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Deuteron and proton NMR measurements have been made on a series of plasma-deposited
a-Si:D,H samples. DMR line shapes show three components: a resolved quadrupolar doublet asso-
ciated with D bonded to Si well removed from microvoids, a wide quadrupole-broadened central line
associated with D located near to and on the surfaces of microvoids, and a sharp temperature-
dependent feature associated with molecular D, in the larger voids. Dipolar T, decays show two
components for both protons and deuterons. There is no strong correspondence between the dipolar
broad and narrow lines and the two quadrupolar resonance components observed for bonded D.
T,(H) and T,(D) show components associated with spin diffusion to effectively dilute H, and D, re-
laxation centers located in microvoids. SiD4 and SiH, starting gases produce similar amounts of D,
and H, under comparable deposition conditions. Two samples show a strong apparently electronic
carrier-related nuclear-spin-lattice relaxation contribution near room temperature.

I. INTRODUCTION

Deuteron and proton NMR in a-Si:D,H provide a com-
bination of perspectives about the microstructure of the
material. Results previously reported' were obtained in a
single, probably atypical, sample. The present work de-
scribes proton magnetic resonance and deuteron magnetic
resonance (DMR) measurements on five plasma-deposited
amorphous silicon samples prepared under varied condi-
tions of starting gas mixture, rf power density, and sub-
strate temperature. The DMR line shapes show three dis-
tinct components. A temperature-independent sharp
DMR resolved doublet (RD) has the 66-kHz splitting re-
ported? earlier and characteristic of a Si—D bonded con-
figuration. All of the samples also show a temperature-
independent quadrupole-broadened central line (BC), with
clear broad peaks near the doublet singularities and a full
width at half maximum (FWHM) slightly smaller than
the splitting of the resolved doublet. In some samples
there is a narrow central (NC) DMR component which
arises from D, in the voids and shows continuous motion-
al narrowing over the full temperature range investigated,
from 4.2 to 300 K. The temperature dependence of the
quadrupolar T, can be described! as an .exponential pro-
cess with two activation energies or, alternatively, by a
power-law variation 7°° with §=~0.6.

Dipolar  spin-spin T, relaxation times for deuterons
were measured using a quadrupole echo pulse sequence.
The observed two-component dipolar decay of the quad-
rupole echo amplitude is compared with two-component
dipolar rates observed for proton free-induction decays in
the same samples. The comparison indicates that proton
broadening of the deuteron resonance is effectively nar-
rowed, and the H and D are located randomly in accord
with the isotopic abundances.

Spin-lattice relaxation times for protons and the relaxa-
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tion for two of the deuteron components show a low-
temperature 7; minimum (between 25 and 55 K) which
reflects relaxation to fast-relaxing effectively dilute®
molecular H, and D, impurities trapped in the films.
Analyses of the T'; minima yield temperature variations
of the molecular electronic relaxation rates over 4 orders
of magnitude for H, and D,. These rates vary by an order
of magnitude among the five a-Si samples studied. The
H, and D, responsible for the H and D relaxation differ
significantly® from the higher concentration H, reported
from calorimetric*~% and infrared’ measurements.

II. EXPERIMENTAL

Two broad-band pulsed NMR spectrometers described
previously! were used to measure proton and deuteron re-
laxation times and line shapes from 4.2 to 450 K at
several Larmor frequencies for five amorphous silicon
samples plasma deposited from 100% SiH,, 5% SiH;/D,,
and 5% SiD,/Ar gas mixtures. Thin film samples were
deposited on both the grounded anode and ungrounded rf
cathode using a plasma system described by Street,
Knights, and Biegelsen.®

The samples were deposited on 2-in.-diam aluminum
foil with typical rf power levels ranging from 2 to 20 W,
corresponding to power densities of 0.1 to 1.0 W per
square centimeter. The aluminum-foil backing was
etched away with dilute HCI and the remaining 50—100-
mg thin-film amorphous silicon flakes were placed in
proton-free sample containers. Table I lists the prepara-
tion conditions for the five plasma-deposited samples
studied along with the resulting proton and deuteron con-
centrations determined from calibrated NMR spin count
comparisons with H,O and D,0. Also listed are line-
shape fractions and H, and D, concentrations to be dis-
cussed later.
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TABLE 1. Sample preparation conditions and resulting H and D concentrations determined by NMR spin counts.
Sample I 11 I v \"
Gas mixture ) 5% SiH,/D, 100% SiH, 5% SiD./Ar
Substrate 25 25 230 25 230
temperature (°C)
Substrate cathode cathode anode cathode anode
f power (W) 18 2 2 15 15
[n(H) + n(D)] at. % 31 23.3 10.9 17.0 11.7
n(H) (at. %) 7 12.8 10.9 ) 3.6 1.4
Broad 4 9.5 6.7 1.7 0.84
Narrow 3 33 4.2 1.9 0.56
n(D) (at. %) 24 10.5 13.4 10.3
Resolved doublet (RD) 20 7.0 10.7 8.2
Broad central (BC) 1 3.5 2.7 2.1
n(D,) (at. %) )
Narrow central (NC) 1.5 <0.05 0.05
Effectively dilute
relaxation centers
n(H,) (ppm) 7.6 120 700 <02 <02
n(D,) (ppm) 670 ? 5.9 3.8

We shall follow a convention of describing sample
preparation conditions by the sequence: gas mixture, sub-
strate temperature, deposition electrode, rf power. Refer-
ence 1 described proton and deuteron NMR. measure-
ments in sample I (5% SiH,/D,, 25°C,C,18 W), which
contained rather large amounts of D and relaxation-center
D,, with much of the D, presumably coming from the D,
in the original gas mixture. In order to examine this ques-
tion, two samples were prepared from a supposedly
predeuterated mixture of 5% SiD, and 95% argon: sam-
ple IV (25°C,C,15 W) and sample V (230°C, 4,15 W).
Our calibrated NMR measurements show 3.6 and 1.5
at. % H, respectively, in samples IV and V and the start-
ing gas mixture thus contained a small, but useful, hydro-
gen impurity. Sample II (5% SiH;/D,,25°C,2 W) was
prepared at significantly lower rf power and deposition
rate than those employed for sample I. Sample III (100%
SiH,;,230°C, 4,2 W) was prepared from SiH, alone and
deposited at low rf power on a heated substrate.

Spin-lattice relaxation times were measured using both
an inversion recovery (180°-7-90°) two pulse sequence and
a repetition rate (180°-7-90°-7-90°----) saturation
method. Deuteron resonance line shapes were obtained
from Fourier transforms of quadrupole echoes generat-
ed using a (90°-7-90%) pulse sequence. Fourier-trans-
form  deuteron-magnetic-resonance—quadrupole echo
(FTDMR-QE) line shapes were obtained by transforming
the quadrupole echo starting at its peak at time 27. These
1024 point digital transforms were performed after
averaging typically 100 sweeps to improve the signal-to-
noise ratio. }

Dipolar spin-spin T, relaxation times for deuterons
were measured from the dependence of the quadrupole
echo amplitude on the pulse time separation and then
compared with proton free-induction-decay time con-
stants. The echo amplitude decay envelope generated by

varying 7 reflects dipolar interactions which would deter-
mine the deuteron free-induction decay if the quadrupole
interactions were absent and the magnet inhomogeneity
was negligible.

III. RESULTS AND ANALYSES

A. Deuteron line shapes

The work reported in Ref. 1 described deuteron and
proton NMR in sample I. Some of those previous results
are summarized here for comparison with the other sam-
ples. Figure 1 shows 30-MHz FTDMR-QE line shapes
for sample I at 4.2 and 39 K. The sweep width is 200
kHz and the full separation between the main peaks of the
Pake doublet is 66+ 1 kHz. The narrow central (NC) D,
component of the resonance line shows motional narrow-
ing and corresponds to 1.5 at.% D, and the resolved
doublet and a broad central component, to 20 and 1 at. %
D, respectively. The doublet component has a T, some
200 times longer than that of the narrow central D, line,
which is relaxed by effectively dilute molecular p-D, re-
laxation centers. Sample I has the largest amount of D,
of the samples described here.

