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Fedders’ calculations of the effects of molecular J > 1 states on the nuclear-spin-lattice relaxation
of H, and D, are applied to the interpretation of proton and deuteron relaxation in amorphous sil-
icon. The temperature dependence of proton relaxation in three plasma-deposited a-Si:H samples
indicates that the effectively dilute o-H, molecules controlling the relaxation occupy at least two dif-
ferent kinds of sites. Depending on sample preparation conditions, there are predominant o-H, sites
with large static electric field gradients of different symmetries. Deuteron relaxation times in the
a-Si:D,H sample cannot be fitted by the calculated temperature dependence of D,-related relaxation.
It is probable that motional narrowing reduces the effectiveness of the spin-diffusion contact be-
tween deuterons and D, relaxation centers above 40 K.

Recently Fedders has reported calculations' of the ef-
fect of molecular J > 1 states on nuclear-spin-lattice relax-
ation times for isolated H, or D, molecules in solid non-
magnetic hosts. The relaxation includes contributions
from higher-J states to the nuclear relaxation of dilute
0-H,, p-D,, and 0-D, above 100 K. Strikingly different
temperature variations are predicted for the warm-sample
nuclear relaxations corresponding to three analyzed sym-
metries of large static electric-field gradients (EFG): no
symmetry, axial symmetry, and cubic symmetry (that is,
no EFG).

The present paper compares the calculated temperature
dependences of nuclear relaxation times 7;(H,) and
T1(D;) to proton and deuteron spin-lattice relaxation
times reported for H and D in some amorphous silicon
samples at temperatures up to 600 K. Because of rapid
spin diffusion, the T(H) and T (D) have temperature
variations that follow those of T,(H,) and T,(D,) and
permit some simple conclusions about the nature of the
sites for the rapidly relaxing molecular hydrogen com-
ponents in a-Si:H,D.

In an earlier work Fedders reported® calculations of
nuclear-spin-lattice relaxation times for protons in dilute
J=1 0-H, (and for deuterons in J=1 p-D,) molecules in
a nonmagnetic solid host. These results were applied® to
the study of dilute o-H, in rare-gas solids. There the
0-H, sites were found to be characterized by large static
EFG with “no symmetry.” For dilute o-H, in solid p-H,
the static EFG had axial symmetry. Several recent publi-
cations*~7 have employed the J=1 theory to analyze the
relaxation of H (and D) in amorphous silicon. The H (D)
relaxation in plasma-deposited a-Si often displays T
minima near 30 K which are associated with rapid spin
diffusion of the H (D) magnetization to effectively dilute
o-H, (p-D,) relaxation centers. The H, (D,) can act as
relaxation centers because their nuclear relaxation times
are short (a few milliseconds near 30 K), since the
intramolecular-internuclear separation is very small (0.7
A).

The cold-sample NMR relaxation analyses have deter-
mined concentrations of the fast-relaxing molecular H,
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(D,) relaxation centers to be 100 to 1000 ppm for typical
a-Si:H (a-Si:D) samples deposited on substrates  at
<330°C. These analyses have not, however, provided in-
formation about the local EFG symmetry or binding con-
figuration for the H, (D,). Recently reported
calorimetric (Refs. 8 and 9), ir (Ref. 10), and NMR (Ref.
11) measurements on specially prepared a-Si:H samples
have indicated the presence of larger amounts of H, (0.5
at. % to a few atomic percent). Fedders et al.!? have
pointed out that there must be at least several molecular
hydrogen species in a-Si, since the high concentration®~!!
H, cannot be the effectively dilute 0-H, nuclear relaxation
centers responsible for H relaxation. For these o-H, the
electric quadrupole-quadrupole (EQQ) interaction is
quenched by proximity to Si void surfaces.

