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Configurational statistics in a-Si, Ny H, alloys: A quantitative bonding analysis
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The composition of hydrogenated silicon nitride films produced either by plasma-enhanced
chemical-vapor deposition (PECVD) with 0.01 & [NH~]/[SiH4] & 20 in the 220-320- C temperature

range or by low-pressure chemical-vapor deposition at 800'C was determined by elastic-recoil-
detection techniques and compared with the relative and absolute atomic densities deduced from x-

ray photoelectron spectroscopy and optical measurements in the infrared (ir) range. The [N]/[Si]
ratio of PECVD samples followed a square-root dependence on [NH, ]/[SiH4] over most of the gas-

ratio range. We propose original calibrations of most of the ir-absorption bands observed in these

samples over the 600-3600-cm ' range, and we derived the experimental bond statistics by assum-

ing complete valence satisfaction. In particular, the oscillator-strength factor of each of the six

components of the SiH stretching peak was determined. The detailed statistics of all the hydro-

genated configurations established for the first time in such a silicon-based ternary alloy are then

compared to those expected to those expected for a random-bonded network. The most striking de-

viations from configurational randomness were observed at low nitrogen contents where more than

two out of three silicon neighbors of a given nitrogen atom are rnonohydrogenated. Nitrogen atoms
are found to have at least one monohydrogenated silicon nearest neighbor in all samples up to
[N]/[Si]=1. 1. The generality of such a second-neighbor correlation in hydrogenated III-IV amor-

phous alloys is also discussed.

I. INTRODUCTION

Even though the knowledge of absolute atomic and
bond concentrations in silicon-based unhydrogenated
amorphous alloys was found to be suScient for the
semiempirical extrapolation of some basic optical con-
stants at a given wavelength, ' or for the calculation of
model electronic band profiles, it is now generally admit-
ted that the statistics of silicon tetrahedra and the
specific electronic features of each of these first-neighbor
configurations must be considered when spectroscopic
properties are to be accurately described. This was first
pointed out by Philipp, who used the binomial statistics
of silicon-centered tetrahedra in order to describe quanti-
tatively the random character of a-SiO„(Ref. 5) and tt-

SiN (Ref. 6) binary alloys. Further studies showed that
Philipp's approach was partly inadequate because the
dielectric properties of microscopically heterogeneous
media are not a simple statistically weighted linear super-
position of the dielectric functions of these tetrahedra.
Quite satisfying results were obtained on tt-SiO„and a-
SiN systems, as well as on a-SiG„N materials when
the microscopical heterogeneity of the dielectric was tak-
en into account.

To our present knowledge, the basic assumption of
Philipp's random-bond model (RBM), according to
which the tetrahedra distribution followed a bi- or multi-
nomial patter, has rarely been tested in detail. Experi-
mental attempts to estimate these statistics involved the
decomposition of Si 2p core-level x-ray photoelectron
spectra (XPS) of both tt-SiO„(Ref. 9) and a-SiN„(Ref. 10)
alloys into five equally spaced lines at fixed energies. In
the case of amorphous silicon nitrides, this procedure is
still subject to controversy"*' and permanent-charge-
transfer calculations' have shown that the peak energy
of each Si 2p core-level photoemission component de-
pended on the film composition, so that the decomposi-
tion of the XPS peak is not straightforward. The Si 2p
core-level spectra may, however, yield crucial informa-
tion about the chemical order on an atomic scale, provid-
ed the experiment is properly conducted: for example, a
biphasic (tt-Si/tt-Si3N4) system could be observed on tt-
SiN films evaporated in situ. ' In this somewhat excep-
tional case, the lack of signal at intermediate binding en-
ergies provided experimental evidence for short- and
medium-range segregation between pure a-Si and a-Si3N4
regions which must nevertheless be connected somehow:
such a long-range (Si Si~)/(Si N4) separation and the bino-
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mial statistics are merely two extreme reference cases of
chemical order and disorder, respectively.

When hydrogen is also present in the above-mentioned
silicon-based continuous random networks (CRN's), a
wealth of additional first-neighbor configurations appear
so that the extent and pattern of the chemical order will
depend critically on the preparation parameters. '

Specific deposition conditions may, for example, lead to
the synthesis of new materials such as amorphous polysi-
lane polymers' a-(SiHi)„or to the silicon diimide' a-
Si(NH)z. Also, the spatial correlations between bonded
hydrogen and impurities or structural defects which have
been observed in both doped' ' and undoped a-Si:H
films are essential features of current models of these ma-
terials. ' Finally, the preferential incorporation of hy-
drogen from the ammonia observed in plasma-enhanced
chemical-vapor-deposited (PECVD) amorphous hydro-
genated (or deuterated) silicon nitrides~ has been con-
nected both to hydrogenated nitrogen precursors for
solid film growth and to the strong structural distortions
that could be accommodated by hydrogenated units (ei-
ther on Si or N) because of their lower coordination to
the matrix. '

It is the aim of the present study to establish experi-
mentally original first-neighbor statistics of both nitrogen
and hydrogenated silicon atoms for a set of non-
stoichiometric PECVD a-Si„N„H, samples prepared at
[NH3]/[SiH4] ratios ranging from 1/100 to 20/1. In or-
der to derive these configurational distributions, we shall
compare in the next section various experimental deter-
minations of the [N]/[Si] ratio of these films. A detailed
study of the ir-absorption spectra of these -1-pm-thick
samples will then be presented in Sec. III. Elastic-recoil-
detection (ERD) profiles of a second set of thinner near-
ly stoichiometric films ([N]/[Si] =4/3) grown at different
temperatures provided an absolute calibration of the ir-
absorption bands which will be presented in Sec. IV,
along with the complete quantitative bonding analysis re-
sulting from valence satisfaction in both sets of samples.
Section V will focus on the comparison between our ex-
perimentally derived configurational statistics and those
associated with ideal random bonding for [N]/[Si] ratios
from 0.03 to 1.4. The possible origins of the observed
preferential bonding sites will also be discussed in this
section. Finally, the highlights of our work will be sum-
marized in Sec. VI, where our results will be compared to
experimental data obtained on other silicon-based amor-
phous hydrogenated alloys.

Most of the preparation and characterization tech-
niques used for the present study are already well known
for a-Si:H —related materials. Relevant references and ex-
perimental details will be given when necessary along
with the analysis of the results.
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Si„N H, alloys of varying densities can be classified in

three categories.
(i) Direct measurements involving massive-particle

detection, for instance, ERD, ' or the more popular
Rutherford backscattering spectroscopy (RBS). '

(ii) Electronic probes such as Auger-electron spectros-
copy (AES), ' ' XPS core-level analysis, ' and elec-
tron microprobe analysis (EPMA).