The FTDMR line shape in Fig. 1, and all the other res-
onance line shapes presented here, are artificially sym-
metrized for visual presentation in the figures. Only one
rf phase was detected and the FT shape functions neces-
sarily are symmetric.

The 66-kHz doublet component in Fig. 1 was identified
as arising from the electric field gradient associated with a
bond to a single nearby silicon atom. The line shape cor-
responds to a powder-averaged resonance for an electric
field gradient (efg) with very small, or zero, asymmetry
parameter 7 (that is for an axial efg). The peak separation
corresponds’ to a deuteron quadrupole coupling constant
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FIG. 1. Fourier transforms of 30.0-MHz deuteron 90°-7-90°
quadrupole echoes at 39 and 4.2 K for sample I. The resonance
doublet has a full width splitting between the main peaks of
66+1 kHz. Also visible is a narrow component which arises
from D, in microvoids and which broadens with reduced tem-
perature. The vertical dashed lines correspond to ir stretching-
mode absorptions, converted to quadrupole splittings.

vg=4€ _88+1.3 kiz, M

which implies an efg at the deuterons corresponding to
g =(2.13+0.02) X 10° dyn/cm . )

In diatomic molecules it has been shown’ that (in atom-
ic units) the stretching force constant is 1.127 times the
field gradient at the deuteron. Such a relationship, ap-
plied to the a-Si result, Eq. (2), yields the stretching force
constant

k =(2.4010.02) X 10° dyn/cm (3)

and an ir stretching-mode SiH spectrum at 2050%15
cm~!. Infrared-absorption measurements'® on a-Si:H
samples deposited on room-temperature substrates have
exhibited stretching-mode absorptions at reduced wave
numbers between 2000 and 2200 cm™!. For deuterated
samples the stretching mode was shifted down to near
1460 cm~!. The absorptions have been identified with
structures SiH, SiH,, (SiH,),, and SiH;. The vertical
dashed lines in Fig. 1 correspond to two of these ir
features to be discussed subsequently.

Figure 2 shows the 4.2-K FTDMR-QE spectrum for
sample I 4 (not tabulated in Table I). The pulse separa-
tion was 400 usec for the echo sequence. Sample 14 (5%
SiH,/D,,25°C, 4,18 W) was deposited on the ungrounded
rf electrode in the same deposition which produced sam-
ple I. Sample 14 has relatively less of the narrow central

fp————200kHz ———
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FIG. 2. Fourier transform of 30.0-MHz deuteron 90°-7-90°
quadrupole echo at 4.2 K for anode sample I 4. The resonance
doublet has a full width splitting between the main peaks of
66+ 1 kHz.

feature, compared to the doublet, than does sample I. The
IA4 doublet splitting is the same as observed for sample I
(and indeed for all samples described in the present paper).

Figure 3 shows 5-K FTDMR-QE spectra for samples II
and IV (Table I). Again the same temperature-
independent axial efg Pake doublet appears in these spec-
tra. There is more of the relatively broad central feature
in the sample II resonance than in that for sample IV. In
sample II the central feature has enough amplitude to ob-
scure the limiting shoulders of the otherwise well-defined
Pake doublet. There is a small amount of the narrow cen-
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FIG. 3. Fourier transforms of deuteron 90°-7-90°, quadru-
pole echoes for samples II and IV at 5 K. The same doublet
splitting of 66 kHz is observed for both samples. Sample II
shows a larger central feature than does sample IV.
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tral component in sample IV, but a DMR spectrum for
sample II at 43 K indicates that sample II contains no ap-
preciable amount of the motionally narrowed component
shown in Fig. 1 for sample L.

Figure 4 shows FTDMR-QE spectra for sample V at
three temperatures: 14, 23, and 33 K. The sharp doublet
persists and the central sharp line is seen to motionally
narrow between 14 and 33 K. The temperature variation
of T, for the small central sharp line agrees with that ob-
served (Fig. 1) and reported! for sample I. We believe that
this narrow central line arises from molecular D, in the
microvoids.

The third component of the DMR line is particularly
clear in Fig. 4. There is a broad temperature-independent
central line, observable also in the other samples (Table I).
The smooth curve drawn on the 23-K spectrum in Fig. 4
is a Pake doublet fitted to the signal amplitude of the
shoulders at twice the frequency of the sharp peaks. The
dashed line shows, on a vertically-expanded scale, the
difference spectrum between the smoothed 23-K data and
the fitted Pake doublet. The difference spectrum is a
bell-shaped curve with a full width at half maximum
(FWHM) only slightly less than the 66-kHz doublet split-
ting. The broad side peaks in the difference spectrum
have a long T, and probably belong with the doublet
component, and represent a distribution of the observed
silicon-deuteron local configurations. The broad central
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FIG. 4. Fourier transforms of deuteron 90°-7-90°y quadru-
pole echoes at 33, 23, and 14 K for sample V. The resonance
doublet has a full width splitting between the main peaks of 66
kHz. A small component at the center arises from molecular D,
and shows motional narrowing. The solid curve shows a portion
of a Pake doublet fitted to the 23-K data. The dashed line
shows (on an enlarged vertical scale) the broad central line
which is the difference between the 23-K data and the Pake
doublet (and excluding the narrow central component).

component corresponds in sample V to about one-quarter
of the spin count of the resolved doublet. The T'; of the
broad central component is significantly less than that of
the resolved doublet at intermediate temperatures between
10 and 100 K. Discussion of the probable structural iden-
tifications of the three quadrupole line-shape components
is deferred to a later section.

Figure 5 shows a portion of the infrared spectrum ob-
served for sample V. The stretching-mode absorptions for
SiH (~2000 cm™') and SiD (~ 1460 to 1500 cm™!) are
prominent features. The full spectrum of sample V (and
others) also shows scissors mode absorptions correspond-
ing to SiHD and SiD, configurations. The vertical mark
indicates the 1460+10-cm™! wave-number range corre-
sponding [Eq. (3)] to the observed DMR resolved quadru-
polar doublet splitting (Fig. 4) of 66+1 kHz.

A comparison of the FTDMR spectra (Figs. 1—4 and
Table I) is instructive. Proceeding from sample IV to V
indicates that changing from a 25°C cathode to a 230°C
anode substrate produces 20% decreases in the DMR
resolved doublet (RD) and broad central (BC) fractions
and a small, but significant increase in the temperature-
dependent narrow feature. A reduction of deposition rate
(rf power density, examined in a comparison of samples I
and II) eliminates the narrow central (NC) line, reduces
the doublet (RD), and increases the broad central (BC)
resonance. The lower power density is accompanied by an
increase in the n(H) from SiH,, but a decrease in the n(D)
from the D, starting gas. A comparison of samples I and
IV shows DMR doublets and broad central (BC) lines
essentially unchanged, but a reduction of the narrow com-
ponent by a factor of more than 30. Apparently most of
the narrow central fraction (NC) in sample I is associated
with the fact that the deuterated starting gas was D, and
that the deposition was rapid. ’

TRANSMITTANCE (percent).

l J J | |

2000 1600
WAVE NUMBER (cm™')

FIG. 5. Infrared spectrum for sample V showing stretching-
mode absorptions for strongly bound deuterons and protons in
the amorphous silicon film. The stretching frequency estimated
from the tightly bound deuteron doublet splitting of 66 kHz is
indicated by the vertical mark at 1460+10 cm™!.
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B. Transverse relaxation

Typical proton free-induction decays show a two-
component dipolar structure in almost all a-Si:H sam-
ples.!"12 From such behavior two distinct clustered hy-
drogen phases are inferred to exist in the material. The
deuteron free-induction decay following a 90° pulse re-
flects primarily an inhomogeneous quadrupole broadening
of the resonance line shape resulting from static electric
field gradients present at the deuteron sites. Some of the
transverse dephasing of the deuteron free-induction decay
can be time reversed by applying a 90°-7-90°, quadrupole
echo pulse sequence. The echo formed at time 27 has a
shape similar to the free-induction decay, but with a re-
duced amplitude which depends on the pulse separation .
By plotting the quadrupole echo amplitude as a function
of 27 one obtains a decay envelope which reflects the di-
polar spin-spin interaction.