In a-Si there are often significant non-H,- (non-D,-) re-
lated (T;g) nuclear relaxation contributions near 300 K.
However, there are some published warm-sample H and D
relaxation data in a-Si samples where the 7'y does not ap-
pear to be dominated by Tg. It now is of interest to reex-
amine some of these data and apply the new J > 1 theoret-
ical results in an attempt to draw some conclusions about
the locations of the fast-relaxing effectively dilute H, (D,)
in the a@-Si microvoids. If the molecules are adsorbed on
internal surfaces, one would expect large static EFG (Ref.
12) with axial, or lower, symmetry. For those H, (D,)
trapped as a high-density bulk fluid!' in void volumes,
one would expect!? smaller EFG and intrinsic relaxation
times much less dependent on temperature.

Figure 1 shows 42.3-MHz proton T(H) data reported
by Carlos et al.®'>' for two a-Si:H samples. The data
were obtained in the same NMR apparatus, with the same
thermometry, etc. Sample “RCA No. 1” was plasma
deposited in a dc discharge from 100% SiH, (0.5 Torr) at
about 300 A/min onto a 330°C substrate. It had an elec-
tron spin density of 5% 10> cm~3. The total H content
was determined to be 12 at. %. Some of the RCA No. 1
T,(H) data points in Fig. 1 have been averaged for the
sake of clarity. RCA No. 1 was the sample which was
used subsequently in the reported'> NMR T,(H) ortho-
para conversion studies.
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FIG. 1. 42.3 MHz proton spin-lattice relaxation times in two
a-Si:H samples reported (Refs. 6, 13, and 14) by Carlos and
Taylor. The triangles indicate T\(H) for a relatively H,-free
sample, Harvard No. 1. The circles indicate T,(H) for RCA
No. 1.
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FIG. 2. The Hj-related component of the proton relaxation
T1,(H) in sample RCA No. 1 is compared with the temperature
dependences predicted for relaxation by rapid spin diffusion to
effectively dilute molecular o-H, in sites with large static
electric-field gradients of no symmetry, axial symmetry, and cu-
bic symmetry. The straight line indicates the 7> temperature
dependence associated with relaxation to J =1 molecules only.
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The second sample for which 7';(H) data are shown
(triangles) in Fig. 1 is Harvard No. 1, which was a sput-
tered a-Si:H sample specially prepared!* to have little or
no H,. The solid line indicates the temperature variation
of T (H) for this H,-free sample and is typical of the
temperature variation of Tg(H) usually interpreted as
arising from proton relaxation via electronic dangling
bonds in the a-Si.

If we write’

1 1 1
TyH) ~ Tip(H) T Tro(H)

(1)

where T',(H) is the Hj)-related component of the proton
relaxation, and take the line through the Harvard No. 1
data to represent a reasonable approximation to T3(H),
then the resulting RCA No. 1 T',(H) are shown as circles
in Fig. 2. RCA No. 1 had a larger dangling bond electron
spin density® ! than did Harvard No. 1 and it may be that
the T;,(H) data have been overcorrected for non-H,-
related relaxation. However, in Fig. 2 the total Tg(H)
correction shifts the warm-sample data by less than a fac-
tor of 2 and the conclusions which follow are not affected
by the precise selection of T';g(H).

The sloping straight line in Fig. 2 indicates a T depen-
dence normalized to the T,(H) data between 70 and 120
K. It was the observation of this T2 dependence which
first lead to the conclusion* that phonon-scattering relaxa-
tion of molecular H, was responsible for the T;(H)
minimum in RCA No. 1.