(iii) Indirect estimations based on the [N]/[Si]-sensitive
and monotonic variations of an easily measurable physi-
cal quantity, for example the refractive index at a given
wavelength. '

In this short section we shall compare these three
methods through measurements which were performed
on a first set of 1-pm-thick a-Si„N H, films deposited at
320'C in a capacitively coupled 50-kHz PECVD reactor
described elsewhere at [NH&]/[SiH4) ratios ranging
over more than 3 orders of magnitude. The silane was
1:9 diluted in hydrogen, and the total pressure was kept
constant at 250 Pa. The power density (0.2 W cm ) was

lower than that of a recent study at the same discharge
frequency. Both monocrystalline silicon and fused-silica
double-polished substrates were introduced in each run.

For nitrogen and silicon elastic-recoil detection, the
usual ERD setup ' where the mass discrimination is
obtained by Mylar foils was substituted by a more reliable
time-of-Qight measurement. The resulting accuracy on
both the [N]/[N + Si] and [H]/[H + Si] ratios was better
than 5%. The results of Cl ERD time-of-flight analysis
of this set of samples are represented in Fig. 1 as a func-
tion of the gas ratio. The present [N]/[Si) ERD values
are lower than those of a previous and more limited
study because a new calibration procedure on thinner
samples reduced the experimental [N]/[N + Si] values by
10%.

The values of the refractive index at 0.6328 and 4 pm
were deduced, respectively, from ellipsometry measure-
ments and from the fringe pattern of the ir-transmission
spectra of films deposited on crystalline silicon substrates.
They are shown in Fig. 2 to be in fair agreement with the
static index values deduced from the transparence region
of the optical-absorption spectra of similar films deposit-
ed on fused silica. It has been proposed' that the refrac-

II. EXPERIMENTAL DETERMINATIONS
OF THE [N]/[Si] RATIO

OF NONSTOICHIOMKTRIC SAMPLES
10 10 [NH3]/[Si H~] 10

Excluding the calibrated ir spectroscopy, which will be
discussed at length in the following sections, most of the
experimental techniques leading to [N]/[Si] values in a-

FIG. 1. Solid-state [N]/[Si] ratio vs [NH, ]/[SiH4] gas ratio
for a-Si„N~H, PECVD films as deduced from static refractive-
index values, elastic-recoil-detection analysis, and x-ray photo-
electron spectroscopy A»» /A» ~~ area ratios.
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FIG. 2. Refractive indices of a-Si„N~H, 61ms measured at
0.6328 pm (n„;, ), around 4 pm (n„},and in the static limit (n, t t)
as a function of the [NH, ]/[SiH4] gas ratio.

tive index of a-Si„N„H, alloys could be represented as
the bond-density —weighted linear combination of refer-
ence refractive indexes taken at y =0 and at y/x =4/3,
according to

[Si—N]n, s; N +[Si—Si]n, s;.H

[Si—N]+ [Si—Si]

where [Si—N] and [Si—Si] are absolute bond densities
per unit volume. If hydrogen bonding is neglected in a-
Si„N„H, films, this expression becomes'

-si:H+( y / )(2 -si N -si:H

1+3y /4x

For y/x =1, a linear expansion of this last expression
yields the experimentally observed linear relationship be-
tween the refractive index and either the [N]/[Si] (Ref. 3)
or the [Si]/[N] (Ref. 2) ratios. In a more general way,
since reference indexes are experimentally available, Eq.
(2) provided a siinple determination of y/x in films of
known index.

Another possibility is to deduce the XPS AN „/As& 2p
area ratio from core-level spectra obtained on these films
either with the Al Ka or the Mg Ka excitation lines and
reported in detail elsewhere. ' These area ratios were
then corrected for the transmission function of the
spectrometer, the photoelectronic cross sections, and the
electron mean free paths A, associated with these two core
levels. We chose to use the global correction factor of
0.509 proposed by Nefedov for the Al Ea line, which
corresponded to k(N ls) = 15. 1 A taking confirmed
cross-section values and assuming )i,(Si 2p ) =21.6 A as
deduced ' from a Bohr radius r, (Si 2p ) =0.276 A . The
Mg I( a data were processed in a similar way, and the re-
sulting [N]/[Si] ratios are compared in Fig. I to those de-
rived from experimental static index values according to
Eq. (2) with n, s;.H=3. 3 and n, s; N

——1.9.
At low gas ratios the agreement between the three

measurements is quite satisfactory. Above
[NH&]/[SiH~]=l/2, the [N]/[Si] ratios deduced from

III. INFRARED-ABSORPTION SPECTROSCOPY
OF NONSTOICHIOMETRIC SAMPLES

The ir-absorption spectra a(co) between 300 and 1300
cm ' sho~n in Fig. 3 were deduced from room-
temperature relative transmission measurements in the
300—4000-cm ' range in a manner detailed elsewhere. '

The dominant features of the a-Si:H spectrum in the
300-500-cm ' range, at 630 and 875 cm ', respectively,
attributed to disorder-induced silicon matrix modes, to
local SiH wag-rocking (ur-r) vibrations, and to SiHz
bending (b) motions are progressively smeared out as the
two broad bands around 470 and 850 cm ' associated
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FIG. 3. ir-absorption spectra of a-Si„N~H, alloys deposited
at various [NHi]/[SiH4] ratios by PECVD.

XPS and refractive-index measurements are systematical-
ly higher and lower, respectively, than those determined
by ERD analysis. The latter is the most reliable in this
stoichiometry range, as shown in the next section. A
better agreement of the data extracted from the refractive
index with ERD results would, of course, be achieved at
high gas ratios if the lower static index of our nearly
stoichiometric 20/1 sample were used as n s; ~ in Eq.

