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Proton spin-lattice relaxation in plasma-deposited amorphous silicon-hydrogen films
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Proton spin-lattice relaxation data are presented for several plasma-deposited amorphous silicon-hydrogen films
when (i) homonuclear dipolar interactions are suppressed, (ii) deuterium is isotopically substituted for hydrogen, and
(iii) films are annealed. These data are consistent with a model in which proton nuclei are relaxed by hydrogen-
containing disorder modes. Analysis of these data shows that the density of disorder modes is ~30% higher in the
low-hydrogen-density domain and that more than one hydrogen nucleus is associated with each disorder mode. The
behavior of 7', upon annealing indicates that a small fraction of unpaired spins or “dangling bonds” may be
associated with disorder modes. These results suggest that the role of hydrogen in amorphous silicon is more

complex than passivation of dangling-bond intrinsic defects.

I. INTRODUCTION

Hydrogenated amorphous silicon (a-Si:H) has
attracted a great deal of attention recently because
of its remarkable electronic properties vis-a-vis
pure amorphous silicon. The hydrogenated ma-
terial,! prepared either by glow discharge of si-
lane or reactive sputtering, has a large photocon-
ductivity, efficient photoluminescence, and a very
low concentration of unpaired electron spins asso-
ciated with “dangling bonds.” Because the hydro-
gen apparently passivates? the large number of
these unpaired spins found in pure amorphous sil-
icon, controlled doping of hydrogenated films has
led to the development of p,n, and Schottky-barrier
junctions, *~° as well as moderately efficient solar
cells.®

More recently, a variety of proton nuclear mag-
netic resonance (NMR) data have posed some new
questions on the role of hydrogen in both electron-
ic and structural properties of plasma-deposited
inorganic films. Linewidth and line-shape re-
sults’ have shown that plasma-deposited a-Si:H is
characterized by two domains which differ in the
local density of hydrogen. Furthermore, upon
annealing® hydrogen in the less clustered domain
diffuses internally concomitant with the reduction
of paramagnetic center density.? Proton spin-lat-
tice relaxation measurements in ¢-Si:H have also
been reported recently!’ and were explained by
postulating the existence of hydrogen-containing
disorder modes that may contribute to the elec-
tronic states within the band gap. In fact such dis-
order modes have been observed directly by us
using proton NMR in amorphous boron, carbon,
and silicon nitride.!

The purpose of this work is to investigate the
proton spin-lattice relaxation behavior in a-Si:H
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in detail in order to ascertain the validity of the
disorder-mode relaxation model and to examine
the structural details of both the disorder modes
and their distribution in the film. An understand-
ing of these details is expected to aid in discerning
the relationship between film microstructure and
defects which contribute to nonradiative recombin-
ation processes and which limit luminescence ef-
ficiency. In this paper we present proton spin-lat-
tice relaxation behavior when: (i) homonuclear di-
polar interactions are suppressed, (ii) deuterium
is isotopically substituted for hydrogen, and (iii)
films are annealed under conditions which produce
rapid changes in unpaired spin density and lumin-
escence efficiency. The data provide additional
evidence for the relaxation model of Carlos and
Taylor!® and yield new information on the distri-
bution of hydrogen-containing disorder modes
within the film, the number of hydrogen nuclei
within the disorder modes, and the association of
dangling-bond paramagnetic centers with the dis-
order modes.

II. EXPERIMENTAL

Magnetic resonance data were taken with an
NMR spectrometer previously described!? with an
operating frequency of 56.4 MHz (1.3 T). Proton
spin-lattice relaxation times (T;) were determined
by the inversion recovery method.!*> Proton spin-
lattice relaxation times, while homonuclear dipo-
lar interactions were suppressed, were deter-
mined by the T, method.! We shall briefly re-
view the 7'y, technique since it is relatively new
and only recently received attention in the litera-
ture,14:18,30