The three curved lines in Fig. 2 are normalized to the
same T region of the T';,(H) data and indicate the calcu-
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FIG. 3. T,o(H) for sample RCA No. 1 are fitted to relaxa-
tion via effectively dilute o-H, located in EFG of axial symme-
try. The solid line includes relaxation below 100 K according to
the expression T,(H)=150T,(H,)+0.16 sec. The dashed line
indicates the calculated relaxation without the 0.16-sec
bottleneck term.
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lated! temperature variations of 7;(H,) including J > 1
states, and for large static EFG of no symmetry, axial
symmetry, and cubic symmetry (i.e., no EFG). The cubic
and no-symmetry lines indicate the limiting possible tem-
perature dependences for T;(H,) in the presence of large
static EFG of any symmetry. It is clear that the axial
EFG configuration provides a convincing approximation
of the warm-sample T';,(H) relaxation in RCA No. 1
from 80 to 550 K. This conclusion is quite insensitive to
the precise choice of a Tg(T) term. In the ortho-para
conversion experiments,'® the warm-sample 7,(H) data
(>300 K) increased with time,'® so a significant fraction
of that relaxation is known to reflect an H,-related
Ti,(H). .

The proton T,(H) minima in plasma-deposited a-Si:H
samples have been fitted*~7 with a combination of rapid
spin-diffusion and spin-diffusion bottleneck terms:

T1o(H)=AT,(H,)+B . %)

The RCA No. 1 T,(H) data of Fig. 2 are shown again
in Fig. 3. The solid line in Fig. 3 shows Eq. (2) fitted over
the full range of the data. Above 100 K the dashed line in
Fig. 3 is just the axial-symmetry line of Fig. 2, displaced
downward slightly to accommodate a bottleneck term*
B=0.16 sec. The rest of the dashed curve below 100 K
represents AT (H,) with 4 =150 and T|(H,) calculat-
ed?3 for relaxation in effectively dilute J=1 o-H, with a
42.3-MHz Larmor frequency, large static EFG of axial
symmetry, a T,(H) minimum at 26 K, and a charac-
teristic temperature ®, =40 K for the phonon dynam-
ics!”!® which govern the molecular relaxation rate T',.
For n(H)=12 at. %, the determined spin heat-capacity ra-
tio A corresponds to n(H,)=1.7X 10! cm ™3 or 340 ppm.

The need for a bottleneck term is evident in Fig. 3 and
the addition of B=0.16 sec [Eq. (2)] brings the dashed
line up to the solid line in Fig. 3, in excellent agreement
with all the T',(H) data. It is noteworthy that the calcu-
lated T',(H) line passes close to the long relaxation-time
data point at 4.2 K. This will be shown to mean that in
sample I the EQQ interaction was very small (< 10°
sec™!) between those o-H, molecules responsible for the
T1o(H) proton relaxation. '

Figure 4 shows the results of a calculation®® of I'y(T)
corresponding to each T ,(H) data point below 120 K in
Fig. 3. ®, does not enter into the calculation. The result-
ing T',(T) data range over most of the complete anticipat-
ed phonon-relaxation spectrum of temperature depen-
dences of T',, from T2 near 100 K to T7 at low tempera-
tures. Any small EQQ-related rate I'g would appear here
as a constant temperature-independent I'p term at the
lower-left corner of Fig. 4. Clearly I'gp < 10% sec™! for
this a-Si:H sample. T'y for solid normal H, (Refs. 12 and
19) is ~10'? sec™!. Fedders et al.!? have pointed out that
such a reduction of EQQ and I'yp can result either from
great diluation of the o-H, molecules (which would not fit
the o-p conversion results), or from large static EFG
(much larger than EQQ), which vary significantly from
one o-H, site to the next adjacent o-H, site, probably for
0-H, adsorbed on submicroscopically rough internal sur-
faces.

Our previous analysis* of the RCA No. 1 T(H) data
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FIG. 4. The triangles indicate molecular o-H, correlation
rates I'; calculated from the T',(H) data of Figs. 2 and 3. A
cross indicates the location of the T'\,(H) minimum. For com-
parison two solid curves at the left indicate T',(T') reported (Ref.
3) for dilute 0-H; in solid neon and argon. The dashed line indi-
cates a limiting 7”7 temperature dependence at low tempera-
tures.

used the J=1 calculations to fit only the cold-sample
T1(H) minimum. The static EFG were taken to have no
symmetry and the n(H,) deduced from the rapid spin-
diffusion term in Eq. (2) differed by a factor of 2 from the
1.7x 10" cm™3 determined above. However, the n(H,)
deduced from the 0.16 sec bottleneck term was 1.7 10"
cm ™3, in agreement with the present axial-symmetry re-
sult for the rapid spin-diffusion term.

