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Molecular hydrogen in hydrogenated amorphous silicon: NMR evidence
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We measured the concentrations of molecular hydrogen in hydrogenated amorphous silicon (a-Si:H) using
a Jeener-Broekaert three-pulse sequence. For samples prepared by both plasma-enhanced chemical vapor
deposition~PECVD! and hot wire chemical vapor deposition~HWCVD!, the molecular hydrogen concentra-
tions are about one order of magnitude larger than those inferred from spin-lattice-relaxation time (T1) mea-
surements. There are two distinct environments for hydrogen molecules. In one the molecules are essentially
isolated and act as relaxation centers for hydrogen bonded to silicon atoms. In the other, the hydrogen
molecules are clustered and do not relax the bonded hydrogen. Samples prepared by HWCVD have a lower
transition temperature for freezing of the molecular hydrogen motion than those prepared by PECVD. This
behavior is attributed to a more ordered silicon structure in HWCVD samples. The nonexponential behavior of
the dipolar relaxation and possible relation with the defects and doping is discussed.
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I. INTRODUCTION
Hydrogen plays a crucial role in determining the stru

tural and electronic properties of hydrogenated amorph
silicon (a-Si:H). In typical samples prepared by plasm
enhanced chemical vapor deposition~PECVD!, the hydrogen
concentration is about 10 to 15 at. %. Most of the hydrog
atoms are bonded to silicon atoms. About 30% of th
bonded hydrogen atoms are isolated from one another~di-
lute!; the rest of the bonded hydrogen atoms are cluste
These two different hydrogen environments can be dis
guished by proton nuclear magnetic resonance (1H NMR!. In
1H NMR the dilute hydrogen produces a narrow lin
(;4 kHz) that is best fitted by a Lorentzian function, whi
the clustered hydrogen produces a broader line (;25 kHz)
that is best fitted by a Gaussian function.1 The presence of a
small amount of nonbonded molecular hydrogen ina-Si:H
was first proposed by Conradi and Norberg to explain
temperature dependence of the spin-lattice-relaxation t
(T1) of bonded hydrogen.2 Of the two forms of molecular
hydrogen, orthohydrogen (o-H2) and para hydrogen (p-H2),
only o-H2 can be detected by1H NMR, sincep-H2 has a
total nuclear spinI 50. In the Conradi-Norberg model, H2
molecules are assumed to be isolated, and theT1 of o-H2 is
calculated assuming a two-phonon Raman process.3 The
bonded hydrogen is relaxed through theseo-H2 molecules
via a rapid spin-diffusion process. Therefore,T1 of bonded
hydrogen is given by

T1~H!5T1~H2!
n~H!I ~ I 11!

3
4 n~H2!S~S11!

1T1(SD), ~1!

where I is the nuclear spin of hydrogen andS the nuclear
spin of o-H2, andn(H) andn(H2) are the concentrations o
bonded hydrogen and H2, respectively. The fraction34 ac-
counts for the fraction of molecular hydrogen that exists
o-H2 at room temperature.T1(SD) is the spin-diffusion-
limited, spin-lattice-relaxation time, which is essentially i
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dependent of temperature.T1(SD)'0.16 s for typicala-Si:H
samples prepared by the PECVD technique. This mode
supported by the time dependence of the minima ofT1(H)
when samples are kept at low temperature.4 In time, theo-H2

converts top-H2, which reduces the concentration of th
o-H2 molecules and increases the minima ofT1(H). The
dependence ofT1(H) on the concentration ofo-H2 agrees
well with Eq. ~1!.4 From measurements ofT1(H) the con-
centration of H2 is about 1% of the total hydrogen in stan
dard samples ofa-Si:H made by the PECVD technique
However, this model is based on the assumption that
o-H2 molecules contribute to spin-lattice relaxation of t
bonded hydrogen atoms. Later experimental evidence
shown that this assumption is not correct.5 It has been re-
cently suggested that molecular hydrogen may play an
portant role in the metastable effects that are ubiquitous
a-Si:H.6 Therefore, it is of importance to investigate th
presence of hydrogen molecules ina-Si:H in more detail
with new NMR techniques. The measurements presente
this paper provide further insight into the local environme
for molecular hydrogen ina-Si:H.

As mentioned above,1H NMR is only sensitive too-H2.
In addition to its total nuclear spinI 51, due to the antisym-
metric property of the total wave function of the nuclei, a
o-H2 molecule also has rotational angular momentumJ51,
with mJ50,61. For an isolatedo-H2 molecule, the three
rotational states are degenerate, and the wave functio
nearly spherical. In solids, the anisotropic crystal field li
the degeneracy by an energy splittingD. For an axially sym-
metric crystal field, themJ50 state is the lower-energy stat
and themJ561 states are at higher energy. For solid h
drogen, D is determined by an anisotropic quadrupo
quadrupole interaction betweeno-H2 molecules, andTc
5D/k;1.6 K, wherek is the Boltzmann constant andTc is
a transition temperature corresponding to the energy sep
tion D.7 For T@Tc , the three rotational states are equa
12 849 ©2000 The American Physical Society
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12 850 PRB 62SU, CHEN, TAYLOR, CRANDALL, AND MAHAN
populated, and the NMR line shape ofo-H2 is motionally
narrowed due to the fast tumbling of the molecules. T
motional narrowing results in a line centered at a field de
mined only by the Zeeman interaction, without any structu
When T!Tc , the o-H2 molecules are ‘‘frozen’’ into the
mJ50 state, and the wave functions are locally ordered w
respect to the local crystal field. At these temperatures
resultant NMR line shape ofo-H2 is a powder-averaged
Pake doublet. The frequency splitting of the doublet is de
mined by the dipolar interaction between the two hydrog
atoms in ano-H2 molecule, which isdn5173 kHz.8 This
Pake doublet provides a unique fingerprint of the existe
of o-H2 at low temperatures.5