In order to suppress homonuclear dipolar inter-
actions an eight-pulse cycle,!®
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was applied to the spins. Here P,, etc., denote
90° pulses in the directions ¥, etc., and 7 and 27
stand for the pulse separations. At the point 7* in
the cycle the magnetization is sampled and stored
in a transient reorder. The cycle is repeated
1024 times, continuously, and the magnetization
is thus “stroboscopically” observed. The effect-
ive rotating-frame Hamiltonians for the spins un-
der this pulse cycle have been calculated previous-
1y!5:1%:20 via the Magnus expansion approach and
yield the homonuclear dipolar interaction as zero
to second order. The chemical shift Hamiltonian
becomes!®

— Aw + wyo
C‘Cég): ;a( 3 A )(Ixc +lu) y

where o is the chemical shift scaling factor, w,
the resonant frequency of the spins, Aw the
amount the applied rf differs from w,, and o, the
chemical shift tensor component for the I spin.
This Hamiltonian is thus in the [101] direction
and, in geometric terms, the initial magnetization
may be thought of as precessing about the [101]
direction.

In the T, experiment a 902 or 90%, preparatory
pulse is used to place the total thermally induced
magnetization parallel to the y direction. While
applying this eight-pulse sequence on resonance a
phase error of ~2 kHz in the x pulses is intro-
duced, which gives rise to ay Hamiltonian,

— 2
k& =;—(-—¢,+ oI, ,
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where £, is the eight-pulse cycle time and ¢, is
the phase misadjustment of the ¥ pulses. Under
this Hamiltonian the magnetization is forced to
precess about the y axis (perpendicular to the
[101] direction) and thus “second averages” %2
chemical shift and field inhomogeneitites to zero.
The small nonfluctuating phase error Hamiliton-
ian does not affect relaxation times“; hence, the
observed decay is due only to spin-lattice relaxa-
tion. However, the effective frequency for relax-
ation is not the Larmour frequency, as in conven-
tional Ty measurements; rather, it is given by
the cycle time of the eight-pulse sequence. This
is analogous to Ty, “spin-locking” measurements®!
where the effective field is defined by the magni-
tude of the locking field. For these data a
50-pusec cycle time was used for the eight-pulse
sequence, and the 90° pulse widths were less than
2 psec. The 90? and 90%, preparatory pulses were
alternately applied, and the data were cosubtract-
ed with 100-200 acquisitions accumulated to im-

prove the signal-to-noise ratio and to eliminate
base line artifacts.

The samples were prepared in an rf-diode dep-
osition system, details of which have been pub-
lished elsewhere.!® Five samples were prepared
that represent a proton content of 31 to 7 at.% by
varying the deposition parameters. The hydrogen
content was determined by using the integrated
proton spin density and the sample weight. The
samples were deposited onto 2-in.-diameter alu-
minum foil substrates in thicknesses of approxi-
mately 10 pm, resulting in sample masses of 50
mg after removal of the substrates with a dilute
hydrochloric acid etch. The notation for the depo-
sition conditions used in the text are as follows:
(5% SiH,-Ar, 18 W, RT, C) refers to deposition
from 5% silane diluted in argon, a rf power (net
into matching network) of 18 W, a substrate tem-
perature of 25 °C, and deposition onto the hot rf
electrode (cathode), as opposed to the grounded
electrode (anode). Some samples were then placed
in a quartz NMR tube and isochronally annealed at
various temperatures under flowing nitrogen for
20 min. The NMR data were taken after cooling
the sample to room temperature subsequent to
each increase of 50 °C in the annealing tempera-
ture. The spectra of annealed samples were in-
dependent of temperature down to 80 K and field
in the range 6.3-1.3 T. All spin-lattice relaxation
rates (7! =R,) were also found to be field inde
pendent in the same range.

III. RESULTS

A. Proton spin-lattice relaxation under conditions
of suppressed homonuclear dipolar interactions

Figure 1 shows the Ty, decay of the magnetiza-
tion for a high (29 at.%) proton content sample
(100% SiH,, 2 W, RT, A). The decay is clearly
nonexponential. The curves are from models dis-
cussed later in the text. Figure 2 shows the tem-
perature dependence of the initial and final slopes
of the Ty, decay on an Arrhenius plot. The activa-
tion energies from Fig. 2 are 276 +30 calmol™ for
the initial slope and 214 +50 calmol™ for the final
slope.