Uncorrected proton times T';(H) are shown in Figs. 5
and 6 for a quite different category of a-Si:H samples.
Sample III was prepared at Xerox Palo Alto Research
Center (PARC) by rf deposition at 0.1 W/cm? from SiH,
gas onto an electrically grounded substrate heated to
230°C. A NMR spin count showed”?° the sample to con-
tain 10.9 at.% H. In Fig. 5 the T? line and the three
curved lines have the same significance as in Fig. 2. They
have been normalized to correspond to J=1 and the
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FIG. 5. Proton relaxation times 7{(H) at 91.8 MHz in sam-
ple III (Xerox). The light line indicates a T? variation. The
heavy curved lines indicate temperature dependences for relaxa-
tion to molecular o-H, in sites with EFG of no symmetry, axial
symmetry, and cubic symmetry. Even without T'g corrections
the relaxation data can be fitted only by the case of EFG of low
symmetry.

i000

determined”?° bottleneck B=0.22 sec for the data be-
tween 66 and 156 K. Sample Xerox No. 39 was
prepared’! at Xerox PARC in a large area (~600 cm?)
deposition chamber at 0.025 W/cm? from SiH, gas onto a
230°C substrate and had a thickness of 1 um. The sam-
ple had 12.7 at. % H. Even without any Tjg(H) correc-
tion, the raw T (H) data of Figs. 5 and 6 clearly cannot
reflect relaxation by H, located in EFG of axial, or
higher, symmetry. At 300 K those J > 1 calculated relax-
ations have leveled off or begun to decrease with increas-
ing temperature. On the other hand, the T'{(H) data still
are increasing with temperature at 300 K and can be fit-
ted only for relaxation to o-H, situated in EFG with
lower than axial symmetry. A reasonable T g(H) curve,
parallel to that in Fig. 1, and the assumption of EFG of
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FIG. 6. Proton relaxation times 7;(H) at 92.5 and 46 MHz
in Xerox PARC Sample No. 39. As in Fig. 5 the data can be
fitted only for relaxation by effectively dilute o-H, located in
EFG of low symmetry.
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FIG. 7. Fedders’ calculated' deuteron nuclear-spin-lattice re-
laxation times for dilute 0-D, and p-D, located in large static
EFG of no symmetry in solid nonmagnetic hosts. The relaxa-
tion times are calculated for an interaction strength of 10°
sec"! K2, The light straight line indicates the T2 behavior ex-
pected for J=1. The curved dashed line indicates the anticipat-
ed2 composite relaxation by o0-D, and p-D,, normalized to the
T“ line.
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FIG. 8. Calculated deuteron nuclear relaxation times for di-
lute 0-D, and p-D, as in Fig. 7, but located in large static EFG
of axial symmetry.
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no symmetry provides an excellent fit to the limited
T,(H) data of Figs. 5 and 6. Although proton relaxation
measurements were made only up to 300 K, the results
nevertheless exclude the possibility of EFG of axial (or
higher) symmetry at the o-H, relaxation centers. Thus,
comparison of RCA No. 1 and of Xerox III and Xerox
No. 39 shows that there are at least two different types of
relaxation-center o-H, sites in a-Si:H. In none of the
more than ten a-Si samples thus far analyzed does any-
thing approaching the 7{(H,) temperature dependence
corresponding to cubic symmetry occur. The samples III
and No. 39 type of T;(H) temperature dependence are
characteristic of most of the current NMR results for
good-quality nonannealed samples plasma deposited on
warm substrates ( < 300°C).