Unlike solid hydrogen, in which the temperature need
to freeze theo-H2 is very low, the distorted silicon matrix in
a-Si:H produces a large electric-field gradient~EFG!, which
couples to the electric quadrupole moment of theo-H2 mol-
ecule and provides an additional anisotropic interaction. T
interaction can increaseTc to ;20 K.5 Also, below 20 K the
signal intensity fromo-H2 is almost independent of temper
ture, suggesting that most of the hydrogen molecules
frozen below 20 K ina-Si:H.5

II. EXPERIMENTAL METHODS

Since the line shape ofo-H2 is very broad, the corre
sponding time-domain signal decays very quickly. The
fore, any attempt to measure the signal intensity direc
from the free-induction-decay~FID!, which forms right after
a 90° pulse, will suffer severe signal loss due to the fin
recovery time of the receiver. In order to obtain accur
measurements of theo-H2 concentrations, we employed
Jeener-Broekaert three-pulse sequence~JB sequence!, shown
schematically in Fig. 1. A JB sequence consists of a 9

FIG. 1. Schematic diagram of a Jeener-Broekaert sequence
time intervals between the first and second pulses, and the se
and third pulses aret1 and t2, respectively. Right after the third
pulse, a JB echo forms. A stimulated echo forms att5t1 after the
third pulse.
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pulse followed by a pair of 45° pulses that are phase-shi
by 90° with respect to the first pulse.9 The time separations
between the first and the second pulses, and the second
the third pulses aret1 andt2, respectively. After the secon
pulse, the spins are converted to the dipolar order, in wh
the total Zeeman energy vanishes and the total dipolar
ergy assumes a nonzero value. The third pulse acts
‘‘read’’ pulse, which converts the dipolar order back to o
servable Zeeman order. A stimulated echo will form at tim
t5t1 after the third pulse. The amplitude of the stimulat
echo can be expressed as10

f ~t1 ,t2!}e22t1 /T2e2t2 /T1d, ~2!

whereT2 is the spin-spin relaxation time andT1d is the di-
polar spin-lattice-relaxation time. Since hydrogen atoms
different environments have different values ofT2 andT1d ,
we can choose the combination oft1 andt2 to emphasize a
certain component selectively. Also, by extrapolating the
pendence of the signal intensity ont1 andt2 to t1→0 and
t2→0, the concentration ofo-H2 can be obtained as a frac
tion of total hydrogen incorporated. Finally, one can a
measureT1 of o-H2 by applying a series of 90° pulses~satu-
rating comb! followed by the JB sequence. The dependen
of signal intensity ont, which is the recovery time betwee
the last pulse of the saturating comb and the first pulse of
JB sequence, can be expressed as

I ~t!5I ~`!~12e2t/T1!, ~3!

where I (`) is the intensity fort→`. A plot of ln10$@ I (`)
2I (t)#/I (`)% againstt will yield T1 as the slope of the plot

The experiments were performed on a typical puls
NMR spectrometer from Tecmag. The spectrometer has
channels for quadrature detection with a 100 ns pulse w
resolution. Typical receiver recovery times are;14 ms at 8
K and;5 ms at 300 K. A typical 90° pulse is about 2ms.
A superconducting magnet from Oxford Instruments is us
and the field is set to;2 T, corresponding to a1H Larmor
frequency of;86 MHz. The field inhomogeneity at thi
frequency is less than 100 Hz over the sample volume.
temperature of the samples is controlled by a dynamic
exchange cryostat from Oxford Instruments. By using liqu
helium as coolant, the sample can be cooled to 1.8 K. Dur
the entire period of the experiments, the temperature can
maintained at a given value with a drift of less than60.5 K.

One sample made by PECVD at the University of Ut
and three samples made by hot-wire CVD~HWCVD! at the
National Renewable Energy Laboratory were measured

he
nd
ple
ckness
TABLE I. Growth condition of the PECVD and HWCVD samples.

Sample Growth Substrate Substrate Silane Growth Hydrogen Sam
number technique material temperature concentration pressure concentration thi

c-10-7-98 PECVD Al foil 230 °C 100% 200 mTorr ;10 at.% ; 5 mm
THD315a HWCVD glass 230 °C 100% 10 mTorr ;3 at.% ; 5 mm
THD316b HWCVD glass 230 °C 100% 10 mTorr ;3 at.% ; 5 mm
H317 HWCVD Al foil 345 °C 100% 13 mTorr ;3 at.% ;5 mm

aFilament on.
bFilament off.
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PRB 62 12 851MOLECULAR HYDROGEN IN HYDROGENATED . . .
T58 K. Table I summarizes the growth conditions of the
samples. The concentration ofo-H2 were measured by th
JB pulse sequence. To infer the fraction ofo-H2 that contrib-
utes to theT1 of bonded hydrogen, theT1 of bonded hydro-
gen was measured at 40 K, where the minimum occurs
addition, theT1 of o-H2 was measured at 40 K by applyin
a saturating comb of pulses followed by a JB pulse seque

For typical experimental time scales for cooling down
liquid helium temperature, the slow ortho-para convers
rate preserves the fraction ofo-H2 to p-H2, which at 300 K
is 3:1. Therefore, one can measure theo-H2 concentration at
low temperature and obtain the total molecular hydrog
concentration using the fraction at room temperature.

