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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 aif8id) (using
a Jeener-Broekaert three-pulse sequence. For samples prepared by both plasma-enhanced chemical vapor
deposition(PECVD) and hot wire chemical vapor depositigHWCVD), the molecular hydrogen concentra-
tions are about one order of magnitude larger than those inferred from spin-lattice-relaxatioff {jnmee@-
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.

. INTRODUCTION dependent of temperatur€, spy~0.16 s for typicala-Si:H
Hydrogen plays a crucial role in determining the struc-samples prepared by the PECVD technique. This model is

tural and electronic properties of hydrogenated amorphougypported by the time dependence of the minima giH)
silicon (a-Si:H). In typical samples prepared by plasma-\hen samples are kept at low temperatuietime, theo-H,
enhanced chemical vapor depositi®ECVD), the hydrogen  conyerts top-H,, which reduces the concentration of the
concentration is about 10 to 15 at. %. Most of the hydrogerb_H2 molecules and increases the minima of(H). The
atoms are bonded to silicon atoms. About 30% of .thes%ependence oT,(H) on the concentration o6-H, agrees
bonded hydrogen atoms are isolated from one anditier (yvell with Eq. (1) From measurements df,(H) the con-

lute); the rest of the bonded hydrogen atoms are clustered. . . .
These two different hydrogen environments can be distincentration of H is about 1% of the total hydrogen in stan-

guished by proton nuclear magnetic resonariéeNMR). In ~ dard samples ol-SiH made by the PECVD technique.
14 NMR the dilute hydrogen produces a narrow line However, this model_ls based on thg assumptl_on that all
(~4 kHz) that is best fitted by a Lorentzian function, while 0-H, molecules contribute to spm-latupe relaxatlpn of the
the clustered hydrogen produces a broader lin@% kHz) bonded hydro.gen atoms_. ther experimental evidence has
that is best fitted by a Gaussian functibfihe presence of a Shown that this assumption is not corrédt. has been re-
small amount of nonbonded molecular hydrogeraisi:H  cently suggested that molecular hydrogen may play an im-
was first proposed by Conradi and Norberg to explain theortant role in the metastable effects that are ubiquitous in
temperature dependence of the spin-lattice-relaxation tima-Si:H.° Therefore, it is of importance to investigate the
(T,) of bonded hydrogeh.Of the two forms of molecular presence of hydrogen molecules @Si:H in more detail
hydrogen, orthohydrogero¢H,) and para hydrogerpéH,),  with new NMR techniques. The measurements presented in
only 0-H, can be detected byH NMR, sincep-H, has a this paper provide further insight into the local environments
total nuclear spin =0. In the Conradi-Norberg model,,H for molecular hydrogen im-Si:H.
molecules are assumed to be isolated, andrthef o-H, is As mentioned above'H NMR is only sensitive tm-H,.
calculated assuming a two-phonon Raman proteBee In addition to its total nuclear spin=1, due to the antisym-
bonded hydrogen is relaxed through thesél, molecules metric property of the total wave function of the nuclei, an
via a rapid spin-diffusion process. Therefoilg, of bonded 0-H, molecule also has rotational angular momentismnl,
hydrogen is given by with my=0,+=1. For an isolatetb-H, molecule, the three
rotational states are degenerate, and the wave function is
n(H)I(1+1) nearly spherical. In solids, the anisotropic crystal field lifts
Tl(H):Tl(HZ)gn(H )S(S+1) +Taso), @ the degeneracy by an energy splittingFor an axially sym-
4 2 . . .
metric crystal field, then;= 0 state is the lower-energy state,
wherel is the nuclear spin of hydrogen a8ithe nuclear and them;=*1 states are at higher energy. For solid hy-
spin of o-H,, andn(H) andn(H,) are the concentrations of drogen, A is determined by an anisotropic quadrupole-
bonded hydrogen and jHrespectively. The fractiod ac- quadrupole interaction betweem-H, molecules, andT,
counts for the fraction of molecular hydrogen that exists as=A/k~1.6 K, wherek is the Boltzmann constant afg is
0-H, at room temperatureT,sp) is the spin-diffusion- a transition temperature corresponding to the energy separa-
limited, spin-lattice-relaxation time, which is essentially in- tion A.” For T>T,, the three rotational states are equally
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stimulated pulse followed by a pair of 45° pulses that are phase-shifted

45°
% ) . . .
’ echo by 90° with respect to the first pulSeThe time separations
|_|/\ between the first and the second pulses, and the second and
JB echo

the third pulses are;, and r,, respectively. After the second
pulse, the spins are converted to the dipolar order, in which
> the total Zeeman energy vanishes and the total dipolar en-
|-— T, I T, I t=T1—| ergy assumes a nonzero value. The third pulse acts as a
—I “read” pulse, which converts the dipolar order back to ob-
FIG. 1. Schematic diagram of a Jeener-Broekaert sequence. T&ervable Zeeman order. A stlmulated_ echo will forr’_n at ime
time intervals between the first and second pulses, and the secohd 71 after the third pulse. The amplitude of the stimulated
and third pulses are, and ,, respectively. Right after the third ©€ChO can be expressed as
pulse, a JB echo forms. A stimulated echo forms=atr; after the
third pulse. f(ry,mp)ce ?11/T2e"72/Tag, 2