Figures 6 and 7 show the results of such measurements
on sample II at 5 K. The total deuteron and proton con-
centrations were found to be 10.5 and 12.8 at. %, respec-
tively. The two-component structure for the deuteron
quadrupole echo amplitude decay is shown in Fig. 6. An
optimized fit to the data is found to yield (for signal per-
cent components)

A (t)=53exp[ —t/(0.44 msec)]
+47 exp[ —t/(2.43 msec)] . 4)

This double exponential fit to the deuteron quadrupole
echo envelope corresponds to narrow and broad Lorentzi-
an frequency spectra with full widths at half maximum
(FWHM) 130 and 720 Hz.

The corresponding proton free-induction decay for
sample II is shown in Fig. 7. The data have been correct-
ed for a magnet inhomogeneity of 1.4 kHz (FWHM).
Here a double exponential fit yields
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FIG. 6. The deuteron quadrupole echo envelope decay at 30.0
MHz for sample II at 5 K shows a double exponential structure.

An optimized fit shown by the curved line is
33e —t/0.44 msec_ 47¢ —1/2.43 msec
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FIG. 7. The 30-MHz proton free-induction decay for sample
II at 5 K. The data have been corrected for a magnet inhomo-
geneity characterized by T3 (H)=230 usec. An optimized fit to
the decay is 74e —t/0.016 msec+26e —1/0.069 msec

A(t)=T4exp[ —t/(0.016 msec)]
+26 exp[ —¢/(0.069 msec)] . (5)

If the faster decay component is fitted with a Gaussian,
then its relative amplitude is reduced to about 60%.

The proton decay times are shorter than those for the
deuterons because of the larger gyromagnetic ratio for
protons. The proton FWHM linewidths are 20 and 4.6
kHz. These are proton linewidths corrected for the 1400-
Hz proton FWHM associated with the field inhomogenei-
ty of solenoid over the a-Si sample. Both the proton and
deuteron decay envelopes were found to be independent of
temperature up to at least 300 K.

Figure 8 shows 30.0-MHz deuteron quadrupole echo

IOO..',.,,,T..,.
i -1/0.28 -1/3.5 1

- & __—Al)=T72e +28e

5 4

e L

= |

=

N ]

o

S L _

=

—

a

: 0 |

o

T

O

w

10 L i L I 1 L L | I { 1 | i
0 | 2 3

TIME (msec)

FIG. 8. The deuteron quadrupole echo envelope decay at 30.0
MHz for sample V at 5.7 shows a double exponential structure.

An optimized fit shown by the curved line is
T2e —1/0.28 msec+ 28e¢ —t/3.50 msec
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amplitude data obtained at 5.7 K for sample V. The total
deuteron concentration for this sample was found to be
10.4 at.% with a small 1.4-at. % proton signal arising
from an impure gas used in the plasma discharge. Again
a two-component deuteron echo amplitude decay is ob-
served with

A(t)=72€,—t/(0.28 msec)+283—t/(3.50 msec) i (6)

These dipolar decay results, together with those for the
300-K proton FID in sample V, are summarized in Table
II. The proton linewidths have been corrected for a mag-
net inhomogeneity of 1.4 kHz (FWHM). The widths ob-
served for the broad and narrow proton resonance com-
ponents are typical of those reported!! for hydrogen in
plasma-deposited a-Si. Such linewidths have been inter-
preted' 12 to reflect proton dipolar broadening in spatially
separated phases, both clustered, but with significantly
more hydrogen clustering in the broad-line fraction. In
Table II the broad to narrow linewidth ratios are 2 to 5
times larger than the corresponding fraction ratios and re-
flect the larger degree of H and D clustering in the
broad-line fractions.

In sample V, with only 1.4 at. % H present, there still
are 60% broad-line and 40% narrow-line H fractions
present with standard clustering reflected by proton NMR
widths of 24 and 3.1 kHz, respectively. These are com-
parable to widths observed in samples with 10 times more
H present, so the proton linewidths do not show a signifi-
cant effect of deuteron dilution.!! The 60/40 division of
H indicates that both H and D go into the deposited film
in a similar manner, since for a-Si:H samples below 3
at. % H, it is usual to find only the less-clustered narrow-
line SVH component. The total hydrogen content of sam-
ple V is, however, 11.7 at. % and both H and D NMR re-
flect the presence of both clustered phases.

There is a substantial consistency in the dipolar widths
listed in Table II. If the H and D isotopes substitute ran-
domly.in the a-Si samples, then the H-D dipolar interac-
tion (for fy=fp) will contribute only 1.4% of the proton
linewidths. The proton dipolar FID-based FWHM &y
widths then primarily reflect like-spin broadening. The
situation is reversed for deuteron widths 8. Here an as-
sumption of similar H and D spatial distributions implies
that the protons contribute 93% of the deuteron dipolar
widths. However, the observed FTDMR-QE &, are larger
for sample V (1.4 at. % H) than for sample II (12.8 at. %
H).

If the proton FID and the deuteron QE envelopes both
decay with times limited by the usual dipolar interaction
with protons, then in an isotopically uniform sample the
ratio of widths is

172
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If H-D and D-D interactions are included the ratio be-
comes 9.27 (assuming equal local concentrations of H and
D). These ratios are significantly smaller than all four
8y /8p ratios given in Table II. The observed ratios range
from 22 to 35, with an average slightly less than 30.

However, for similar local abundances of protons and
deuterons, the H-H dipolar interaction is so large (24 kHz)
that the proton dipolar flip flops associated with I; I _
are much faster (18 kHz) than the D-H dipolar mteractmn
width (2.4 kHz). Thus the proton z fields seen by the
deuterons are effectively narrowed'® and only the D-D di-
polar z-component interaction damps the DMR-QE en-
velope. It is as if the deuteron quadrupole echo envelope
reflected local predeuteration in which case the anticipat-
ed! ratio is

TABLE II. Transverse dipolar relaxation in two a-Si samples.

II

5% SiH4/95% D,
25°C, 2 W, cathode
12.8 at.% H, 10.5 at.% D

\"
5% SiD4/95% Ar
230°C, 15 W, anode
1.4 at. % H, 103 at.% D

Fast Slow Fast Slow
H (FID) .
Relative fy 0.74 0.26 0.60 ‘ 0.40
fu (at. %) 9.5 0.84 0.56
8y (kHz, FWHM) 20.0 23.7 C3.12
F/S fy ratio 2.9 1.5
F/S 8y ratio 4.3 7.6
D (QE envelope) .
Relative fp 0.53 0.47 0.72 0.28
fo (at. %) 5.6 . 7.4 2.9
5p (Hz, FWHM) 720 130 1100 91
F/S fp ratio 1.1 2.6
F/S &p ratio 5.5 12
8u/8p 28 35 22 34
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in good agreement with the four results in Table II. The
factor of < enters for dipolar coupled D pairs with the
same absolute quadrupolar coupling, | o, | .

Local predeuteration is reasonable in sample V, where
there is an order of magnitude more D than H. It is not
reasonable in sample II, but there the D-H interaction is
narrowed out. Thus the widths 8y and 8p and their ratios
8y /6p indicate that the proton FID transverse decay rates
are determined by H in both samples and that the QE en-
velope deuteron transverse decays reflect D-D couplings
only.

