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Molecular Hydrogen in a-Si:H
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It is demonstrated that in high quality hydrogenated amorphous silicon films nearly 40% of the con-
tained hydrogen is in the form of hydrogen molecules individually trapped in the amorphous equivalent
of tetragonal 7' sites. The majority of these molecular hydrogens are in the less-clustered component
of the contained hydrogen. These results could have major implications for the understanding of light-

induced defects and hydrogen mobility.

PACS numbers: 72.80.Ng, 73.61.Jc, 76.60.—k

It isgenerally believed that the only important hydrogen
in a-Si:H is the bonded H that passivates dangling bonds.
Further, it has been believed that the bonded hydrogen
makes up the overwhelming fraction of hydrogen in good
a-Si:H films athough there sometimes is a small frac-
tion of electrically and structurally unimportant molecu-
lar hydrogen that forms bubbles of highly concentrated
material in microvoids. Thusit is believed that Si-bonded
H atoms are the mobile species of hydrogen in a-Si:H
and that many interesting properties of the material, such
as light-induced defects and hydrogen mohbility, are inti-
mately connected with this species of hydrogen. In this
Letter, we shall present substantial evidence that the above
pictureisincorrect and that isolated molecular hydrogenin
tetragonal T-like sites makes up a fraction of nearly 40%
of the hydrogen in good a-Si:H.

In earlier nuclear magnetic resonance (NMR) work on
deuterated a-Si, we have shown that of order 40% of
the deuterium occurs as relatively unclustered molecules
[1-4]. However, many of these films were deposited from
starting gas mixtures containing molecular D,, and it has
been a concern that thisis the reason for the high molecu-
lar content. The principal a-Si:H sample reported in the
present study has been made from SiH4 with no molecular
hydrogen in the starting gas. We have used proton NMR
to examine the distribution of hydrogen in high quality
hydrogenated amorphous silicon films made by plasma-
enhanced chemical vapor deposition (PECVD). In these
films the microvoid-contained population of molecular hy-
drogen is negligible. However, we shall show that spin
echo double resonance (SEDOR) experiments using 'H
and ?°Si nuclides revea a very appreciable (of order 40%)
population of molecular hydrogen in T-like sites. Thuswe
believe that the electrical, structural, and mobility conse-
guences should be thoroughly examined.

Proton NMR studies performed on hydrogen in nu-
merous a-Si:H thin film samples over many years have
established [5] that there are primarily two lines: a broad
Gaussian (25 kHz FWHM) component that is dipolar
broadened by interactions with other nearby protons
and a narrow Lorentzian (4 kHz FWHM) that also is
broadened by dipolar interactions and, in some cases,
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by a distribution of chemical shifts. Both of these con-
figurations have been thought by many to be silicon-
bonded hydrogen in more and less clustered hydrogen
configurations, respectively [5]. All protons interact with
other protons via the dipolar interaction which fals off as
1/r3, and the width of an NMR lineis largely determined
by the closeness and number of proton neighbors and
not by whether those hydrogen neighbors are bonded or
molecular. Thus linewidths alone are not a clean way to
distinguish molecular hydrogen from bonded H. In some
cases, the narrow and/or broad lines may be made up of a
number of components which have comparable widths and
the same center. However, since any line or component
can consist of both bonded and molecular hydrogen, any
assumption that a line or component consists entirely of
bonded H or of molecular H is somewhat rash.