) . . whereT, is the spin-spin relaxation time and 4 is the di-
populated, and the NMR line shape ofH, is motionally pojar spin-lattice-relaxation time. Since hydrogen atoms in
narrowed due to the fast tumbling of the molecules. Thisyiterent environments have different valuesTofand Ty,
motional narrowing results in a line centered at a field detery, o can choose the combination of and 7, to emphasize a
mined only by the Zeeman interaction, without any StruCture cetain component selectively. Also, by extrapolating the de-
When T<Tc, the o-H, molecules are “frozen” into the andence of the signal intensity o and , to 7,—0 and
m;=0 state, and the wave functions are locally ordered W|th72_>0 the concentration a-H, can be obtained as a frac-
respect to the local crystal field. At these temperatures thgon of total hydrogen incorporated. Finally, one can also

resultant NMR line shape o6-H, is a powder-averaged measureT; of 0-H, by applying a series of 90° pulsésatu-

Pake doublet. The frequency splitting of the doublet is deter'rating comb followed by the JB sequence. The dependence

mined by the dipolar interaction between the two hydrogerys gignal intensity onr, which is the recovery time between

atoms in ano-H, molecule, which iséy=173 kHz- This 4 |ast pulse of the saturating comb and the first pulse of the
Pake doublet provides a unique fingerprint of the existencgg sequence, can be expressed as

of 0-H, at low temperatures.

Unlike solid hydrogen, in which the temperature needed I(r)=1(s)(1—e Ty 3)
to freeze the-H, is very low, the distorted silicon matrix in ’
a-Si:H produces a large electric-field gradiéBFG), which  \wherel| () is the intensity forr—. A plot of Iny{[ I (=)
couples to the electric quadrupole moment of éhl; mol-  —(7)]/1()} againstr will yield T, as the slope of the plot.
ecule and provides an additional anisotropic interaction. This The experiments were performed on a typical pulsed
interaction can increask, to ~20 K. Also, below 20 Kthe  NMR spectrometer from Tecmag. The spectrometer has two
signal intensity fronp-H, is almost independent of tempera- channels for quadrature detection with a 100 ns pulse width
ture, suggesting that most of the hydrogen molecules argesolution. Typical receiver recovery times ard4 us at 8

frozen below 20 K ina-Si:H.° K and~5 us at 300 K. A typical 90° pulse is about 2s.
A superconducting magnet from Oxford Instruments is used,
Il EXPERIMENTAL METHODS and the field is set te-2 T, corresponding to 4H Larmor

frequency of~86 MHz. The field inhomogeneity at this

Since the line shape af-H, is very broad, the corre- frequency is less than 100 Hz over the sample volume. The
sponding time-domain signal decays very quickly. Theretemperature of the samples is controlled by a dynamic gas
fore, any attempt to measure the signal intensity directlyexchange cryostat from Oxford Instruments. By using liquid
from the free-induction-decalFID), which forms right after  helium as coolant, the sample can be cooled to 1.8 K. During
a 90° pulse, will suffer severe signal loss due to the finitethe entire period of the experiments, the temperature can be
recovery time of the receiver. In order to obtain accuratemaintained at a given value with a drift of less tha0.5 K.
measurements of the-H, concentrations, we employed a  One sample made by PECVD at the University of Utah
Jeener-Broekaert three-pulse sequgdBesequengeshown  and three samples made by hot-wire CYHWCVD) at the
schematically in Fig. 1. A JB sequence consists of a 90National Renewable Energy Laboratory were measured at

TABLE I. Growth condition of the PECVD and HWCVD samples.

Sample Growth  Substrate  Substrate Silane Growth Hydrogen Sample
number technigue  material temperature concentration pressure  concentration thickness
c-10-7-98  PECVD Al foil 230°C 100% 200 mTorr ~10 at% ~ 5um
THD31% HWCVD glass 230°C 100% 10 mTorr ~3 at.% ~ 5 um
THD3168 HWCVD glass 230°C 100% 10 mTorr ~3 at.% ~ 5 um

H317 HWCVD Al foil 345°C 100% 13 mTorr ~3 at% ~5 um
gFilament on.

brilament off.
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FIG. 2. A typical time-domain signal for the stimulated echo in Frequency ( kHz )

the PECVD sample. The echo is centered-ab4 us. The inset
shows the signal fromo-H, on an expanded scale. This echo IS £1G. 3. The Fourier-transformed spectrum in the frequency-
obt.ain.ed after sgbtracting the signal due to bonded hydrogen. Thgymain of the signal in Fig. 2. The Pake doublet franH, is
solid lines are aids to the eye. shown in the inset on an expanded scale. The frequency splitting of
the doublet is 17665 kHz. The solid lines are a fit to the spectrum
T=8 K. Table | summarizes the growth conditions of theseas described in the text.
samples. The concentration ofH, were measured by the
JB pulse sequence. To infer the fractionoeH, that contrib- The dependence of the stimulated echo amplituder,on
utes to theT; of bonded hydrogen, th€; of bonded hydro- andr, for all three componentibroad, narrow, and-H,) in
gen was measured at 40 K, where the minimum occurs. lthe PECVD sample is shown in Fig. 6. These data are fitted
addition, theT; of o-H, was measured at 40 K by applying according to Eq(2). Figure &a) shows the dependence on
a saturating comb of pulses followed by a JB pulse sequence,. The dependences of the echo intensities of the broad and
For typical experimental time scales for cooling down tonarrow lines onr, are not exponential, as reported beftfe.
liquid helium temperature, the slow ortho-para conversionA phenomenological fit with two values @f, 4 was proposed
rate preserves the fraction ofH, to p-H,, which at 300 K  in Ref. 10. Here we adopt this approach. A more detailed
is 3:1. Therefore, one can measure thEl, concentration at  discussion will be given in the following section. The inten-
low temperature and obtain the total molecular hydrogersity of the o-H, component can be fitted by a value Bfy
concentration using the fraction at room temperature. much larger than those of the other two components. This
large value ofT,4 is probably due to the very broad line-
IIl. EXPERIMENTAL RESULTS width of 0-H, that cannot be affected by fluctuations of the