III. EXPERIMENTAL RESULTS

Figure 2 shows a typical time-domain stimulated ec
following the JB pulse sequence for the PECVD sample. T
inset shows the signal fromo-H2 after subtracting the signa
from that due to bonded hydrogen. The Fourier-transform
spectrum of Fig. 2 is shown in Fig. 3. The Pake doublet t
arises fromo-H2 is shown on an expanded scale in the in
in Fig. 3. The linewidths for the broad and narrow cent
lines are found to be;20 kHz and;4 kHz, respectively.
The frequency splitting of the doublet is;17665 kHz, in
good agreement with the theoretical value.8

Figure 4 shows the temperature dependence of the P
doublet for the PECVD sample. As can be seen from Fig
the Pake doublet begins to narrow atT;Tc'20 K, in
agreement with the behavior found in Ref. 5. In contrast,
HWCVD samples exhibit a much lowerTc . Figure 5 shows
the comparison of the line shapes from the PECVD a
HWCVD samples atT58 K. For the PECVD sample, th
Pake doublet is well defined, while for the HWCV
samples, the Pake doublet is narrowed to a structureless
tral line with a full width at half maximum~FWHM! of
;70 kHz ~dashed line!. Such a narrowing suggests tha
even at 8 K, there is still motion ofo-H2 molecules, i.e., the
o-H2 molecules are not completely frozen.

FIG. 2. A typical time-domain signal for the stimulated echo
the PECVD sample. The echo is centered att554 ms. The inset
shows the signal fromo-H2 on an expanded scale. This echo
obtained after subtracting the signal due to bonded hydrogen.
solid lines are aids to the eye.
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The dependence of the stimulated echo amplitude ont1
andt2 for all three components~broad, narrow, ando-H2) in
the PECVD sample is shown in Fig. 6. These data are fi
according to Eq.~2!. Figure 6~a! shows the dependence o
t2. The dependences of the echo intensities of the broad
narrow lines ont2 are not exponential, as reported before10

A phenomenological fit with two values ofT1d was proposed
in Ref. 10. Here we adopt this approach. A more detai
discussion will be given in the following section. The inte
sity of theo-H2 component can be fitted by a value ofT1d
much larger than those of the other two components. T
large value ofT1d is probably due to the very broad line
width of o-H2 that cannot be affected by fluctuations of th

he
FIG. 3. The Fourier-transformed spectrum in the frequen

domain of the signal in Fig. 2. The Pake doublet fromo-H2 is
shown in the inset on an expanded scale. The frequency splittin
the doublet is 17665 kHz. The solid lines are a fit to the spectru
as described in the text.

FIG. 4. Temperature dependence of the line shape fromo-H2

for the PECVD sample. The transition temperatureTc is found to be
;20 K.
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12 852 PRB 62SU, CHEN, TAYLOR, CRANDALL, AND MAHAN
dipolar fields caused by the other two components. Fig
6~b! shows the dependence ont1 for t2→0. All three com-
ponents have a similar, larger value ofT2 (;400 ms). In
addition, the broad line has a smallerT2 of ;60 ms and the
Pake doublet has a component with a smallerT2 of ;70 ms.

By extrapolating the dependence tot15t250, we find
that the fraction ofo-H2 is ;11% of the total hydrogen in
this sample. For HWCVD samples, the faction ofo-H2 is
;1% of the total hydrogen. On the other hand, the meas
ments of the minimum ofT1(H) at 40 K for the PECVD
sample yield T1(H)'0.4 s. From this measurement th
o-H2 concentration is inferred to be;1% of the total hy-
drogen concentration from Eq.~1!. This value is about 10%
of that inferred from the stimulated echo experiments on
same sample. For the HWCVD samples,T1(H);5 s, which
yields a fraction ofo-H2 of at most 0.1% of the total hydro
gen. This value is also at most;10% of that inferred from
the stimulated echo experiments on the same sample
fact, theT1(H) in the HWCVD sample is only weakly de
pendent on temperature, indicating a very different sp
lattice-relaxation mechanism. These results will be discus
in the next section.

IV. DISCUSSION

A. Concentration of o-H2

For both PECVD and HWCVD samples, the concent
tions of o-H2 obtained from the JB sequence are about o
order of magnitude larger than those values inferred from
minima of T1(H). In all cases, the discrepancy is mu
greater than the experimental error. To understand this
crepancy,T1(H2) was measured at 40 K for the PECV
sample, using the saturating comb method described in
II. Figure 7 shows the dependence on the recovery timet for
the signal fromo-H2. This figure clearly shows two very
different values ofT1(H2). The larger value (;0.6 s) is
close to that in solid hydrogen,11 while the smaller one
(;3 ms) agrees well with the value calculated assumin
two-phonon Raman process.11 As suggested by these dat