Since the two-component dipolar-broadened
spectra for these films are due to spatially isola-
ted proton dipolar reservoirs,’ the nonexponent -
iality in Fig. 1 may be due to the two proton en-
vironments having different relaxation times (T,).
In order to test this hypothesis, the Fourier-
transformed, free-induction-decay spectra of the
sample shown in Fig. 1 was compared to the spec-
tra after “spin-locking” the magnetization under
T, conditions for a time equal to three times the
initial Ty, of Fig. 1. Figure 3 shows the “ spin-
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FIG. 1. Decay of magnetization while suppressing
homonuclear dipolar interactions (T'y,) for an a-Si: H
sample prepared under the conditions shown. The dotted
line is the sum of two exponentials weighted by the hy-
drogen content in the broad and narrow components of
the Fourier-transformed free-induction decay. The two
solid lines are calculations based on the random distri-
bution of relaxation centers discussed in the text.

locked” spectrum (A), the normal spectrum (B),
and the difference. A fit of both spectra to the
sum of a Gaussian (broad component) and a Lor-
entzian (narrow component) yields spectrum A as
87.6% broad (12.4% narrow) and spectrum B as
80.0% broad (20.0% narrow). Figure 3 thus shows
the narrow component, on the average, has a
shorter Ty, than the broad component.

B. The effect of deuteration on 7', and le

Table I shows the deposition conditions for four
samples which may be considered in pairs. Each
of the two pairs has deposition conditions that dif-
fer only by their dilutant gas. In one case the gas
is hydrogen and, in the other, deuterium. Ne-
glecting isotopic effects in the plasma chemistry
during film growth, Table I shows that between
20-40% of the hydrogen has been replaced by
deuterium when films are deposited in deuterium.
Included in Table I are the spin-lattice relaxation
rates (T[] 1), as well as the initial and final rates

ok (100% SiHa, 2W, RT, A)

INITIAL T,y (msec)
°

FINAL Ty (msec)

T K

FIG. 2. Initial and final slopes from Ty, data as a
function of temperature. The activation energy from the
initial decay (top) is 276 +30 cal mol”!; the final decay
(bottom) is 214 +50 cal mol.

(T,'},) when homonuclear dipole-dipole interactions
are suppressed. Figures 4 and 5 show T, data
for the four samples described in Table I. These
data clearly show T;! to be proportional to hydro-
gen content and Tj; almost insensitive to a factor-
of-3 change in hydrogen content.

C. The effect of annealing on T

Two samples, (5% SiH,-Ar, 18 W, RT, C) and
(5% SiH,-Ar, 18 W, RT, A), were annealed and
monitored for changes in hydrogen content and T';.
Figure 6 shows the changes in hydrogen content
for the two samples normalized to unity (as depos-
ited, the samples have different hydrogen con-
tents”). The apparent increase in the hydrogen
content in the anode sample is not due to adsorp-
tion of atmospheric gases, as the sample was kept
under dry nitrogen. Also, extended evacuation did
not affect the NMR line shape or hydrogen content.
Figure 7 shows a comparison of the spin density
determined by electron spin resonance (ESR)
(from Ref. 9) and T for the two annealed samples.
Although the anode T, data follow the spin density,
the sensitivity is quite low; a change of two orders
of magnitude in spin density produces less than a
factor-of-2 change in 7y. The cathode sample T,
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FIG. 3. Fourier-transformed free-induction decays for the (100% SiH;, 2 W, RT, A) sample. Spectrum A has been
“spin-locked” under the conditions of the Ty, experiment (suppressed homonuclear spin diffusion) for a period of three
times the initial decay time (Fig. 1) and less than the final decay time. Spectrum B resulted from a single 90° pulse.

At the bottom is the difference of A and B.