Figure 2 shows a typical time-domain stimulated echo 5
following the JB pulse sequence for the PECVD sample. The . T=30K
inset shows the signal from-H, after subtracting the signal - 5
from that due to bonded hydrogen. The Fourier-transformed . 5
spectrum of Fig. 2 is shown in Fig. 3. The Pake doublet that i 5

arises fromo-H, is shown on an expanded scale in the inset 2 0 | 5
in Fig. 3. The linewidths for the broad and narrow central 5 | T=20K}
lines are found to be-20 kHz and~4 kHz, respectively. o | |
The frequency splitting of the doublet is176+5 kHz, in 8 ] |
good agreement with the theoretical vafue. o I

Figure 4 shows the temperature dependence of the Pake % 8 Jawan o
doublet for the PECVD sample. As can be seen from Fig. 4, =

the Pake doublet begins to narrow a&t-T.~20 K, in
agreement with the behavior found in Ref. 5. In contrast, the
HWCVD samples exhibit a much lowdr, . Figure 5 shows
the comparison of the line shapes from the PECVD and
HWCVD samples alf =8 K. For the PECVD sample, the 0 1
Pake doublet is well defined, while for the HWCVD 200 100 0 100 200
samples, the Pake doublet is narrowed to a structureless cen-
tral line with a full width at half maximum(FWHM) of

~70 kHz (dashed ling Such a narrowing suggests that, FIG. 4. Temperature dependence of the line shape et
even at 8 K, there is still motion ai-H, molecules, i.e., the for the PECVD sample. The transition temperafiigés found to be
0-H, molecules are not completely frozen. ~20 K.

Frequency (kHz)
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FIG. 5. Comparison of the-H, line shape for the PECVD and
HWCVD samples af=8 K. The solid line and open circles rep-
resent the data for the PECVD and HWCVD samples, respectively.
The dashed line is a fit to the narrowed Pake doublet for a HWCVD
sample. The width of the fitted line is 70 kHz FWHM.
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dipolar fields caused by the other two components. Figure

6(b) shows the dependence aifor 7,— 0. All three com-

ponents have a similar, larger value Bf (~400 us). In

addition, the broad line has a smalley of ~60 us and the 10 +rrrrrrrrrrrrrrrrree—ee

Pake doublet has a component with a smallgof ~70 us. 0 100 200 300 400 500
By extrapolating the dependence t9=7,=0, we find

that the fraction ofo-H, is ~11% of the total hydrogen in T (us)

this sample. For HWCVD samples, the faction @H, is

~1% of the total hydrogen. On the other hand, the measure;,

ments of _the minimum off y(H) at 40_ K for the PECVD circles, open squares, and open triangles represent the broad, nar-
sample yieldT;(H)~0.4 s. From this measurement the \o, ando-H, components, respectively. The solid line, dashed
0-H, concentration is inferred to be 1% of the total hy- jine, and dotted line are the corresponding fits to the broad, narrow,

drogen concentration from E¢l). This value is about 10% ando-H, components, respectivelya) Dependence of intensities
of that inferred from the stimulated echo experiments on then r,. For the broad and narrow lines, the values of the shdrgr

same sample. For the HWCVD sampl&g(H)~5 s, which  are~4 and 6 ms, respectively. The values for the longigf are
yields a fraction ofo-H, of at most 0.1% of the total hydro- ~70 and 40 ms, respectively. Thigy for 0-H, is ~150 ms.(b)
gen. This value is also at most10% of that inferred from Dependence of the intensities en for 7,=0. The value of the
the stimulated echo experiments on the same samples. langerT, is ~400 us for all three components. The values of the
fact, theT,(H) in the HWCVD sample is only weakly de- shorterT,'s are ~60 and 70 us for the broad line and the Pake
pendent on temperature, indicating a very different spindoublet, respectively.
lattice-relaxation mechanism. These results will be discussed
in the next section. most of theo-H, molecules ¢ 65% of totalo-H,) in a-Si:H
relax with aT,; of ~0.6 s. Since this value of ;(H,) is

IV. DISCUSSION even greater than that of bonded hydrogen0O(4 s), the
probability for bonded hydrogen to relax through thesH,
is very small. Therefore theseH, molecules do not partici-