Deuteron magnetic resonance (DMR) established long
ago [6,7] that a substantial fraction (about 40%) of the
hydrogen (deuterium) population was a weakly bonded
species, very different from the silicon bonded hydrogen
typically seen in infrared measurements. DMR can easily
distinguish bond strength because deuterons have spin 1,
an electric quadrupole moment, and are sensitive to elec-
tric field gradients (EFG). The much weaker (compared
to protons) dipolar coupling results in deuteron NMR line
shapes and widths that are determined by distributions of
electric field gradients and angular averages about the ap-
plied magnetic field direction Hy. As shown in Fig. 1, the
primary features of the deuteron DMR line shape in high
quality a-Si:H, D are a sharp powder-pattern Pake doubl et
with an approximately 66 kHz splitting attributed to the
tightly silicon-bonded species and a faster relaxing broad
central approximately 33 kHz FWHM Gaussian compo-
nent originally interpreted as a weakly bound component,
but now recognized as T-site trapped molecular D, and
HD [3]. The eectric field gradient calculated from the
SiD doublet splitting agrees, when corrected for mass, with
theinfrared absorption band observed for bonded Si-H [6].
Thefact that we have attributed the 33 kHz Gaussian DMR
line component (Fig. 1) to molecular D, and HD in T-like
sites might lead one to believe that the EFG felt by amole-
culeat aT-like siteis amost the same as the one felt by a

© 2000 The American Physical Society 401



VOLUME 85, NUMBER 2

PHYSICAL REVIEW LETTERS

10 JuLy 2000

:
— 3200 sec
d 1X
%
LI SN
50 0 -50
kHz

FIG. 1. DMR line shapes at 20 K and at long and short mag-
netization recovery times in a high quality a-Si:H,D film. A
broad central feature arises from D, and HD trapped in T-like
Sites.

Si-bonded D. Thisisnot the case. The electric field gradi-
ent felt by the nucleus of aD, or HD moleculeis magnified
by the electronic shell of the molecule by an amount of-
ten called the anti-shielding factor. The calculation of this
factor is particularly ssimple for hydrogen molecules, and
our calculations, in progress, show that the effective EFG
a the center of an HD molecule is increased by a factor
of 39.5 and the factor is 26.5 for a D, molecule. These
calculations are a straightforward (abeit tedious) applica-
tion of second order perturbation theory. The electric field
gradient perturbs the molecular J state and mixes it with
higher J states. Using this wave function for the molecule,
the effect on the nucleus is easily calculated with the dipo-
lar and quadrupolar Hamiltonians between the nucleus and
fields from the molecule as described in Ramsey’s book
[8]. Thus the 33 kHz broad central and 66 kHz SiD dou-
blet DMR linewidths (Fig. 1) indicate that the EFG at a
molecular siteis about 2 orders of magnitude smaller than
that at the site of a Si-bonded D. This is consistent with
our contention that the molecules reside at dightly dis-
torted T-like sites.

In general, it is very difficult or impossible to determine
the fraction of H that ismolecular in a-Si:H using NMR on
protons only. The one exception is very low temperature
experiments (of order millikelvin) wherevirtualy all of the
molecular proton NMR signal will be in a Pake doublet.
However, no such experiment has been reported. Some
recent NMR studies have reported isolated H; in a-Si:H
samples but the fractions are too low because the tempera-
tures were too warm [2,9,10]. Previous proton NMR stud-
ies performed near 4 K revealed a freeze-out of a small
fractional signal into a175 kHz doublet, whichis uniquely
characteristic of orthohydrogen molecules [11]. The re-
sulting signal, shown in Fig. 2, confirms the presence of a
few percent fraction of molecular hydrogen in a-Si:H, be-
yond that already known to exist at the ppm level in small
microvoids from spin-lattice rel axation time measurements
[12—-14]. From our earlier work [15], we find that the con-
dition necessary to get a Pake-like doublet from molecular
H, is that the quadrupolar splitting of the molecular m;
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FIG. 2. A proton NMR spectrum in a high quality a-Si:H,D
film a 4.2 K includes a small population in a 175 kHz Pake
doublet arising from molecular orthohydrogen.

states in the H, molecule must be greater than KT. From
the numbers above, the ratio of this energy splitting to KT
at one degree K isabout 0.28 using the 33 kHz width of the
broad central DMR line. Since the inverse of 0.28 appears
as an exponent, we find that one needs |ow temperatures of
order 0.01 K in order to observe most of the H, as a Pake-
like doublet. Experiments detecting a Pake-like doublet at
higher temperatures (Fig. 2) include only that very small
fraction of the total H, population that is in the wings of
the EFG distribution [11,16]. Our calculations show that
the freeze-out of the hydrogen molecules into a 175 kHz
doublet is not even close to completion unless the tem-
perature is reduced to the millikelvin range. Thus doublet
measurements performed at 4 K and above drastically un-
derestimate the molecular H, population.