The calculated! results for the warm (J > 1)-dominated
T,(D,) relaxation times for dilute molecular D, yield the
temperature dependences shown by the solid lines in Figs.
7, 8, and 9 for the cases no symmetry, axial symmetry,
and cubic symmetry. The lines are calculated for a typi-
cal' interaction strength, 10° sec™'K~2 The light
straight lines indicate a T* temperature variation. The
axial and cubic curves ultimately turn over and come to
horizontal lines for temperatures > 10* K. The peak
T1(D,) values occur at temperatures larger than 1000 K.

The curved dashed lines indicate (normalized to the T2
lines) the composite temperature dependences anticipated
for deuteron T';,(D) in a-Si:D in the case of rapid spin
diffusion to both p-D, and o0-D, relaxation centers, as-
sumed to be present randomly in thermal equilibrium
populations.

The relaxing fraction of 0-D, has I=2 and a relative
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FIG. 9. Calculated deuteron nuclear relaxation times for di-
lute 0-D, and p-D, as in Fig. 7, but located in EFG of cubic
symmetry (i.e., no EFG).
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population of % The p-D, molecules have /=1 and a
relative population of -f,— Their relative weights as relaxa-
tion centers are given by the spin heat-capacity ratio of
the quantity (27 +1)I(I+1) which is 5:1 for 0-D,:p-D,.
For rapid spin diffusion the 7';(D) should reflect a com-
posite T;(D,) given by the weighted averages of the 0-D,
and p-D, relaxation rates. These are indicated by the
dashed lines, which have been displaced down by a factor
of 5 to correspond to the indicated T2 lines. The o-D,
contributions rapidly become important as soon as the
temperature is high enough to appreciably populate the
J =2 state.

Unfortunately this wealth of predicted warm-sample
T,(D,) relaxation behavior is difficult to investigate ex-
perimentally because signal-to-noise limitations make
deuteron magnetic resonance (DMR) relaxation measure-
ments above room temperature a tedious task. Hardy has
reported®>?* some T'(D,) measurements below 330 K in
D, gas which follow the general character of the 0-D, and
p-D; lines in Fig. 9.

There are reported™>?* T(D) data to 300 K at 14.4 and
30.0 MHz in an a-Si:D,H sample. This material, “Sample
I,” was rf plasma deposited at ~1 W/cm? onto a room-
temperature ungrounded substrate. The starting gas mix-
ture was 5% SiH,, 95% D, and the sample contained 7
at. % H and 24 at. % D. The Fourier-transform DMR
(FTDMR) quadrupole echo line-shape spectra are shown
in Fig. 10 for sample I at 4.2 and 39 K. There is a sharp-
ly defined =0 quadrupolar Pake doublet associated>2°
with the silicon-deuteron bond coupling strength. This
component shows a long T {(D) (hundreds of seconds)
with a temperature dependence characteristic of a
dangling-bond-determined 7T',5(D). There also is an un-
resolved quadrupole-broadened central line with a motion-
ally averaged temperature-dependent linewidth and a clear
D,-related 7', minimum. These latter central-component
relaxation data at 14.4 and 30 MHz are shown in Fig. 11.

The straight line in Fig. 11 shows a 72 J=1 tempera-
ture dependence normalized to a bottleneck of 0.13 sec
and to the 14.4 MHz data between 44 and 100 K. The
curved lines indicate (with the same normalization) the
predicted temperature dependences of the composite
(0-Dy+p-D,) dashed lines of Figs. 7, 8, and 9. None of
the three curved lines fit the data very well. The observed
relaxation times between 77 and 170 K are significantly
larger than can be accounted for by the composite relaxa-
tion curves for any symmetry of static EFG. Obviously
no additional Tjg(D) process can account for the fact
that the 7T'; data of Fig. 11 are larger in this temperature
interval than can arise from the temperature dependences
associated with relaxation to molecular D, relaxation
centers in the a-Si. It is evident that the 14.4 MHz T, re-
sults instead exhibit a 7> dependence of over a full factor
of 10 in relaxation times and up to a temperature of 120
K. For relaxation via effectively dilute molecular D, sig-
nificant deviation from 72 is expected to begin between
40 and 80 K, depending on the symmetry of the EFG.

