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Deuteron and proton NMR measurements have been made on a plasma-deposited a-
Si:(D,H) sample. The spin-lattice relaxations include resolvable contributions arising from
relaxations which proceed via molecular orthohydrogen and paradeuterium impurities.
Several alternate relaxation mechanisms are considered. The deuteron resonance shows
two distinct components, one of which exhibits a long spin-lattice relaxation time T and a
66-kHz quadrupole-split resonance doublet line shape, which is shown to be characteristic

of D bonded to Si.

I. INTRODUCTION

Deuteron magnetic resonance (DMR) provides a
particularly useful method for the study of con-
densed matter because DMR often permits identifi-
cation of resolvable contributions from the single-
spin quadrupole interactions of spins in different
environments. Comparisons of both DMR and pro-
ton NMR results in the same sample offer an addi-
tional opportunity for understanding the details of
spin-lattice relaxation and resonance line shapes in
terms of the internal structure and dynamics of the
sample material.

In this paper we report pulsed DMR in plasma-
deposited a-Si:(D,H) and compare the results with
our own and other proton NMR studies in an effort
to understand the structural role of hydrogen in
amorphous silicon. Deuteron T'; (spin-lattice) and
T, (transverse) relaxation times were measured as
functions of temperature at several Larmor frequen-
cies. There is a DMR T; minimum for a narrow-
line 3-at. % D component of a two-phase resonance
line shape. This narrow signal arises from the
weakly bound deuterium (WBD) fraction. Protons
also show a T'; minimum for both broad and nar-
row components in this sample and in others.
These T, minima are shown to reflect D and H spin
diffusion to a dilute array of trapped fast-relaxing
molecular p-D, and o-H, impurities.! = Ortho-to-
para conversion experiments reported* on a-Si:H
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have shown such T'; minima to increase upon hold-
ing the sample at liquid-helium temperatures for
several weeks.

Fourier-transform line shapes were obtained from
deuteron free-induction decays and quadrupole
echoes. The transforms show a sharply resolved
21-at. % D temperature-independent quadrupole-
split resonance doublet with 66-kHz splitting. This
component is interpreted to be a tightly bound deu-
terium (TBD) species and shows a T} of the order
of minutes rather than the seconds characteristic of
the narrow DMR component. The quadrupole
splitting may reduce the spin-diffusion rate and
render the molecular p-D, T pathway ineffective
for the TBD component. The well-defined quadru-
pole splitting indicates rather homogeneous config-
urations for TBD in amorphous silicon and is in
agreement with reported’ infrared observations of
stretching mode vibrations in a-Si:(D,H). DMR
provides a sensitive structural probe of hydrogenat-
ed amorphous silicon and gives rise to a clear dis-
tinction between the two separated phases often de-
duced®” from proton NMR.

II. EXPERIMENTAL PROCEDURE
Two-pulsed NMR spectrometers were employed
in studying the temperature dependence of T'; and

T, relaxation times for deuterons and protons in a-
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Si:(D,H). Low-field measurements were made in a
23-kG Varian electromagnet with a helium-gas-flow
cryoprobe used for temperature variation. Also a
46-kG superconducting solenoid was used for high-
field measurements with a vacuum-insulated sample
probe immersed in a liquid-helium bath providing
low-temperature capabilities. Temperature regula-
tion was accomplished in each case with a commer-
cial unit using a current-controlled resistance wire-
wound heater with temperature feedback from a
carbon glass sensor and thermocouple. Tempera-
ture control could be maintained with either system
to within +0.1 K for several hours.

A frequency synthesizer was used to generate the
rf, which was gated and amplified to achieve the
short pulse widths needed for broad-line studies in
solids. Typical pulse widths for these experiments
were a few microseconds. A phase-sensitive re-
ceiver was used to detect the free-induction decay or
echo following the pulses. Signal-to-noise ratios
were improved by digitally averaging many sweeps
with the use of a Biomation transient recorder and
computer or Nicolet signal averager. 1024-point
Fourier transforms of the transients were performed
by computer to study line shapes as a function of
temperature. Quadrupole echoes were obtained
with the use of a 90°-7-90° pulse sequence with the
second pulse phase shifted by 90°. T, measure-
ments were done using both an inversion-recovery
two-pulse sequence and a repetition-rate method.
Deuteron NMR measurements were obtained at the
Larmor frequencies 14.4 and 30.0 MHz and com-
pared with proton measurements at 14.4 and 91.8
MHz.

The a-Si:(D,H) sample studied was prepared® by
18-W rf plasma deposition from a 5% silane and
95% molecular deuterium gas mixture onto the
cathode room-temperature substrate. The details of
sample preparation are reported elsewhere.® In fact,
the sample was one of those used previously by Rei-
mer, Vaughan, and Knights® to study deuterium di-
lution effects on the proton resonance.

From our H,O and D,O spin-count comparisons
we found a total of 7-at. % hydrogen and 24-at. %
deuterium in the a-Si:(D,H) sample. These spin-
count measurements were found to be constant
from liquid-helium temperatures up to room tem-
perature.

III. OUTLINE OF RESULTS
FOR DEUTERON RELAXATION

Some of our deuteron NMR (DMR) results in the
a-Si:(D,H) sample are summarized in Fig. 1. For
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FIG. 1. Deuteron relaxation times in a-SI:(D,H). In
the upper half of the figure are spin-lattice relaxation
times T for the doublet component (triangles) and the
narrow component (dots for 30.0 MHz and circles for
14.4 MHz). Below are relaxation times T, from doublet
quadrupole echo envelopes (triangles) and from narrow-
component measurements including 14.4-MHz free-
induction decays (circles), 30.0-MHz free-induction-decay
Fourier transforms (dots), and a single 30.0-MHz quad-
rupole echo envelope (square). The curved lines indicate
Ty(D,) calculated for deuterons in isolated p-D, mole-
cules in a solid nonmagetic host at 14.4 and 30.0 MHz.

purposes of clarity in the figure, some neighboring
data points have been averaged. An NMR spin-
count calibration comparison with D,0 shows that
there is a 3-at. % D narrow-line component with a
T, ranging from 2 msec at 300 K down to 130 usec
at 4.2 K. This narrow-line component, which we
associate with the WBD regions of the sample, has
a spin-lattice relaxation that shows clear T'; minima
at 25 and 34 K (for 14.4 and 30.0 MHz, respective-
ly). The spin-lattice relaxation of this component is
dominated by spin diffusion to molecular p-D, re-
laxation centers richly distributed (shown later to be
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~700 ppm) throughout the sample. The lines
drawn in Fig. 1 show the T'; for deuterons in dilute
molecular p-D, calculated!® for 14.4 and 30.0 MHz
with local electric field gradients assumed to have
no symmetry and the parameter » =0. The charac-
teristic temperature has been taken to be ®, =40 K.
These were the parameters found to fit the relaxa-
tion of dilute o-H, in rare-gas solids'' and also used
earlier' in @-Si:H. The temperature of the 14.4-
MHz T| minimum has been taken to be 25 K. The
calculated minimum 7'; value depends only on the
Larmor frequency and on the assumed symmetry.