FIG. 5. Comparison of theo-H2 line shape for the PECVD and
HWCVD samples atT58 K. The solid line and open circles rep
resent the data for the PECVD and HWCVD samples, respectiv
The dashed line is a fit to the narrowed Pake doublet for a HWC
sample. The width of the fitted line is;70 kHz FWHM.
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most of theo-H2 molecules (;65% of totalo-H2) in a-Si:H
relax with a T1 of ;0.6 s. Since this value ofT1(H2) is
even greater than that of bonded hydrogen (;0.4 s), the
probability for bonded hydrogen to relax through theseo-H2
is very small. Therefore theseo-H2 molecules do not partici-
pate in the relaxation of bonded hydrogen and hence ca
be detected by measurements of the minimum ofT1(H).
Only thoseo-H2 with smallerT1 (;35% of the totalo-H2)
can relax the bonded hydrogen. The contribution of
shorterT1 component, which can be detected byT1(H) mea-
surements, is;3% of the total hydrogen in the PECVD
sample; this number compares to;1% as deduced from
T1(H) minimum experiments. These signal intensitie
which are the same within experimental error, explain
discrepancy between the concentrations measured from
two different methods.

For 1H NMR in solid hydrogen, the existence of a lon
T1 has been known for a long time. It is known thato-H2 in

y.
D

FIG. 6. The dependence of the intensities ont1 andt2 for the
broad, narrow, ando-H2 components of the PECVD sample. Sol
circles, open squares, and open triangles represent the broad
row, and o-H2 components, respectively. The solid line, dash
line, and dotted line are the corresponding fits to the broad, narr
and o-H2 components, respectively.~a! Dependence of intensitie
on t2. For the broad and narrow lines, the values of the shorterT1d

are ;4 and 6 ms, respectively. The values for the longerT1d are
;70 and 40 ms, respectively. TheT1d for o-H2 is ;150 ms.~b!
Dependence of the intensities ont1 for t250. The value of the
longerT2 is ;400 ms for all three components. The values of th
shorterT2’s are ;60 and 70ms for the broad line and the Pak
doublet, respectively.
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PRB 62 12 853MOLECULAR HYDROGEN IN HYDROGENATED . . .
solid hydrogen relaxes through an electric quadrupo
quadrupole~EQQ! interaction and thatT1(H2) is indepen-
dent of temperature. Nevertheless, the presence of su
long, EQQ-like T1(H2) in a-Si:H is rather surprising, be
cause the concentration ofo-H2 in our PECVD sample is
only ;1 at. %, much lower than that of solid hydrogen.
has been suggested that the H2 is trapped in microvoids, and
that only theo-H2 at the surfaces of the voids can rela
through a phonon process.11 This interpretation requires th
size of the microvoids to be 20 to 30 Å, in order to obtain
volume-to-surface ratio of;10. This average size is unlikel
in high quality samples ofa-Si:H. Drabold and Fedders stud
ied in detail the spin-lattice relaxation of low concentrati
o-H2 in a p-H2 host.12 These authors assumed a phono
driven EQQ interaction betweeno-H2 molecules. Their re-
sults can be summarized as follows: Two parameters,p1 and
p2 set the scale of the interactions. They are defined as

p15g/Gq ~4!

and

p25v0 /Gq , ~5!

whereg is the rate of direct phonon-induced transitions b
tween the differentmJ states,v0 is the nuclear Larmor fre-
quency, andGq is given as

Gq5c5/3GEQQ, ~6!

wherec is a dimensionless concentration ofo-H2 with re-
spect to that in the solid hydrogen,GEQQ is the coupling
constant of the EQQ interaction for solid hydrogen, a
GEQQ'0.83 K.

When p1@1, the direct phonon process dominates, a
the o-H2 can be treated as isolated molecules, which p
duces a temperature-dependentT1(H2).3 For the casep1
!1 andp2!1, which means that the direct phonon proce
is insignificant and the nuclear Larmor frequency is mu

FIG. 7. Dependence of the signal intensity foro-H2 in the
PECVD sample on the recovery timet after a saturating comb a
T540 K ~see Sec. II for details!. The signal is normalized toI (`)
and is fitted to Eq.~3!. The two values ofT1 are ;3 ms and
;0.6 s. The corresponding signal fractions for the larger a
smaller values ofT1 are 35% and 65%, respectively.
-
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-

d
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smaller than the EQQ interaction, theo-H2 is in ‘‘undomi-
nated regime,’’ i.e., it experiences the effects of many nei
boring molecules. In this case, a temperature-independenT1
is given by12

T1
215~8p!21/2vd

2/~c5/3GEQQ!, ~7!

wherevd characterizes the dipolar interaction between
two hydrogen atoms in ano-H2 molecule, vd5
3.623105 s21. Taking GEQQ50.83 K andT1(H2);0.6 s,
we findc;0.4 with respect to the density of solid hydroge
For a-Si:H, such a concentration is close to that whereo-H2
molecules are trapped at adjacent interstitial small voids
this case, the average distance between the centers of
adjacent interstitial small voids isd;5 Å.

One should note that the conditionp2!1 is almost al-
ways valid for typical NMR experiments, sinceGEQQ
;1011 s21 is much greater than any experimentally ava
able Larmor frequency. This conclusion holds as long asc is
not too small. On the other hand,c cannot be arbitrarily
small for the undominated regime to survive, because
some point, the concentration will be low enough that
hydrogen molecules will be essentially isolated, i.e.,p1@1,
and the direct phonon interaction will be more important.

