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Results of pulsed NMR studies of hydrogen in a-Si:H prepared at several laboratories by
glow discharge of silane are presented. The origins of the two H NMR lines seen in al-

most all samples of a-Si:H are discussed. Solid-echo measurements are presented which in-

dicate that these two components are due to spatially isolated groups of protons. We attri-
bute the narrow line to protons slightly clustered in the bulk of the material and the broad
line to protons distributed on internal surfaces. The spin-lattice relaxation time shows a
minimum at T=30 K which is interpreted as due to relaxation via spin diffusion to a small

number of H2 molecules acting as relaxation centers. Annealing results suggest that all the
hydrogen molecules are trapped in very similar sites.

I. INTRODUCTION

Amorphous silicon prepared without the in-
clusion of hydrogen has a large number of dangling
bonds (10'9 to 10 cm ) and hence a large number
of electronic states in the gap which makes it a poor
photoconductor of little technological significance. '

The incorporation of 5 —15 at. % hydrogen into the
silicon matrix serves to pacify these dangling bonds,
thereby removing the states from the gap. While
this simple picture of the role of hydrogen is widely
accepted, there is still considerable controversy over
the hydrogen bonding within the amorphous silicon,
the dynamics of the hydrogen-hydrogen interac-
tions, and the interactions of the hydrogen with the
amorphous matrix. In this paper we report results
of pulsed proton magnetic resonance experiments.
Results and conclusions are compared with those
obtained by other techniques as well as with those
inferred from previous NMR studies.

Hydrogenated amorphous silicon (a-Si:H) films
are commonly produced by glow discharge of silane
(SiHq) or by rf sputtering of Si in an atmosphere of
argon and hydrogen. These processes yield films
which are quite similar electronically and structur-
ally. In this paper, we discuss measurements on
glom-discharge films. Hydrogenated amorphous Si
has been studied extensively using a wide variety of
experimental techniques. Transmission electron-
electron microscopy and small-angle x-ray and
neutron scattering indicate that many of the films
contain voids with typical sizes ranging between 10
and 1000 A. These results lead to the natural con-
clusion that at least some of the hydrogen is bonded
on the internal surfaces of these voids.

The actual bonding configurations for the hydro-
gen have been indirectly probed by hydrogen evolu-
tion studies. As the amorphous silicon is heated
the rate of hydrogen evolution peaks at -350,
-600, and -650'C, where the film starts to crys-
tallize. This behavior is reminiscent of a similar
two-phase behavior seen for hydrogen adsorbed on
the Si(100) surface. The fully saturated surface
shows dihydride bonding (two hydrogen atoms per
surface Si atom) with a (1X1) low-energy electron
diffraction (LEED) pattern. Heating the surface to
-350'C causes half the hydrogen to desorb leaving
a monohydride surface which reconstructs to give
the (2&& 1) LEED pattern also seen for clean Si(100)
surfaces. Heating the surface to -600'C causes the
remaining hydrogen to desorb. Careful preparation,
primarily the use of hot substrates, allows one to
produce a-Si:H films which show little or no low-
temperature evolution ((500'C) Similarly, if the
Si(100) is exposed to hydrogen at -300'C, the
dihydride phase is not observed.

Films of a-Si:H have been extensively studied
with the use of infrared spectroscopy. These stud-
ies have shown the existence of SiH2 and SiH3 vi-
brational modes as well as SiH modes. However, it
is seen that high-quality films have very little of the
SiH2 or SiH3 bands.

NMR studies by Reimer et al. ' and the present
authors' '" indicate the existence of two distinct
hydrogen environments, isolated from each other.
These two environments are manifested in the
NMR experiments as a narrow [full width at half
maximum (FWHM)-4 kHz] Lorentzian line super-
imposed on a broad (FWHM-25 kHz) Gaussian
line. While small sample-to-sample variations are
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seen in the linewidths, these two NMR lines are
present in all reported results. The samples studied
have been prepared with a wide variety of different
deposition parameters as well as by several different
laboratories and still only the two NMR lines
representing two different environments are ob-
served. The narrow line can be explained by a dis-
tribution of relatively isolated monohydride sites
within the silicon lattice, while the broad line is at-
tributed to various defect sites such as internal sur-

faces, and in some films, polyhydride species.
Clearly a more precise picture of the role of dif-
ferent bonding configurations in these two NMR
lines is important to a fundamental understanding
of the role of the hydrogen in these films.