There also is a larger fraction 21-at. % D com-
ponent with long T; and a quadrupolar 66-kHz
Pake doublet observed on both free-induction de-
cays and quadrupole echoes. We associate this sig-
nal with the TBD fraction of the sample. Its very
distinctive long 7'; (90—220 sec) may arise from
the effective elimination of p-D, molecules as relax-
ation centers since the quadrupolar doublet splitting
greatly reduces the deuteron spin-diffusion rate.
The product M,T was found to be independent of
temperature over the range of the measurements for
both the narrow-line and the doublet DMR com-
ponents.

Figure 2 shows an example of the large difference
between the T, components at 26 K. The sample is
investigated via free-induction decays following 90°
pulses applied at various repetition rates. Each
trace shown is the digital average of eight free-
induction decays. The full sweep length displayed
is 1 msec. At a pulse repetition interval of 30 sec
the doublet component is greatly reduced from that
for a 10-min interval. The decay of the narrow un-
split line remains virtually unchanged until repeti-
tion intervals shorter than 1 sec.

Thus, deuteron NMR yields a much greater dis-
tinction between the hydrogen configurations in a-
Si than has been obtained from proton NMR. The
principal goal of the present paper is to understand
the relaxation data of Fig. 1 and their implications
for the structure and dynamics of deuterium in
amorphous silicon.

IV. SPIN-RELAXATION PROCESSES

We have investigated three distinct mechanisms
for the T relaxation of H and D nuclear spins in
a-Si:(D,H). In all of these mechanisms the nuclear
magnetization diffuses to dilute H, or D, molecules
and ultimately relaxes via the electronic shell of the
molecule. The electric quadrupole-quadrupole

600 sec 5 sec

I
o
| o i!/ Wi
i \r\.,,,-ﬂwpwvﬁ\n\h " M"'*r‘&.-» -
i W PNy
i /

ity 30 sec 0.16 sec

i, | 2*‘."-"»‘1’»‘“\;.,‘. )
"“"'“’fwtw‘awm H f]lw.,i,un,.l;yx,n\lw,w;\,eyi.,',,.f,,.,,.d.m,"

FIG. 2. 30.0-MHz DMR free-induction decays for
several repetition intervals at 26 K. The sweep length is
1 msec. As the pulse repetition interval is decreased, the
doublet component saturates out well before the narrow
component changes significantly.

(EQQ) coupling among the o-H, and p-D, mole-
cules probably can be neglected!! since the molecu-
lar hydrogen concentration will be found to be less
than 700 ppm, and also since the static field gra-
dients at molecular hydrogen sites in a-Si may give
rise to crystal-field splittings much larger than
EQQ. These mechanisms are as follows.

(i) In the first relaxation mechanism the H (D)
nuclear magnetization diffuses to the nuclear spins
of H, (D,) molecules. The magnetization of the H,
(D,) nuclei then relaxes'® to the electronic part of
the molecule and ultimately to the lattice. The
second step corresponds to the relaxation of nuclear
magnetization for dilute molecular o-H,, which has
been examined'! for dilute hydrogen in rare-gas
solids. The two-step process has been discussed in
the literature previously! with respect to H, in a-
Si:H and will be used extensively in Sec. V of the
present paper to describe the observed relaxation of
both H and D with 7'y minima between 0.4 and 2
sec. In their ground states both o-H, and p-D, have
J =1, the same electron distributions, and thus the
same coupling to the lattice. Since the molecules
both have I =1 the difference between their nuclear
relaxation rates at the same Larmor frequency
arises from their different masses and intramolecu-
lar coupling coefficients. Molecular HD and the
I =2, J =0 fraction of 0-D, can be neglected as re-
laxation centers since their intrinsic nuclear relaxa-
tion times are long.

(ii) In the second relaxation mechanism the H (D)
nuclear magnetization diffuses to some H (D) atoms
that are near to H, (D,) molecules. Then, those H
(D) nuclear spins relax directly to the H, (D,) elec-
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tronic shell via the dipolar interaction without go-
ing through the intermediary of the H, (D,) nu-
cleus. The calculation for the relaxation rate associ-
ated with the last step of this process is very similar
to the standard calculation'? for spin relaxation via
paramagnetic impurities. After averaging over an-
gles, one obtains the rate

R— #(ynymhz/ﬂ)z[ﬂ(l +1)/5]

X[F(00)+8F (0o +0m)+ 5F(0g—0,,)]

(1)

where 1 is the spin of the H (D) nuclear spin, 7, and
¥m are the gyromagnetic ratios of the H (D) nuclear
spin and the H, (D,) molecular spin, respectively,
g and w,, are Larmor frequencies of the nuclear
and molecular spins, respectively, and 7 is the dis-
tance between the H (D) and the H, (D,) molecule.
The quantity F(w) is the spectral function for the
molecular spin

Flo)=T,/(0*+T}), 2)

where ', is the spin-phonon relaxation rate for the
H, (D,) magnetization. Equation (1) is appropriate
in the limit of negligible quadrupolar splitting of
the H, (D,) molecular-spin spectrum. In the limit
of large quadrupole splittings only the first term in
the second set of square brackets should be retained.
In this case the formula is identical to the one for
the relaxation of nuclear spins by paramagnetic im-
purities. As might have been anticipated, the relax-
ation rate arising from this mechanism is smaller
than the rate from the first mechanism unless # is
smaller than the separation of the nuclei in an H,
(D,) molecule. Therefore, this second mechanism
does not compete effectively with the first.

