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Optical dielectric function and infrared absorption of hydrogenated amorphous
silicon nitride films: Experimental results and effective-medium-approximation analysis
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The optical dielectric function e (1.5 —6.5 eV), ir absorption (400—4000 cm '), and film density
have been measured for a series of hydrogenated amorphous silicon nitride (a-Si N~H, ) films depos-
ited at 400 C via rf plasma-enhanced chemical vapor deposition for varying [NH, ]/[SiH4] ratios R.
From a detailed analysis of the ir and density results, the concentrations of Si—N, N—H, Si—H,
and Si—Si bonds and of Si, N, and H atoms have been obtained for the films studied. An effective-
medium-approximation analysis of the measured e based on the Si-centered tetrahedron model
presented in the preceding paper has provided a more sensitive means of determining the concentra-
tion of Si—Si bonds in the films and has demonstrated that careful measurements of e& and e, can
serve as a useful probe of the bonding in these alloys. Approximately 9X10' Si—Si bonds/cm'
have been found in N-rich films which are close in composition to silicon diimide, Si(NH)2, and
these Si—Si bonds have been found to have a significant influence on both the optical energy gap
E„„,and the refractive index n of the films. New results obtained from the ir absorption measure-
ments include the identification of (1) a shoulder near 1030 cm ' on the main 880-cm ' Si—N(s)
band and (2) a weak absorption feature near 640 cm ' which i» not hydrogen related. It has been
found that the ¹ichdiimidelike films prepared here have very low porosities and are thermally
stable up to 700'C, properties which will be important for their future applications.

I. INTRODUCTION

Silicon nitride films have been deposited via a variety
of chemical-vapor-deposition (CVD) techniques, includ-
ing plasma-enhanced CVD (PECVD), and have a wide
range of applications in microelectronics as passivation
layers, diffusion barriers, and insulators. In addition,
PECVD silicon nitride films have recently been used as
gate dielectrics in applications requiring low deposition
temperatures, such as hydrogenated amorphous silicon
thin-film transistors. These films are generally referred
to as hydrogenated amorphous silicon nitride {a-
Si, N~H, ) and have physical, electrical, and optical prop-
erties which are strongly dependent on the film composi-
tion, i.e., the [N]/[Si] ratio y /x and the hydrogen content
z. Although the incorporation of considerable amounts
of hydrogen (up to 30—40 at. %) can have a negative
inhuence on certain film properties such as thermal stabil-
ity, ' it has been demonstrated recently that N-rich films

([N]/[Si]) —', ) can be deposited with compositions ap-

proaching that of silicon diimide, a-Si(NH)2, and that
these films can serve as useful low-temperature dielectric
layers. In addition, such polymeric layers can be rela-
tively stable thermally, apparently up to at least 600'C.

It is clearly important to establish as close a correlation
as possible between the macroscopic properties of these
a-Si„N H, films and the film microstructure, i.e., the lo-
cal atomic bonding configurations involving the Si, N,
and H atoms. We report here on detailed measurements
of infrared absorption, film density p, and optica1 dielec-
tric function t for several a-Si&NyHz films, focusing on
films which are N-rich. The bond and atom concentra-

tions obtained from the ir absorption and film density
measurements are compared with those obtained from an
effective-medium-approximation (EMA) analysis of the
measured e of the film. This EMA analysis is based on
the microstructural model presented in paper I (Ref. 7) in
which Si-centered tetrahedra are considered to be the
fundamental structural units which determine the optical
response of the films. This analysis has yielded results for
the bond and atom concentrations which are consistent
with those obtained from the ir absorption and film densi-
ty measurements for the N-rich films, thus confirming the
applicability of the microstructural model to the alloys
studied.

It has also been possible to specifically address the is-
sue of the existence of Si—Si bonds in the films studied.
This is an important point since it has been suggested re-
cently that these bonds are potentially harmful defects in
the a-Si&NyHz films used in device applications. The
dependence of the concentration of Si—Si bonds on the
deposition conditions and their effect on film properties
will be discussed.