A relation between temperature and concentration can
obtained to estimate a ‘‘critical concentration’’c0 such that,
at a given temperature, when the concentration is m
smaller thanc0, the direct phonon process will dominat
This concentration can be obtained by defining an aver
numberN of neighboringo-H2 molecules surrounding a ref
erenceo-H2, for which the EQQ interaction is greater tha
the direct phonon interaction.N is given as12

N'4p~A2/3!~Gq /g!3/5, ~8!

whereGq is given in Eq.~6! above. The concentrationc0 can
be estimated by settingN to be unity. Nearc0 , o-H2 is in the
‘‘dominated regime,’’12 i.e., it feels a strong EQQ from only
one neighboringo-H2 molecule. In this regime,T1 assumes
a more complicated dependence on temperature, conce
tion, and magnetic field. Only whenc!c0 can the relaxation
be characterized as a phonon-dominated process.

The temperature dependence ofg is given byg5AT7 for
T!QD , andg5BT2 for T@QD ,13 whereQD is the Debye
temperature. Conradiet al. found thatQD'40 K for o-H2
in both a rare gas and ap-H2 host.14 We find that a similar
value fits T1(H) in a-Si:H. These authors also found th
fitting g at 40 K usingg5AT7 gives satisfactory results.14

Their results yield a value ofg at 40 K of about 109 s21.
For T540 K, where theT1(H) minimum occurs ina-Si:H,
we estimatec0'0.01, using the values described above
o-H2 in rare-gas host. This value means that the phon
induced relaxation ofo-H2 can only happen at concentra
tions much lower than 1 at.%. Experimentally, for o
PECVD sample, we find the concentration ofo-H2 that re-
laxes through a phonon-induced process is only;1% of the
total hydrogen, or about one-tenth ofc0 as given above. This
estimate assumes a total hydrogen concentration of a
10 at. %. Similar results are obtained for the HWCV
samples, where the concentration ofo-H2 that relaxes
through a phonon process is at most 0.003 at. %,
;3 at. % hydrogen incorporation. In addition, we do n

d
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12 854 PRB 62SU, CHEN, TAYLOR, CRANDALL, AND MAHAN
observe strong evidence for values ofT1 of o-H2 that corre-
spond to the cases between these two extremes. Ther
there is no broad distribution of the concentrations of H2. We
are lead to the conclusion that ina-Si:H, there are two types
of sites for H2: ~1! the essentially isolated H2 that can relax
the bonded hydrogen, and~2! the clustered H2 that relaxes
through the EQQ interaction and does not contribute to
relaxation of bonded hydrogen, the latter site probably c
sists ofo-H2 trapped in adjacent, interstitial voids.

B. Spin-lattice-relaxation mechanism in HWCVD samples

In contrast to the typical PECVD samples, which exhibi
strong temperature-dependentT1(H), the HWCVD samples
have aT1(H) that is weakly dependent on the temperatu
and much longer at the temperature where the minimum
T1 is expected. For the HWCVD samples,T1(H) is approxi-
mately equal to 5 s atT540 K, where the minimum is ex
pected. This value is about one order of magnitude lar
than that of the typical PECVD samples. One possi
mechanism for such a behavior is the relaxation through
idly relaxing paramagnetic centers, such as silicon dang
bonds. However, an estimated density of dangling bond
;1018 cm23 is needed to produce such a value, assumin
homogeneous spatial distribution of the dangling bonds. T
density is much too large for these materials. Another po
bility is that the bonded hydrogen relaxes through those c
tered o-H2, molecules that relax through a temperatu
independent EQQ interaction. Nevertheless, for EQ
induced relaxation@T1(H2);0.6 s#, the concentration of
o-H2 must be;10% of the total hydrogen to produce
T1(H) of ;5 s. This concentration is about one order
magnitude higher than observed~see Sec. IV A!. The third
possibility is spin-diffusion-limited relaxation through thos
o-H2 molecules that have a phonon-inducedT1 of ;3 ms.
In this case,T1(SD) is2

T1(SD)
21 54pD

3

4
n~H2!b, ~9!

whereb is the average distance betweeno-H2 and the neares
bonded H, andn(H2) is the concentration ofo-H2 that con-
tributes toT1(H). D is the spin-diffusion constant, and on
calculation givesD as15

D5
d2

30̂ T2&
, ~10!

whered is the average distance between bonded hydro
atoms and̂ T2& is the averagedT2 for the entire NMR line.
However, this formula, which applies to a homogeneous s
tem, is not particularly appropriate for the HWCVD sample
In these samples, a large portion of the hydrogen is hea
clustered with â T2& much smaller than that of the PECV
sample, even though the hydrogen concentration is m
lower than that of PECVD samples. A more refined mode16

due to Fedders, is also inappropriate because of the inho
geneous distribution of hydrogen atoms.

We argue here that the diffusion time in HWCV
samples is mainly determined by the diffusion among
dilute hydrogen atoms, and therefore the averageT2 should
be taken as the average of the narrow line that arises from
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dilute hydrogen. Although the nuclear spins can quickly th
malize within the cluster, as reflected by the much shorterT2
of the broad line, it will take a much longer time for the sp
to diffuse beyond the cluster. This argument is similar to t
concerning the region near ano-H2 molecule in the case o
diffusion-limited relaxation,16 where the details of the diffu-
sion nearo-H2 are not important as long as the concentrat
of o-H2 is small. A more general discussion of spin diffusio
can be found in Ref. 17.