For both PECVD and HWCVD samples, the concentra-pate in the relaxation of bonded hydrogen and hence cannot

tions of 0-H, obtained from the JB sequence are about onde detected by measurements of the minimumTefH).
order of magnitude larger than those values inferred from th®©nly thoseo-H, with smallerT; (~35% of the totab-H,)
minima of T,(H). In all cases, the discrepancy is much can relax the bonded hydrogen. The contribution of the
greater than the experimental error. To understand this dishorterT; component, which can be detectedy(H) mea-
crepancy,T;(H,) was measured at 40 K for the PECVD surements, is~3% of the total hydrogen in the PECVD
sample, using the saturating comb method described in Sesample; this number compares t01% as deduced from
II. Figure 7 shows the dependence on the recovery tifoe  T,(H) minimum experiments. These signal intensities,
the signal fromo-H,. This figure clearly shows two very which are the same within experimental error, explain the
different values ofT{(H,). The larger value £0.6 s) is discrepancy between the concentrations measured from the
close to that in solid hydrogelt, while the smaller one two different methods.
(~3 ms) agrees well with the value calculated assuming a For *H NMR in solid hydrogen, the existence of a long
two-phonon Raman proceSsAs suggested by these data, T; has been known for a long time. It is known tlaH, in

Intensity (arb. units)

FIG. 6. The dependence of the intensitiesqrand 7, for the
oad, narrow, and-H, components of the PECVD sample. Solid

A. Concentration of 0-H,
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. smaller than the EQQ interaction, tleeH, is in “undomi-
nated regime,” i.e., it experiences the effects of many neigh-
boring molecules. In this case, a temperature-indeperident
is given by?

N
o

Intensity

R Ty =(87) Y20i/(c™ o), 7)
0 50 100
Recovery time t (ms)

Normalized

e
3

where wy characterizes the dipolar interaction between the
two hydrogen atoms in ano-H, molecule, wy=
3.62x10° s ' TakingI'ggo=0.83 K andT;(H,)~0.6 s,
we findc~0.4 with respect to the density of solid hydrogen.
For a-Si:H, such a concentration is close to that whe+H,
molecules are trapped at adjacent interstitial small voids. In
——————T7—r this case, the average distance between the centers of two
0 500 1000 1500 adjacent interstitial small voids i$~5 A.

One should note that the conditigny<<1 is almost al-
ways valid for typical NMR experiments, sinc€gqq

FIG. 7. Dependence of the signal intensity fofH, in the ~ ~10'" s is much greater than any experimentally avail-
PECVD sample on the recovery timeafter a saturating comb at able Larmor frequency. This conclusion holds as long &s
T=40 K (see Sec. Il for detailsThe signal is normalized tiy(<) not too small. On the other hand, cannot be arbitrarily
and is fitted to Eq.(3). The two values ofT; are ~3 ms and small for the undominated regime to survive, because at
~0.6 s. The corresponding signal fractions for the larger andsome point, the concentration will be low enough that all
smaller values off ; are 35% and 65%, respectively. hydrogen molecules will be essentially isolated, i3 1,

and the direct phonon interaction will be more important.

solid hydrogen relaxes through an electric quadrupole- A relation between temperature and concentration can be
quadrupole(EQQ) interaction and thal;(H,) is indepen-  obtained to estimate a “critical concentratiory, such that,
dent of temperature. Nevertheless, the presence of suchad a given temperature, when the concentration is much
long, EQQ-like T1(H,) in a-Si:H is rather surprising, be- smaller thanc,, the direct phonon process will dominate.
cause the concentration ofH, in our PECVD sample is This concentration can be obtained by defining an average
only ~1 at. %, much lower than that of solid hydrogen. It numberN of neighboringo-H, molecules surrounding a ref-
has been suggested that thgibltrapped in microvoids, and erenceo-H,, for which the EQQ interaction is greater than
that only theo-H, at the surfaces of the voids can relax the direct phonon interactioi\ is given a&?
through a phonon proce$sThis interpretation requires the
size of the microvoids to be 20 to 30 A, in order to obtain a N~4m(\2/3)(T 4/ 7)%", ()
volume-to-surface ratio of 10. This average size is unlikely
in high quality samples ddi-Si:H. Drabold and Fedders stud-
ied in detail the spin-lattice relaxation of low concentration
0-H, in a p-H, host!? These authors assumed a phonon-
driven EQQ interaction betweem-H, molecules. Their re-
sults can be summarized as follows: Two parameferand
p, set the scale of the interactions. They are defined as

Normalized Intensity

0.1

Recovery time t (ms)

wherel’ is given in Eq.(6) above. The concentratiar can

be estimated by setting to be unity. Neac,, o-H, is in the
“dominated regime,*?i.e., it feels a strong EQQ from only
one neighboring-H, molecule. In this regimel; assumes

a more complicated dependence on temperature, concentra-
tion, and magnetic field. Only when<c, can the relaxation

be characterized as a phonon-dominated process.

py= /T (4) The temperature dependenceyois given byy=AT’ for
! a T<0p, andy=BT? for T>0p ,*® where®,, is the Debye
and temperature. Conradit al. found that®y~40 K for o-H,
in both a rare gas and gH, host!* We find that a similar
P2=wol/l'y, (5  value fits T{(H) in a-Si:H. These authors also found that

. . . — 7 . .
where vy is the rate of direct phonon-induced transitions be-flttlng y & 40 K usingy=AT’ gives satisfactory results.