Details of the experimental procedure will be presented
in Sec. II, followed by the results and analysis of the vari-
ous measurements in Sec. III. The EMA analysis for e
will appear in Sec. IV, with discussion and conclusions
following in Sec. V.

II. EXPERIMENT

The a-Si, N, H films studied here were prepared via rf
{13.56 MHz) plasma-enhanced CVD in a stainless-steel
deposition system which has been described previously.

42 3666 ,+c 1990 The American Physical Society



OPTICAL DIELECTRIC FUNCTION AND INFRARED. . . 3667

Undiluted silane and ammonia were delivered via
separate lines to the deposition chamber, with typical
deposition parameters as follows (see Table I): substrate
temperature T, =400'C, discharge power of 0.43 W/cm,
total pressures of 0.5 or 0.15 Torr, flow rates of 100 or 60
sccm (cubic centimeters per minute at STP) for NH3 and
variable flow rates for SiH4 to obtain the desired ratios
R =[NH3]/[SiH~]=10, 20, or 40. The substrates, pol-
ished clear fused quartz for measurements of e, intrinsic
Si (polished both sides) for measurements of ir absorption
and film composition, and Al foils for density measure-
ments, were mounted on the powered electrode.

For the determination of the optical dielectric function
e=e, +iez of these a-Si, N~H, films, measurements of
film transmittance and of the reflectance from the free
surface of the film have been carried out from 1.5-6.5 eV
using an Aviv 14DS uv-visible spectrophotometer. For
these reflectance measurements, the calibration of an
NBS standard mirror has been extended from 4.9 up to
6.7 eV using the known optical constants' of a polished
Si wafer. Details of the analysis procedure for obtaining
n and k, the real and imaginary parts of the index of re-
fraction, and film thickness d have been given previous-
ly. Values of the optical energy gap E,p, have been ob-
tained from plots of Ee2 versus energy E, using the
Tauc relation. "

Infrared measurements were carried out using a Digi-
lab FTS-40 Fourier transform infrared spectrophotome-
ter in the range from 400 to 4000 cm ', with a resolution
of 8 cm '. Absorbances for the various absorption
modes [N—H(stretching), Si—N(stretching), etc.] have
been obtained from the measured film absorbance by sub-
tracting a fitted baseline to account for interference
effects in the film itself. The ir absorption of the
R =40,P =0.15 Torr film has also been measured as a
function of the annealing of the film up to 1000'C. Film
densities have been obtained from the masses of the films,
determined by weighing the Al-foil substrates before and
after deposition, and the film volumes, obtained from
measurements of film area and the average thickness. In-
formation concerning film composition has been obtained
via depth profiling using a Perkin-Elmer PHI 600 scan-
ning Auger microprobe. The depth profile of each film
was obtained by sputtering using a 3-keV Ar+-ion beam.

iii. RESULTS AND ANALYSiS

a-Si N, H films have been prepared using
[NH3]/[SiH~] ratios R of 10, 20, and 40 at P =0.5 Torr
and R =40 at 0.15 Torr. The deposition rates for these
films are given in Table I where it can be seen that Rd p0
decreases from 320 to 200 A/min as R increases from 10
to 40 at P =0.5 Torr. Rd, then decreases further to 60
0
A/min at R =40 and P =0.15 Torr. It is clear that the
deposition rates are limited primarily by the availability
of Si, i.e., by the low rates of SiH4 into the deposition
chamber (see Table I). This result is reasonable, given the
large excess of NH3 relative to SiH4 present during the
depositions. Film compositions (x, y, and z) have been
determined in two ways, the first using ir absorption and
film density measurements and the second in addition us-

ing measurements of e to obtain the concentration of
Si—Si bonds. These analyses are presented below, in
Secs. III 8 and IV, respectively.

The infrared absorption and film density results will
now be presented, followed by the analysis for the bond
and atom concentrations and the results for e. The EMA
analysis for e based on the Si-centered tetrahedron model
is presented in Sec. IV.