The shape of the quadrupole echo changes as a function
of pulse separation 7. Figure 9 shows a superposition of
FTDMR-QE line shapes for sample IV at 6.3 K and at
three-pulse separation intervals. The solid curve shows
the FT line shape for the quadrupole echo at 27=100
usec. The half-curve on the lower left-hand side shows
the FT line shape for 2r=400 usec, and the half-curve on
the lower right-hand side shows that for 2r=1200 usec.
The FT lines each have been normalized to represent 96
averaged transients. The decay envelope of the sample-IV
echoes is in reasonable agreement with the compound de-
cay shown in Fig. 8 for sample V.

The spectrum obtained (Fig. 9) from the sample-IV
quadrupole echo at 27=100 usec shows a broader doublet
distribution and a larger central quadrupolar component
than do the spectra for echoes at 400 and 1200 usec. The
spectrum obtained with the smaller echo delay time con-
tains signals from both the highly-clustered and the less-
clustered deuteron fractions. However, in accordance
with the evolution of the two-component dipolar decay of
the DMR echo amplitude (Figs. 6 and 8), the FTDMR
spectra obtained from echoes at long times 27 include pri-
marily signals from the less-clustered fraction and these
are seen to correspond to a more-sharply-defined quadru-
polar doublet. Observations in two samples indicate that
the damping is independent of temperature between 4 and
50 K.

Figure 10 shows again the 27=100-usec echo spectrum
of Fig. 9. For comparison, the dashed line shows the
smoothed difference spectrum between those for echoes at
100 and 1200 usec in Fig. 9. The dashed line represents
the spectrum of the more-rapidly-decaying fraction of the
DMR echo envelope and is seen to correspond to a broad
central peak with distributed features near the location of
the doublet peaks in RD. The difference spectrum in fact
bears a close resemblance to the temperature-independent
broad central component deduced for sample V by sub-
tracting a Pake doublet in Fig. 4. A similar central peak
with side lobes results from a subtraction of a 66-kHz
Pake doublet from the DMR spectra for all of the deu-
terated samples described in Sec. III A. The quadrupolar
side lobes in the difference spectra probably belong with
the resolved doublet fraction.

Nevertheless, comparison of Tables I and II shows that
there is no correlation between the deuteron populations
in the fast and slow dipolar decay (more and less
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FIG. 9. Fourier transforms of 30.0-MHz deuteron 90°-7-90°
quadrupole echoes for different pulse spacings are shown for
sample IV at 6.3 K. The Fourier-transform line obtained from
the echo at 27=100 usec shows a broader distribution of qua-
drupolar couplings than those obtained for the echoes at
27=400 and 1200 usec. The doublet splitting between the main
peaks is 66 kHz for all three transform resonance lines. The
solid curve is for 2r=100 pusec, the half-curve at the lower left
is for 27=400 usec, and that at the lower right is for 1200 usec.
The vertical dashed lines correspond to ir stretching-mode ab-
sorptions, converted to quadrupole splitting.

clustered) components and the populations in the distribu-
tion of quadrupolar line shapes (resolved doublet and
broad central). The quadrupolar line-shape fractions cor-
respond to the spin-lattice relaxation components in the
temperature region where there is a distinguishable more
rapid D,-related T,(D). We conclude that the resolved
doublet and broad central line-shape components each
contain both more-clustered and less-clustered deuterons.

Signal

Frequency

FIG. 10. The dashed line shows the smoothed difference
spectrum between the Fig. 9 FTMDR-QE spectra for 27=100
usec (shown again here) and 1200 usec (sample IV, 6.3 K).
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Figure 10 shows that there are more of the more-clustered
rapidly-decaying deuterons in the quadrupolar broad cen-
tral line, but the side bumps of the difference spectrum
belong with the long 7, resolved doublet fraction.
Saturation 7'; runs have not shown residual beat patterns
on the quadrupole echoes at rapid repetition rates.

It is our interpretation that the DMR doublet fraction
RD corresponds principally to the binding configurations
SiD and SiD,. In most a-Si:H samples SiH is character-
ized'® by an ir stretching-mode absorption at 2000 cm ™'
and SiH, (and SiH in different environments) by an ab-
sorption at 2090 cm~!. The corresponding deuteride
stretching modes occur at wave numbers reduced by a fac-
tor of 1.37 (instead of the 1.39 anticipated from a primi-
tive comparison of molecular reduced masses). These
wave numbers correspond to (Sec. III A) =0 quadrupo-
lar Pake doublet singularities predicted (for SiH) to occur
at 64.9 and 70.9 kHz, respectively. These are indicated by
the dashed vertical lines in Figs. 1 and 9 for comparison
with the line-shape data for samples I and IV. SiH; con-
figurations correspond. to stretching modes near 2140
cm~! and SiD; quadrupolar singularities at 74.4 kHz,
somewhat farther out in the wings of Fig. 9 than the SiD,
line at 70.9 kHz.

The observed ir stretching-mode absorptions have over-
lapping spectra which extend from about 1950 to 2150
cm~!. This range corresponds to a distribution of
quadrupolar DMR splittings over an interval somewhat
larger than twice the separation of the dashed lines in
Figs. 1 and 9. The ir stretching modes in a-Si have wave
numbers some 50 to 100 cm ™! smaller'® than those in the
corresponding molecules. The linear relationship between
stretching frequency and force constant may differ for
SiD and SiD,. All of these effects are not likely to alter
our identification of the resolved doublet DMR com-
ponent RD with well-defined axial SiD and SiD, tightly-
bonded species. Scissors-mode ir spectra are present even
in the 230°C substrate sample V.

C. Spin-lattice relaxation

1. Relaxation by molecular hydrogen

Most plasma-deposited 'a-Si:H films show a proton
spin-lattice relaxation time minimum'® between 25 and 55
K. A time T ,(H) reflects relaxation’!®> of bonded pro-
tons by spin diffusion to effectively dilute’® rapidly-
relaxing o-H, molecules. Below 120 K the o0-H, mole-
cules predominantly are in their J=1 rotational states.
The relaxation-center o-H, are effectively dilute in that
their electric quadrupole-quadrupole (EQQ) interactions
are quenched® although H, occurs at large density’ in the
a-Si voids. In many samples there also is an additional
longer proton relaxation time Tlﬁ(H),lG which decreases
slowly with increasing temperature. This additional relax-
ation probably is associated with dangling bonds and usu-
ally makes only a small contribution to the overall proton
relaxation near the 7 {(H) minimum, but sometimes a
more significant contribution at higher and lower tem-
peratures. The observed proton relaxation rate then can
be written
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We have reported! deuteron spin-lattice relaxation mea-
surements for a-Si:D,H sample I. The nondoublet DMR
component shows a 7', minimum (near 25 K at 30 MHz)
which arises from rapid spin diffusion to effectively dilute
p-D, relaxation centers. The DMR doublet fraction
shows much longer relaxation times and no observed
low-temperature 7';(D) minimum.

In their rotational ground states, both o-H, and p-D,
have I=1 and J=1 and thus are described by similar re-
laxation analyses. The I=0, J=0, p-H,, and 0-D, com-
ponents are ineffective as nuclear relaxation centers. The
I=2 molecular 0-D, fraction has long nuclear relaxation

‘times in the J=0 state and need not be considered as re-

laxation centers in analyses of the T,,(D) relaxation near
the observed T'|(D) minima. Above 80 K, the effects of
higher rotational states, including those of both 0-D, and
p-D,, must be included!” in the analysis of T';,(D). Simi-
larly, above 120 K, higher J states of o-H, play an appre-
ciable role!” in determining 7T',,(H).

