicted values of E,, for these specific alloys,
shown in Fig. 8, are 5.38, 5.88, and 6.17 eV, reflecting an
increase in C, the heteropolar or ionic part of Eg, as the
number of NH bonding units in the alloy increases. At
the same time, the predicted values of n, also shown in
Fig. 8, decrease from 1.99 to 1.79, and finally to 1.69 for
a-Si(NH),. Detailed comparisons with the measured ¢,
and €, spectra of some N-rich ¢-Si,N H, films are
presented in paper I1.4

IV. CONCLUSIONS

A microstructural model based on Si-centered tetrahe-
dra has been proposed for a-Si, N, H, alloys which explic-
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FIG. 8. Predicted optical energy gap E,, and static index of
refraction n vs [N]/[Si] ratio y /x for a-Si,N,_,(NH), alloys.
Note that x+y+z=1, 4x —3y +z=0, and z=(3r—4)/
(4r —3) where r =y /x for these N-rich alloys.

itly considers both the effects of stoichiometry and of hy-
drogen content on film properties. Alloys both with and
without incorporated hydrogen have been considered, in-
cluding a-Si;N, and a-Si(NH),, amorphous silicon di-
imide. Predictions of the model for €, and ¢,, the optical
energy gap E,,, and the static index of refraction n have
been obtained and compared with previous experimental
results. Good qualitative agreement with experiment has
been found for the dependence of E,,, and n on composi-
tion and the issue of whether random bonding or phase
separation occurs in these alloys has been discussed. De-
tailed comparisons with experimental results for some
N-rich films are presented in paper II.
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