A. ir absorption and 61m density

The ir absorption spectra for the R =10 and R =40
films prepared at T, =400'C and P =0.5 Torr are shown
in Fig. 1 in the range from 400 to 4000 cm '. Note that
interference effects in the films have already been re-
moved from these spectra via the baseline correction pro-
cedure. Absorption bands for the N—H(stretching)
mode have been observed near 3320 cm
for Si—H(stretching) near 2180 cm ', for
H—N—H(bending) near 1550 cm ', for N—H(bending)
near 1180 cm ', for Si—N(stretching) near 880 cm
and for Si—N(breathing) near 480 cm '. The weak
features seen near 2320 cm ' result from an incomplete
subtraction of the absorption due to CO, in the spectro-
photometer sample chamber. The film thicknesses d,
peak wave numbers v(peak), maximum absorption
coefficients a(max), full widths at half maximum
(FWHM), and normalized absorption band areas f adv
for these bands are listed in Table II for the four alloy

TABLE I. Deposition parameters and properties of a-Si„N,, H. films studied.

Sample
P

(Torr)
R

[NH, ]/[SiH, ]
Rd,

(A/minI
P

(g/cm I
b

E„l,tc
(eV)

400
400
400
400

0.5
0.5
0.5
0.15

100/10 = 10
100/5=20

100/2. 5 =40
60/1. 5 =40

320
280
200

60

2.49
2.24
2.08
2.18

1.86
1.84
1.79
1.82

3.83
5.05
5.20
5.42

"'Film density; typical uncertainty is +0. 1 g/cm'.
"Index of refraction at 1.5 eV; typical uncertainty is +0.02.
'Optical energy gap; typical uncertainty is +0. 1 eV.
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FIG. 1. Absorption coefticient e vs wave number for the
R =[NH, ]/[SiH, ]=10 and 40 a-Si„N~H, films prepared at
T, =400'C and P =0.5 Torr.

films studied, along with the results for absorption bands
which have been identified as being present near 1030 and
640 cm ' from deconvolutions of the main absorption
band, an example of which is shown in Fig. 2 for the
R =40,P =0.5 Torr film.

It is important to note here that, for a given alloy,
measurable changes in the peak position and FWHM of
the main Si—N(stretching) band have been observed for

films of di|I'erent thicknesses prepared under identical
conditions. For example, the Si—N(stretching) peak po-
sitions are about 20 cm ' higher for thicker films
(d =0.5 —1.0 pm) than for thinner films (d =0. 1 —0.2
pm). While the FWHM's of the thicker films are also
greater by 20—40 cm ' than the FTHM's for the thinner
films, the normalized Si—N(stretching) absorption band
areas have been found to be independent of film thick-
ness, to within experimental error (+5%), for the films
studied. Thus, the areas of the Si—N(stretching) bands
can be used, in principle, to determine bond concentra-
tions for these films (see Sec. IIIB below). It is clear,
however, that correlations of parameters such as index of
refraction n within the peak wave number of the
Si—N(stretching) band are valid only when carried out
for films of comparable thickness. The observed shifts in
v(peak) and a(max) with film thicknesses are due to
changes in film reflectance' resulting from the strong ab-
sorption of the Si—N(stretching) mode.

The N—H(stretching) band near 3320 cm ' is ob-
served to be an asymmetric peak, with a tail extending on
the low wave-number side down to about 2900 cm ' (see
Fig. 3). This asymmetry is likely to be due at least in part
to hydrogen bonding' between the H atoms in the N—H
bonds and lone-pair electrons on nearby N atoms, which
is indicated by the notation N—H N. Also, in the
R =40 films with higher concentrations of hydrogen, evi-
dence can be seen for increasing absorption due to the
stretching modes of the N-H2 unit between 3400 and
3500 cm '. In the same films, the H—N—H(bending)

TABLE II. Infrared-absorption results for a-Si, N, H, films.

