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Proton magnetic resonance data are presented for the hydrogen alloys of plasma-deposited
amorphous boron, carbon, silicon carbide, and silicon nitride. Linewidth and lineshape analysis
leads to the conclusion that hydrogen nuclei are clustered in a-Si/C:H, a-C:H, and a-Si/C:H.
Both a-Si/C:H and a-C:H data show that the hydrogen exists in two phases. Modeling of line-
widths in a-Si/C:H indicates that the two phases are heavily hydrogenated carbon clusters
imbedded in a weakly hydrogenated a-Si lattice. Finally, evidence is presented for the presence of
motionally narrowed hydrogen spectra in a-Si/N:H, a-B:H, and a-C:H. It is suggested that the

hydrogen nuclei giving rise to these spectra are associated with disorder modes.

PACS numbers: 76.60. — k, 61.16.Hn, 68.60. + q

Inorganic thin films prepared either by plasma-deposition or
reactive sputtering techniques have attracted a great deal of
attention recently! because of their technological importance.
Plasma deposited silicon nitrides have proven attractive for
use as passivation layers in high reliability silicon integrated
circuits, and amorphous silicon has been doped successfully
to form p,n and Schottky barrier junctions, as well as solar
cells.2 The role of hydrogen in these films is not well under-
stood, although it is generally accepted that hydrogen passi-
vates dangling bond intrinsic defects and thus decreases the
density of states in the gap.2-4

It has recently been shown3 that proton magnetic resonance
data reveal unique information on the degree of clustering
and intermingling of local hydrogen bonding environments
in amorphous plasma-deposited silicon-hydrogen films. Hy-
drogen also plays an important role in the properties of other
films such as silicon nitride 36-9 silicon carbide,310.1! car-
bon,*12-14 and boron. It is the purpose of this article to report
two-component dipolar broadened magnetic resonance
spectra of the hydrogen alloys of these plasma-deposited
amorphous substances. It will be shown that data for a-C:H,
a-5i/N:H, and a-Si/C:H lead to the conclusion that the hy-
drogen nuclei are clustered. In addition, the data for a-C:H
and a-8i/C:H show direct evidence for two phase composi-
tional inhomogeneity, where molding of local bonding en-
vironments in a-Si/C:H suggests that the two phases are due
to heavily hydrogenated carbon clusters imbedded in a
weakly hydrogenated a-Si lattice. Furthermore, temperature
dependent data for a-B:H, a-Si/N:H, and a-C:H indicate that
a small fraction of the protons in these films have spectra
which are motionally narrowed. We associate them with
disorder modes in the lattice.

The samples were prepared by deposition!® under the
conditions detailed in Table I. All samples were deposited onto
~2 in. diam aluminum foil substrates in thicknesses ranging
from 1 to 100 u resulting in sample masses in the range of
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5-100 mg after removal of the substrates with dilute acid etch.
Silicon/carbon and silicon/nitrogen ratios were determined
using Rutherford backscattering. A pulse NMR spectrome-
ter'® was used at an operating frequency of 56.4 MHz (1.3
Tesla). The resonance techniques and the least-squares fitting
of the observed lineshapes to the sum of a Gaussian (broad
component) and a Lorentzian (narrow component) have been
described previously.

Figure 1 shows a comparison of spectra at room tempera-
ture and 125 K for the samples described in Table I. The ob-
served linewidths reflect contributions from (i) homonuclear
dipolar interactions, (ii) heteronuclear dipolar interactions,
and (iii) chemical shift interactions. When multiple pulse
cycles!™-1° were applied (which remove the homonuclear
dipolar broadening), the lines were narrowed by a factor of
10-30. Thus for a-C:H, a-Si/C:H, and a-Si/N:H, the hom-
onuclear dipolar interaction is the dominant broadening
mechanism in the proton spectra. In a-B:H, the heteronuclear
dipolar interaction due to nearby 1B and 1B nuclei was es-
timated?® and was found to be as large or larger than the ho-
monuclear dipolar interaction.