. . 71
tween the differentn; states,w, is the nuclear Larmor fre- Thelr_results yield a value of at A.'O Kof about_ 18 S__ '
L For T=40 K, where theT;(H) minimum occurs ima-Si:H,

quency, and’ is given as

we estimatecy~0.01, using the values described above for
Iy=c%r (6) 0-H, in rare-gas host. This value means that the phonon-
d Qe induced relaxation ob-H, can only happen at concentra-
wherec is a dimensionless concentration @fH, with re-  tions much lower than 1 at.%. Experimentally, for our
spect to that in the solid hydrogei,eqqg is the coupling PECVD sample, we find the concentrationaH, that re-
constant of the EQQ interaction for solid hydrogen, andlaxes through a phonon-induced process is only% of the
goe~0.83 K. total hydrogen, or about one-tenth@f as given above. This
When p;>1, the direct phonon process dominates, ancestimate assumes a total hydrogen concentration of about
the 0-H, can be treated as isolated molecules, which prod10 at.%. Similar results are obtained for the HWCVD
duces a temperature-dependdni(H,).2 For the casep; samples, where the concentration ofH, that relaxes
<1 andp,<1, which means that the direct phonon procesghrough a phonon process is at most 0.003 at. %, for
is insignificant and the nuclear Larmor frequency is much~3 at. % hydrogen incorporation. In addition, we do not



12 854 SU, CHEN, TAYLOR, CRANDALL, AND MAHAN PRB 62

observe strong evidence for valuesTaf of o-H, that corre- ~ dilute hydrogen. Although the nuclear spins can quickly ther-
spond to the cases between these two extremes. Therefdnalize Wlthln.the c;lus}er, as reflected by the'much shdrger.
there is no broad distribution of the concentrations gfWe  ©Of the broad line, it will take a much longer time for the spin
are lead to the conclusion thataaSi:H, there are two types to diffuse beyond the cluster. This argument is similar to that
of sites for H: (1) the essentially isolated #that can relax ~concerning the region near anH, molecule in the case of
the bonded hydrogen, ar@) the clustered K that relaxes diffusion-limited relaxatiort® where the details of the diffu-
through the EQQ interaction and does not contribute to th&iOn nean-H, are not important as long as the concentration
relaxation of bonded hydrogen, the latter site probably con®f 0-Hz is small. A more general discussion of spin diffusion

sists ofo-H, trapped in adjacent, interstitial voids. can be found in Ref. 17. o
For our HWCVD samples, the hydrogen concentration is

~3 at.%, and about 70% of the hydrogen is in clustered

sites. If we treat each of these clusters as a single site that
In contrast to the typical PECVD samples, which exhibit aquickly thermalizes, then the effective concentration is

strong temperature-dependénf(H), the HWCVD samples ~2 at. %, which yieldsb~d~6 A. A hole-burning ex-

have aT,(H) that is weakly dependent on the temperatureperiment gives an intrinsic linewidth of ~0.5 kHz for the

and much longer at the temperature where the minimum imarrow line!® which sets the scale of the dipolar interaction

T, is expected. For the HWCVD samplé,(H) is approxi-  and therefore the transfer rate of magnetization between two

mately equald 5 s atT=40 K, where the minimum is ex- adjacent spins. A rough estimate of tti€,) of the dilute

pected. This value is about one order of magnitude largerydrogen is

than that of the typical PECVD samples. One possible

mechanism for such a behavior is the relaxation through rap- (T,)=(m8) " 1=700 us. 11

idly relaxing paramagnetic centers, such as silicon danglin

bonds. However, an estimated density of dangling bonds

~10'® cm 2% is needed to produce such a value, assuming i .
T o .The samen(H,), at T=40 K, the relaxation time through
homogeneous spatial distribution of the dangling bonds. Th'o—Hz, which is the first term in Eq(1), is ~1.5 s. This value

density is much too large for these materials. Another possi- ler thanT timated ab Such litati
bility is that the bonded hydrogen relaxes through those clus®> Smalier thantysp) estimated above. such a gualitative
tered o-H,, molecules that relax through a temperature-esumate suggests that the relaxation process in HWCVD

independent EQQ interaction. Nevertheless, for EQQ_samples is probably spin-diffusion-limited, resulting in a

induced relaxation T,(H,)~0.6 9§, the concentration of weak temperature dependence.

0-H, must be~10% of the total hydrogen to produce a S _

T,(H) of ~5 s. This concentration is about one order of C. Hydrogen distributions in a-Si:H

magnitude higher than observésee Sec. IV A The third Using results from deuterium NMFDMR) of a-Si:H,D
pOSSIbI'Ity is spin-diffusion-limited relaxation through those and a-Si:D, Norberg et al. have Suggested that the entire
0-H, molecules that have a phonon-inducedof ~3 ms.  narrow line is due to molecular hydrogen, instead of dilute,

B. Spin-lattice-relaxation mechanism in HWCVD samples

y taking n(H,) to be at most 0.1% of the total hydrogen,
1(sp) IS estimated to be at least 5 s. On the other hand, for

In this case Ty (sp) is® bonded hydrogef To investigate the relationship between
the molecular hydrogen and the narrow line, we compare the
Tf(lsD)=47TD§n(Hz)b, 9) line shapesta8 K ar_1d a.t room temperat.ure for thg PECVD
4 sample, as shown in Fig. 8.tA8 K the signal fractions for

the broad, narrow, and Pake doublet lines froat, are
60%, 30%, and 10%, respectively. At room temperature, the
fractions are 60% and 40% for broad and narrow lines, re-
spectively. The signal from-H, has narrowed to a line with
width similar to that of the narrow line. Therefore, only
g2 ~25% of the narrow line is due to molecular hydrogen.
D= W (10 This argument is also supported by other experimental
2 evidence. First, the narrow line persists everlatl.4 K,
whered is the average distance between bonded hydrogeand its fraction is almost independent of temperature below
atoms andT,) is the averaged', for the entire NMR line. T.~20 K. This result means that any additioraH, mol-
However, this formula, which applies to a homogeneous sysecules that may contribute to the narrow line must reside in
tem, is not particularly appropriate for the HWCVD samples.the sites with negligible EFG from the silicon matrix, since
In these samples, a large portion of the hydrogen is heaviljhey do not freeze out even at 1.4 K. This situation is un-
clustered with & T,) much smaller than that of the PECVD likely for an amorphous material because the EFG is highly
sample, even though the hydrogen concentration is muchensitive to distortions of the lattice.