Nuclear relaxation of effectively dilute H, or D, in a
nonmagnetic solid depends on the magnitude and symme-
try of static efg which may exist at the molecular sites.
For large gradients with no symmetry (and a parameter
r=0), the angular-averaged nuclear relaxation rate in
o-H, or p-H, with J=1 is!8

%:—g—wi[Fz(wo)+4F2(2a)o)] . (10)
Here F,(w)=T,/(I'5+®?) and T, is the decay rate (elec-
tronic molecular correlation frequency) for quadrupole
[=2 correlation functions. The interaction frequencies
wg are’  wy(H,)=3.624x10° sec™' and wy(D,)
=1.588x10° sec— L. In rare-gas solids and in many a-Si
samples it is found that the molecular relaxation of dilute
o-H, and p-D, above about 3 K can be described via a
phonon-Raman process. It then is anticipated?>?! that

T,=CE*(T*(T*)?, (11)

where E*(T™*) is the tabulated?® Van Kranendonk func-
tion, T* is a reduced temperature T/@®,, and ®, is a
characteristic temperature.

The spin-lattice relaxation data near the observed T
minima for protons and deuterons bonded in a-Si will be
fitted to expressions which include both rapid and
bottleneck spin-diffusion terms:

T]a(H);"ATl(Hz)—f—B > A (12)
T1,(D)=A4'T(D,)+B’ . (13)

The coefficient of the rapid spin-diffusion term is given
by the ratio of spin heat capacities (assuming A and
A'>>1)

T,(H

T Ti(Hy)  In(Hp)S(S+1)

and
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TyD) (DM +1)

A'= = .
Ti(Dy)  $r(Dy)S(S+1)

(15)

Here n(H) and n(D) are the concentrations of silicon-
bonded protons and deuterons relaxing to effectively di-
lute molecular o-H, and p-D,, respectively; n(H,) and
n(D,) are the concentrations of these rapid nuclear relaxa-
tion components of molecular H, and D, trapped in the
a-Si film; I is the nuclear spin of H(I =) or D(I=1);
and S is the nuclear spin of o-H, and p-D,(S=1). We
have here neglected the effects of higher J states near the
T\ minima and have taken the equilibrium room-
temperature o-H, and p-D, fractions (% and %, respec-
tively).

The bottleneck relaxation rates can be described by’ !>
—}E=(41rDHbH)[%n(H2)] ' (16)
and
%=(4WDDbD)[%n(D2)]. (17)

Here the Dy and Dp are spin-diffusion coefficients and
the by and bp are the characteristic distance between H,
(D,) and its nearest H (D) neighbor.

Figure 11 summarizes the temperature variations of
proton T;(H) data for samples II and III. Both show
low-temperature 7' ;(H) minima which arise from rapid

| a
o Tl(H) AA A
- Harvard #1 v(423) 2,4 2 -

II o (92.5)
- o (46.0) .
v (30.0)

O.l FIIL & (91.8) —
1l 1 1
10 100

T (K)

Tl(H) (sec)
D

FIG. 11. Proton spin-lattice relaxation times T; for samples
IT and III. For comparison the solid triangles show T';(H) re-
ported (Ref. 16) for a sputtered sample which was prepared so
as to have little or no H,.

spin diffusion to 0-H,. The inverted solid triangles show
the 42.3-MHz T(H) reported'® for a sputtered sample
(Harvard No. 1) which was prepared so as to have no H,
in the film. The Harvard sample shows the characteristic
temperature variation of T;(H) associated with relaxation
by dangling bonds. A smooth curve fitted to these data
provides the non-H,-related term T'5(H) which we use in
Eq. (9) with the sample-III T';(H) data (open triangles) of
Fig. 11. The resulting T',(H) are shown as open circles
at the bottom of Fig. 12, together with the fitted curve for
sample III (assuming dilute molecular o-H, in the pres-
ence of large efg with no symmetry, neglecting inter-
molecular EQQ interactions, and for a characteristic tem-
perature @, =40 K)

T1o(H)=78T;(H,)+0.22 sec . (18)

The proton 7';(H) data for sample II also shown in Fig.
11 require T g(H) times some 50% larger than the Har-
vard No. 1 data. The resulting H,-related 7';,(H) for
sample II are shown as solid points at the top of Fig. 12,
together with the two lines which represent a reasonable
fit to the T',(H) results for sample II at both 46 and 92
MHz,

T1o(H)=542T,(H,)+ 1.8 sec . (19)

Equations (18) and (19), combined with Egs. (14) and
(15), the n(H) listed in Table I, and taking by =4X 108
cm, yield the following for sample II: n(H,)=120 ppm,
Dy=25X% 103  cm?/sec; and for sample III:
n(H,)=700 ppm, Dy =3.5X 107" cm? sec. These results
and similar conclusions for the other samples are summa-
rized in Table III.

IOO_ T 1T T T 1T] T T T T T 1117 T T l:
L 542T (Hp)+1.8 ]
IoF E
irs) o ]
(] o 4
R4 B ]
z = .
38

= | c 3
FII ]
- A 925 :
[ m46.0 ]
[ 111 78T (Hy)+0.22 ]
T o o8 T

0.1 Lo aoiaal 1 Lol I L1

10 100
T (K)

FIG. 12. Molecular-hydrogen-related T',,(H) data and corre-
sponding fits are shown for samples II and III. The line drawn
through the T,(H) data of sample II is [542T(H,) + 1.8 sec]
and shows 7’| minima at 25 and 34 K for 46.0 and 92.5 MHz,
respectively. The line drawn through the 91.8-MHz T',(H)
data for sample III is [78 T (H,) + 0.22 sec] and has a T,
minimum at 43 K.
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TABLE III. Molecular H,- and D,-related relaxation fits and corresponding results.

Central lines

(BC) n(D) Effectively dilute
: T, (D) or (NC) n(D,) relaxation centers Dp
Sample (sec) (at. %) n(D,) (ppm) (cm?/sec)
I 134T,(D,)+0.13 1.5(D,) 670 1.1x 10712
v 138007 ,(D,)+ 16 2.7(D) 5.9 1.3x 10712
\'% 16 500 T1(D,)+ 64 2.1(D) 3.8 49%x10™13
T1o(H) n(H) n(H,) Dy
Sample (sec) (at. %) (ppm) (cm?/sec)
I 45907T(H,)+0.25 7.0 7.6 2.8 10~
1I 542T,(H,)+1.8 12.8 120 2.5%x10~1
III 78 T (H,)+0.22 10.9 700 3.5%10~13
v 3.3 <0.2
A\ 1.4 <0.2
The proton relaxation time data for samples II and III and for sample V,
. . 2 . .
in Fig. 12 fall somewhat below the T“ fitted lines above T',o(D) =16 500T(D,) -+ 64 sec . 21

150 K. A more correct fitting procedure would employ
the recently derived!” full J>1 o-H, relaxation expres-
sions. It has been pointed out?? that because the T';(H)
times for sample III still are increasing with T at 300 K,
the 0-H, relaxation centers in this sample must experience
static efg of low symmetry. The frequency dependence of
the warm-sample T';(H) for sample II (Fig. 11) above 100
K indicates the presence of a motional T;(H) contribu-
tion. It may arise from proton diffusion or may be associ-
ated with a paramagnetic impurity, but it obscures any
proton relaxation from J> 1 0-H,.

The fits of Egs. (18) and (19) to the low-temperature T,
data are imperfect, particularly so for Eq. (19) and sample
II. We believe that the difficulty is associated with the
presence of a distribution® of EQQ interactions between
0-H, molecules and a corresponding distribution of
molecular correlation frequencies which will be con-
sidered after relaxation results for all the samples have
been discussed.

T (D) for the doublet component turned out to be simi-
lar in samples IV and V at 30 MHz. The doublet relaxa-
tion times are represented by open and solid circles at the
top of Fig. 13. T'(D) for the central component is shown
as triangles (sample IV) and squares (sample V), also at
the top of Fig. 13. There is a weak, but clear, central
component, 7(D) minimum in the data for sample IV
(and a less-clear D,-related contribution for sample V).