(iii) The third relaxation mechanism considered is
identical to the second, except that the coupling is
quadrupolar instead of dipolar and thus the
mechanism applies only to the relaxation of D. The
calculation again is similar to the standard calcula-
tion'? for spin relaxation via paramagnetic impuri-
ties, except that the quadrupole Hamiltonian is used
rather than the dipolar Hamiltonian. In the limit of
large quadrupole splittings the relaxation rate is

R= },1—2(Qanez/r5)2(%)S[F(wo)+2F(2“’0)] ’

(3)

where Q, and Q,, are the quadrupole moments of

the D nuclei and D, molecule, respectively. In the
limit of no quadrupole splitting there are eight ad-
ditional terms in the square brackets involving sums
and differences of w, and w,,. Again, this relaxa-
tion rate is smaller than that for the first process
unless 7 is smaller than the separation of nuclei in
an H, (D,) molecule.

V. EXPERIMENTAL RESULTS AND ANALYSES
A. Spin-lattice relaxation

Figure 3 shows a doubly logarithmic plot of T,
as a function of temperature for both protons (H)
and deuterons (D) in a-Si:(D,H) at 14.4 MHz.
There is no apparent minimum for T(H) and the
observed T'((D) is shorter than T(H) at all tem-
peratures at which both relaxation times were mea-
sured. The analysis that follows will conclude that
the a-Si:(D,H) sample contains 2 orders of magni-
tude more molecular D, than H,, and that this fact
accounts for the more rapid D relaxation. The pro-
ton relaxation T';(H) observed at 14.4 MHz will be
found to arise both from relaxation to dilute o-H,
and also from relaxation to an electronic paramag-
netic impurity, which probably is oxygen.

The following discussion will use the notation
T1,(H) and T',(D) for the relaxation of H and D
that is related to molecular H, and D,, respectively.
Tp(H) and Tg(D) will represent H and D relaxa-
tion components that do not arise from molecular
H, and D,. It will be assumed that the a and S re-
laxation processes are independent and that the re-
laxation rates T'7, and T are additive.

Figure 4 presents the T(H) proton spin-lattice
relaxation data at both 14.4 and 91.8 MHz. A sin-
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FIG. 3. 14.4-MHz spin-lattice relaxation times T'; for
H and D.
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FIG. 4. Proton spin-lattice relaxation times T, at 14.4,
56.4, and 91.8 MHz in a-Si:(D,H). The circles indicate
the oxygen-related T5 deduced from a-Si:H results (sam-
ples BNL94 and BNL95) reported (Ref. 13) by Carlos
and Taylor and the squares indicate T results for a sput-
tered a-Si:H sample (Ref. 14) that showed no H,-related
T, minimum. The solid line is drawn through the
present 91.8-MHz data. The dashed line indicates an es-
timated corresponding 14.4-MHz T4 component.

gle room-temperature 7T';(H) measurement at 56.4
MHz, reported for this sample by Reimer,
Vaughan, and Knights’ is indicated by a solid trian-
gle. There clearly is some variation in T,(H) with
a Larmor frequency near 300 K, although the pres-
ent 14.4-MHz measurements did not extend above
103 K.

The temperature dependence of T;(H) at 91.8
MHz suggests that the relaxation at this Larmor
frequency arises primarily from the presence of
oxygen in the sample. Carlos and Taylor'® have re-
ported proton T (H) data at 42.3 MHz on two
Brookhaven National Laboratory plasma-deposited
a-Si:H samples that differ only in their oxygen con-
tent. Their BNL95 sample was similar to sample
BNL94 except for the addition of 1.5 at. % oxygen.
The resulting T'; reduction in sample BNL95 was
greatest at low temperatures. Figure 4 includes (as
open circles) four data points on the oxygen-related
T'5(H) calculated as follows:

1 1 1
T\p(H) ~ T;(BNL95) T,(BNL94)

4)

The four Tz points agree with the general tem-

perature dependence of the present T(H) at 91.8
MHz below 100 K. Street, Knights, and Biegelsen®
have indicated that the preparation conditions for
the present sample make it likely that a significant
oxygen contamination is present.

At temperatures above 100 K there is an addi-
tional temperature variation of T,(H), probably
similar to the decrease with increasing T observed
(Figs. 1 and 3) for the doublet fraction of the deu-
teron resonance and for the central fraction T,(D)
at 14.4 MHz above 100 K. A straight line fitted to
the doublet-fraction deuteron T'; data at the top of
Fig. 1 corresponds to a power-law temperature
dependence T« T~% with £~0.25. This is con-
sistent with the temperature dependence found for
the proton T in several a-Si:H samples. The
squares in Fig. 4 show the 42.3-MHz proton T';(H)
reported by Carlos, Taylor, Oguz, and Paul'* for a
sputtered a-Si:H sample that did not exhibit a
molecular-H, —related T;(H) minimum. A dif-
ferent power-law variation with £~1.4 has been re-
ported”> for quadrupolar relaxation in various
glasses between 10 and 100 K.

It also appears that the 14.4-MHz T,(H) and
T\ (D) data (Figs. 3 and 4) for the present a-Si:(D,H)
sample are limited at temperatures above 100 K by
a T, relaxation mechanism that is well character-
ized by a temperature dependence similar to that of
the data represented by squares in Fig. 4 and by
solid triangles at the top of Fig. 1. We have chosen
to regard the 91.8-MHz T'((H) data (Fig. 4) as pri-
marily Tg(H), that is, as relaxation not related to
molecular o-H,, and we have represented this relax-
ation by the solid line drawn in Fig. 4. The dashed
line indicates a corresponding T'5(H) at 14.4 MHz,
drawn to recognize the frequency dependence of T
evident near 300 K. In the following analysis the
144-MHz T g(H) line will be used to correct the
T'(H) data to obtain the T',(H) o-H,—related con-
tribution to the 14.4-MHz proton relaxation.

The T| minima in the deuteron T;(D) results
shown in Fig. 1 for the narrow unsplit DMR line
clearly are dominated by deuteron relaxation to p-
D, molecules. Nevertheless, both the 14.4- and 30-
MHz T';(D) data show another limiting 7';5(D) pro-
cess at temperatures well below and above the T,
minima. Since the proton T';(H) data show a signi-
ficant T g(H) relaxation contribution, it is reason-
able to suppose the presence of such a component in
the deuteron T;(D) results as well.