For our HWCVD samples, the hydrogen concentration
;3 at.%, and about 70% of the hydrogen is in cluste
sites. If we treat each of these clusters as a single site
quickly thermalizes, then the effective concentration
;2 at. %, which yieldsb'd'6 Å. A hole-burning ex-
periment gives an intrinsic linewidthd of ;0.5 kHz for the
narrow line,18 which sets the scale of the dipolar interactio
and therefore the transfer rate of magnetization between
adjacent spins. A rough estimate of the^T2& of the dilute
hydrogen is

^T2&5~pd!21'700 ms. ~11!

By taking n(H2) to be at most 0.1% of the total hydroge
T1(SD) is estimated to be at least 5 s. On the other hand,
the samen(H2), at T540 K, the relaxation time through
o-H2, which is the first term in Eq.~1!, is ;1.5 s. This value
is smaller thanT1(SD) estimated above. Such a qualitativ
estimate suggests that the relaxation process in HWC
samples is probably spin-diffusion-limited, resulting in
weak temperature dependence.

C. Hydrogen distributions in a-Si:H

Using results from deuterium NMR~DMR! of a-Si:H,D
and a-Si:D, Norberget al. have suggested that the enti
narrow line is due to molecular hydrogen, instead of dilu
bonded hydrogen.19 To investigate the relationship betwee
the molecular hydrogen and the narrow line, we compare
line shapes at 8 K and at room temperature for the PECV
sample, as shown in Fig. 8. At 8 K the signal fractions for
the broad, narrow, and Pake doublet lines fromo-H2 are
60%, 30%, and 10%, respectively. At room temperature,
fractions are 60% and 40% for broad and narrow lines,
spectively. The signal fromo-H2 has narrowed to a line with
width similar to that of the narrow line. Therefore, on
;25% of the narrow line is due to molecular hydrogen.

This argument is also supported by other experimen
evidence. First, the narrow line persists even atT51.4 K,
and its fraction is almost independent of temperature be
Tc;20 K.5 This result means that any additionalo-H2 mol-
ecules that may contribute to the narrow line must reside
the sites with negligible EFG from the silicon matrix, sinc
they do not freeze out even at 1.4 K. This situation is u
likely for an amorphous material because the EFG is hig
sensitive to distortions of the lattice.

Second, hole-burning experiments show that the intrin
linewidth of the narrow line is;0.5 kHz.18 This value in-
dicates a strong dipolar broadening. Since the gyromagn
ratio of o-H2 is much smaller, significant clustering i
needed foro-H2 to broaden the line to;4 kHz. We esti-
mated that the local concentration ofo-H2 needs to be;20
to 30 at. % to broaden the line to;4 kHz. Taking into
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account that the lattice constant for silicon is only;2.35 Å ,
compared to 3.8 Å for solid hydrogen, this width yields
o-H2 density close to that in solid hydrogen. As mention
in Sec. IV A, such a clustering will result in a strong EQ
interaction betweeno-H2 molecules, which is comparable t
that in solid hydrogen. If the entire narrow line is due
molecular hydrogen, then, since one would expectTc to be
similar to that for solid hydrogen, the entire narrow lin
should freeze into a Pake doublet below about 1.4 K. T
behavior is not observed.5 In addition, if the entire narrow
line arises from highly clustered hydrogen molecules, o
would expect a temperature-independent, EQQ-inducedT1
for the narrow line; however, almost all experimental e
dence shows that theT1 of the narrow line has the sam
strong temperature dependence as for the broad line, w
arises from the clustered, bonded hydrogen.

The third and most important evidence is from ortho-p
conversion experiments,4 where the isolatedo-H2 concentra-
tion is reduced by more than factor of 5 by annealing at
K for several months. Since the ortho-para conversion p
cess is a bimolecular process and strongly depends on
density ofo-H2,20 the clusteredo-H2 converts much faste
than the isolatedo-H2. Therefore, if the entire narrow line i
due too-H2, the total concentration ofo-H2 will be reduced
much more than a factor of 5, then the intensity of the n
row line will drop to the order of;5 –10 % of its original
intensity. Such a reduction is not observed in the exp
ments.

D. Temperature dependence of theo-H2 line shape and the
effect of the silicon lattice

As mentioned in Sec. I, the EFG from the silicon mat
contributes most of the anisotropic crystal field, and he
determines the transition temperatureTc . For an ideal sym-

FIG. 8. Comparison of the time-domain free-induction deca
~FID! at T5300 K andT58 K for the PECVD sample. The solid
line is the observed FID at 8 K, superimposed with a 10% con
bution from theo-H2 signal. The signal fractions of the broad an
narrow central lines are 60% and 30% at 8 K and 60% and 40% a
300 K, respectively. The deviation from exponential decay in
300 K data at long times is probably an artifact due to the equ
ment.
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metric crystal, such as silicon, the symmetry of lattice cau
a cancellation of the EFG from neighboring lattice sites a
the net EFG at the center of an interstitial site vanish
However, the distortion of bond angles and bond lengths
a-Si:H can result in a nonvanishing EFG at the center of
‘‘interstitial’’ site. Therefore,Tc is very sensitive to the dis
tortions of the lattice. A more ordered lattice will produce
smaller EFG and reduceTc , causing motional narrowing o
the Pake doublet even at low temperatures. As shown in
5, the motional narrowing of the Pake doublet for t
HWCVD samples suggests thatTc is much lower for these
samples than it is for PECVD samples. Such a lowTc is
indicative of a much more ordered silicon matrix fo
HWCVD samples. Since the EFG strongly depends on
distortion of the lattice, andTc;1.6 K in solid hydrogen,
we believe thatTc for these materials is very close to that
solid hydrogen; i.e., the local bonding configuration of t
silicon matrix for the HWCVD samples is very close to th
of crystalline silicon. In fact, such a crystallinelike behavi
has also been observed by measuring the internal frictio
similar samples.21 For typical amorphous materials, it is we
known that the disordered atomic structure induces lo
energy excitations, which produce a significantly higher
ternal friction than in crystalline materials at low temper
ture. Recent results from internal friction measurements
similar HWCVD samples have shown that the internal fr
tion of these materials is within the background of the cr
talline silicon substrates.21 These measurements also sugg
that the HWCVD samples have a very ordered bond
structure.