The broad central fraction deuteron T;(D) results for
sample IV can be analyzed by using the deuteron analog
of Eq. (9) and taking the 7';(D) data for the sample-IV
doublet to be T'g(D). The resulting molecular-D,-related
T'1,(D) are shown as solid triangles at the top of Fig. 14.
A similar T'g(D) subtraction procedure yields the T, (D)
for sample V indicated by solid diamonds at the top of
Fig. 14. The solid lines through the limited T',(D) data
indicate the approximate fits of Eq. (13) for sample IV,

T14(D)=13800T;(D,)+ 16 sec , (20)

Here we again have employed ®,=40 K and assumed
large static efg of no symmetry (with »=0) at the sites of

[ T T 1 I T T T I T T
B T,(D)(30.0)
TBD WBD |
° IV o a
r ]
v
o
S o 2 .
. B
L=
- T, (H)
Harvard #1 v (42.3)
vV ¢ (30.0)
o1 e (92.5)
) ' | ! Lol L 0
10 100
T (K)

FIG. 13. Spin-lattice relaxation times 7'; for D at 30.0 MHz
in samples IV and V are shown at the top of the figure. The
open and solid circles are relaxation times associated with the
tightly bound deuteron doublet. The open triangles and squares
are relaxation times for the unsplit weakly bound deuteron frac-
tions which show para-D)-related relaxation minima. At the
bottom of the figure are shown proton spin-lattice relaxation
times T';(H) at 30.0 and 92.5 MHz for sample V. The lines are
drawn with a ratio 42.44.



5652

T UL ll']r T T LI | [lT' T T TJ

[
L 165007, (D,)+64 ]
i v ]
100 =
- 13800T, (Dp) +16 ]
i v ]
/G = -

()
o L =
3 .
I—. - —
— o —
- 134T (D,)+0.13 ]
" mae 300 I 7
B o 14.4 ]
O. I 11 1 11 ||| L 1 1111 )Lj AL 1
[o] |00
T (K)

FIG. 14. Molecular-deuterium-related 7";,(D) data and corre-
sponding fits are shown for samples I, IV, and V. The line
through the 30.0-MHz T,,(D) data of sample V is
[16 500 T (D,) + 64 sec] and has a Ty minimum at 47 K. The
corresponding line through the 30.0-MHz T,(D) data of sam-
ple IV is [13800 T (D;) + 16 sec] and also has a T'; minimum at
47 K. The 14.4 and 30.0-MHz T ,(D,) data for sample I are
fitted by the [134T(D,) + 0.13 sec] lines shown at at the bot-
tom of the figure.

the (assumed J=1) p-D,. The T'|(D,) have been calculat-
ed for effectively isolated® p-D, molecules and a 30-MHz
deuteron Larmor frequency. ®,, which describes the lo-
cal phonon dynamics as it enters the Raman mechanism
characterizing the p-D, molecular relaxation, has not yet
been measured directly by observation of T'(D,) for p-D,
in a-Si or in rare-gas solids, but ®, =40 K gave a reason-
able fit to the previously reported and more extensive
T,,(D,) data for sample I.

In the lower portion of Fig. 14 the circles and solid
squares indicate for comparison the much more rapid
T 1o(D,) relaxation times for the NC void bulk D, com-
ponent for sample I at 14.4 and 30.0 MHz. The lines
drawn correspond to the fit of Eq. (13) in this case,

T, (bulk D,)=134T(D,)+0.13 sec . (22)

Application of Egs. (15) and (17) to the broad central
component T',(D) results for samples IV and V yield the
parameters listed in Table III. Taking the NC component
for sample I to be bulk (0-D,+p-D,), Eq. (15) must be
modified to have a numerator 4n(bulk D,).

According to Egs. (15) and (20), the rapid-term ratio
T..,D/T(D,) is 13800 for sample IV, and so
n(D)=4600n(D,) for the relaxation center D, in this sam-
ple. The fast-relaxing deuteron signals were found to cor-
respond to 25% of the observed DMR in samples IV and
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V, and so for IV (Table I) the broad central n(D)=2.7%
and n(D,)=5.9X107° (5.9 ppm). For an a-Si site num-
ber density of 5X10?2 -cm~3 this ‘corresponds to
n(Dy)=2.9%x 107 ¢cm~2 for sample IV. This is a concen-
tration similar to that reported! for n(H,) (3.8 10"
cm™3) in sample I, so the amounts of relaxation-center
molecular H, formed from 5% SiH, and D, formed from
5% SiD, are similar for the two samples made on room-
temperature cathode substrates at similar rf power levels.

A few T (D) measurements were made on sample II.
At 4.2 K T (D) was very long (hundreds of seconds) and
at 45 K two T';(D) components were observed. However,
the shorter T{(D) at 45 K was about 50 sec, some 2 orders
of magnitude longer than the fast 7';(D) component in the
companion sample I (Fig. 14), deposited at higher rf
power density. Sample II does not have an appreciable
narrowed central (NC) D, component (Table I and Fig. 3).
Similar results were obtained for sample 14 (Fig. 2). Ap-
parently the molecular-D,-related relaxation 7T,(D) pro-
cess for the broad central (BC) component is significantly
less efficient than that for the narrow central (NC) com-
ponent.

Table III lists the fits of Eqs. (12) and (13) to the spin-
lattice relaxation time minima in the five a-Si samples
studied. The table also summarizes the molecular n(H,)
and n(D,) concentrations determined from NC com-
ponent spin counts and from the rapid spin-diffusion re-
laxation fits using the spin heat capacities, Egs. (14) and
(15), and the measured total concentrations (also listed in
Table I) n(H) for the total protons and n(D) for the non-
doublet central DMR fractions.

Samples IV and V did not show low-temperature pro-
ton T;(H) minima. From this it follows that the concen-
trations of molecular H, in these two samples were less
than 0.2 ppm and that the large deuterium dilution may
have interfered!! with proton spin diffusion, despite the
standard proton linewidths observed (Table II). It is evi-
dent that a few ppm of o0-H, and p-D, molecules can
dominate the bulk proton and deuteron relaxation over a
significant temperature interval in a-Si.

The results in Table IIT have been calculated on the as-
sumption that the effectively dilute H, and D, relaxation
centers are located at sites with large static electric field
gradients (efg) of no symmetry. If the efg have axial sym-
metry then the tabulated molecular relaxation center con-
centrations are too large by a factor of 2 and the spin-
diffusion coefficients are too small by a factor of 2. How-
ever, the temperature variation of the relaxation times ob-
served near room temperature for samples II and III indi-
cates?? that the efg in these samples have symmetries
much less than axial and the no-symmetry approximation
probably is valid. The conclusion arises from considera-
tion of the effects!” of higher J states on the relaxation of
H, and D, above 80 K.

2. Molecular relaxation rates

From each T ,(H) and T,(D) data point a molecular
correlation frequency I', can be calculated for the effec-
tively dilute o-H, and p-D, relaxation center molecules in
the various a-Si samples. For static efg of no symmetry
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the individual T'; results are inserted into Eq. (10) and a
solution I', is found. Figure 15 shows the resulting I'; as
a function of temperature for samples I, II, III, and IV.
As expected, the T, results for sample I are the same!
(below 100 K) for both H, and D,.

The curved lines represent I', reported®® for o-H, in
solid neon and argon. The lines indicate the temperature
dependence given by Eq. (11) with ®, =40 K, efg of no
symmetry, and the temperatures of the T,(H) minima
taken to be those observed in neon and argon. The Van
Kranendonk function?® E*(T*) is nearly independent of
temperature for T* > 1 and the high-temperature I', data
and lines approach T*? temperature dependences (indicat-
ed by the dashed line) above 80 K.. For T* <0.02 the
quantity E is proportional to T*° and I, is proportional
to T*7, as also is evident by comparison with the dashed
line at the lower left in Fig. 15. The a-Si I', computed
data points in Fig. 15 have not involved any assumptions
about the characteristic temperature ®,. The results,
however, can be fitted very well by Eq. (11) with
®,=40t5 K (e.g., cf. Figs. 12 and 14). There may, in
fact, be significant variations in ®, among some other s-
Si samples. That is a topic for further investigation. Ex-
periments currently are under way to determine ®, for di-
lute p-D, in solid argon.

ol
oIl
s III
v iV J

100

FIG. 15. Molecular correlation frequency I'; for a-Si:(D,H)
samples I, II, III, and IV calculated from T,(D) and T ,(H)
data. The curved lines represent I'; for ortho-H, in solid neon
and argon for comparison. The straight dashed lines show the
anticipated limiting T2 and T’ behavior expected for a phonon-
Raman process.