The spin-lattice relaxation time T~ of the protons
has been studied over a wide temperature range (4
K to as high as 800 K). All glow-discharge films
studied have shown a minimum in T~ at about 30
K which is relatively independent of frequency, al-
though Ti is frequency dependent at low tempera-
tures. ' These results were originally explained by a
model in which a small number of hydrogen atoms
associated with disorder modes act as relaxation
centers, while the rest of the hydrogen is relaxed by
spin diffusion to these centers. ' More detailed cal-
culations of Movaghar and Schweitzer' have
shown that this interpretation requires —10% of
the hydrogen atoms to be in disorder modes. This
number of atoms should be observable directly but
no direct observation has been made. Conradi and
Norberg' have recently proposed a model in which
trapped molecular hydrogen molecules act as the re-
laxation centers. Recent work' of the present au-

thors, which will be detailed in a later section, sup-
ports this model. Additional experiments on simi-
lar films by Reimer et al. support the basic picture
of a small number of relaxation centers with the
bulk of hydrogen being relaxed via a spin-diffusion
process. It should be pointed out that the T~
minimum is not seen in some sputtered films. ' '

II. EXPERIMENTAL METHODS

A. Sample preparation

Samples of a-Si:H films were obtained from the
University of Chicago, RCA Research Labora-
tories, Brookhaven National Laboratory, and the
Naval Research Laboratory and are denoted CHI,
RCA, BNL94 and BNL95, and NRL, respectively.
All were prepared by rf discharge of silane and
deposited onto a hot substrate (-250 C) and con-
tain 10—15 at. % hydrogen. Details of the particu-
lar preparation parameters are given in Table I.
All samples contained ~ 0.5 at. % oxygen and
~0. 1 at. % nitrogen except for BNL95, which was
intentionally doped with -2 at. % oxygen and
-0.1 at. %%uonitrogen . Al 1 sample sexhibite d asmall
electron spin resonance (ESR) signal ((10'- spins
cm ).

Samples for NMR were prepared by flaking the
films off the substrates or by dissolving the Pyrex
or aluminum substrates in HF or HCl, respectively.
The amorphous silicon film was packed into a
standard quartz ESR tube which was then evacuat-
ed and sealed. Typical samples contained from 10
to 100 mg of material. Although we were initially
concerned about the effects of the acid treatment,
no residual impurities such as fluorine were detect-
ed. Furthermore, one sample was simply scraped
off the glass substrate and no significant difference
could be seen between this sample and those
prepared by dissolving the substrate.

B. NMR measurements

The NMR measurements were made using a
pulsed NMR spectrometer with a 12-in. Varian
magnet. rf pulses were generated by a Matec 5100
main frame with either a Matec 515 or 525 gated
amplifier plugin and a Wavetek 3001 cw source.

TABLE I. Growth parameters of a-Si:H films.

Growth
Thickness Substrate rate Pressure Power

Sample (pm) temp. ('C) (A/min) (Torr) W/cm
System

type

Gas Approximate Electron
mixture substrate area spin density

(mol%%uo silane) (cm ) (cm )

NRL
RCA
CHI
BNL94
BNL95

0.4—10
—1

—10
-6
-6

250
330

-230
270
270

-350
-300
-150
—100

100

0.1 —1.0
0.5
0.2
0.25
0. 15

(1
0.1

-0.4
0.1
0.1

inductive'
dc proximity
capacitive
capacitive
capacitive

1.5
100
100
100
100

46
81

-25
500
500

7X10"
5~ 10"
4X1o"
S&&10"
2X10"

Coupling is nominally inductive but because of large diameter there are substantial capacitive effects.
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The pulses were fed into the sample coil through a
two-capacitor matching network. Phase-serisitive
detection was accomplished by a Matec 62S broad-
band receiver and a tuned preamplifier. Signal
averaging was done using either a Nicolet 1074 sig-
nal averager with a Biomation Model 805 digitizer
or a Nicolet 1170 signal averager.

Typical n/2 pulse widths were about 1.5 @sec.
Line shapes were determined by Fourier transform-
ing the free induction decay. Spin-lattice relaxation
times were found using the repetition-rate method. '

In all cases the intensity as a function of repetition
rate could be fit by a single exponential.

Bonding arrangement

SiHz
SiH3
Si(111):H
C-Si hydrogenated monovacancy
C-Si hydrogenated divacancy
Uniform array
Random array

cr {kHz)'

13 4"
19'
8.5'

114'
94c

'

0.28/at. %%uo~

0.46/at. %%uo

'Full width at half maximum.

this is the width of a Pake doublet due to SiH2.
'Assumes a Gaussian shape.
Assumes a cubic lattice.

TABLE II. Calculated 'H NMR linewidths for dif-

ferent proton distributions.