Sample

d

(A)
v(peak)' Q(max)

(cm ') (cm ')

Si—N

FWHM"'

(cm ')
jadv'

(10' cm )

v(peak)'

(cm ')

N—H and Si—H
(in parentheses)

a(max) FWHM'

(cm ') (cm ')
cxd v

(cm )

1

(R =10,P =0.5)
9800 877

1035
478
631

18 300
2860
3150

838

223
103
175
63

43.50
3 ~ 13
5.85
0.55

3340
1163
1543

(2184

810
3520

60
750

141
206

32
139

1.36X 10'
7.72 X 10
1.80 X 10

11.03 x10'}

2
(R =20,P =0.5)

5930 877
1034
487
644

20 200
3850
3700
1230

197
120
140
76

42.35
4.91
5.53
0.99

3317
1178
1547

(2182

1860
4120

160
310

177
184
38

153

3.89 X 10
8.06x10'
6.49x10'
4.93X10 )

3

(R =40,P =0.5)

4
(R =40,P =0.15)

12 250

2435

888
1034
476
656

868
1022
475
661

20400
4750
4060
1640

20 700
4310
3790
1400

196
130
183
104

169
125
178
96

42.42
6.56
7.92
1.80

37.19
5.73
7.16
1.43

3336
1185
1546

3325
1181
1551

2290
5540

190

2310
3620

180

163
178
42

189
158
46

4.47 X 10'
10.48 x 10'
8.24 X 10

5.18x 10'
6.10x10'
8.80x10'

'Peak wave number; typical uncertainty is +5 cm
Maximum absorption coefticient; typical uncertainty is +4%.

'Full width at half maximum; typical uncertainty is +5 cm
Normalized absorption band area f adv, where a =(2.303/d) A is the absorption coefficient; d is the film thickness and A the ab-

sorbance. Typical uncertainty is +5%.
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the absorption coefficient o over the band in question.
The bands used for this purpose are the 3320-cm
N—H(stretching) band, the 2180-cm ' Si—H(stretching)
band, and the sum of the Si—N(stretching) bands near
880 and 1030 cm '. Values of K(N—H)=8. 2X10'
cm ' and K(Si—H) = 5.9 X 10' cm ' have been obtained
from the results of Lanford and Rand [using
K = 1/(2. 303cr )], while the results K(Si—N) = 1.82 X 10'6

and 2. 1 X 10' cm ' have been obtained, respectively,
from measurements carried out here for the
R =40,P =0.5 Torr and R =40,P =0.15 Torr films. To
obtain these results for K(Si—N), it has been assumed
that these two R =40 films contain no N—N bonds and
that N(Si—Si) «N(Si—N). These are reasonable work-
ing assumptions as these films are N-rich (y/x —1.9, see
Table III) and contain from 36 to 39 at. % H. The densi-
ties of Si—N bonds in these two films were obtained in a
self-consistent manner using the measured values for
N(N —H) and N(Si—H) and the film density p, along with
the relationships between bond and atom concentrations
and p presented below [Eqs. (2)—(5)]. Once N(Si—N) was
obtained, Eq. (1) was inverted to obtain the results for
K(Si—N) quoted above from the measured normalized
Si—N(stretching) band areas. Previous estimates ' of
K(Si—N) for films with lower [N]/[Si] ratios have yielded
values in the range (0.9—1.0) X 10' cm ', lower by about
a factor of 2 compared to the results obtained here. A
more recent analysis carried out for nearly
stoickiometric films has obtained the result
K(Si—N) =2.4 X 10' cm ', in better agreement with the
values obtained here. It is not unreasonable to expect
that K(Si—N) will depend on the [N]/[Si] ratio y/x and
H content z of the films studied. An alternative approach
to obtaining N(Si—N) and, hence, K(Si—N) using the
values of N(Si—Si) obtained from the EMA analysis for e
will be presented in Sec. IV.