We fit the narrow-line T'(D) data of Fig. 1 to a
T'1,(D) contribution related to molecular p-D, by
the following procedure. We first fit the T';(D) data
near the 7| minima by means of rapid spin-
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diffusion and spin-diffusion bottleneck terms
T1o(D)=AT(D,)+B . (5)

The data fall below this fitted function at high and
low temperatures, and so we calculate for each data
point a residual relaxation contribution given by
| S SR
Tip(D) Ti(D) T (D)’

(6)

We then slightly vary the parameters A and B
seeking a residual set of T15(D) points that follow a
smooth function of 7. Through these T'g(D)
points we draw an averaged Tg(D) line. We then
use T';g(D) to correct each original data point to get
the molecular-D, —related component T';,(D),

| U |
T1o(D)  Ty(D) TgD) "

(7

The corrected T',(D) points differ from the ori-
ginal T'|(D) points by only about 2% in the vicinity
of the T’y minima. The full set of T';,(D) points are
then fitted by a slightly corrected AT;(D,)+B ex-
pression to represent the deduced relaxation associ-
ated with deuteron relaxation via molecular p-D,.

Figure 5 shows the results of such a procedure.
The 14.4- and 30-MHz T',(D) data points are those
of Fig. 1, modified by the residual T',5(D) functions
shown by lines at the top of Fig. 5. The T'g(D)
lines have temperature dependences at low and high
temperatures that are the same as those of the
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FIG. 5. Molecular-deuterium —related T, for D at
14.4 and 30.0 MHz. The fitted lines through the T,
points correspond to 1347T(D,)+0.13 sec. The lines at
the top of the figure indicate the T1g components used
in the data separations at the two frequencies.

T g(H) lines indicated in Fig. 4. The solid lines in
Fig. 5 indicate optimized fits to the plotted T;,(D)
points and correspond to the molecular-
paradeuterium —related relaxation

T1(D)=134T(D,)+0.13 sec . (®)

The calculations have assumed that the deuteron
relaxation'” in dilute molecular p-D, in the a-
Si:(D,H) sample is characterized by electric field
gradients of no symmetry, with r =0, and a charac-
teristic temperature ®, =40 K. These are the same
parameters that were found!! to describe dilute 0-H,
in solid neon and argon and that have provided
reasonable descriptions"’!® of proton relaxation in
a-Si:H. The temperatures of the 14.4- and 30-MHz
T1,(D) minima have been taken to be 25 and 34 K.
The T,(D) data above 100 K are independent of
Larmor frequency and those on the low-
temperature side of the 7| minima are in good
agreement with the anticipated o § dependence.

It has not yet been shown by DMR measure-
ments on p-D, in rare-gas solids that 40 K is an ap-
propriate ®, for deuterium. However, far-infrared
measurements reported'® on dilute solid mixtures
H,-Ar and D,-Ar have shown a “resonant-mode”
absorption at 22 cm~! (~31 K) for both samples.
Because of the lack of variation with hydrogen
mass it has been speculated!” that the absorption ar-
ises from the formation of H,-Ar and D,-Ar mole-
cules or that the absorption frequency reflects'® re-
laxation of the host lattice in the vicinity of the
light impurity. There also are observed H,- and
D,-related local-mode absorptions above the Debye
frequency and these show!® the anticipated mass
dependence.

In any event ®, =40 K provides a reasonable fit
to the T'|(D) data of Fig. 5. Computer analyses in-
dicate that the fit is noticeably degraded with
®,=30 and 50 K, but that the present limited data
prevent the exclusion of ®.,=35 or 45 K. The
14.4-MHz Tg(H) line of Fig. 4 is now employed to
correct the T;(H) data points and to obtain the
T,(H) molecular-H,—related times shown in Fig.
6. These proton T,(H) data have been fitted with
the molecular-orthohydrogen —related relaxation
expression

T1,(H)=4590T(H,)+0.25 sec . 9)

Also shown for comparison are the 14.4-MHz
T,(D) data and fit of Fig. 5 and Eq. (8). Both sets
of 14.4-MHz relaxation times show clear T, mini-
ma centered at 25 K. Both minima are well fitted
by ®.=40+5 K. A consequence of Eq. (9) is that
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45907,(H,)+0.25 sec. Both curves have minima at 25
K and are calculated for no symmetry, r=0, and
0.=40 K.

at 91.8 MHz, T';,(H) has a minimum of 15 sec near
54 K. This contribution has little effect on the
91.8-MHz T(H) data of Fig. 4 and so the assump-
tion that these results are primarily T';g(H) appears
sound.

It now is feasible to calculate the molecular corre-
lation frequencies I, for dilute 0-H, and p-D, in the
a-Si:(D,H) sample by using the T, data of Figs. 5
and 6, Egs. (8) and (9), and the angular-averaged,
no-symmetry, » =0 relaxation expression'®

—Tl—l=§m3[F2(w0)+2F2<zwo)] . (10)
Here Fy(w)=T/(0*+T3), wz(H,)=3.624Xx10°
sec™!, and wy(D,)=1.586x 10° sec~1.1°

The T, values calculated for each T, point of
Figs. 5 and 6 are shown in Fig. 7. Also shown for
comparison are T, values calculated'' from T;(H,)
data for dilute 0-H, in solid neon and argon. The
curved lines through the neon and argon results in-
dicate T, was calculated!! using a phonon-Raman
process for molecular relaxation. The present re-
sults are more scattered, but some general features
are evident. I',(T) for a-Si:(D,H) lie to the right of
those for neon and argon, but in all three materials
it is found that the low-temperature I'5(T) data ap-
proach the expected T asymptotic behavior with
the neon data showing a clear T regime. At high
temperatures the a-Si results are more clearly T2
than are those for argon, which in turn are more 72
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FIG. 7. Molecular correlation frequencies I'; calculat-
ed [via Eq. (10)] for 144-MHz T,(H) and 14.4- and
30.0-MHz T.,(D). For comparison, I', results are
shown for dilute 0-H, in solid neon and argon. The
curved lines through these data correspond to a fitted
phonon-Raman process for molecular relaxation. The
straight lines indicate the anticipated 77 and 7 limiting
behaviors at low and high temperatures, respectively.

than for neon. That is to say, the temperature
range of the neon I'; data extends only up to 18 K,
which is significantly less than the common charac-
teristic temperature ®, =40 K. On the other hand,
the argon data extended to 80 K and the a-Si:(D,H)
data extended to 210 K, so that the T2 behavior is
better established in those cases. As anticipated, the
a-Si:(D,H) T'5(T) results are the same for 14.4 and
30 MHz and for both p-D, and o-H,.