The details of the local environments of these hydrog
molecules are still not clear. X-ray diffraction experimen
on similar HWCVD samples showed that the size of t
voids is less than 10 Å, and the volume fraction of the vo
is less than 0.1%.22 It is unlikely that there exist large void
filled with hydrogen molecules in these films. Also, the x-r
diffraction and Raman scattering experiments show t
these HWCVD samples are still amorphous; therefore,
ordered region must be local, probably only within a distan
of several interatomic spacings. Small, highly ordered
gions have been found in so-called protocrystallinea-Si:H
made by the PECVD technique with high hydrog
dilution.23–25 In these materials, small crystallinelike region
are observed, although x-ray diffraction shows that th
films are still amorphous. Fora-Si:H films made without
hydrogen dilution, similar small, crystallinelike regions a
also found by variable coherence microscopy.26 These so-
called paracrystallites are topologically crystalline but am
phous as observed in x-ray diffraction.26 The existence of
these paracrystallites has been reported recently in studie
a-Si:H thin films made by various techniques, includin
PECVD, HWCVD and sputtering.27 The sizes of these
paracrystallites are about 1 to 3 nm, which are too smal
be detected by x-ray diffraction or Raman scattering,
large enough to incorporate several hydrogen molecu
One possibility of the local environments of the H2 mol-
ecules is that these H2 molecules are trapped in the sma
crystalline region or at the crystalline-amorphous bounda
This suggestion is consistent with the fact that most of
hydrogen molecules are clustered in HWCVD samples. F
ther experiments are needed to clarify this issue.
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E. Dipolar spin-lattice relaxation of the bonded hydrogen

Previous work on the dipolar spin-lattice relaxation
bonded hydrogen has shown the dependence ofT1d on the
defect concentration and doping of the materials.28 Since the
signal-to-noise ratio limited the measurement to the sh
time region of theT1d , these results showed exponent
behavior. The dipolar spin-lattice relaxation was ascribed
the local motion of these hydrogen atoms. However, th
are some difficulties in relating the relaxation to local moti
of the hydrogen. First, it is found that for temperatures bel
200 K, both the longT1d and the shortT1d are almost inde-
pendent of the temperature.10 At 8 K, the value of the short
T1d is almost the same as that at 300 K, while a therma
activated process would result in a much longerT1d . Sec-
ond, there is no motional narrowing of the bonded hydrog
up to room temperature. Therefore,tc , the time between two
jumps of a spin, cannot be estimated bytc'T2.28 Moreover,
T1d strongly depends on the defect density or doping lev
Since the defect density (;1015 cm23) is much lower than
the hydrogen concentration (;1021 cm23), it is difficult to
understand how such a small concentration of electrons
influence the motion of so many hydrogen atoms.

On the other hand, as shown in Fig. 4, the dipolar sp
lattice relaxation duringt2 is not exponential. Similar behav
ior is also found in Ref. 10. Although a phenomenological
with two values ofT1d gives satisfactory agreement with th
experimental data, the underlying physical mechanism is
clear. In particular, it is not clear why both the narrow lin
and the broad line exhibit similar values ofT1d , despite their
very different environments. We found that such a nonex
nential decay can be fitted by assuming

I ~t2!;exp$2~t2 /t!1/2%, ~12!

as shown in Fig. 9. The values oft are 7.3 ms and 8.6 ms fo
the Lorentzian and Gaussian components, respectiv
These values are identical within experimental error. T
behavior is well known for the case of spin-lattice relaxati
by paramagnetic centers without spin diffusion,29,30 and the
nonexponential behavior is due to inhomogeneo
relaxation.31 In the following paragraphs we outline an alte
native interpretation to local motion, one that incorpora
the dependence ofT1d on the defects and doping in a mo
natural manner. Although admittedly crude, such an
proach sheds some light on the further understanding of
phenomenon.