3 4

(2). In this case the resulting accuracy of this "calibrat-
ed" semiempirical procedure for the determination of
[N]/[Si) in a-Si N H, films is rather striking. As for the
discrepancy between ERD and XPS determinations, it is
probably a result of the variation of the mean-free-path
ratio A, (N Is)/A, (Si 2p) with composition, and it shows
that an experimental correction factor estimated on a
stoichiometric a-Si&N4 sample may not be valid at low ni-

0
trogen contents, since A.(Si 2p) reaches 30 A in this ma-
terial. Finally, the linear part of the log-log plot of Fig.
1 yields a square-root dependence of the [N]/[Si] ratio on
the [NHs]/[SiH4] ratio in the 2/100 to 5/1 range, which
is typical of an AB~A+B rate-limiting step which
could involve, for instance, triaminosilane ions. The
observed dependence is stronger (slope= 1) at lower gas
ratios, in agreement with the linear behavior reported for
2X10 &[NHi]/[SiH~]&g/100 in rf PECVD films
and with the respective slopes of 0.8 and 1.1 obtained in
plots similar to Fig. 1 for PECVD [13.56 MHz (Ref. 45)
and 50 kHz (Ref. 46), respectively] boron- and
phosphorus-doped a-Si:H.
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FIG. 4. Normalized integrated intensities of the main
hydrogen-related vibrational modes observed by ir absorption
as a function of the [NH, ]/[SiH~] gas ratio: stretching (st),
bending (b), and wag-rocking (m-r ).

with SiN symmetric and asymmetric stretching (st)
modes increase with nitrogen incorporation.

The main results of a specific study of hydrogen-related
local vibrational modes in this same set of samples which
has been reported elsewhere' are summarized in Fig. 4.
As a first approach, the normalized integrated absorption
intensities Ib,„di,d, i

——fb,„dar0 'dao of both SiH- and

NH-related absorption lines were plotted against the
[NH3]/[SiH4] gas ratio, without any decomposition of
the bands. In the case of silicon-hydrogen bonds, the
wag-rocking-, bending-, and stretching-mode peak wave
number shifted, respectively, from 630 to 660 cm, ' from
875 to 945 cm ', and from 2005 to 2185 cm ' when

[NH3]/[SiH4] increased from 0 to 20. It should be noted
that the stretching and wag-rocking band intensities do
not scale and that SiH2 bending motions are detected at
all compositions.

The NH stretching-mode absorption band detected
around 3300 cm ' at gas ratios as low as 5/100 shifts to
3335 cm ' at higher nitrogen contents. The much
broader wag-rocking band can be resolved only at much
higher [NH3]/[SiH4] values and appears at 1175 cm ' as
a high-energy shoulder of the asymmetric stretch SiN
main peak (see samples deposited at ratios 2/1 and 20/1
of Fig. 1). For gas ratios of 10/1 or 20/1, a narrow band
around 1540 cm ' was ascribed to NH2 bending motions.
Other weaker bands associated with NH2 sites and also
detected in these two samples' are not mentioned in Fig.
4.

Another result of our local-mode study' is that the
SiH stretching band could best be described over the
whole composition range as the sum of six Gaussian con-
tributions of constant width to which first-neighbor
configurations were assigned on the basis of original per-
manent atomic-charge calculations. ' The peak frequen-
cies and assignments of these components are given in
Fig. 5 along with the variations of their normalized in-
tegrated absorption intensities against the [NH3)/[SiH4]
ratio. As it is mainly on the basis of this figure that we
shall establish in Sec. V the configurational statistics of
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hydrogenated silicon atoms, we would like to point out
that both the decomposition given here and the corre-
sponding assignments' were corroborated by indepen-
dent data published in the literature: in a-Si:H/a-
Si„NyH, multilayers, broader lines at 2080 and 2155
cm were attributed to (HSi NSi2) or (H2Si Si2) sites and
(HSi N2$i) or (H2Si NSi) sites, respectively, while a
decomposition into three Gaussian components at 2120,
2180, and 2255 cm ' was necessary to interpret the an-
nealing behavior of heavily hydrogenated, nearly
stoichiornetric a-SizNyHz films. We shall see in Sec. IV
that up to three Gaussian lines may indeed be present in
the spectra of nearly stoichiometric layers deposited be-
tween 200 and 800'C. However, in our laboratory, the
component at 2250 cm ' which was attributed to the
H3SiN configuration has not been observed in PECVD
samples deposited above 200'C.

The subtraction of the absorption bands related to hy-
drogen local motions (see Fig. 4 and Ref. 13) from the ini-
tial absorption spectra of Fig. 3 yielded the difference
spectra represented in Fig. 6. The magnified spectra of
the nitrogen-free and 2/100 samples show how in the
latter, disorder-induced Si—Si matrix absorptions bands
and particularly that from the LA mode at 340 cm ' age
enhanced by nitrogen incorporation. At intermediate gas
ratios, these bands mingle with the Si—N "symmetric
stretching" and Si "breathing" modes, ' while a broad
shoulder develops near 570 cm '. At sti11 higher nitro-
gen contents, the absorption band between 300 and 600
cm ' resulted from less localized ir-active phonons of the
silicon nitride matrix, and a comparison with the results

FIG. 5. Variations of the normalized integrated intensities of
the six components of the Si—H stretching-mode absorption
band with the gas ratio. The mean peak frequencies of the lines
are given in cm ' together with their assignments.
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FIG. 6. Processed ir-absorption spectra of a-Si„NyH, sam-

ples resulting from the subtraction of all hydrogen-related
local-mode absorption lines from the spectra of Fig. 3.

of a simplified dispersion analysis (where the interunit
coupling was not taken into account) seemed justified:
for a mixture of a and P phases in polycrystalline Si3N4,
such an approach yielded two TO modes in this spectral
region, at 495 and 580 cm '. Because the peak absorp-
tion for our films lies rather in the 450—480-cm ' range
and because the 570-cm ' shoulder is rather intense in
our spectra, we may moreover describe qualitatively the
short-range order of nitrogen in these samples as being
"close to" the (N Si3) planar configuration observed in
the P phase of crystalline Si3N4. '

The P-like character of the 20/1 sample is further
confirmed in Fig. 6 by the high-energy profile of the main
absorption peak, above 1040 cm ', which closely resem-
bles that of P-Si3N4. ' ' Also, the strong shoulder in the
970-1010-cm ' range for this sample might be com-
pared to the absorption lines at 996 (1001) cm ' which
have been observed in gaseous and liquid (solid ) trisi-
lylamine molecules where the (N Si3) configuration is pla-
nar.