whereb is the average distance betweeil, and the nearest
bonded H, and(H,) is the concentration ab-H, that con-
tributes toT,(H). D is the spin-diffusion constant, and one
calculation giveD as”®

lower than that of PECVD samples. A more refined mddel, Second, hole-burning experiments show that the intrinsic
due to Fedders, is also inappropriate because of the innomdnewidth of the narrow line is~0.5 kHz!® This value in-
geneous distribution of hydrogen atoms. dicates a strong dipolar broadening. Since the gyromagnetic

We argue here that the diffusion time in HWCVD ratio of o-H, is much smaller, significant clustering is
samples is mainly determined by the diffusion among theneeded foro-H, to broaden the line te-4 kHz. We esti-
dilute hydrogen atoms, and therefore the averfgshould mated that the local concentration @fH, needs to be-20
be taken as the average of the narrow line that arises from te 30 at. % to broaden the line to 4 kHz. Taking into
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e L metric crystal, such as silicon, the symmetry of lattice causes
] e FIDat8K - a cancellation of the EFG from neighboring lattice sites and
FID at 8 K + o-H, the net EFG at the center of an interstitial site vanishes.
However, the distortion of bond angles and bond lengths in
a-Si:H can result in a nonvanishing EFG at the center of an
“interstitial” site. Therefore, T, is very sensitive to the dis-
tortions of the lattice. A more ordered lattice will produce a
smaller EFG and reduck,, causing motional narrowing of
the Pake doublet even at low temperatures. As shown in Fig.
5, the motional narrowing of the Pake doublet for the
HWCVD samples suggests th@t is much lower for these
samples than it is for PECVD samples. Such a [dwis
indicative of a much more ordered silicon matrix for
10? +—+—'rr—r"r—r—rr1 T HWCVD samples. Since the EFG strongly depends on the
0 50 100 150 200 distortion of the lattice, and;~1.6 K in solid hydrogen,
Time (us) We_believe thaﬂ'c' for these materialg is very _close _to that in
solid hydrogen; i.e., the local bonding configuration of the
FIG. 8. Comparison of the time-domain free-induction decayssilicon matrix for the HWCVD samples is very close to that
(FID) atT=300 K andT=8 K for the PECVD sample. The solid 0f crystalline silicon. In fact, such a crystallinelike behavior
line is the observed FID at 8 K, superimposed with a 10% contri-has also been observed by measuring the internal friction of
bution from theo-H, signal. The signal fractions of the broad and similar sample$? For typical amorphous materials, it is well
narrow central lines are 60% and 30%8eK and 60% and 40% at known that the disordered atomic structure induces low-
300 K, respectively. The deviation from exponential decay in theenergy excitations, which produce a significantly higher in-
300 K data at long times is probably an artifact due to the equipternal friction than in crystalline materials at low tempera-
ment. ture. Recent results from internal friction measurements on
similar HWCVD samples have shown that the internal fric-
account that the lattice constant for silicon is onl2.35 A,  tion of these materials is within the background of the crys-
compared to 3.8 A for solid hydrogen, this width yields antalline silicon substrates. These measurements also suggest
0-H, density close to that in solid hydrogen. As mentionedthat the HWCVD samples have a very ordered bonding
in Sec. IV A, such a clustering will result in a strong EQQ structure.
interaction between-H, molecules, which is comparable to ~ The details of the local environments of these hydrogen
that in solid hydrogen. If the entire narrow line is due to molecules are still not clear. X-ray diffraction experiments
molecular hydrogen, then, since one would expecto be on similar HWCVD samples showed that the size of the
similar to that for solid hydrogen, the entire narrow line voids is less than 10 A, and the volume fraction of the voids
should freeze into a Pake doublet below about 1.4 K. Thigs less than 0.1% It is unlikely that there exist large voids
behavior is not observetlin addition, if the entire narrow filled with hydrogen molecules in these films. Also, the x-ray
line arises from highly clustered hydrogen molecules, ondliffraction and Raman scattering experiments show that
would expect a temperature-independent, EQQ-indu‘bﬁd these HWCVD samples are still amorphous; therefore, the
for the narrow line; however, almost all experimental evi-ordered region must be local, probably only within a distance
dence shows that th&, of the narrow line has the same Of several interatomic spacings. Small, highly ordered re-
strong temperature dependence as for the broad line, whidions have been found in so-called protocrystallan&i:H
arises from the clustered, bonded hydrogen. made by the PECVD technique with high hydrogen
The third and most important evidence is from ortho-paradilution.>>~?*In these materials, small crystallinelike regions
conversion experimenfglvhere the isolated-H, concentra- are observed, although x-ray diffraction shows that these
tion is reduced by more than factor of 5 by annealing at 4.4ilms are still amorphous. Foa-Si:H films made without
K for several months. Since the ortho-para conversion prohydrogen dilution, similar small, crystallinelike regions are
cess is a bimolecular process and strongly depends on ti@so found by variable coherence microscépyrhese so-
density ofo-H,,2° the clusterecb-H, converts much faster called paracrystallites are topologically crystalline but amor-
than the isolated-H,. Therefore, if the entire narrow line is Phous as observed in x-ray diffractiéhThe existence of
due too-H,, the total concentration af-H, will be reduced these paracrystallites has been reported recently in studies of
much more than a factor of 5, then the intensity of the nar2-Si:H thin films made by various techniques, including
row line will drop to the order of~5-10% of its original PECVD, HWCVD and sputtering. The sizes of these
intensity. Such a reduction is not observed in the experiparacrystallites are about 1 to 3 nm, which are too small to
ments. be detected by x-ray diffraction or Raman scattering, yet
large enough to incorporate several hydrogen molecules.
One possibility of the local environments of the lhol-
ecules is that these ,Hmolecules are trapped in the small
crystalline region or at the crystalline-amorphous boundary.
As mentioned in Sec. |, the EFG from the silicon matrix This suggestion is consistent with the fact that most of the
contributes most of the anisotropic crystal field, and hencéwydrogen molecules are clustered in HWCVD samples. Fur-
determines the transition temperatdre. For an ideal sym- ther experiments are needed to clarify this issue.