A typical PECVD sample contains density of parama
netic defects of;1015 cm23. These defects can be detect
by electron-spin-resonance~ESR!. The average distance be
tween two electrons isde;1025 cm. The total Hamiltonian
including both the nuclei and electrons is

H5HZI1HZS1HDII 1HDIS1HDSS, ~13!

where HZI and HZS are the Zeeman Hamiltonians for th
nuclei and electrons, respectively. The last three terms
resent the secular part of the total dipolar Hamiltonian of
system.HDII and HDSS are nuclear-nuclear and electro
electron dipolar energies, respectively, andHDIS is the dipo-
lar interaction between the nuclei and the electrons. For
tems with two types of spins, the total dipolar energ
including interactions between both like and unlike spins
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a constant of motion.32 Therefore, the electrons and the h
drogen atoms form a single dipolar reservoir that, at inter
equilibrium, has a common dipolar spin temperature.~A de-
tailed discussion of the thermodynamics of the spin system
given by Jeeneret al.33! Right after the second pulse of th
JB sequence, the dipolar energy of the hydrogen atoms
creases, but the entire dipolar system, including both e
trons and the hydrogen, is far from internal equilibrium. Du
ing the time following the second pulse, the dipolar energy
redistributed between the hydrogen atoms and the elect
to establish a common dipolar spin temperature. Because
electronic dipolar system is initially at the lattice temper
ture, such a process effectively cools the nuclear dipolar s
tem. During this cooling the dipolar energy of the nucle
system decreases and the dipolar energy of the electr
system increases. Such behavior has been reported for
where after preparing the dipolar order in the19F system, a
simultaneous decrease of19F dipolar energy and increase o
7Li dipolar energy is observed.34 If the spin diffusion be-
tween nuclei is rapid compared to the rate of energy
change between the nuclei and the electrons, the time ne
to reach an internal equilibrium is determined by the relat
heat capacities of the nuclear and the electronic dipolar
tems. In this case, a characteristic timetc is of the form
similar to Eq. ~1!. However, usingde estimated above, a
spin-diffusion bottleneck is estimated to occur at;105 s,
much larger than the experimentally observed value. The
fore the relaxation will be determined by the direct rate
energy exchange between each nuclei and the electron
process in which spin diffusion is not important.

FIG. 9. Fit to thet2 dependence of the echo intensity accordi
to Eq. ~12!. ~a! fit to the Gaussian component, and~b! Fit to the
Lorentzian component. Open squares and solid circles repre
Gaussian and Lorentzian components, respectively. Solid lines
the corresponding fits. The values oft are 8.6 ms and 7.3 ms for th
Gaussian and Lorentzian components, respectively.
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The above process can occur under two scenarios. If
electrons have good thermal contact with the lattice, then
approach to internal equilibrium in the dipolar reservoir w
be controlled effectively by the dipolar spin-lattice relaxati
of the entire system. If not, then one would expect first
establishment of the internal equilibrium discussed abo
and then the entire dipolar reservoir will relax toward t
lattice temperature with a much longer time scale. In eit
case, the initial decrease of the dipolar signal of the nu
will depend on the concentration of the paramagnetic e
trons, which is related to silicon dangling bond density a
the doping level. Fora-Si:H, the first situation is most likely
because the spin-lattice-relaxation time of the electron
much shorter than that of hydrogen (T1;10 ms at 8 K!.35

Any calculation of the dependence on the electron densit
complicated by the fact that the dipolar interaction betwe
nuclei and electrons varies over a wide range. Howe
Stöckmann and Heitjans pointed out that, for the case wh
spin-diffusion is not important, Eq.~12! generally holds if
the coupling constanta(r ) takes the form31

a~r !5a0S r 0

r D 6

, ~14!

where r 0 is the distance between the defect and its nea
neighbor anda0 the corresponding coupling constant. T
distancer is between the defect and the reference nucleus
this caset, defined in Eq.~12!, will be proportional toNp

22 ,
whereNp is the density of paramagnetic defects. Using
data reported in Ref. 28, the ratio of defect density bef
and after light-soaking isNp

( i )/Np
( f )' 1

2 . The corresponding
ratio of T1d is T1d

( i )/T1d
( f )'3, which qualitatively agrees with

the argument presented above.
Several experiments can be performed to test this in

pretation. One is to illuminate the sample at low temperat
to create large amount of the paramagnetic electrons
holes trapped in band-tail states. If the above argumen
correct, this dramatic increase inNp should result in a sig-
nificant reduction ofT1d as expected. Also one may distu
the electronic system by applying a microwave field at
resonance frequency of the electrons after the second p
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and monitor the effect on the nuclear dipolar order. The th
experiment is to measureT1r , the spin-lattice-relaxation
time in the rotating frame, which should depend on the fi
asv22 and on the time as shown in Eq.~12!. On the other
hand, motion-induced relaxation should be independen
the field. The fourth experiment is an electron-nucle
double-resonance~ENDOR! experiment. If one can measur
the dipolar signal of the electrons, then by preparing
nuclear system with dipolar order and monitoring the el
tronic signal, the change of the electronic dipolar ene
should be observable.

V. SUMMARY

In summary, the concentration of molecular hydrogen
a-Si:H was found to be about 10% of the total hydrog
incorporated in the PECVD sample and;1% in the
HWCVD samples. There are two types of sites for the
hydrogen molecules, one in which the hydrogen molecu
are isolated and contribute to spin-lattice relaxation
bonded hydrogen, and another in which they are cluste
and do not participate the spin-lattice relaxation of t
bonded hydrogen. Comparison of the line shapes at 8 K be-
tween the PECVD and HWCVD samples suggests that
HWCVD samples have a more ordered silicon matrix. Als
only ;25% of the narrow line at room temperature is due
molecular hydrogen, a fact that confirms the existence
isolated, bonded hydrogen atoms in these materials. Fin
the nonexponential dipolar relaxation probably reflects
approach to the internal equilibrium of the entire dipolar s
tem including both nuclei and electrons. Therefore this rel
ation depends quite naturally on the defect density and
doping level.
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