Another possibility for confirming the existence of H,
in a-Si:H iswith ortho (I = 1) to para (I = 0) conversion
experiments, where signal intensity is lost as molecules
convert to the ground state. Ortho-to-para conversion of
H, molecules can depend on whether the process is one
phonon, two phonon, etc., but the rates for all processes
decrease drastically with increasing intermolecular sepa-
ration. For example, the one phonon process goes as the
tenth power of the distance. Note that two to the power of
ten is 3 orders of magnitude. Thus any attempts to quan-
tify total molecular hydrogen concentrations by observing
signal loss from I = 1 ortho to I = 0 para ground state
conversion experiments at low temperature could take a
very long time.

Finally, temperature dependences are complex. Aside
from microvoids, which are negligible in good films, ac-
tua globa motion of hydrogen can take place only with
activation energies of the order of 1.0to 1.5 eV. However,
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temperature dependent changing of lines is seen with far
smaller activation energies or as power laws of tempera-
ture. These poorly understood phenomena could easily
arise from local motion and/or nonmotional changing of
the H, line shapes. The proton line shape for atranslation-
aly immobile H, molecule will start to broaden when kT
becomes comparable to the energy between the m; states.
This splitting in energy is the EFG times the (molecular)
quadrupole moment. At thispoint, anarrow H, line broad-
ens and starts to get peaks at the Pake doublet positions.
The Pake doubl et splitting does not increase and thusis not
temperature dependent for relatively isolated molecules re-
siding in the presence of substantial crystal fields. Further,
the narrowing upon warming has nothing to do with motion
although it is very easy to misinterpret it as motional nar-
rowing. The narrowing rather has to do with the phonon-
driven transitions among the molecular m; states [13].

The basic idea of a proton->°Si SEDOR experiment [17]
isto perturb the >°Si nuclei while performing an NMR ex-
periment on the protons. The resultant changein the proton
spectrum then allows investigation of the Si-H interac-
tions. We now present SEDOR proton NMR evidence
that approximately 40% of the contained hydrogen in high
photoel ectronic quality PECVD hydrogenated amorphous
silicon films is in fact molecular hydrogen trapped in the
amorphous equivalent of T sites. Assuming that SiH, and
SiH; populations are negligible in high quality a-Si:H, the
anticipated 2°Si-'H SEDOR signal fraction for Si-bonded
H should reflect the 4.7% isotopic abundance of »Si.

The proton NMR signal responses differ for the two
radio frequency pul se sequences which we have employed.
For & = = /2 proton nutations, the two-pulse solid echo
90,-7-0, sequence yields sind = 1 for proton-proton-
like spin interactions and sing/2 = 0.707 for proton-
unlike spin interactions (those with different gyromagnetic
ratios), while the three-pulse 90,-7-6,-7,-90, sequence
yields sinf = 1 for unlike spins and sin2d = 0 for like
spins. In each case the SEDOR sequence is achieved by
immediately following the last proton pulse with a 2°Si
nutation pulse. For pulse spacings greater than 200 us,
the two-pulse proton solid echo signal is found to experi-
mentally be larger than the three-pul se stimulated echo by
afactor of 1.9. Thisis not a T, effect, but rather reflects
the spin selectivity of the two different pulse sequences
described above. From comparison of these anticipated
and experimentally observed two- and three-pulse signal
fractions, we can infer like (L) and unlike (U) proton spin
interaction populations; L + 0.707U = 19U, or a U
fraction of 0.45.

For Si-bonded H the probability that an H atom is
coupled to a?°Si is given by the isotopic abundance 0.047.
An SiH bond length is about 1.5 A. However, at a T site
in crystalline Si there arefour nearest Si neighbors forming
a tetrahedron, but six more at a distance only 14% larger.
So, effectively, there are ten nearest neighbors, with four
at a distance of 2.35 A and six at a distance of 2.73 A.