B. Relaxation to molecular hydrogen

It is useful to compare the proton and deuteron
T, results in both the rapid spin-diffusion and
spin-diffusion bottleneck regimes. Analyses of the
data of Figs. 5 and 6 have yielded Eqgs. (8) and (9),

T1o(D)=134T(D,)+0.13 sec ,
T1,(H)=4590T(H,)+0.25 sec .

For no symmetry and r =0 the T| minima for pro-
tons in dilute 0-H, and for deuterons in dilute p-D,
are equal to 0.585w¢/wi. Thus at 14.4 MHz,
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Timin(D2)=2.11X10"3 sec and  Tjpin(H,)
=4.03X10"* sec, while at 300 MHz,
Timin(D;)=4.38%X10"3 sec. Equation (8) then
yields for T,(D) at 14.4 MHz, 0.28+40.13=0.41
sec, and at 30.0 MHz, 0.59+0.13=0.72 sec. Equa-
tion (9) yields for T, (H at 144 MHz,
1.85+0.25=2.10 sec. Now at constant Lamor fre-
quency Eq. (10) permits calculation of the ratio

T,(H,) wgq(Dy) 2
= =0.192. 11
Tl(Dz) a)d(Hz) ( )

1. Rapid spin diffusion

Neglecting intermolecular EQQ interactions and
assuming rapid spin diffusion among the H,T,(H)
will be longer than T;(H,) by a ratio of spin heat
capacities! 3:

T H) =T, (Hy) -2 ELU+D (12)

n(Hy)S (S +1)

where n(H) and n(H,) are the number densities of
hydrogen and H, molecules in the sample. The %
factor assumes that the experiments are made suffi-
ciently quickly that the room-temperature ortho-
para ratio is frozen in. (The conversion half-life has
been measured* in a-Si:H to be about two weeks at
42K.) I =—;— is the proton spin and S =1 is the nu-
clear spin of 0-H,. Thus Eq. (12) becomes

T]a(H)= n(H)
T,(H, 2n(H,) ’

(13)

which equals 4590 according to Eq. (9). Thus our
determination that n(H)=7 at.% implies that
n(Hy)=7.6Xx107% (7.6 ppm or 3.8 10" cm—3).

A similar analysis of T,(D) associated with ra-
pid spin diffusion to p-D, molecules yields the rela-
tion

T\o(D) =T, (D) "BLU+ 1

e (14)
+n(D,)S(S +1)

where now I=S=1 and the room-temperature
para-ortho ratio of % has been used. Thus Eq. (14)
becomes

T,(D)  3n(D)
T](Dg) - n(Dz) ’

where n(D,) is the total molecular-D, number den-
sity in the weakly bound fraction. Equation (8)
states that T'1,(D)/T(D,)=134, so the spin-count

s

result that n(D)=3 at.% for the weakly bound
fast-relaxing fraction corresponds to n(D,)=670
ppm, or 3.3 10" cm—3,
Thus the molecular density ratio is
LAL VNP (16)
n (Hz) N ’
which reflects the D,-rich preparation environment
in the vicinity of the cathode substrate. Equation
(16) is probably a rather reliable result since the T';
bottleneck contribution is only about 12% for pro-
tons and 30% for deuterons.

2. Spin-diffusion bottleneck

Assuming the room-temperature o-H, to p-H,
and p-D, to 0-D, ratios, the bottleneck relaxation
rates are given by''!?

1 3
:4 -
Tla(H) 7TDH 4n(H2)bH (17)
and
1 1
Tla(D) —-4’1TDD 3n(D2)bD . (18)

Here Dy and Dy, are the spin-diffusion coefficients
for the H and D, respectively, and the parameters
by and bp are the mean spacing between H, (D,)
and its nearest H (D) neighbors. We assume that
bD =bH'

If we assume' that Dy and Dp are roughly in-
dependent of n(H) and n(D) in the strongly
clustered a-Si: (D,H) sample, and if we also assume
that there are no significant quadrupolar interfer-
ence effects on Dy, for the narrow-line phase, then

Du_ viVTIHD 3 |7 g
Dp ypvSGS+D |2 | T

(19)

Thus if bp =by, one has the ratio

4 Dpn(Dy) 1 n(Dy)

T1o(H) 4 B
"9 Dygn(H,) ~ 58.5 n(H,)

T14,(D)

] bottleneck
(20)

The observed bottleneck values of 0.25 and 0.13 sec
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then yield the ratio

n(Dy)  0.25

n(Hz)_0.1358'5_113’ (21)
which is in reasonable agreement with the rapid
spin-diffusion result for the ratio of molecular den-
sities n(D,)/n(H,)=88.

If we had not assumed the spin-diffusion coeffi-
cients to be independent of n(H) and n(D) for the
clustered sample, then for a dilute lattice one would
anticipate?

2
Dy « ;— « n(Hy VT + Dn(H)~2/3
2

(22)

(where a is the mean proton spacing, about 4 A. A
similar anticipation for Dp shows that

1/3
Dy
—=26.0
Dy

n(H)
n(D)

Then the ratio n(D,)/n(H,) is about 30% larger
than Eq. (21).

In either case the deuteron bottleneck
T'1,(D)=0.13 sec is within a factor of 2 of that for
protons T';,(H)=0.25 sec. This occurs, in spite of
the smaller spin-diffusion coefficient for D, because
of the D, concentration 2 orders of magnitude
larger than that for H,. The molecular concentra-
tions deduced from the rapid-relaxation regime
probably are reliable since they depend [Egs. (12)
and (14)] only on the measured relaxation times and
spin counts and on the well-established'®!! relaxa-
tion rates for dilute molecular hydrogen.