There is an evident chemical trend in the sample depen-
dence of the molecular T', data plotted in Fig. 15 and re-
ported earlier."?® The T, curves systematically shift
downward [i.e., C decreases in Eq. (11)] as one progresses
towards host materials with larger polarizabilities. Tak-
ing ionization potential as an inverse measure of polariza-
bility, Fig. 16 shows the trend in a semilogarithmic plot of
the fitted coefficient C as a function of host ionization
potential, for hydrogen relaxation data®’ in solid neon, ar-
gon, p-H,, krypton, and the five a-Si samples discussed
here.” There is, in addition, an apparent distribution
among the I', results for the a-Si samples (Figs. 15 and
16). Samples deposited more slowly at lower power densi-
ties appear to show larger coefficients C and thus more
effective coupling between phonons and the relaxation-
center molecular H, and D, electronic distributions.

If the deduced T',(T) results of Fig. 15 are correct at
low temperatures then the I',(T) extend down to 107
sec™!, that is to about wy/100. In such a case there is
very little effective EQQ interaction among the o-H, or
the p-D, in molecules responsible for the low-temperature
T,(H) and T',(D). Thus the molecular hydrogen which
relaxes the bulk H and D spins must occur® in small mi-
crovoids or adsorbed on the surfaces of larger voids. In
either case spatially-varying large static efg can quench
the EQQ interactions between adjacent molecules and per-
mit rapid nuclear relaxation times T;(H,) and T,(D,).
Thus the number of molecules which can be effective
centers of nuclear relaxation for bulk H and D is limited
by the microvoid geometry.

3. Spin diffusion

The spin-diffusion coefficients Dy and Dp in Table 111
have been determined by using Egs. (16) and (17), the fit-
ted bottleneck relaxation times, and the determined
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FIG. 16. The molecular correlation frequency coupling con-
stant C obtained from I'y=CE*(T*)T*? is plotted versus first
ionization potential for the various hosts (Ne, Ar, Kr, para-H,,
a-Si).
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molecular concentrations n(H,;) and n(D,). The near-
neighbor distances by and bp were taken to be 4 A and
the average density of a-Si to be 5X 10% cm™3. A direct
comparison of results can be made only in sample I,
where the ratio of tabulated spin-diffusion coefficients is

Dy/Dp=28/1.1=25 . (23)

This is in fortuitously good agreement with the anticipat-
ed ratio

Dy /Dp=V3/8v}4/v%=26.0 (24)

calculated! on the assumptions that there are no quadru-
polar interference effects on Dp for the primarily
motionally-narrowed nondoublet fraction and that there is
sufficient clustering of H and D that the concentrations
n(H) and n(D) do not enter the ratio, Eq. (24).

In samples II, IV, and V the central portion of the
deuteron resonance is primarily the broad central (BC)
component. The bulk D, narrow central (NC) component
so apparent in sample I is numerically insignificant in the
other a-Si samples. In the broad central components spin
diffusion may be much reduced by quadrupole interac-
tions.

Consider a set of spins with a distribution of
quadrupolar-induced inhomogeneous splittings character-
ized by a frequency w, and nearest-neighbor dipolar in-
teractions characterized by a frequency wy. If 0y >>wy4
then the spins cannot support spin diffusion as it is nor-
mally understood. This can be seen, for example, from
energy conservation. If two neighboring spins mutually
flip their spins, the associated energy mismatch is greater
than the energy which the dipolar interaction can supply.
However, this does not mean that the spin relaxation of a
D to a D, relaxation center cannot be aided by intermedi-
ary spins.

A spin at a distance r; from a relaxation center is con-
nected to that relaxation center by matrix elements of or-
der #iwy(r;), where wy(r;) characterizes the strength of the
dipolar interaction between the spin and the relaxing
center. Since that interaction goes as r,~‘3, it is not very
effective in relaxing remote spins. However, the spin in
question can also be coupled to the relaxing center via a
number of intermediary spins. Each coupling will be of
order (wgq/w,) and thus a coupling via n spins will be of
order (wg/w,)". Although this mechanism is much weak-
er than true spin diffusion, it can be effective for a few
nearest neighbors.

There is an apparent inconsistency among the spin-
diffusion coefficients listed in Table III. With the excep-
tion of sample I (which is atypical in that there is a large
D,-related narrow central component), the tabulated Dy
and Dp are.about the same magnitude. On the other
hand, Eq. (24) predicts that in the absence of quadrupole
interactions Dy should be 26 times larger than Dy under
similar circumstances. If there are appreciable quadrupo-
lar effects, Dp may be very much reduced, but that is not
characteristic of the results in Table III.

However, some of the bottleneck terms may be sys-
tematically too large. It is probable that in a number of
a-Si samples there is a significant distribution® of EQQ
interaction strengths among H, or D, molecules in the
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microvoids. It then follows that there is a distribution of
EQQ-related molecular relaxation rates I'p and thus a
distribution of total molecular relaxation rates

r=T,+Ty . (25)

For T'yg >>wq there would be no T(H,) or T,(D,)
minimum and no effective relaxation of nearby H and D.
For I'p <w a distribution of I'y would be accompanied
by a broader than usual 7';(H,) or 7;(D,) minimum. The
apparent I'; determined from T';, on the assumption that
I’y was negligible would show a frequency dependence.
These are characteristic features of the proton relaxation
data and analyses for samples II and III. If a significant
part of the widths of the T';,(H) minima for these sam-
ples (Fig. 12) arise from a distribution in I'p, then the
correct bottleneck terms B are smaller than, and the
correct Dy proton spin-diffusion coefficients are larger
than, the values given in Table III.

4. Relaxation by mobile carriers

Above 50 K the T results (Fig. 13) for samples IV and
V are different from those for the other samples described
here (Fig. 11 and Ref. 1). T;(H) and both 7';(D) com-
ponents decrease rapidly with increasing temperature and
T,(H) shows a minimum near 380 K. The 92-MHz
minimum 7;(H) is less than 0.2 sec and represents much
too rapid a relaxation to arise from proton diffusion in the
dilute proton samples IV and V. The warm-sample T
minimum probably arises from interaction with electron
magnetic moments, either mobile carriers, or fixed
paramagnetic centers. The data permit a choice between
these alternatives.

If the relaxation reflects nuclear-electron contact in-
teraction with mobile carriers, then one expects the ratio

T,(D) y(H) 2

= |-—— | =42.44 . 2
T(H) v(D) (26)

In Fig. 13 a solid line has been drawn through the 92.5-
MHz T|(H) data for sample V. The upper solid line is
42.44 times the lower T';(H) line and is in excellent agree-
ment with the doublet 7'{(D) data for sample V. Now,
for a semiconducting sample one expects

1/T,<y*NV'T , (27)

where the number of carriers, N, may be exponentially
thermally activated. Equation (27) applied to the data of
Fig. 13 yields an activation energy of 37 meV.

If the T (H) and doublet T(D) relaxations in Fig. 13
are spin-diffusion limited and arise from spin-diffusion to
the same fixed paramagnetic relaxation centers, then it
follows that

T,(D) Dy 172

T.H)  Dp

YHVD

YDVH

(28)

The Dy /Dy ratio is uncertain for sample V, but the
data of Fig. 13 do not show the v!/? frequency dependence
of Eq. (28). There is little frequency dependence in the
low-temperature 7';(H) data and the room-temperature



T,(H) is closely proportional to v(H). It is probable that
the low- and high-temperature relaxations reflect different
mechanisms with the low-temperature relaxation arising
from a T,z dangling bond term and the room-
temperature relaxation associated with a contact interac-
tion with mobile carriers.