TABLE 1. Deuterium dilution effects on NMR parameters.

a b c c c

Sample H (at. %) Ry Ry, (initial) Ry, (final)  Hy (at. %)  RyH,  RiU¥H, R{H
(sec™}) (sec™) (sec1) D, (at. %)  RyD,  R{ttalp, Riimlp,
5% SiHy/H,, 19 W,
RT, A 25.7 0.63 +0.01 31.6£0.1 10.6 +0.1 o5 24 1.0 13
5% SiH;/D,, 18 W, ;
RT, A 10.1 0.2 +0.01 32.5 0.1 8.1+0.01
5% SiHy/Hy, 18 W,
RT, C 31.1 0.67 +0.1 29.3 0.1 6.1£0.1 44 . 1.2 2.
5% SiH;/D,, 18 W,
RT, C 7.0 0.17 +£0.01 23.5 0.1 2.8+0.1

3Notation for sample-preparation conditions is explained in the text.
b Determined from integrated proton spin density and sample weight.
®Ry=1/Ty; Ry,=1/Ty,.
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FIG. 4. Comparison of Ty, decays for the samples de-
posited in deuterium and hydrogen on the hot rf electrode
(cathode).

data have no straightforward relation to the spin
density.

1V. DISCUSSION
A. Tb' and disorder modes

A recent study!® of NMR spin-lattice relaxation
rates (T;!) in a-Si:H films has shown that there is
a maximum near 40 K and that the temperature
and frequency dependence of T, are well described
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FIG. 5. Comparison of Ty, decays for samples de-
posited in deuterium and hydrogen on the grounded elec-
trode (anode).
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FIG. 6. Hydrogen content as a function of annealing
temperature for two films prepared from 5% SiH, in
argon.

TANNE AL

by a model which assumes that a small fraction

of the hydrogen atoms are coupled to disorder
modes. One consequence of this model is that the
observed relaxation rate is the result of two pro-
cesses: (i) spin relaxation for nuclei at the disor-
der mode, and (ii) spin diffusion that occurs be-
tween neighboring spins. The model is analogous
to relaxation in solids due to dilute paramagnetic
centers'’ where spin diffusion carries to remote
nuclear spins the information on the lattice tem-
perature dispensed by electron spins. In these
films, however, the role of the paramagnetic cen-
ter is played by hydrogen nuclei experiencing rap-
idly fluctuating magnetic fields due to hopping over
the potential barrier separating two equilibrium
positions of a disorder mode.

Recent developments'*!? in multiple-pulse
schemes for high-resolution NMR in solids!"+?
have furnished a means to measure proton spin-
lattice relaxation times while suppressing homo-
nuclear dipolar interactions with an eight-pulse
cycle.’ This experiment allows for a determina-
tion of spin-lattice relaxation in ¢-Si:H in the ab-
sence of spin diffusion.?"?? According to the above
model, such a measurement is expected to be
analogous to spin-lattice relaxation of isotopically
dilute spins, such as ”C, by randomly distributed
paramagnetic centers.?® Nuclei close to the dis-
order mode are expected to relax quickly, while
nuclei far away should relax more slowly since, *
in the fast motion limit,

1

le
where 7 is the correlation time of the hydrogen
nuclei in the disorder mode, Am, the fluctuating

, A
=5Am,T ;g'r, 1)
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FIG. 7. Proton spin-lattice relaxation times (Ty,
bottom) for the samples shown in Fig. 6 as a function of
annealing temperature. For comparison the ESR spin
densities for similarly prepared samples (from Ref. 9)

are shown at top.
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field due to hydrogen in the mode, and » the dis-
tance between the disorder mode and the nucleus
being relaxed. In a disordered material such as
a-Si:H one might expect a random distribution of
the disorder modes so than an expression N(T,)
may be written based on Eq. (1) which gives the
number of nuclei at a given Ty,. The magnetiza-
tion then behaves as?®

max
Ty

m(t)= N(T,)et/TtsdTy, . (2)

One thus expects a nonexponential decay of the
magnetization.

The data in Fig. 1 show that the decay of the
magnetization in the T, experiment is indeed non-
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exponential. This is consistent with the disorder-
mode model. Also, if we assume 7 is due to a
simple activated process,

T =T/ A (3)

then a plot of In(T,,) versus 1/T yields AE. Fig-
ure 2 shows the initial and final 7', times to be
consistent with Arrhenius behavior. The calcula-
ted AE of ~250 cal mol™ is slightly larger than
that observed in the Ty measurements (Ref. 10),
~160 calmol™, However, such differences are to
be expected as sample-preparation conditions
differ between the two experiments.