The results obtained here for the concentrations of
N—H, Si—H, and Si—N bonds are presented in Table
III. For the computation of the experimental uncertain-
ties in the bond concentrations, the accuracies of the
cross sections have been assumed to be +5% for
K(N—H) and K(Si—H) and +10% for K(Si—N) for the
two R =40 films. It should be pointed out that the repro-
ducibility of the bond concentrations measured for films

X (N) = [N (N—H )+X(Si—N)]/3,

N(H) =N(N —H)+X(Si—H),

(3)

(4)

and

p =ms, X (Si)+rn N N (N)+ m &N (H), (5)

where the m, are atomic masses. Note that it has been
assumed here that there are no N—N or H—H bonds in
the films. From the results for N(N —H), N(Si—H),
X(Si—N), and p presented in Tables I and III, Eqs.
(2) —(5) have been solved for the four unknowns, N(Si),
N(N), X(H), and N(Si—Si), with the results also given in
Table III. Values for the composition parameters x,y, z,
and the [N]/[Si] ratios y/x for these a-Si„N H, alloys
are also given in Table III. Again, the reproducibility of
the results obtained for the atom concentrations (and for
x, y, and z) is much better than the estimated absolute
uncertainties given in Table III. The estimated uncer-
tainties in N(Si—Si) are large, +0.9X 10 cm, primari-
ly due to the indirect manner in which it has been deter-
mined. More reliable results for N(Si—Si) obtained from
the EMA analysis for e are given below (see Table IV).

It can be seen from the results presented in Table III
that N(Si) is a decreasing function of R =[NH3]/[SiH&],
as expected, while both N(N) and N(H) increase with in-
creasing R. From the [N]/[Si] ratio, it can be seen that
the R =20 and the two R =40 films are N rich
(y/x & —', ), with y/x in the range from 1.44 to 1.95. This
last value is quite close to the [N]/[Si] ratio of silicon di-

of different thicknesses prepared under the same condi-
tions is much better than the estimated absolute accura-
cies quoted in Table I. It can be seen that X(N—H) and
N(Si—N) are increasing functions of R and that both also
increase slightly as P decreases from 0.5 to 0.15 Torr. In
contrast, N(Si—H} is highest for R = 10 (6.5 X 102'

cm ) and then decreases with R, falling to zero to
within experimental error (less than about 2 X 10' cm )

for the R =40 films.
In order to obtain the atom concentrations X(Si), X(N),

and ÃH) [along with the Si—Si bond concentration
X(Si—Si)], the following expressions have been employed:

X(Si)=[X(Si—N)+X(Si—H)]/4+%(Si—Si)/2, (2)

TABLE III. Bond and atom concentrations for a-Si„N, H, films obtained from ir and density measurements.

Film composition' y /x N(Si—N)' N(N —H)' N(Si—H)' N(Si—Si)' N(Si) N(N) N(H)
Sample (a-St„N H, } [N]/[Si] (10" cm ') (10" cm '} (10" cm '} (10" cm ') (10" cm ') (10" cm '} (10" cm ')

S10 42NO 37HO 2]

Sio Z7&O. 39HO ~4

Sio Z2NO 42HO .36

Sio»&o 41Ho ~[1

0.88
1.44
1.91

1.95

8.49
8.60
8.90

9.13

1.12
3.19
3.66

4 24

0.65
0.29

less than
0.002

less than
0.008

2.76
0.96

less than
0.7

less than
0.9

3.66
2.70
2.23

3.20
3.93
4.19

4.46

1.77
3.49
3.66

4.24

'Typical uncertainties are +0.05 for x, +0.04 for y, and +0.03 for z.
'[N]/[Si] ratio; typical uncertainty is +15%.
'Bond concentrations; typical uncertainties are +8% for N(N —H) and N(Si—H), +10%%uo for N(Si—N), and +0.9X10 cm ' for
N(Si—Si).
Atom concentrations; typical uncertainties are +8'P for N(N) and N(H) and +0.5 X 10-"' cm ' for N(Si).
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TABLE IV. Results of EMA analysis for X(Si—Si) and derived values of composition (x,y, z),
X(Si—N), and K(Si—N).