If we accept the rapid-diffusion result
n(H,)=3.8%10"7 cm™? and use by~4Xx10~% cm,
then Eq. (17) and the bottleneck T';(H)=0.25 sec
yield Dy~2.8X 107" cm?/sec. This is a value
some 30 times larger than that found appropriate in
the analysis' of proton relaxation’ in a plasma-
deposited a-Si:H sample prepared on a 250°C sub-
strate. The difference may arise from different de-
grees of clustering or from other undetermined fac-
tors.

The preceding analyses are based on calculated
proton and deuteron 7T'; values in molecular o-H,
and p-D,, which are based on the assumption that
there are large local electric field gradients with no
symmetry. If in fact the electric field gradient (efg)
at the molecular sites are small or have higher sym-
metry, then T;(H;) and T';(D,) can be smaller by
as much as a factor of 4 (Ref. 10) than our calculat-
ed values. This in turn would decrease proportion-

ally the deduced molecular concentrations n(H,)
and n(D,), while preserving their ratio. Given the
interstitial nature of the probable H, (D,) site and
the probable trapping in microvoids,!® it is not
likely that the efg have very high symmetry.

C. Transverse relaxation of the narrow DMR line

The open circles and solid dots near the bottom
of Fig. 1 indicate the deuteron T, results for the 3-
at.% D weakly bound phase. Spin-count calibra-
tions indicate that M, T is independent of tempera-
ture for this narrow-line fraction over the full data
range. The T, data are drawn from a number of
measurements at 14.4 and 30.0 MHz, including
free-induction decays and Fourier transforms of
free-induction decays.

Figure 8 shows the Fourier transforms of 30-
MHz free-induction decays at three temperatures.
The pulse repetition rate has been set to be high
enough to saturate the long-7"; doublet component.
The remaining central line is nearly Lorentzian
above 10 K and at 39 K shows a halfwidth at half
maximum of 3170 sec™!, corresponding to a
Lorentzian T,=3.16X10"* sec. The magnetic
field inhomogeneity of the 45.9-kG superconduct-
ing solenoid over the sample corresponds to a mag-
net T’S-—_I.SXIO—3 sec, so the magnet-corrected

39K

AN

10.3K

v

[ .

42K

e e,

k—— 40 kHz ———

FIG. 8. Fourier transforms of 30.0-MHz narrow-
component DMR free-induction decays at three tempera-
tures. The displayed frequency interval is 40 kHz and
the three resonances have been scaled to similar heights.
The pulse repetition rate has been set high enough to sat-
urate out the DMR doublet component.
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39-K T, is 4.0 10™* sec and is indicated in Fig. 1
as a solid dot.

The line broadens as the temperature is reduced
and the magnet-corrected T, at 6.4 K is 1.5x 1074
sec, while that at 4.2 K is 1.3X 10~ sec. For these
two coldest points the Lorentzian line-shape ap-
proximation is less valid and the definition of T,
has become questionable. The open circles in Fig. 1
indicate deuteron T, values deduced from 14.4-
MHz free-induction decays. For these measure-
ments in a 12-in. electromagnet the magnet T
correction is negligible. T, appears to be indepen-
dent of magnetic field at the two fields employed.

The T,(D) data (open circles and solid dots) at
the bottom of Fig. 1 show an approximately T°°
temperature dependence from 4.2 to 300 K, with
perhaps a more rapid variation at higher tempera-
tures. The line narrowing with increasing tempera-
ture is not associated with the onset of hydrogen
atomic diffusion, which occurs!® above 500 K in
typical plasma-deposited a-Si:H samples. Similarly,
the narrowing does not seem to be phonon-related
since the observed temperature dependence does not
lie in the anticipated!' T to T2 range.

Typical proton linewidths for a-Si:H samples?®!
show an approximately 3-kHz component corre-
sponding to the weakly bound fraction and nearly
independent of H concentration in the highly
clustered samples. Since the weakly bound fraction
in the present sample contains 3 at.% D and
perhaps 1 at. % H, both D-D and D-H dipolar in-
teractions are significant. The D dipolar rigid-
lattice linewidth should be about 11% of the proton
linewidth, giving an anticipated dipolar Awv(D)
about 300 Hz for the weakly bound deuterium
(WBD) fraction. The observed 130-usec T, at 4.2
K corresponds (Fig. 8) to a Av,,, 1, linewidth of
1.2 kHz, and thus to a value about a factor of 4 too
large to be dipolar in origin. It is probable that the
4.2-K line shape primarily reflects freezing out into
various static quadrupolar interaction configura-
tions. This conclusion is also supported by the ob-
servability of a 90°-7-90°¢ quadrupole echo for the
WBD component. At 4.2 K the envelope of this
WBD quadrupole echo corresponds to a T, of 1.4
msec (square in Fig. 1).

Reimer, Vaughan, and Knights9 (RVK) have re-
ported proton T'y,, values that decrease with decreas-
ing temperature for proton NMR measurements in
a similar but nondeuterated a-Si:H sample. The
proton 7', data correspond to the decay of magnet-
ization when homonuclear dipolar interactions were
suppressed by an eight-pulse cycle. The RVK T},
decays were nonexponential and were analyzed via

initial and final decay times. The T',(T) variations
were analyzed in terms of exponential activation en-
ergies near 250 cal/mole. The RVK T, results are
indicated as triangles at the upper left of Fig. 9 and
have been taken from Fig. 2 of their paper.

Also shown in Fig. 9 are the WBD narrow-line
T,(D) data of Fig. 1, here replotted as InT, vs
1000/T. If these data reflect exponentially activat-
ed narrowing, then clearly at least two regimes are
apparent. Above 100 K there is a steeper exponen-
tial corresponding to an activation of about 500
cal/mole (0.02 eV/atom). Below 100 K, our T, re-
sults show a dramatically different temperature
variation that indicates a much smaller activation
energy near 10 cal/mole (4X 10~* eV/atom). Also
shown as a solid curved line in Fig. 9 is a 7%°
power-law fit to the present data. Clearly both the
T,(D) and the T,,(H) results may in fact be
described by a power law rather than by an ex-
ponentially activated temperature variation. RVK
speculated® that the approximately 250-cal/mole ac-
tivation energies of their 7'y, data reflected the pres-
ence of hydrogen-containing local disorder modes.
The present T,(D) data may indicate the presence
of two activation energies as the central narrow-line
components are progressively frozen out into differ-
ing quadrupolar rigid-lattice configurations. How-
ever, it also is possible that the data are more prop-
erly described by a T%% temperature variation
whose origin is at present not understood.