Further insight on the distribution of disorder
modes can be derived from these Ty, data accord-
ing to explicit models for N(T,) given in Eq. (2).
Since the hydrogen atoms are in two spatially iso-
lated regions of the film with differing spin densi-
ties,” a particularly simple model may be the sum
of two exponentials in which the weighting of the
two terms is given by the proportion of hydrogen
in the high- and low-density hydrogen domains and
the time constants of the terms are given by the
initial and final time constants in the Ty, decay
shown in Fig. 1 (Ref. 32). This calculation yields
the dotted line in Fig. 1, clearly, this is a poor
match to experimentally observed decay.

A second model for Eq. (2) is one in which the
disorder modes are distributed at random
throughout the film. Using Eq. (1), N(T,) may be
calculated readily, and T{;* is determined by a
fit to the data. The solid lines in Fig. 1 show this
calculation for two different values of T{,*, one
to best fit the initial decay and the second to best
fit the final decay. Neither is a good fit to the full
range of experimental data. Clearly, these mo-
dels for N(T,,) in Eq. (2) are insufficient to explain
the data. The most appropriate model may be one
which involves modifying Eq. (2) to include two
terms that differ only by N(T,,). More precisely,
two random distributions may be considered with
the average density of disorder modes in each
distribution differing. An interesting question
would then be whether or not the two different do-
mains of disorder-mode density correspond to the
two different domains of hydrogen density. The
results for an experiment designed to test this
hypothesis are shown in Fig. 3. By “T,, spin-
locking” the magnetization for a period of three
times the initial time constant, we remove from
the spectrum those components which decay
quickly. If one domain of hydrogen has a higher
density of disorder modes than the other, we
would expect the line shape due to that domain to
be depleted relative to the other line shape by
spin-locking, Figure 3 shows that the spin-locked
spectrum for the sample shown in Fig. 1 is deple-
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ted in the narrow component relative to the nor-
mal spectrum. We conclude that the density of
defect sites is higher in the less clustered hydro-
gen domain. The line-shape analyses show that
the average density of hydrogen-containing disor-
der modes is a factor of 1.3 higher in the less
clustered hydrogen domain.

B. Deuterium dilution

At room temperature (far above the T mini-
mum) the spin-lattice rate T;‘(R,) is expected to
be governed by spin diffusion.!®!" The spin-diffu-
sion constant®! is proportional to density of proton
spins. Thus, deuterium dilution of the hydrogen
in @-8i:H would proportionately affect 7';'. As-
suming there are no isotopic effects during film
growth, Table I shows hydrogen content and R
to be directly proportional upon dilution of hydro-
gen with deuterium. These data confirm the im-
portance of spin diffusion on the observed R, data
away from the Ty minimum. The T;, data, how-
ever, are very insensitive to deuterium dilution.
Since the T, data are not affected by spin diffu-
sion, any changes or lack of changes would be due
to the distribution of hydrogen about the disorder
modes [Eq. (1) and N(Ty,) in Eq. (2)]. If the dis-
order modes contained only one hydrogen nucleus,
then the density of hydrogen-containing disorder
modes (and T'y,) would be proportional to the hy-
drogen content. Inspection of Figs. 4 and 5 as
well as Table I shows that T, is not proportional
to hydrogen content. We conclude that each dis-
order mode must contain more than one hydrogen
atom. This rules out the possibility that the dis-
order mode corresponds to a single monohydride
(SiH) species rapidly exchanging with an unpaired
spin or dangling-bond defect.

C. Annealing behavior of T

The role the dangling-bond defects play in spin-
lattice relaxation is not straightforward. This is

made clear by inspection of Figs. 6 and 7, which
show changes in hydrogen content and T as the
films are annealed. Previous studies®:??°-2" have
shown changes in ESR spin densities, vibrational
spectra, and proton NMR line shapes upon anneal-
ing. The following is a summary of the data from
this work:

(i) Despite the fact that the unpaired spin density
is the same as deposited for the anode and cathode
films, the Ty’s differ by a factor of ~4.