Sample

1

(R =10,P =0.5)
2

(R =20,P =0.5)
3

(R =40,P =0.5)
4

(R =40,P =0.15)

y/x

0.35 0.46 0.19 1,31

0.25 0.41 0.34 1.64

0.22 0.41 0.37 1.86

0.21 0.40 0.39 1.91

X(Si—Si)
(10 -' cm ')

0.36

0.15

0.092

X(Si—N)
(10 cm ')

11.35

9.56

8.79

9.02

K(Si—N)
(10' cm ')

2.43

2.02

1.80

2.10

imide, Si(NH)2. The results for N(Si—Si) are of interest
as Si—Si bonds have been proposed to be potentially im-

portant defects in these films. It can be seen that this
analysis of the ir absorption and film density measure-
ments suggests that there is a significant concentration of
Si—Si bonds, 2.76X 10 cm, in the R =10 film, which
is equal to about —,

' of N(Si—N) =8.49X 10 cm for the

same film. N(Si—Si) falls to 0.96X10 cm for R =20
and then to less than (0.7 —0.9)X10 cm for the
R =40 films, values which are equivalent to zero to
within the limits of the accuracy of these measurements
and the analysis employed. It should be noted that the
results obtained here indicate that the presence of Si—Si
bonds in these films seems to be correlated with the pres-
ence of Si—H bonds (see Table III).

The scanning Auger microprobe (SAM) study has also
shown that the [N]/[Si] ratio is an increasing function of
R, a result which is consistent with the analysis presented
here. A more detailed analysis of the SAM measure-
ments has not been undertaken due to a lack of absolute
sensitivity factors for N and Si in the films studied. It
should be noted that no evidence for oxygen has been
found in the as-deposited films from either the ir absorp-
tion studies or from the SAM results. In addition, no evi-
dence has been found for the diP'usion of either 0& or
H20 into the films during the period of 17 months follow-

ing their initial exposure to the atmosphere. This obser-
vation indicates that these films can be prepared with
very low porosities.

C. Optical dielectric function e

„4
a t, l
~ l

I i i . l, i i I, i 1

I
f

I
1

l
/

I ( T
/

1
1

I i I
1

~
/

I

0 8

0 ~ '7

a-Si N
X

2.

that of the CVD film studied by Philipp. Note that e,
and ez are observed to be essentially independent of pres-
sure P for the two R =40 films. Also, n decreases with
increasing R as the H content of the films increases and
the film density falls. All four of the films studied here
have values of n which are lower than that of the CVD
film studied by Philipp, due to their lower densities re-
sulting from the incorporation of hydrogen.

It has been observed here that thinner a-Si„N H, films

The measured real part e, and imaginary part e~ of the
optical dielectric function e for the four films studied are
shown in Fig. 4 as functions of photon energy E between
1.5 and about 6.5 eV. Also shown in Fig. 4 for compar-
ison are the results of Philipp for a CVD a-Si3N4 film

which was essentially hydrogen free. The indices of re-
fraction n at 1.5 eV and the optical energy gaps E,„, for
the four films studied are given in Table I. It can be seen
from ez(E) and E, , that the optical-absorption edge
shifts to higher energies with increasing R as stronger
Si—N bonds replace weaker Si—Si bonds in the films (see
Table III for the bond concentrations). This behavior has
been observed previously. The two N-rich films
prepared here using R =40, and labeled 3 and 4 in Fig. 4,
have absorption edges which are higher in energy than

p. p
1 i i ~ 1

E(eV)

FIG. 4. Real part e, and imaginary part e, of the optical
dielectric function vs energy E, as measured for the four films

studied. Also shown are the experimental results of Philipp
(Ref. 23) for a CVD a-Si,N4 film, labeled CVD. See Table I for
the numbering of the other curves.
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have higher values of n than thicker films prepared under
the same conditions. We believe that this is due to the
existence of enhanced concentrations of Si-centered
tetrahedra containing Si—Si bonds near the film-
substrate interfaces. Such tetrahedra would lead to
higher n values and it is clear that this effect would be
more important for thin films.