IV. DISCUSSION AND CONCLUSIONS

The present NMR measurements show that there are
three distinguishable components of the quadrupole
broadened deuteron resonance in a-Si. The resolved dou-
blet, broad central, and narrow central components must
correspond to distinct bonding configurations. A princi-
pal conclusion of the present work is that there is not a
one-to-one correlation between the quadrupolar line-shape
components and proton or deuteron clustering, as reflect-
ed in the narrow and broad dipolar lines.

The deuteron line shape in sample I (Fig. 1), the first
a-Si:D sample studied by DMR, showed! principally a
well-resolved low-asymmetry quadrupolar doublet (RD)
and a motionally narrowed central line (NC). The reso-
nance has a certain resemblance to those reported®* in
many observations on predeuterated polymers between
300 and 400 K, where a doublet arises from crystalline re-
gions and a motionally-narrowed line from the more
mobile amorphous fractions. However, the present results
on a-Si samples II, IV, and V show that the motionally-
narrowed DMR component (NC) usually is a minor frac-
tion of the observed line shape. The typical a-Si:D,H
sample has a DMR signal which consists primarily of the
doublet RD and a temperature-independent broad central
line (BC), which relaxes via effectively dilute molecular
D, relaxation centers while the RD fraction does not so
relax. Upon reexamination the BC fraction also is present
in the sample-I DMR spectrum.

The quadrupolar broad central DMR fraction occurs
between 1 and 4 at. % in all the deuterated samples stud-
ied. The resolved doublet fraction ranges more widely,
from 7 to 20 at.%. The dipolar decay comparisons of
Sec. III B show that the resolved doublet and the broad
central components both contain more and less clustered
deuteron fractions. However the FTDMR-QE spectrum
(Fig. 9) for an echo at large 27 (1200 usec) has a more
singular (RD) doublet and a diminished (BC) central frac-
tion. Thus the broad central (BC) component corresponds
to a more-clustered deuteron configuration than does the
well-defined part of the resolved doublet (RD). There also
may be some motional loss of quadrupolar order on a
scale of 1 msec, even at 6 K.

Both RD and BC are broadened by quadrupole interac-
tions. - Their spin magnetizations cannot migrate by flip-
flop spin diffusion over extended distances. However,
their magnetizations can migrate over shorter distances,
of the order of two or three lattice separations. We con-
clude that in order for BC to relax efficiently to D, mole-
cules, it is necessary that the BC deuterons be located
close to those D, molecules which serve as relaxation
centers. That is the BC deuterons must be located close to
void surfaces. The obvious candidates for inclusion in the
broad central signal fraction thus include those deuterons
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which are chemisorbed onto microscopically rough sur-
faces of microvoids, and also the deuterons in the first few
a-Si layers surrounding these microvoids. For both these
deuteron configurations the quadrupolar spectrum can be
much averaged and represents a distribution of Si-D con-
figurations and corresponding distributions of % and v,.
In this sense the broad central fraction corresponds to
small v, and weakly bound deuterium (WBD). The first
few Si layers around a rough microvoid contain local con-
figurations of great potential strain and disorder. The hy-
drogen will cluster preferentially in such disordered re-
gions. We propose that the DMR broad central (BC)
fraction arises from these deuterons clustered in disor-
dered regions near microvoids and thus near the molecu-
lar D, relaxation centers, which are the D, in small voids
or near the surfaces of larger voids. Since there are more
microvoids in the less-dense regions of the a-Si it follows
that there is more of the central (BC) fraction in such re-
gions. The limited 1-to-4—at. % range observed for the
broad central fraction represents the limited disordered
volume near the p-D, relaxation centers in small micro-
voids or on rough void surfaces. We plan to make further
investigations of the broad central (BC) component by us-
ing spectral hole-burning, proton decoupling, and three-
pulse deuteron spin-alignment sequences.

The resolved doublet (RD) DMR signal corresponds
primarily to well-defined SiD and SiD, configurations lo-
cated in less-disordered lattice environments. The slow
dipolar damping shows that the best-defined (RD) config-
urations contain less clustered deuterons than do the
broad central (BC) configurations. The smaller clustering
and the well-resolved 66-kHz quadrupolar doublet reduce
the spin-diffusion’ for the doublet (RD) fraction, but it
remains likely that the RD deuterons are located well-
removed from those p-D, molecules which serve as rapid
relaxation centers for the other fractions. The resolved
doublet (RD) fraction has a long spin-lattice relaxation
time which is not related to the T;(D,) of the deuterons
in the p-D, relaxation centers. ’

The DMR resonance line from the motionally-
narrowed central (NC) component corresponds to a spin
fraction with homogeneous broadening, a spin tempera-
ture, and which relaxes efficiently to the low EQQ void
surface p-D, relaxation centers. The NC fraction usually
is small and probably arises from p-D, (and perhaps
0-D,) molecules?® in dense fluid and solid D, in the bulk
volume of larger voids. The molecules have long intrinsic
relaxation times and are relaxed® by the surface-
dominated effectively dilute p-D, relaxation centers.
Sample I, which has the largest NC fraction (1.5 at. %) of
the samples studied, was prepared (from a 95% D, start-
ing gas) on a room-temperature substrate and at large rf
power level. The sample presumably has a columnar
structure with large void volumes in the less crystalline in-
tercolumnar regions. Higher-quality samples made at
lower power levels (sample II) and at 230 °C substrate tem-
perature (sample V) have much less of the narrow central
(NC) component and much less Dj.

Low-temperature 7'; minima observed for protons and
deuterons in a-Si have been shown to arise from relaxa-
tion via effectively dilute molecular o-H, and p-D,. The
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relaxation-center molecular concentrations needed to ac-
count for the T'; minima range from a few ppm to nearly
1000 ppm. In order for the molecules to serve as effective
relaxation centers, they must have an EQQ interaction no
more than about 1073 that of normal solid and liquid H,
or D,. That is to say, it is probable® that the relaxation-
center molecules occupy small voids or are adsorbed on
void surfaces. These molecules are deduced to have
molecular correlation frequencies whose temperature
dependence is the T? to T power-law characteristic of a
phonon-Raman process. In some samples the molecular
correlation frequencies deduced below 50 K indicate the
presence of a wide distribution of intermolecular EQQ in-
teractions. The magnitude of I', in various hosts varies
with the polarizability and also varies by an order of mag-
nitude among the a-Si samples studied.

The H and D NMR results described here show no evi-
dence for the presence of a proposed?® “three-center bond”
configuration in which an H, or D, molecule is located
between two Si atoms whose bond otherwise would be
strained or broken. It is not clear whether H, and D, in
the proposed configuration would be free to rotate about
the line connecting the two Si atoms. However, even if
rotation were to occur, the configuration cannot act as a
relaxation center for H or D.

Assume that an H, in the four-center configuration
were free to rotate about the Si-Si axis. The H, then acts
as a rigid rotator with energies given by
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E(j)=E,j*sin’0 , (29)

where j takes on integral values and 6 is the angle between
the H, axis and the line connecting the two Si atoms.
Since there is only one rotational degree of freedom (and
not two, as is usually the case for H, rotation), there is no
analog to the usual states of different m; within the J
manifold for free H,. The spin relaxation of the H, nu-
clear spin depends upon the H, molecule making transi-
tions between states of different m;. Since neither these
transitions nor any analog of them exists in the proposed
three-center configuration, such H, could only relax slow-
ly and cannot act as relaxation centers for lattice H (un-
less AJ=2 transitions occur, since J = *1 have the same
energy and relaxation could occur).
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