Let us now focus on the main peak around 850 cm
which is generally attributed to the asymmetric stretch-
ing mode of Si—N bonds. ' The strong variations of its
line shape with the ammonia-to-silane ratio show that a
realistic decomposition of this absorption feature would
involve at least three lines (see Fig. 6). Indeed, accurate
dispersion analysis of conventional and Fourier-
transform ir spectra yielded four (three) components at
820, 890, 940, and 1000 cm ' (830, 900, and 970 cm ')
for CVD (Refs. 54 and 55) [PECVD (Ref. 55)] nearly
stoichiometric films. However, neither these lines nor the
840-cm ' (970-cm ') component associated with isolated
(clustered) (N Si3) sites in nonhydrogenated a-SiN

(y ~0. 15) films could explain the low-energy shoulder
clearly observed in our samples deposited at low
[NH3]/[SiH4] ratios (see Fig. 6). This shoulder around
760 crn is similar to the broad absorption band ob-
served in unannealed heavily N2+-implanted silicon,
which displayed a maximum below 800 crn '. Also, a
much narrower line at 764 crn ' reported for lower nitro-
gen implantation doses in crystalline silicon has been at-

tributed to silicon-vacancy-related configurations of the
isolated nitrogen atom. We shall therefore ascribe this
shoulder to nitrogen sites where both the Si—N bonds
and the local silicon network are strongly distorted.

A last absorption feature, which has been numerically
detected in a systematic manner for gas ratios greater
than 1/1, is hardly to be seen in the same region of the
spectra of Fig. 6. Since the intensity of this weak com-
ponent centered in the 690—710-cm ' range rose
markedly in the spectra of the 5/1, 10/1, and 20/1 sam-

ples, we tentatively assigned it to the coupled breathing
motion of bridging NH units.

Finally, it is striking that the peak frequency of the
main SiN absorption band remained almost unaffected at
845+3 cm ' throughout the 1/100 to 2/1 gas-ratio
range, while its shape and intensity varied quite drastical-
ly, as detailed above. This is illustrated in Fig. 7, which
shows the variations of the peak position. The maximum
absorption and the normalized integrated absorption also
shown in this figure follow similar but not quite parallel
trends with increasing [NH3]/[SiH4] values. For gas ra-
tios greater than 2/1, the frequency of the absorption
peak rose to 865 cm '. This is a result of the increasing
NH concentration (while the Si—H bond density de-
creased) in our alloys, as previously and unambiguously
demonstrated on SiH-free silicon diimide films. '

IV. QUANTITATIVE BONDING ANALYSIS

A. Continuous covalent networks

a[A' ]= g [A' —Ap]+2[A' —A' ] .
I~g, a~P

(3)

I

~wI
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FIG. 7. Peak frequency, maximum absorption, and normal-
ized integrated intensity of the Si—N asymmetric stretching-
mode (st. as. ) absorption band as a function of the
[NH3]/[SiH~] gas ratio.

For any chemically bonded covalent system, a general
relationship between the absolute concentration [A ' ] of
an a-coordinated atom of type i and the densities of
chemical bonds [A' —A~&] involving this atom in an a-
coordinated site is
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The resulting group of equations which describe the sys-
tem become simpler if the network is assumed to be con-
tinuous, so that the concentration of molecular species
(for instance Hz, N2, or Oz in voids) is negligible.
Blister-free gas evolution and annealing studies
confirmed that this was indeed the case in a-Si„N H, al-

loys, ~nd indicated, moreover, that single or multiple
N—N bonds were not likely to occur in these samples.
Since ESR studies showed also that the proportion of Si
(N) aton s with a coordination different from 4 (3) was in
(below) the ppm range in our films, we may derive from
Eq. (3) the following set of equations:

[H]= [Si—H]+ [N—H],
3[N] = [Si—N]+ [N—H],
4[Si]= [Si—N]+ [Si—H]+ 2[Si—Si] .

(4)

(5)

(6)

The resulting inhuence of hydrogen bonding on both
the [N]/[Si] and [H]/[Si] ratios of nearly stoichiometric
films is represented in Fig. 8. The assumption that both
the [Si—Si] and [N—N] bond densities are negligible in-
troduced forbidden regions in the [N]/[Si]-versus-
[H]/[Si] plane, while Eqs. (4)—(6) defined bundles of con-
verging (parallel) straight lines when only the parameters
a or b (c) defined in Fig. 8 vary. The obvious effect of a
rising [N—H] ([Si—H]) bond density is to enhance (de-
crease) the [N]/[Si] ratio within boundaries which expand
with increasing hydrogen contents. Furthermore, some
regions of the plane can be reached only if specific hydro-
genated configurations are present: SiH2 and SiH3 sites
for c & 1 and c & 2, respectively, and NHz terminals if
b & 1, for instance. Finally, if the N—N bond concentra-
tion can be neglected in any silicon nitride system, the
a=1 frontier of Fig. 8 provides an upper limit for
[N]/[Si] values of all a-Si„N H, alloys as a function of
their hydrogen contents. It should be stressed that in
off-stoichiometry samples where Si—Si bonds are present
distinct (b, c) pairs may lead to the same composition,
whereas this is impossible in Fig. 8.

B. Bonding analysis of nearly stoichiometric films

For films thinner than 0.8 pm, the presence of the
ERD signal corresponding to the crystalline-silicon sub-
strate provides an absolute calibration of the atomic-
silicon concentration [Si],„b, as shown in Fig. 9, where the
atomic density profiles of typical PECVD and LPCVD
films were represented.

In order to calibrate the most reliable ir-absorption
bands with ERD results, we studied a second set of
thinner nearly stoichiometric ([N]/[Si] =4/3) samples de-
posited either by PECVD under conditions similar to
those described above or by LPCVD in an industrial pro-
duction chamber, as detailed in Table I. Samples 1 —3
were deposited under identical conditions but during
various deposition times, and substrate-holder tempera-
tures ranged from 220 to 800'C.

The maximum absorption in the spectra of the PECVD
samples was observed around 860 cm ', while that of the
LPCVD sample occurred at a frequency of 845 cm
The Si—H stretching band of these samples contained up
to three components at 2140, 2175, and 2220 cm ', and a
high-energy shoulder was observed at about 3445 cm
in the N—H stretching-mode absorption profile. The in-
tegrated intensity of this Gaussian component was found
to scale by a factor of —', with that of the NH2 bending
mode line near 1540 cm ' (see Fig. 10) and this absorp-
tion shoulder was thus ascribed to an unresolved NH2
stretching mode doublet also observed by other au-
thors. ' The normalized integrated intensities of the
above-mentioned bands, as well as that of the NH (wag-
rocking) mode near 1175 cm ' are given in Table II for
the six samples of this second set. The main uncertainty
on these values came from the thickness measurements
and inhomogeneties, and it was of the order of 10%%uo.