These numbers are dightly different when amolecular hy-
drogen occupies the T site. The 'H-**Si dipolar couplings
at these two radii could differ by a factor near 3/2 in a
perfect crystalline lattice but they average to a more uni-
form distribution in the amorphous material. Bond angle
distortion alone yields several tenths A variationsin H,-Si

separations.  The probability that a hydrogen molecule
trapped in a T site in crystalline Si has no 2°Si neighbors
is (1-0.047)'° = 0.62. Thus the probability that at least
one of the neighbors is 2°Si is 0.38. The situation will be
similar for a-Si:H.

Figure 3 shows our SEDOR results for a high quality
a-Si:H film plasma deposited from SiH,. The figure
shows the observed fraction of 2°Si-coupled 'H nuclei at
80 K. The fractiona signal is the difference between the
proton signals without and with the *Si pulsein a90H-7-
90}?-71-90{?-051 stimulated echo sequence with 7, =
2 ms and with 7 varied from 40 to 300 us. The proton
spin-lattice relaxation time is about 550 ms. For 7 in the
range 100 to 200 us and *°Si rotation angles of 150° and
180°, aplateau is reached near an observed signal fraction
of 0.35. At longer 7 the Si-'H fraction increases slowly,
presumably because of spin diffusion. The observed 35%
fraction strongly suggests an origin from T-like site H,
rather than Si-bonded H. Using the observed plateau
value of 0.35 in Fig. 3 and the anticipated coupling to
29Si of protons from Si-bonded H and from H, in T-like
sites, we can calculate the fractional concentrations of
each species. The fraction x of protons in T-like site H,
molecules then is given by the equation

F = % = 0.38x + 0.047(1 — x). (@)
The solution to this equation is x = 0.41. Thus 41% of
the 'H are in T-site molecular H,. Here the plateau value
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FIG. 3. Stimulated echo-determined fraction of protonsdipolar-
coupled to Si in high quality a-Si:H made from SiH,. The 35%
plateau is consistent with 7-site molecular H,, but not with Si-
bonded H.
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FIG. 4. Signal fraction of the *Si'H SEDOR proton signals
at 80 K for athree pulse stimulated echo sequence with various
YSi pulse widths and 7 = 400 us.

of 0.35 has been normalized to the 1.9 total two-pulse
proton signal strength factor discussed above. We note
the reasonable agreement of the independently determined
fractions 0.41 and 0.45.

Figure 4 shows the variation of the Si'H stimulated
echo proton signal at 80 K and as a function of the width
of the 2°Si modulation pulse in the three-pulse sequence.
Here 7 is 400 us, 71 is2 ms, and ¢,, is the width of the
Si pulse. Here again the 2°Si'H signals are obtained
by subtracting the proton signals with the °Si pulse from
those without the 2°Si pulse. The first three maxima of
the 2°Si'H signal occur at 65 = 7, 377, and 57 and cor-
respond to a 45% fractional proton population. The frac-
tion is somewhat larger than that in Fig. 3 because more
spin diffusion has occurred at a400 ws 7. Further 2°Si'H
SEDOR experiments on the same sample at 80 K, thistime
with a two-pulse solid echo sequence, giveriseto a T-site
H, difference spectrum primarily in the narrow less clus-
tered 4 kHz proton popul ation, which we now identify with
T-site trapped molecular hydrogen. Thelarge number (ten)
of Si neighbors at almost the same distancefromaT siteis
vital for the existence of the plateau in Fig. 3 and crucial to
the interpretation of these results. No such configuration
of Si neighbors exists for the Si-bonded H. Since molecu-
lar hydrogen makes up a substantial fraction of thetotal hy-
drogen content and since the molecular hydrogen T-site to
T-site activation energy is of the order of 1 eV, the pos-

sibility that the observed transport of hydrogen in a-Si:H
arises primarily from the motion of molecules should be
considered [18].
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