The spectra for all the samples may be decomposed into at
least two components. Multicomponent lineshapes in these
films may arise from the following situations: (i) motion in a
domain or at a defect site which decouples spin-spin com-
munication?® from the rest of the dipolar reservoir, (ii) the
existence of spatially-isolated (=8 A)2! dipolar reservoirs with
differing densities of spins such that there is no spin—spin
communication between them, or (iii), both (i) and (ii). The
first case has been observed in partially crystalline polyeth-
ylene?? and case (ii) in amorphous silicon-hydrogen films.5
Effects on the lineshape due to motion may often be removed
by reducing the temperature, hence, cases (i) and (ii) may be
readily distinguished. Inspection of Fig. 1 and Table II shows
that at low temperature, where motional narrowing is not
expected, both a-C:H and a-Si/C:H spectra still exhibit two-
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TABLEl. Deposition conditions.
Hydrogen content® Molecular
Sample conditions? At. % formula
5% B,Hg/He(C) 25.1 a-B.7sH s
10 W, 25°C
5% BaHe/He(A) 20.61 a-BygH 5;
10 W, 230°C
100% Csz(A) 352 3-C,65H,35
5 W, 230°C
13% SiH4/C2H2(A) 22.7 a-Si,zoC_57H,23
2 W, 230°C*
26% SiH4/C2H2(A) 38.2‘ a-si,26C,3(,H,33
2 W, 230°C¢
NH3/N3/SiH, flow(A) 23.0 a-Si 33N 46H 53¢
Flow rates 100/50/6 sccm
10 W, 300°C

® The conditions refer to percentage gas in mixture, net rf power into
matching network, substrate temperature: (A) refers to deposition on the
grounded electrode (Anode) and (C) refers to the rf hot (Cathode) elec-
trode.

® Determined from proton spin density, sample weight, and Si/C or Si/N
ratios.

¢ Si/N ratio determined by Rutherford backscattering.

4Si/C ratio determined by Rutherford backscattering.

¢ Si/C ratio estimated from the Rutherford backscattering results for the
26% SiH4/C2H, sample and the ratio of silane percentages.

f Spectra not shown in Fig. 1.

component behavior. In a-Si/N:H, a-B:H, and a-C:H, a small
fraction of the protons have lineshapes that do appear to be
motionally narrowed at room temperature. Howevet, this
fraction accounts for no more than 3% of the total proton spins.
Hence, we conclude that a-Si/C:H is best described by case
(it), a-B:H and a-Si/N:H by case (i), and a-C:H by case (iii).
The low temperature spectra for a-B:H and a-Si/N:H show
no evidence for case (ii); however, we shall present evidence
suggesting that the hydrogen nuclei in a-Si/N:H are clustered.
In a-B:H we estimate?? the heteronuclear dipolar interaction
to be ~70 kHz, hence no structural information is expected
from proton lineshapes.

Further insight into the distribution of hydrogen can be
derived from analysis of the low temperature data shown in
Fig. 1 and Table II according to models for local proton
configurations. The homonuclear and heteronuclear dipolar
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FIG. 1. Proton free-induction decay spectra for, from top to bottom, amor-
phous carbon, silicon carbide, silicon nitride, and boron (cathode). Details
of sample preparation conditions are shown in Table 1. On the left are spectra
at room temperature, on the right, at 125 K.

interactions in polycrystalline or amorphous solids give rise
to Gaussian lineshapes whose second moments are given by,
respectively,20

Mo =3/5 vt h2l( + 1) T 1/r8, (1)
]

M!S = 4/15 v, 2ys2h28(S + Ny 1/"416, (2)
i

where 7 is the nuclear gyromagnetic ratio for a nucleus of
spin ! and r,; is the internuclear distance between spins i and
j- For a-C;H, a-Si/C:H, and a-Si/N:H, two types of proton
configurations to which Eq. (1) simply applies have been
considered. The first is one of local clustering into configu-
ration such as CHs, (CHy),, (SiH2CHy),,, SiNH,, and a hy-
drogenated [111]c-carbon surface. The corresponding Si-H
clustering has previously been calculated.5 The results of these

TABLEIl. NMR results.
Hydrogen distribution
Broad Narrow Linewidth (FWHM, kHz)
Sample % At % % At. % Broad Narrow

a-CgsH 35 293K 93.5 327+ 4 6.5 23+ 3 784 +26 1.6 .7

130K 91.1 321+ 4 8.9 31+ 4 76.8 + 2.8 6.6+ .2
a-B7sH »s 293K 98.9 248 % .1 1.1 03+.1 11843 1.8%.1
(cathode) 124 K 98.7 248 + .1 1.3 03+.1 121 %3 11.7+.6
a-ByoH 32 293 K 98.5 207 £ .1 1.5 03+.1 837+ 14 36+.7
(anode)
a-Si 31N 4H 3 293 K 97.0 223+ .2 3.0 07+.2 351 +.3 2241

124 K 97.8 225+ .2 2.2 0.5+.2 556 + .2 6.0+ 2
a-Si 20C s7H 23° 293 K 94.5 215+ 3 5.5 1.2+ .3 69.0 + .3 74+ .3

126 K 95.3 216+ .3 4.7 1.1+.3 784+ 4 70+ .3
a-Si 26C 36H 35* 293 K 98.1 375+ 3 1.9 07+.3 456 + .4 1.9+ .2

® Spectra not shown in Fig. 1.
® Estimated molecular formula (sce Table 1).
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TABLE 11l.  Narrow component analysis.
Observed Calculated
FWHM homogeneous?
At. % narrow width
Sample narrow (kHz) (kHz)
a-C:Hb 31 6.6 1.7
a-Si_26C_36H,3s 0.7 1.9 0.4
a'si_mC_svHvz;d 1.2 7.0 0.6
’d-Si_3|N_4(,H,23 23.0¢ 55.6 12.9