These results were compared to the mean atomic densi-
ties (obtained by ERD and given in Table III) through
Eqs. (4)—(6). The calibration factors verifying [A—
8]=K„it ~m, d, lI„it ~m, d, ~

were deduced from a best-fit
procedure on all three equations by assuming all Si—Si
bonds to occur only on the hydrogenated sites which give

a [N-H] b [N-H]

[H] [N]

t

q [Si-H]

[Si]

[N])'51

0 1 [H]l[Si]2 3
FIG. 8. Inhuence of the hydrogen-to-silicon concentration

ratio on [N]/[Si] in a covalent continuous a-Si„N„H, alloy de-
scribed by Eqs. (4)—(6).

I I

[S~sub-
PECVDIE

U
C4
CV
CD

Vl

CUu

~ ~.----[N].—~---------
I g

I l i
I
I

~ I

',

(
—

[N
'.[Si]

[H]P
I
I

1 I
I

~ gl
4 S I a

0 1000 Thickness (A) 7000
FIG. 9. Atomic density profiles of samples 5 and 6 of Table I
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TABLE I. Preparation conditions and thicknesses of nearly stoichiometric a-Si„N~H, films deposit-
ed on monocrystalline-silicon substrates.

Sample

Thickness (A)
T, ('C)

[NH, ]/[SiH4]

900
320
10/1

1950
320

10/1

3200
320

10/1

3700
320

20/1

1900
220

10/1

5200
800

LPCVD

rise to the Si—H stretching absorption component at
2140 cm ' (see Table II). The values for 1(.„z are given
in the lowest line of Table II. It is striking that the fit on
the nitrogen contents which involved two independent
factors [for the SiN main absorption band and the
NH(w-r} shoulder, respectively] should yield the same
value at 2.07X10' cm for both factors. This value is,
moreover, quite close to that of the oscillator strength
factor of the local SiN asymmetric stretch of N-doped
Boating-zone crystalline silicon observed at 963 cm
(2.1X10' cm ), but much higher than another value
proposed for various amorphous alloys with
[N]/[SI]&0.3 (2.9X10' cm ). Taking into account the
common calibration factor of Table II, one may further-
more write Eq. (5) as

[N]=C~ f ace 'dao, (7)

where

C~ ——3E$i+ (st as ) 3+QH (wr) 6.9 X 10 cm18 —2

This calibration factor Cz is in fair agreement with the
value of 7.7X10' cm proposed for CVD films, where
the absolute silicon density was assumed to drop linearly
between 5X10 cm at y =0 and 4X10 cm at
y/x =4/3. More indirect estimations ' yield a higher

value for C~ at 9.2X10' cm in implanted films, while

a similar constant of 6.7X10' cm has been recently
deduced for PECVD films in the 0&y/x &0.9 range
from EPMA measurements.

We should make it clear that the above value of
Ks Q ( f ) applies only to the restricted 1 .25
& [N]/[Si] & 1.45 range. Ks;~ ~„„~is only the empirical
calibration factor of a complex phonon-related absorp-
tion band, whereas the other E values proposed in Table
II are true oscillator strength factors because they are as-
sociated with true local modes. Since our simultaneous
fitting procedure of Eqs. (4)—(6) litnited error propaga-
tion, we believe these values to be correct within 10%.
The oscillator strength factors of the three Si—H stretch-
ing bands are given in Table II. They are of the same or-
der of magnitude as the mean value reported for a-SiH
(Ref. 67) at 1.4X10 cm but higher than the 3X10'
cm proposed in an early study specific to a-Si N„H,
alloys, which disagrees with most of the later estima-
tions ' around 10 cm

Finally, even though the [N]/[Si] ratios of Table III are
the same in samples 1-3, it is clear from Table II that
higher concentrations of NH bonds are observed in
thinner films (although these have slightly lower total hy-
drogen contents}, pointing out to the role of NH units as
stress relievers near interfaces.

10.

0

tt)P m&x

~S~Ocm-'

NH2
/'

/++
~~Ca)

tVP. +max

31,4S cm

S 4

10 Ist (C[I} j

C. Bonding analysis of nonstoichiometric films

As stated above, all but two samples described in Secs.
II and III were too thick for a direct determination of
their absolute atomic densities. In the case of the quasi-
stoichiometric layer deposited at [NHz]/[SiH4]=20/1,
the [N—H], [Si—H], and [Si—N] bond densities could,
however, be deduced from the ir-absorption spectrum
and from the factors of Table II, and an approximate
composition was found to be a-Sip 3Np 4Hp 3. In order to
derive the absolute silicon concentration of our non-
stoichiometric alloys, we propose to write of the multilin-
ear bond-density dependence of the refractive index ob-
served in various silicon-based alloys' ' in a more gen-
eral way than that of Eq. (1) by

n„„—1=y[Si—N]+5[Si—Si] .

Introducing the atomic densities through Eqs. (5) and (6),
the absolute silicon concentration is then given by

FIG. 10. Correlation between the normalized integrated in-
tensities of the NH& stretching component (I„)and of the NH2
bending absorption band (Ib).

n „„—1+( y —5/2) [N—H] + [Si—H](5/2)
[SI]= 25+ 3(y —5/2)[N]/[Si]

(9)
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TABLE II. Normalized integrated absorption {in cm ) and detailed assignments of reliable ir-
absorption bands in nearly stoichiometric samples.

Sample

1

2
3
4
5
6

K {cm )

Mode
Configuration

845-870

4700
4930
4850
4760
4100
7420

2.07' 10"
asym. stretch

SiN

1175

480
550
340
580
420
100

2.07' 10"
wag-rock

NH
NH2

m .„{cm-])
3445

6.8
8.4
3.2
5.1

9.9

5X1020
stretch

NH2

2140

6
2.8
7.8
2.4
10.2

1.1 y, 10
stretch

HSiN2Si
H2SiNSi

2175

1.1
4.7
11.1
6.5
17

4y10"
stretch
H&S&N2

2220

10.9
9

24.4
10.2
28. 1

6.7
2g 10"
stretch
HSiN3

In our particular case, calibrations on our a-Si:H and a-
Sip 3Np 4Hp 3 films yielded an approximate but simpler
empirical formula:

[Si] (cm )=(1.35X10 )n„„+0.25[Si—H] . (10)