100

o Dataat 300 K
— — Fit to 300 K data

10

Amplitude (arb. units)

LN B E R |

D. Temperature dependence of the-H, line shape and the
effect of the silicon lattice
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E. Dipolar spin-lattice relaxation of the bonded hydrogen 10" ¥rrrrrrrrrrrrrrrrererr

Previous work on the dipolar spin-lattice relaxation of
bonded hydrogen has shown the dependencg,;gfon the
defect concentration and doping of the materfalSince the
signal-to-noise ratio limited the measurement to the short-
time region of theT,y4, these results showed exponential
behavior. The dipolar spin-lattice relaxation was ascribed to
the local motion of these hydrogen atoms. However, there
are some difficulties in relating the relaxation to local motion
of the hydrogen. First, it is found that for temperatures below
200 K, both the longr,4 and the shorf,4 are almost inde-
pendent of the temperatut®At 8 K, the value of the short
T,4 is almost the same as that at 300 K, while a thermally
activated process would result in a much longey. Sec-
ond, there is no motional narrowing of the bonded hydrogen
up to room temperature. Therefore,, the time between two
jumps of a spin, cannot be estimated fy~ T,.2¢ Moreover,

T4 strongly depends on the defect density or doping level.
Since the defect density~(10*> cm™2) is much lower than

the hydrogen concentration-(10?* cm™3), it is difficult to
understand how such a small concentration of electrons can
influence the motion of so many hydrogen atoms.

On the other hand, as shown in Fig. 4, the dipolar spin-
lattice relaxation during, is not exponential. Similar behav-
ior is also found in Ref. 10. Although a phenomenological fit  FIG. 9. Fit to ther, dependence of the echo intensity according
with two values ofT 14 gives satisfactory agreement with the to Eq. (12). (a) fit to the Gaussian component, afiy) Fit to the
experimental data, the underlying physical mechanism is ndtorentzian component. Open squares and solid circles represent
clear. In particular, it is not clear why both the narrow line Gaussian and Lorentzian components, respectively. Solid lines are
and the broad line exhibit similar valuesf,, despite their the corresponding fits. The valuesoére 8.6 ms and 7.3 ms for the
very different environments. We found that such a nonexpoGaussian and Lorentzian components, respectively.
nential decay can be fitted by assuming

L L L Llll
o

10°

10"

BN EET]
—
S

T TTTIT
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10°

10" T

0 2 4 6 8 10
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a constant of motio? Therefore, the electrons and the hy-

| (1) ~exp{— (7,/7)Y2), (12 drogen atoms form a single dipolar reservoir that, at internal
- equilibrium, has a common dipolar spin temperatifede-

as shown in .F'g' 9. The vaIue; ofare 7.3 ms and 8.6 ms fpr tailed discussion of the thermodynamics of the spin system is
the Lorentzian and Gaussian components, respec'uvel)éiven by Jeeneet al>%) Right after the second pulse of the

ghﬁse. va]ues I?rke |den;|catIhW|th|n e>;per'|mlert1tt.al errlor. Ih'SJB sequence, the dipolar energy of the hydrogen atoms in-
ehavior 1S well known for the case ot spin-latiice relaxalion e ageg  put the entire dipolar system, including both elec-

; ; o gk 102930
by paramagnetic centers without spin diffusf3 and the trons and the hydrogen, is far from internal equilibrium. Dur-

nonexpongfalntlal behav_lor s due to |nh.omogeneou§ng the time following the second pulse, the dipolar energy is
relaxation:” In the following paragraphs we outline an alter- redistributed between the hydrogen atoms and the electrons

native interpretation to local motion, one tha.‘t in_corporatesto establish a common dipolar spin temperature. Because the
the dependence a4 on the defects and doping in & more ojaconic dipolar system is initially at the lattice tempera-

natural manner. AIthpugh admittedly crude, SUCh. an abyyre, such a process effectively cools the nuclear dipolar sys-
proach sheds some light on the further understanding of th

h fem. During this cooling the dipolar energy of the nuclear
P eAnomenclmF;ECVD | ins density of system decreases and the dipolar energy of the electronic
A typical ) sample contains density of paramag-gyqtem increases. Such behavior has been reported for LiF
netic defects of~10'° cm™3. These defects can be detected