IV. EMA ANALYSIS
OF THE OPTICAL DIELECTRIC FUNCTION

i
u; =0

E'; +26'
(6)

and

u, =1, (7)

The measured optical dielectric function e will now be
used within the framework of the Bruggemann effective-
medium approximation (EMA) in order to obtain im-
portant additional information concerning the micro-
structure of the films studied. The microstructural model
to be employed in the EMA analysis is based on Si-
centered tetrahedra. This model has been presented in
detail for these a-Si„N H, alloys in paper I (Ref. 7) and
has also been used previously in the analysis of the opti-
cal response of hydrogenated amorphous films based on
carbon (a-C:H), silicon (a-Si:H), and silicon-based al-
loys (a-Si„C, „,a-Si„O, „,and a-Si„N i „).

The Bruggemann EMA is defined by the following two
expressions:

ied. The analysis for each film has employed only those
tetrahedra which are necessary to model the optical
response and which are consistent with the film composi-
tion and density. The analysis and results for each alloy
film will now be briefly discussed, beginning with the two¹ichfilms.

A. Sample 3 (R =40,P =0.5 Torr)

For this N-rich a-Si„N H, film, the five Si-centered
tetrahedra, Si-N~;(NH);, i =0—4, provide the dominant
contribution to the measured e and p. With these five
tetrahedra, however, it has not been possible to obtain a
satisfactory fit to the measured e2 and so an additional
tetrahedron containing a Si—Si bond has been included
in the EMA analysis. The addition of the Si-Si(NH)3
tetrahedron leads to a shift of the onset of e2, i.e., the ab-
sorption edge, to lower energies, in better agreement with
experiment. The comparison between the measured and
fitted e for this alloy film is shown in Fig. 5(a) where it
can be seen that satisfactory agreement has been ob-
tained. The concentration N(Si—Si) of Si—Si bonds re-
sulting from this analysis is 8.3X10 cm, which is in
fact consistent with the upper limit of 7X10 ' cm pre-
viously obtained from the analysis of the ir absorption
and film density measurements (Table III). The results of
the EMA fit for the film composition, density, and N—H
and Si—N bond concentrations for this film all agree
with the results of the ir absorption and the film density
analysis presented in Table III, to within experimental er-
ror.

where e; and u; are the complex optical dielectric func-
tion and volume fraction, respectively, of the ith com-
ponent and e is the measured value for the film. We will
also make use of the following relationship for the mea-
sured film density p:

(8)

where p, is the density of the ith component. The com-
ponents to be used in the EMA analysis are the Si-
centered tetrahedra and the e, and p; determined for
specific tetrahedra in the preceding paper (see Figs. 2 —4
and Tables I—III of Ref. 7) will be used in Eqs. (6)—(8)
along with the measured e and p in order to determine
the tetrahedron volume fractions u; appropriate for the
films under consideration. The goal of this EMA analysis
is to obtain independent estimates for the bond and atom
concentrations which can be compared with the results
previously obtained from the analysis of ir absorption and
film density measurements presented in Sec. III. It will
be particularly interesting to attempt to confirm the re-
sults already obtained for N(Si—Si). It should be pointed
out that an advantage of the EMA analysis is that infor-
mation can be obtained concerning not only the concen-
trations of bonds and atoms, but also the manner in
which the bonds and atoms are incorporated into the Si-
centered tetrahedra.

Table IV presents the results of the EMA analysis for
the N(Si—Si) bond concentrations of the four films stud-

B. Sample 4 (R =40, P =0.15 Torr)

The EMA analysis for this N-rich film has employed
the same six Si-centered tetrahedra which were used for
sample 3, see above, and the resulting fit to the measured
e has also been quite satisfactory. The value of N(Si—Si)
obtained, 9.2X10 cm, is again consistent with the
upper limit of 9X 10 ' cm previously obtained.

C. Samples I (R =10,P =0.5 Torr)
and 2 {R =20, P =O. 5 Torr)

Evidence for the presence of Si—H bonds has been
found in the ir absorption spectra of these two films and
so additional tetrahedra containing Si—H bonds have
been used in the EMA analysis. For the R =10 film the
following five tetrahedra have been employed: Si-
Nz(NH)2, Si-HN&(NH), Si-HN(NH)2, Si-SiNz(NH), and
Si-SizN2. Although a reasonable fit to the measured
e can be obtained, the fitting procedure is not unique.
One result which has been confirmed, however, is that a
Si-centered tetrahedron containing two Si—Si bonds is
required to obtain even a qualitative fit to the measured
E2 for this alloy. The EMA analysis has yielded
N(Si—Si)=3.6X10'-' cm for this R =10 film. A void
component with a volume fraction of 0.06 has been used
to obtain the fit for this alloy.