The absolute nitrogen densities are then determined using
the ERD results of Fig. 7, and are plotted along with the
silicon concentrations from Eq. (10) in Fig. 11 as a func-
tion of the solid-phase [N]/[Si] ratio. The agreement
with ERD results for a 0.7-pm-thick intermediate
([N]/[Si]=0.11) sample was excellent. The hydrogen
atomic densities also given in Fig. 11 were deduced from
NH and SiH nonshifting stretching absorption lines (us-
ing the oscillator strength factors of Table II) and from
the additional absolute ERD data on the two thinner
samples deposited at low 1/100 and 5/100 [NH3]/[SiH4]
ratios as well as from earlier nuclear measurements on
the nitrogen-free sample. The corresponding oscillator-
strength factors for the Si—H stretching-mode com-
ponents at 2005, 2065, and 2082 cm ' (see Fig. 5) were 7,
11, and 17&( 10' cm, respectively, while

ENH(„) ——(12+3)X10' cm . The semilogarithmic plot
of Fig. 11 shows that the hydrogen contents are max-
imum in the 0.4 & [N]/[Si] &0.7 range, and that the con-
centration of silicon atoms is roughly linear with
[N]/[Si], as proposed earlier. At [N]/[Si] ratios greater
then 0.7, the results are obviously preparation dependent,
and our data do not follow the general trend of a total
mass density increasing with [N]/[Si], ' probably
because of the high concentrations of NH and NH2 units

in our nearly stoichiometric samples.
The variations of the Si—H and N—H bond densities

with the [N]/[Si] ratio as given in Fig. 12 confirm the
strong correlations between high density and high Si—H
concentration on one hand and low density and high
N—H contents on the other. Also in Fig. 12, the oppo-
site variations of Si—Si and Si—N bond densities are
strikingly symmetrical, while at [N]/[Si] ratios lower
than 0.5, the additional hydrogen introduced in the layer
along with nitrogen is bonded to silicon rather than to ni-
trogen. As most of the hydrogen of such PECVD alloys
is known to come from the ammonia, this tendency in-
dicates that in our strongly bombarded 50-kHz samples
hydrogen bonding in the solid phase results from surface
or bulk rearrangement rather than from the gas-phase
plasma chemistry, while the nitrogen incorporation was
shown in Sec. III to be strongly related to the gas-phase
composition (see Fig. 1).

Finally, the total Si—H and Si—N bond densities of
Fig. 12 were compared to the normalized integrated in-
tensities of the Si—H wag-rocking and of the Si-N asym-
rnetric stretching absorption bands given in Figs. 4 and 7,
respectively. The resulting "calibration" factors plotted
~n Fig. 13 are independent of the composition in limited
ranges only. Es;H [~,] is very strongly affected at low ni-
trogen contents, and is about constant at 7.8+0.4X10'
cm for [N]/[Si] )0.6, instead of (1.6+0. 1)X 10' cm
in a-Si:H. On the contrary, Ks;N ~„„]was found to be
constant for [N]/[Si] & 0.8 at about (1.3+0.2) X 10'
cm, and seemed to be strongly composition dependent
in the range 1 & [N)/[Si] & 1.5. The trends illustrated by

TABLE III. Experimental {ERD)and calculated nitrogen atomic density and composition ratios ob-
tained from the data of Table II through Eqs. (4)-(6).

Sample
[N] (10 cm ')

Expt. Fit Expt.
[N]/[Si]

Fit Expt.
[H]/[Si]

Fit

361
371
368
377
341
488

357
378
362
368
312
517

1.44
1.44
1.43
1.47
1.23
1.37

1.4
1.42
1.3
1.42
1.16
1.34

0.57
0.6
0.62
0.62
0.8
0.112

0.53
0.6
0.57
0.59
0.82
0.104
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FIG. 11. Absolute atomic concentration in a-Si„N~H, as a
function of the [N]/[Si] ratio. Open symbols correspond to
direct ERD measurements.
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FIG. 13. Experimental calibration and oscillator-strength
factors of the Si—N asymmetric stretching and Si—H wag-

rocking modes as a function of the [N]/[Si] solid-state ratio.

Fig. 13 are quite similar to those of the peak frequencies
of the two corresponding absorption bands, which were
plotted against the [NH3]/[SiH4] ratio, respectively, on

Fig. 7 and in an other report. ' The results confirm the
general rule of ir quantitative bonding analysis, according
to which the calibration of shifting lines is not at all
straightforward, whether they correspond to local modes
or not.

D. Random bonding and chemical order

In our silicon-nitrogen hydrogenated alloys, chemical
order could promote the growth of many amorphous
stoichiometric phases other than the obvious a-Si and a-

r
8

Q s ~~
CV

CD

~ ~ Si-Si
CU

(=).a Si-N

B= g P[A' ][Ah]+pa[A' ] 2D .
i~j, a@p i, a

Each of the terms of this expression was then identified
with the density of each of the possible bonds in the net-
work according to

Si3N~ references. If simple molecular species such as
SiH4, NH3, Si(NH2)4, and N(SiH3)3 are excepted, a
wealth of polymerlike (for instance, a-(SiHz) or a-
[Si(NHz)2]) or glassy materials [a-N(SiH), a-N2(SiH2)3,
or a-Si(NH)2] remain to be considered. We have already
stressed how the respective spatial dimensions of these
phases could aff'ect the bonding statistics, so that the ex-
istence of such heterogeneities could not be deduced from
the experimental data of Figs. 11 and 12 alone.

A more realistic approach is to compare the experi-
rnental bonding statistics to those expected for a random
alloy. The random covalent model has thus been op-
posed to chemically ordered network models for the
description of chalcogenides and glassy materials. The
former stipulated that the random-bond statistics of hy-
pothetical alloy of total atomic and bond densities D and
B (given, respectively, by g; [ A ' ] and g; a[ A ' ]/2)
could be deduced from expanding the expression for B as
follows:

8 v N-H [A', —AJ&]=(a+/)[A' ][A~&]!2D (12a)

1
r

0 I g
~aAaee-

~
Si H --- ~ g.