T T T T T

5 T, (final)
inal
5 Y
o
310 .
E )& Ty, tnifial)
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%) b
[}
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FIG. 9. Narrow-component DMR InT, data of Fig. 1
plotted vs reciprocal temperature. The dashed lines cor-
respond to activation energies of 500 cal/mole (0.02
eV/atom) and 10 cal/mole (4 X 10~* eV/atom). The tri-
angles indicate T, results reported for a similar a-Si:H
sample by a Reimer, Vaughan, and Knights (Ref. 9).
The curved solid line indicates a 7% power-law fit to the
DMR T, data.
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D. Quadrupole-split doublet

The rapid oscillations in the slow repetition-rate
free-induction decays of Fig. 2 correspond to the
presence of a doublet-split DMR component. A
large rapidly decaying initial component of each de-
cay signal is obscured in Fig. 2 by transients associ-
ated with the rf pulse. The complete DMR signal is
observed via the shapes of 90°-7-90° quadrupole
echoes. Figure 10 shows Fourier transforms of 30-
MHz deuteron quadrupole echoes in a-Si:(D,H) at
39 and 4.2 K. The transforms have been taken for
signals beginning at time 27 (the echo peak) and the
resonance lines plotted in Fig. 10 correspond to the
transforms of the digital averages of 200 echo
sweeps at 39 K and 16 sweeps at 4.2 K. The 39-K
trace represents 10 h of digital signal averaging.
The full spectral width displayed is 250 kHz.

The full splitting between main peaks of the
doublet is 66+1.0 kHz. The doublet-component
signal area corresponds to 21-at. % D, in agreement
with the anticipated fraction of TBD. The 66-kHz
deuteron splitting is too large to be dipolar in ori-
gin. The calculated line drawn in Fig. 10 shows the
excellent fit of a quadrupolar Pake doublet func-
tion'? calculated for a powder-averaged spin-1 sys-
tem with an axial field gradient and zero-
asymmetry parameter.”? The splitting apparently
arises from the electric field gradient associated
with a bond to a single nearby silicon atom. The
21-at. % doublet TBD fraction is particularly dis-
tinct from the 3-at. % WBD narrow line, since the
two components have spin-lattice relaxation times
T,,which differ by a factor of about 200 at 39 K
(Fig. 1). Deuteron spin diffusion to molecular D,
impurities may be much reduced by the static quad-
rupole interaction in the doublet TBD phase.

Spin-lattice relaxation times T'; associated with
the TBD doublet component are shown at the top
of Fig. 1. The slow decrease of T'; with increasing

temperature is similar to that observed for H in a- -

Si:H samples that do not show a 7' minimum (Fig.
4).'* In the present sample the temperature varia-
tion is also similar to that part of the WBD
narrow-line relaxation that does not arise from the
present of molecular deuterium or oxygen (Figs. 4
and 5).

For an axial gradient and Hzeeman >>Hgyag the en-
ergy levels are given'? (in first order) by

__ Q9 . 2

3cos?0 —1
2 b

39K

39K

K 66 kHzA

42K

s e . SRS R RIS DR
N P N

e 250 kHz ————3

FIG. 10. Fourier transforms of 30.0-MHz DMR 90°-
7-90°9 quadrupole echoes at 39 and 4.2 K. The
displayed frequency interval is 250 kHz and the reso-
nance doublet has a full-width splitting of 66+1.0 kHz.
The lines in the center figure indicate the fit of an 7 =0
quadrupolar doublet function to the data. Narrow-
component DMR signals similar to those of Fig. 8 are
visible at the center of the traces and correspond to 3-
at. % D, while the doublet component corresponds to
21-at. % D.

where the symbols have their usual meanings and
where we are using the notation that the field-
gradient tensor component ¥V, =g¢ (rather than egq).
Thus the full splitting between the 8 = /2 main
peaks is, for I =1,

3 eqQ
Ay=——2= 4
ieabraans (24)
In the present case Av is observed to be 66+1.0

kHz. Thus the deuteron quadrupole coupling con-
stant for the TBD phase is
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vq=%=8811.3 kHz . (25)
With the use of the deuteron quadrupole moment
eQ =2.738X10"?%e cm?, Eq. (25) implies an elec-
tric field gradient at the deuterons corresponding to

g=(2.13+0.02) X 10° dyn/cm . (26)

Infrared-absorption measurements® on a-Si:H
samples that had been deposited on room-
temperature substrates have yielded stretching-
mode absorptions at reduced wave numbers between
2000 and 2200 cm~!. These have been identified
with structures SiH, SiH,, (SiH,),, and SiH;. For
deuterated samples the SiD stretching mode was
shifted down to 1460 cm~!. There are approxi-
mately 5% changes in the stretching-mode spectral
frequencies for samples prepared with different
plasma rf power levels.”> For the present sample,
prepared in a D,-rich atmosphere, it is perhaps
reasonable to anticipate significant amounts of
structures SiD, SiD,, and (SiD,),,.

It has been shown?* that simple force-constant
models are not sufficient to provide a quantitative
description of the ir spectra of SiH, SiH,, and SiH;
groups in amorphous networks. Nevertheless, it is
interesting to note that a linear relationship has
been demonstrated between deuteron quadrupole
coupling constants and stretching force constants
calculated for diatomic molecules,”>?® and for
hydrogen-bonded systems.””** The calculated v,
for the SiD molecule is 92.6 kHz, which is expected
to be reduced?® by about 5% for (SiD), and large n.
The result of Mokarram and Ragle?® is that (in
atomic units) the force constant is 1.127 times the
field gradient at the deuteron.

If such a relationship is valid in «-Si, then our
gradient result, Eq. (26), implies a stretching force
constant

k=(2.40+0.02) X 10° dyn/cm . 27)

This result compares very well with the stretching
force constants calculated from the observed ir ab-
sorptions in a-Si:H that range from 2.29X10°
dyn/cm (2000 cm™!) to 2.77X10° dyn/cm (2200
cm™!). Accepting the conversion coefficient deter-
mined from diatomic molecules, the ir absorption
corresponding to our quadrupole doublet result, Eq.
(25), would occur at 2050+15 cm~™!. Thus the
quadrupole split resonance doublet of Fig. 10, ob-
served for the tightly bound deuterium (TBD) phase
in @-Si, corresponds to the silicon—hydrogen bond
associated with the reported stretching-mode ir ab-
sorptions.