. . where after preparing the dipolar order in th#& system, a
by electron-sp|n-resqnan(ﬁE?B. The average d'S‘?‘”Ce‘_ be- simultaneous decrease G¥F dipolar energy and increase of
tween two electrons id,~10"> cm. The total Hamiltonian

) ) . . “Li dipolar energy is observelf. If the spin diffusion be-
including both the nuclel and elecrons is tween nuclei is rapid compared to the rate of energy ex-

change between the nuclei and the electrons, the time needed
H=Hat Hzst Hon+ Hoist Hoss, 13 regch an internal equilibrium is determined by the relative
where Hz, and H,g are the Zeeman Hamiltonians for the heat capacities of the nuclear and the electronic dipolar sys-
nuclei and electrons, respectively. The last three terms regems. In this case, a characteristic timgis of the form
resent the secular part of the total dipolar Hamiltonian of thesimilar to Eq.(1). However, usingd, estimated above, a
system.Hp;, and Hpss are nuclear-nuclear and electron- spin-diffusion bottleneck is estimated to occur-at0® s,
electron dipolar energies, respectively, &ig,s is the dipo- much larger than the experimentally observed value. There-
lar interaction between the nuclei and the electrons. For sydore the relaxation will be determined by the direct rate of
tems with two types of spins, the total dipolar energy,energy exchange between each nuclei and the electrons, a
including interactions between both like and unlike spins, isprocess in which spin diffusion is not important.
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The above process can occur under two scenarios. If thend monitor the effect on the nuclear dipolar order. The third
electrons have good thermal contact with the lattice, then thexperiment is to measur&,,, the spin-lattice-relaxation
approach to internal equilibrium in the dipolar reservoir will time in the rotating frame, which should depend on the field
be controlled effectively by the dipolar spin-lattice relaxationas w2 and on the time as shown in E(L2). On the other
of the entire system. If not, then one would expect first thehand, motion-induced relaxation should be independent of
establishment of the internal equilibrium discussed abovethe field. The fourth experiment is an electron-nuclear
and then the entire dipolar reservoir will relax toward thedouble-resonanc€eENDOR) experiment. If one can measure
lattice temperature with a much longer time scale. In eithethe dipolar signal of the electrons, then by preparing the
case, the initial decrease of the dipolar signal of the nuclenuclear system with dipolar order and monitoring the elec-
will depend on the concentration of the paramagnetic electronic signal, the change of the electronic dipolar energy
trons, which is related to silicon dangling bond density andshould be observable.
the doping level. Foa-Si:H, the first situation is most likely
because the spin-lattice-relaxation time of the electrons is V. SUMMARY
much shorter than that of hydrogefi;~10 ms at 8 K.*®
Any calculation of the dependence. on th? electr_on density i21-Si:H was found to be about 10% of the total hydrogen
complicated by the fact that the dipolar interaction betweeqn

nuclei and electrons vari ver a wide ranae. However corporated in the PECVD sample and1% in the
uclér and €lectrons varies over a ge. HWCVD samples. There are two types of sites for these

Sf‘f”kma”f? anq Heitjz_;ms pointed out that, for the case Wherﬁydrogen molecules, one in which the hydrogen molecules
spin-diffusion is not important, Eq12) generally holds if are isolated and contribute to spin-lattice relaxation of

the coupling constard(r) takes the forrff bonded hydrogen, and another in which they are clustered
ro\® and do not participate the spin-lattice relaxation of the
—) , (14 bonded hydrogen. Comparison of the line shape® I& be-
r tween the PECVD and HWCVD samples suggests that the
wherer is the distance between the defect and its nearestWCVD samples have a more ordered silicon matrix. Also,
neighbor anda, the corresponding coupling constant. Theonly ~25% of the narrow line at room temperature is due to
distancer is between the defect and the reference nucleus. Imolecular hydrogen, a fact that confirms the existence of
this caser, defined in Eq(12), will be proportional toN;Z, isolated, bonded _hydr_ogen atoms i_n these materials. Finally
whereN, is the density of paramagnetic defects. Using thethe nonexponential dipolar relaxation probably reflects an
data reported in Ref. 28, the ratio of defect density before@pproach to the internal equilibrium of the entire dipolar sys-
and after light-soaking iw(i)/NE,f)w%. The corresponding te€m including both nuclei and electrons. Therefore_th|s relax-
ratio of T,y is T(li&/T(lfd)“& which qualitatively agrees with ation depends quite naturally on the defect density and the
the argument presented above. doping level.
Several experiments can be performed to test this inter-
pretation. One is to illuminate the sample at low temperature
to create large amount of the paramagnetic electrons and We thank John Viner for his great help on the experimen-
holes trapped in band-tail states. If the above argument il procedures. We also acknowledge helpful discussions
correct, this dramatic increase M, should result in a sig- with P. A. Fedders and David A. Ailion. The work done at
nificant reduction ofT 4 as expected. Also one may disturb the University of Utah is supported in part by NSF under
the electronic system by applying a microwave field at theGrant No. DMR-9704946 and by NREL under Subcontract
resonance frequency of the electrons after the second pulsdp. XAK-8-17619-13.

In summary, the concentration of molecular hydrogen in

a(ry=ag
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