[N]/[Si] 0.2 0.5 1 2
FIG. 12. Experimental bond densities in a-Si„N~H, alloys as

a function of the [N]/[Si] solid-state ratio. The solid (dashed)
line resulted from the application of Eqs. (14a) and (14b) [(12a)
and (12b)] to our PECVD samples.

and

[A' —A' ]=a[A' ] /2D . (12b)

[A' —A~p]=al3[A' ][A JI)]/2B, (14a)

However, such a definition is not compatible with Eq. (3)
and must therefore be ruled out. We thus propose to
derive the bond statistics of a random alloy by writing the
expansion of B in an alternative way:

aP[A' ][AJ)s]+pa [A' ] 4B, (13)
i', asap

and to define the bond concentration associated with
ideal randomness by
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[A' —A' ]=a [A' ] /48 . (14b)

V. CONFIGURATIONAL STATISTICS

In order to obtain additional information about the
random character of our continuous a-Si„N H, alloys,
we shall compare in this section the experimentally avail-
able configurational statistics to those expected for con-
tinuous random networks (CRN's). In this approach,
the randomness will be characterized by the statistical
distribution of the 20 basic network formers that can be
built on Si and N in amorphous hydrogenated silicon ni-
trides. The general definition of an ideal random-bonding
network involves two hypotheses: First, the choice ofp;,
the elemental probability that an a-coordinated atom A '

of the system be bonded to an A J& atom; second, the as-
surnption that the various first-neighbor configurations of

have probabilities which follow a multinominal law of
order m, where m is the number of diferent atomic
species present in the alloy, as proposed by various au-
thors. ' ' We propose here to define the elemental
probability p;. in a general way which is compatible with
Philipp's specific approach of IV-II compounds:

These equations are compatible with Eq. (3), and have
been recently applied to the specific case of SiN„alloys.
Both models [resulting from Eqs. (12) and (14)] are com-
pared to the experimental data on our a-Si„N H, alloys
in Fig. 12, and the results of the random covalent model
(dashed lines) are shown to be quite difFerent from those
given by our random-bond covalent alloy (RBCA) model
through Eqs. 14(a) and 14(b). Even though the lack of ex-
perimental evidence for H or N homopolar banding was
the main deviation from the ideal random character as
defined by these equations, the bond statistics were those
of a random alloy up to [N]/[Si] =0.2. The experimental
Si—H bond concentration was higher than that expected
for the random case in the intermediate 0.2
([N]/[Si] (1.1 range, a feature probably related to the
structural constraints to be accommodated in this com-
position region where the concentration of NH bridging
units was lower than expected within the random-
bonding description. The structural relaxation brought
to the network by the SiH and SiH2 units' was taken
over by the NH groups at [N]/[Si] & 1, as the concentra-
tion of the latter rose in a spectacular manner. This
ammonia-related effect is, however, known to be prepara-
tion dependent, ' and is not always observed when the
Si-N concentration increases.

In order to investigate in more detail the apparent ran-
dom character of our alloys at low nitrogen contents, we
shall establish in the next section the statistics of the
first-neighbor configurations (also called basic network
formers } which can be deduced from experiment. These
will be compared to multinomial distributions based on
the experimenta! bond statistics of this section rather than
to those of the RBCA model, so that subtler second-
neighbor correlation effects might not be hidden by the
stronger and more general trends described above.

[~.—~ j]
p, = . for i&j or a&P,a[A' ]

2[3' —A' ]
a[A' ]

(15)

(16)

For a given A' central atom, the sum of p;; and all p;-
probabilities is unity according to Eq. (3). In the particu-
lar case of a-Si„N„H, alloys, the probabilities for
nitrogen-centered (N Si„H„) ()M+ ri =3) or silicon-
tetrahedral (Si Si„N+„(p+v+ri=4) basic formers will

then be given by

3! [Si—N]"[N-H ]"
)M't)' (3[N])'

p(Si Si N )= 4!2" [Si—Si]"[Si—N] "[Si—H]"
plvfri! (4[Si])

(17)

where )tt, v, and ri are integers between 0 and 3 [Eq. (17}]
or 0 and 4 [Eq. (18)]. For the mono- and dihydrogenated
silicon configurations detected by ir spectroscopy, the ex-
perimental site statistics deduced both from Fig. S and
from the calibration procedure of Sec. IV were compared
to those calculated through Eq. (18) in the various plots
of Fig. 14.

At low nitrogen contents, the growth chemistry
enhanced the concentration of (H2 Si Si2) sites and hin-

dered the formation of (H Si Si3) units in a way very simi-

lar to that observed in our nitrogen-free film. This is
known to be a preparation-sensitive phenomenon and we
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FIG. 14. Density of various hydrogenated silicon tetrahedra

as a function of the [N]/[Si] ratio. The solid lines and symbols
were deduced from Fig. 5. The dashed lines resulted from the
application of Eqs. (15)—(18) to a-Si„N„H, alloys.
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FIG. 15. Calculated (open symbols} and experimental frac-

tions of unhydrogenated, monohydrogenated, and dihydro-
genated silicon atoms in a-Si„N~H, alloys as a function of the
[N]/[Si] ratio.

shall rather focus on the nitrogen-related trends observed
in Fig. 14. Up to [N]/[Si]=0.3, the concentration of (H
Si NSiz) sites is much stronger than that expected for ran-

dom bonding. At higher ratios (0.15 & [N]/[Si] & l. 1), the
(HSi N, ) density is also much greater than expected, and
the sums of (H2 Si SiN) and (HSi SiNz) concentrations are
also in excess of the values calculated through Eq. (18).
At still higher [N]/[Si) ratios the tendency reverses and
all deviations from randomness become weaker for these
hydrogenated silicon sites. A tentative separation of the
(HzSi SiN) and (HSi SiN2) contributions to the 2140-
cm ir-absorption line based on the variations of the
Si—Hz bending-mode band intensity (see Fig. 4) enabled
us to draw in Fig. 15 the relative fractions of unhydro-
genated mono- and dihydrogenated silicon atoms as a
function of the [N]/[Si] solid-phase ratio. It is striking
that these quantities are almost equal to those predicted
by the random-bonding model even though strong devia-
tions from this model have been observed for the
configurational statistics of Fig. 14. Up to [N]/[Si] =0.5,
the small differences between the calculated and experi-
mental site ratios of Fig. 15 follow quite clearly the
trends observed in the nitrogen-free sample. At higher
[N]/[Si] ratios no such systematic tendency could be
determined. Finally, the variations of the concentrations
of the five unhydrogenated silicon tetrahedra which re-
sulted from Eq. (18) have been represented in Fig. 16.
The most striking result of such a random-bond descrip-
tion of these sites was that the (Si Si4) concentration was
less than half its nitrogen-free value for [N]/[Si)=0. 15.
If this were indeed the case, it would mean that the
strong distortions of the Si—Si bond angle observed in
these alloys affect primarily hydrogenated or nitro-
genated tetrahedra.

Let us now focus on the configurational statistics relat-
ed to nitrogen-centered basic formers. The respective
fractions of nitrogen atoms in the (N Si3), (HN Si2), and
(H2N Si) sites are given in Fig. 17(a). They result from
the chemical order affecting the bond statistics as de-

C4
C3

LI
C:
C)
LJ

CP
l4

D

I r e

From C R N calc.