The 1.5% uncertainty in Av, v,, and k compares
favorably with that achieved in the ir measure-
ments. The uncertainty in the present result arises
from the apparently finite slope of the data points
just outside the main 8 =7 /2 peaks. The signals in
Fig. 10 reduce by a factor of 2 over a frequency in-
terval of about 500 Hz. This may reflect a distribu-
tion of SiD configurations and quadrupolar cou-
plings. Dipolar broadenings can affect deuteron
quadrupole echoes. However, for dipolar interac-
tions that are small compared to quadrupole split-
tings, the Fourier transform of a 90°-7-90° quad-
rupole echo yields a less distorted quadrupolar spec-
trum® than those from other two-pulse echo se-
quences.

Stretching-mode infrared absorptions have been
observed in a number of amorphous hydrides®*—3*
including those of Si, Ge, As, B, and C, as well as in
a variety of alloys. The preceding analysis makes it
possible to estimate the deuteron quadrupole cou-
pling constants that may be expected to characterize
DMR experiments on tightly bound deuterium in
these materials. Table I lists some of these reported
ir absorptions and the corresponding quadrupolar
coupling coefficients. The anticipated C-D v,
values near 180 kHz are in excellent agreement with
the 182-kHz average of 58 deuterium coupling con-

TABLE 1. Quadrupole coupling constants estimated from infrared-absorption data in

amorphous hydrides.
Stretching-mode Vg
absorption (cm™!) (kHz)
GeH 1855, 1976° GeD 72, 82
AsH 1975° AsD 82
BH 2560° BD 138
CH 2890, 2945¢ CDh 176, 182

2Reference 30.
PReference 31.
‘References 32 and 33.
dReference 34.
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stants tabulated®®> from DMR measurements on 39
C-D fragments in various materials. It is to be ex-
pected that the actual k(gq) relationship for deu-
terons in amorphous semiconductors will differ
somewhat from the diatomic molecule result?® used
above.

The calculated”! rigid-lattice H-H dipolar
broadenings for some SiH configurations corre-
spond to proton NMR full widths at half max-
imum: SiH, 13.6 kHz, (SiH,), 17.1 kHz, and SiH;
19.2 kHz. For SiD species the corresponding
widths scale as y?VI(I +1), which is a factor of 26
[Eq. (19)]. Thus the D-D broadenings might range
from 520 to 740 Hz, plus any contributions from
2Si and 'H (which probably are significant).

The observed quadrupolar doublet splitting and
the doublet resonance line shape of Fig. 10 are in-
dependent of temperature over the full range of
doublet observation from 4.2 to 160 K. The en-
velope of doublet-component quadrupole echoes ob-
served as the pulse separation 7 is varied gives a
time constant 7, =1.5 msec, which also does not
vary with temperature (triangles in Fig. 1). A single
measurement at 4.2 K of the quadrupole echo en-
velope for the weakly bound phase unsplit narrow
resonance line gave T, =1.4 msec (square in Fig. 1)
for that component as well. The observed echo en-
velope time constants may reflect the dipolar
broadenings estimated above.

In plasma-deposited a-Si:H samples it usually is
found®3¢ that both the broad and narrow proton
resonance lines have widths that are independent of
temperature up to well above room temperature and
that reflect the substantial clustering of H in both
the tightly bound hydrogen and weakly bound hy-
drogen fractions. The present deuteron T, data in
a-Si:(D,H) are insufficient for a detailed analysis,
but it is probable that the dipolar parts of the deu-
teron transverse rates 1/7, are also essentially in-
dependent of temperature from 4.2 to 200 K for
both the doublet TBD and the narrow WBD frac-
tions of the sample. However, there may be a signi-
ficant difference (Figs. 8 and 10) between the 4.2-K
transforms of the narrow component free-induction
decay (FID) and quadrupole echo. It may be that
the FID narrow-line transform is a composite corre-
sponding to a 1.5-msec (~ 100-Hz) dipolar line and
a broader quadrupolar base. If the temperature
dependence of T, (narrow) below 200 K in Fig. 1 is
associated entirely with quadrupolar broadening
and if there is a temperature-independent dipolar
T,~1.5 msec, then the quadrupolar T, can be fit-
ted by T—% with £~0.74 instead of the 0.6 em-
ployed in Fig. 9.

VI. CONCLUSIONS

Spin-lattice relaxations of H and of the narrow-
line weakly bound D fraction in an a-Si:(D,H) sam-
ple display components which proceed via molecu-
lar 0-H, and p-D, impurities. The sample contains
2 orders of magnitude more D, than H,, with the
D, concentration similar to H, concentrations in
other plasma-deposited a-Si:H samples. Both rapid
spin-diffusion and spin-diffusion-bottleneck terms
are evident in the T';(H) and T';(D). The terms cor-
respond to similar ratios of D, and H, concentra-
tions and the relaxation analyses are self-consistent.

Several competing relaxation mechanisms involv-
ing molecular hydrogen are considered and rejected
in favor of the process previously described' in
which the H (D) nuclear magnetization diffuses to
the nuclear spins of H, (D,) molecules, which in
turn relax to the lattice via the molecular angular
momentum. Calibrated DMR spin counts indicate
that the clearly distinguishable narrow and doublet
deuteron resonances are associated, respectively,
with the weakly bound and tightly bound deuterium
(and hydrogen) fractions of the sample. This con-
clusion is also consistent with the fact that the
largely quadrupolar linewidth of the narrow reso-
nance at 4.2 K is significantly less than the doublet
quadrupole splitting.

The transverse relaxation time for the narrow-line
WBD fraction shows an approximately 7%° tem-
perature dependence that, alternatively, may reflect
a double-exponential Arrhenius behavior with ac-
tivation energies near 0.02 and 4 X 10~* eV/atom.
The DMR quadrupole resonance doublet com-
ponent corresponds to a quadrupole coupling con-
stant 88+1.3 kHz in the TBD phase. The doublet
splitting corresponds well with silicon—hydrogen
bond force constants deduced from reported ir vi-
brational stretching-mode absorptions near 2100
em~ L
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