(ii) In the annealing range of 20-200 °C, where
unpaired spin densities rapidly decrease, the Ty’s
for the anode sample increase whereas the cath-
ode film T,’s are roughly constant.

(iii) In the range 200-400 °C where unpaired spin
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densities increase, both anode and cathode T,’s
decrease.

(iv) The observed hydrogen content (as deter-
mined by NMR intensities) for the anode sample
increases in the range 20-200. When allowed to
self-anneal at room temperature for several
months, the hydrogen content in this sample sta-
bilizes at ~32%, with slight changes in hydrogen
clustering.?® The hydrogen content in the cathode
sample changes in a straightforward fashion de-
scribed previously.?

(v) A previous ESR study?® has shown that ele
tron spin line shapes in anode samples motionally
narrowed for N, > 10'® cm™. The electron spin
T,’s are, however, still too long!™!" to explain
these proton T, data. Thus, we may rule out ef-
fects on proton relaxation due to paramagnetic
centers.!”

(vi) Anode films have shorter T, values than
cathode films deposited under the same condi-
tions, and the anode film T, values are less sen-
sitive to deuteration than cathode film values.

In view of these observations, we propose that
a fraction of the unpaired spins is associated with
the disorder modes and, in anode films, hydrogen
nuclei are clustered nearer to the disorder modes
than in cathode films. This would explain points
(i), (iv), and (vi). The close proximity of hydro-
gen nuclei to the unpaired spins in the anode film
would broaden those proton spectra to the point
that they would appear to lack any contribution to
the observed line shape. Hence, an artifically low
hydrogen content would be observed. The increas-
ed local density of disorder modes would yield
shorter Ty’s, Ty,’s, and less sensitivity to deuter-
ium dilution as observed in this study. Observa-
tion (ii) may be explained by noting that in the
range 20-200 the total number of unpaired spins,
and hence the number of disorder modes that con-
tain some fraction of these spins, is rapidly de-
creasing. The anode film T,’s, sensitive to the
density of disorder modes, would then increase.
The cathode film T,’s are insensitive to the de-
crease in unpaired spins (hence, density of disor-
der modes) due to the proton clustering away from
disorder-mode sites (as deposited, longer T,’s,
Ty, ’s, and more sensitive to deuteration). The
interpretations for observation (iii) are unclear
although we have shown previously,® in cathode
films at annealing temperatures 7, >200 °C, that
hydrogen diffuses internally and thus allows hy-
drogen nuclei to diffuse closer, on the average, to
disorder modes. We conclude that it is likely that
the hydrogen-containing disorder modes responsi-
ble for proton spin-lattice relaxation may be asso-
ciated with a small fraction of the unpaired elec-
tron spins. The relationship of the different mi-
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crostructures seen in anode and cathode films
vis-a-vis the distribution of hydrogen about the
disorder modes should be considered.

V. CONCLUSIONS

By using deuterium dilution and spin-lattice re-
laxation times, while suppressing homonuclear
dipolar interactions, we have obtained evidence
supporting a hydrogen-containing disorder-mode
model of proton spin-lattice relaxation in plasma-
deposited amorphous silicon-hydrogen films. A
small fraction of hydrogen nuclei at these disorder
modes have very short relaxation times and act as
“sinks” for proton spin-lattice relaxation. The
temperature dependence of these data agree with
the 7, measurement of Carlos and Taylor.!?
Deuterium dilution experiments have shown that:
(i) spin diffusion between neighboring nuclei dom-
inates Ty relaxation at temperatures far above the
T, minimum, and (ii) each disorder mode contains
more than one hydrogen atom. Effects on the pro-

ton line shape due to spin-locking, while suppres-
sing homonuclear dipolar interactions, show that
the density of disorder modes is ~30% higher in
the less clustered hydrogen domain. Finally, we
have argued from the T behavior upon annealing
that, in addition to hydrogen nuclei, the disorder
modes may contain a small fraction of the unpair-
ed spin(s). The relationship between film micro-
structure, the distribution of the disorder modes,
and the optical properties of these films warrants
further investigation.
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