Si N3Si ~

SiNI ~Sii, ~

NSi

~ si

+si
~ si

3 k
N2Si2 /

x~o
Sr P e~T+~ KX 0

0[N]/[Si] 0.1 0.2 0.5 1

FIG. 16. Absolute density of unhydrogenated silicon tetrahe-

dra deduced from Eqs. (15) and (16) as a function of the [N]/[Si]
ratio.

scribed in the preceding section, and there was not any
evidence for new effects as experimental and calculated
values were within 5% of each other. Much more in-
teresting information can, however, be extracted from the
ir spectroscopy if one considers the data of Fig. 14 from
the point of view of nitrogen second-neighbor
configurations. The densities of nitrogen atoms, respec-
tively, bonded to unhydrogenated, mono-, and dihydro-
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FIG. 17. (a) Experimental fraction of unhydrogenated,
monohydrogenated, and dihydrogenated nitrogen atoms in a-
Si„N~H, alloys as a function of the [N]/[Si] ratio. (b) Experi-
mental mean number of unhydrogenated, mono- or dihydro-
genated silicon neighbors per nitrogen atom as a function of the
[N]/[Si] ratio.
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TABLE IV. Assignments, line parameters, and oscillator-strength factors of the six components of
local Si—H stretching modes in a-Si„N~H, alloys.

co,„(cm ')

FWHM (cm ')
2005

95
2065
105

2082
100

2140
105

2175
80

2220
125

Configuration

E (10' cm )

(HSi Si,) (HqSi Siq) (HSi NSiz) (HSi N Si)
(H2Si NSi)

11

(H2Si N2) (HSi N3)

genated silicon units can be determined and the resulting
relative fractions of nitrogen atoms are plotted against
the [N]/[Si] ratio in Fig. 17(b). The experimental disper-
sion notwithstanding, clear trends are observed at low ni-

trogen contents where more than two out of three silicon
neighbors of a given nitrogen atom are monohydrogenat-
ed. An extrapolation of this behavior to the doping range
([N]/[Si] & 1/100) yields a preferential N(SiH)3
configuration for almost all nitrogen impurities. This
tendency is strongest in films where the Si—N asym-
metric stretch absorption profile is distinct from that of
samples with higher N contents (see Sec. II). A similar
boron-hydrogen spatial correlation has been detected in
boron-doped a-Si:H by nuclear magnetic resonance, ' so
that its "chemical" origin is either to be found in com-
mon features of the chemistry of boron and nitrogen, or
in the strain reduction (or structural relaxation) brought
by a local III-III formation with satellites III-IV sites as
compared to an isolated III-IV configuration in an a-Si:H
matrix. Up to [N]/[Si]=1.1, each nitrogen atom has at
least one monohydrogenated nearest neighbor, a result
that should be taken into account when the variations
with [N]/[Si] of the electronic and optical properties of
these alloys are studied in some detail, or when a model
of the Si—N stretching vibration is proposed.

VI. CONCLUSION

The results of this experimental determination of the
atomic composition, bond concentrations, and first-
neighbor configuration statistics of a-Si„N H, have led
us to draw the following conclusions.

(i) The [N]/[Si] solid-state ratio of the PECVD samples
(as determined by elastic recoil detection) followed a
square-root dependence on [NH3]/[SiH4] gas ratio over
most of the preparation range. Semiempirical derivations
of [N]/[Si] from refractive-index measurements were
found to be quite reliable. On the contrary, XPS deter-
minations of this ratio are not at all straightforward,
since the mean-free-path ratio A,(N Is)/A, (Si 2p) varies
with the composition of the dielectric.

(ii) Assuming a complete valence satisfaction, we pro-
posed original calibrations of most of the nonshifting ir-
absorption bands observed in the 600—3600-cm ' range
for these alloys: the oscillator-strength factor of the NH
wag-rocking (stretching) mode near 1175 cm ' (3335
cm ') was (2.1+0.2) X 10' cm [(1.220. 3)X 10
cm ], and that of the N—H2 bending (stretching) mode
near 1540 cm ' (3445 cm ') was estimated at
(3.8%0.4) X 10 cm [(5+0.5 X 10 cm )], while a cali-
bration factor of (1.3+0.2)X 10' cm 2 was determined

for the Si—N asymmetric stretch broad band in the
0.01&[N]/[Si]&0.8 range where its peak frequency is
constant. The peak frequencies, typical full width at half
maximum (FWHM), and assignments of the six com-
ponents of Si—H stretching-mode absorption band are
summarized in Table IV along with their oscillator-
strength factors. The factors of shifting bands showed
strong variations with composition. At low N contents
hydrogen bonding occurred preferentially on silicon as
expected in a random alloy. At higher nitrogen concen-
tration, strong "chemical" effects promoted the predomi-
nance of bridging NH units.

(iii) The statistics of hydrogenated configurations were
determined for the first time in such a ternary alloy. The
results of this original quantitative bonding analysis show
that the [SiH]/[SiH2] ratio is about that of the nitrogen-
free sample up to [N]/[Si]=0.4, and that the total
amounts of di-, mono-, and unhydrogenated silicon and
nitrogen atoms are roughly equal to those expected from
a description of our alloy as a continuous random net-
work over the whole composition range. The most strik-
ing chemical effect was observed at low nitrogen contents
where more than two out of three silicon neighbors of a
given nitrogen atom are monohydrogenated. Up to
[N]/[Si]=1.1, each nitrogen atom was found to have at
least one monohydrogenated silicon nearest neighbor. As
weaker but similar effects have been observed in PECVD
(Ref. 19) heavily boron-doped a-Si:H films, we believe
these second nearest-neighbor correlations to be a general
feature of III-IV hydrogenated amorphous alloys, in-

dependent of the solid-state incorporation law of the im-

purity of the tetrahedrally bonded network. More gen-
erally, the concentrations of hydrogenated tetrahedra are
shown to be at least as important as those of unhydro-
genated sites, and we feel that these hydrogenated
configurations should not be left out in the calculations of
the optical properties of Si-based PECVD alloys. ' Fi-
nally, for [N]/[Si] greater than 0.6, the bonding geometry
of nitrogen atoms was shown to be very similar to the
planar site observed in the P phase of crystalline Si3/N~.
This brings further support to the common hypothesis of
tight-binding studies ' of this amorphous alloy.
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