For the R =20 film, the five Si-N,.(NH)4 „ i =0—4,
tetrahedra along with two tetrahedra containing Si—Si
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response of the films. The RBM, however, needs to be
generalized for these alloys as the bonding is not actually
completely random. Instead, there is strong evidence for
chemical ordering in the sense that there is a preferential
tendency for the formation of Si—N and N—H bonds in
the N-rich alloys. This should not be surprising since in
the two important stable compounds in the Si:N:H alloy
system, i.e., Si3N4 and Si(NH)2, each Si atom is bonded
directly to four N atoms and, in addition, H is bonded to
N.

Current applications of a-Si N H, alloys involve films
which are typically deposited at low T, ( (400'C), so
that H is unavoidably incorporated. In order to be use-
ful, these films should be thermally stable and also should
be free of Si—Si bonds. It is becoming clear that silicon
diimide films a-Si(NH)z have the potential to satisfy both
of these requirements. The results presented here indi-
cate that films with compositions close to that of silicon
diimide, i.e., with a [N]/[Si] ratio greater than 1.9 and
with low concentrations of Si—Si bonds (less than
9 X 10 cm ), can be deposited via PECVD at
T, =400'C . using [NH, ]/[SiH„] ratios equal to 40. It is
important to stress that these films are not porous and
are, in fact, quite stable with respect to exposure to 02
and H20 in the atmosphere, in contrast to some diimide-
like films prepared at lower T, .

It is clear that the high R = [NH&]/[SiH4] ratios which
are needed in the discharge in order to minimize
tV(Si—Si) are necessary due to the fact that SiH4 is easier
to dissociate than NH3. For lower values of R, the
[N]/[Si] ratio falls below about 1.9 and there are no
longer enough N atoms in the films to satisfy all of the
bonds to the Si atoms, especially when it is recognized
that N—H bonds are also formed. As a result, Si—Si
and also Si—H bonds appear in the films. It has been ob-
served here that the presence of Si—Si bonds in the films
can actually be inferred from the presence of Si—H
bonds, which can be detected directly via ir absorption.
The bond concentration ratio [E(Si—Si)]/[X(Si—H)] has
been found to be close to —,

' for the R =10 and R =20
films. It will be important to determine if this correlation

can also be found for a-Si N H, films prepared by other
workers.

The results obtained here for X(Si—Si) have been
determined in two separate ways, with the results of the
EMA analysis (Table IV) considered to be more reliable
than those obtained from the analysis of the ir absorption
and film density measurements (Table III). For the
R =40, N-rich films, however, the results of the two anal-
yses are in fact consistent with each other.

It has been found to be dificult, if not impossible, to
deposit a-Si N H, films in which the concentration of
Si—Si bonds is less than about 1%, or 9X10 cm
This low concentration cannot be accurately inferred
from ir absorption and film density measurements. It has
been shown, however, that such a level can be detected
from careful measurements of e2, the imaginary part of
the optical dielectric function. Even at this low level, the
optical properties of the N-rich films are inAuenced
significantly by the presence of the Si—Si bonds. For ex-
ample, the tetrahedron model presented in the preceding
paper has predicted (see Fig. 8 of Ref. 7) that F, , should
approach about 6.2 eV and that n should be near 1.7 for
diimidelike films with y/x &1.9. For the R =40 films
studied here with y/x equal to about 1.9, however, it has
been found that Empt 5.2 —5.4 eV and n =1.79—1.82.
The EMA analysis employed here has shown that this
difference is due to the presence of Si—Si bonds at the
level previously mentioned (9X10 cm ). In addition,
it has been found that the EMA analysis which has been
employed is capable of establishing the existence of Si
atoms bonded to either one or two other Si atoms. More
work will be required in order to make this analysis more
quantitative.
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