Clearly something limits the relaxation via D, above 40
K. A probable candidate is motional narrowing. The T
data of Fig. 11 are associated with the motionally nar-
rowed central component of the DMR line. RCA No. 1 is
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FIG. 10. FTDMR quadrupole echo line-shape spectra for
sample I at 4.2 and 39 K. The resolved doublet splitting is 66+ 1
kHz.

anomalous among the a-Si:D,H samples we have studied?’
in that it has a large motionally narrowed central DMR
line-shape fraction. In most samples this component is
numerically insignificant and the DMR consists princi-
pally of the resolved doublet and a broad central line.
Both the resolved doublet and the broad central line have
quadrupolar widths near 66 kHz full width at half max-
imum (FWHM). This also provides a reasonable magni-
tude for the rigid-lattice quadrupolar width of the narrow
central component. Measurements of the quadrupole
echo damping rate at 4 K indicate® that the narrow cen-
tral component has a deuteron-deuteron dipolar interac-
tion strength of 1.5 msec™!=670 Hz. Therefore, in the
rigid-lattice regime the ratio of quadrupolar-to-dipolar
widths in sample I is 10

However, in the motionally well-narrowed regime these
widths are reduced to

Svy=v% /v, 3)
and

Svg=vi/v, , 4)
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FIG. 11. Deuteron spin-lattice relaxation times at 14.4 and
30 MHz for the narrowed central component of the sample I
resonances shown in Fig. 10. The light line shows 7' and the
dark curves the composite relaxations from the dashed curves of
Figs. 7—9, normalized to the T line.

and the ratio 8v,/8v; becomes 10*. For temperatures
warm enough that v, is significantly larger than 66 kHz,
the dipolar rates become much smaller than the residual
quadrupolar broadening. It is probable that the deuteron
spin-diffusion process becomes significantly less effective -
in the narrow component above 40 K and T';(D) increases
until a non-D,-related Tz process becomes important
near 150 K.

CONCLUSIONS

The results of Carlos and Taylor®!>!# for proton relax-
ation times in a-Si:H RCA No. 1 are in excellent agree-
ment with the J > 1 calculations' and relaxation by effec-
tively dilute o-H, molecules located at sites with large
static EFG of axial symmetry. The intermolecular EQQ
interaction among these o-H, is reduced by a factor of 10°
from that'>!® for solid normal hydrogen. Other samples
more recently prepared at Xerox PARCS show proton re-
laxation by o-H, molecules located in EFG of symmetry
lower than axial and perhaps of no symmetry. Since the
0-H, relaxation centers have been demonstrated!? to be lo-
cated near the surfaces of microvoids in the a-Si, the de-
duced EFG symmetries distinguish categories of
physisorption sites for the H,. A reasonable conclusion is
that the axial-symmetry EFG are associated with H, in
small voids ~5 A in diameter and the low-symmetry
EFG characterize H, adsorbed on microscopically rough
surfaces, including those of larger voids. A similar con-
clusion concerning the small voids was drawn by Carlos
and Taylor,® based on the high-temperature annealing
behavior of the H, in RCA No. 1.
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The limited deuteron relaxation data are insufficient to
permit general conclusions about the D, relaxation
centers. The data are better fitted by relaxation to p-D,
and o-D, in sites with EFG of no symmetry rather than
axial or higher symmetry. However, even in the no-
symmetry case, it is necessary to invoke motional narrow-
ing of the central DMR component in order to fit the
temperature dependence of T'{(D).
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