4 Calculated with use of Eq. (1).

® The low temperature values were chosen to eliminate motion effects.
¢ Total hydrogen content.

d Estimated molecular formula (see Table I).

calculations and an estimate?3 of the linewidth (FWHM) for
isolated CHj are as follows: CH,, 33.1 kHz (SiH,, 13.5 kHz);
CHj, 46.9 kHz(SiHj, 19.2 kHz); (CHy),, 44.1 kHz (SiHy),,
17.1 kHz; (SiH2CHy),, 36.1 kHz; and C[111], 57.4 kHz
(Si[111], 23.5 kHz) and SiNH,, 37.8 kHz. Given the sensitivity
of the calculation to small changes in internuclear distances
and the errors involved in the fitting procedures, we conclude
that any of the local configurations on carbon could give rise
to the broad component in both a-C:H and a-Si/C:H spectra.
Since the width of the broad component is >45 kHz in both
of the a-Si/C:H samples, and the broadest component ex-
pected for protons clustered on silicon is 23.5 kHz and on
(SiH2CHy),, is 36.1 kHz, we conclude that for silicon carbide
the broad line is due to predominantly “polyacetylene” type
environments. This is especially true for the higher carbon
content sample where the observed broad component line-
width is identical to that of amorphous carbon. This implies
that the spatial inhomogeneity in the protons is reflective of
carbon clusters which are heavily hydrogenated and imbed-
ded in a weakly hydrogenated amorphous silicon lattice.

The second situation to which Eq. (1) may be simply ap-
plied is one where the spins are distributed uniformly on a
cubic lattice whose spacing is equal to the inverse cube root
of the spin density. The results of applying this model for Eq.
(1) to the narrow component of the a-Si/C:H and a-C:H
lineshapes as well as the total lineshape in a-Si/N:H are shown
in Table III. These calculations show that the narrow com-
ponent of a-Si/C:H and a-C:H, as well as the total lineshape
in a-Si/N:H, is broader than would be predicted for a uniform
distribution of protons. Local clustering of hydrogen on ni-
trogen atoms is sufficient to explain the observed linewidth
in a-Si/N:H. However, in a-Si/C:H and a-C:H the clustering
in the narrow component is not dominated by local multiply
bonded species such as SiH, or CH, since those species yield
much larger linewidths. We conclude that the narrow com-
ponent is composed primarily of monohydride species (CH
or SiH) distributed at random.27

The room temperature spectra of a-C:H, a-Si/N:H, and
a-B:H all show a small narrow component that increases in
width as the temperature is decreased. Since these components
do not decrease in intensity with extended evacuation of the
samples, they are not due to adsorbed gases. We conclude that
they are motionally narrowed!7 spectra due to hydrogen
nuclei which are indigenous to the films. Estimates of the
dipolar broadening, including the effects of motion,17-24 in
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rotating local bonding configurations such as methyl groups
yield values much larger than those observed. We suggest that
these motionally narrowed lines correspond to hydrogen
nuclei rapidly moving in a defect site or disorder mode. The
existence of hydrogen-containing disorder modes has recently
been proposed® in a-Si:H in order to explain the temperature
and field dependence of proton spin-lattice relaxation, T}, as
well as other relaxation measurements.26 Their presence in
a-C:H, a-5i/N:H, and a-B:H indicate that such modes may
be ubiquitous in hydrogen containing amorphous materials.
The relationship between these modes and defects affecting
optical properties warrants further investigation.

In conclusion, we have shown that for a series of plasma-

deposited inorganic thin films, hydrogen is spatially inhom-
ogeneous on two levels. The first consists of hydrogen clus-
tering which we have observed in a-C:H, a-Si/C:H, and a-
Si/N:H. We conclude that the second, observed in a-C:H and
a-Si/C:H, is a two-phase compositional inhomogeneity.
Furthermore, we have presented evidence that in a-Si/C:H
the inhomogeneity is due to heavily hydrogenated carbon
clusters imbedded in a weakly hydrogenated a-Si lattice. Fi-
nally, we have observed a small fraction of protons whose
spectra are of motionally narrowed hydrogen nuclei. We at-
tribute these to disorder modes within the lattices of a-B:H,
a-C:H, and a-Si/N:H. These results imply that film micro-
structure, compositional inhomogeneity, and rapidly moving
hydrogen nuclei may be important in understanding both
defect structures and optical properties in plasma-deposited
inorganic thin films.
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