III. GENERAL THEORY

For a detailed discussion of the theory of NMR
the reader is referred to any of several texts on
the subject. ' Here we merely outline those
aspects which are most relevant to the present work.

The Hamiltonian for spin- —, nuclei, such as the
protons in a-Si:H, may be written as the sum of the
Zeeman, dipole-dipole, and chemical shift interac-
tions,

H =Hz+Hg)+H

For this system Hz &&HD &&Hc. Furthermore
the Zeeman and chemical shift terms only deter-
mine the value of the central resonance frequency.
The line-shape and relaxation mechanism are due to
the dipole-dipole term. For a system of spin- —, nu-

clei the second moment due to the dipole-dipole in-
teraction is given by

o(FWHM)=(4n /3v 3)y hn, (4)

C3oi
O

e 0-- 0

L

00

where n is density of spins. For amorphous silicon
this yields about 460 Hz per atomic percent hydro-

gen.
Spin-lattice relaxation requires an energy sink as

well as a coupling to the magnetic moment of the

M2 ——(9/20)y A g (1/r~j), (2)

where y is the nuclear gyromagnetic ratio and r;J is
the internuclear distance. If we assume a Gaussian
line shape, the linewidth (full width at half max-
imum) is given by

200
t(psec )

400

o(FWHM) =(81n2Mz)' (3)
For later comparison, Table II gives the linewidths
calculated for a number of possible proton distribu-
tions.

For more dilute systems the line shape is more
Lorentzian. ' The method of moments cannot be
used for a Lorentzian line since the second and all
higher moments diverge. For such systems there
are a number of calculations of the line shape. ' '

It is not our intention to evaluate the merits of the
various calculations as they do not differ any more
than -20% in predicted linewidth. The statistical
theory' gives the linewidth (FWHM) as

O
~ ~

O
lA

-30 0
v-v, (kHz)

30

FIG. 1. (a) Free induction decays (FID's) for two
representative samples. (b) Line shapes for two samples
obtained by Fourier transforming the FID's in (a).
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proton. A number of different mechanisms are
known to produce a minimum in the spin-lattice re-
laxation time T~ with temperature as is observed'
in a-Si:H. These mechanisms include paramagnetic
centers, physical motion of the protons, and disor-
der modes as conceivable relaxation mechanisms for
this system. The possibilities will be discussed in
light of the Tj data.

IV. RESULTS

A. The NMR line shape
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The line shape is determined by Fourier
transforming the free induction decay (FID) which
occurs after a 90' pulse is applied. Two representa-
tive FID's and the corresponding line shapes are
shown in Figs. 1(a) and 1(b), respectively. Although
some subtle differences can be seen in the two FID's
it is apparent that they are quite similar. The FID
is composed of two components: an exponential de-

cay at long times which transforms to a narrow
Lorentzian line in the frequency domain and at
short times, a Gaussian shape which transforms to
a broad Gaussian line. The linewidths and relative
intensities of the two lines for the various samples
are listed in Table III. Hole burning experiments by
Reimer et al. , as well as our own solid-echo exper-
iments to be described below, clearly indicate that
there are two separate sites giving rise to the two
lines. As can be seen in Table III, there is very little
variation in the two linewidths from sample to sam-
ple. Although they were prepared at four different
laboratories, it is not too surprising that there
should be so little variation because the deposition
conditions and hydrogen content are similar. What
is quite remarkable though is that previous work of
Reimer et a/. , ' Lowry et al. ,

' Ueda et al. ,
' and

the present authors on both glow-discharge and
sputtered films prepared under a wide variety of

TABLE III. NMR line shape parameters for a-Si:H
samples.

0 IO0 200
t-2T' (p.sec)

FIG. 2. Solid-echo amplitudes obtained from a
90'-~-90'» pulse sequence as shown in the inset. Re-
sults are compared for three values of 2w.

deposition conditions, all see only the same two
lines of -4 and -25 kHz linewidths.

B. Solid-echo experiments

In order to confirm that the two 'H lines, which
are always observed in a-Si:H, do not constitute a
homogeneous ensemble of spins, dipolar "solid-
echo" experiments were performed. For an en-
semble of spin I= —, nuclei, it can be shown2225

that an echo results at time t =2r after the applica-
tion of two 90' pulses (at t =0 and t =r), where the
rf phase of the second pulse is 90 with respect to
that of the first. A representative echo at 77 K

O--
0)
U

CL

E

O

O
LLI

Sample o.
L, {kHz)' 0-& (kHz)'

Intensity ratio
(broad/narrow)

RCA
NRL
CHI
BNL94
BNL95

3.8
2.7
3.4
2.4
2.9

'Full width at half maximum.

26
22
32
23
26

3.2
1.3
3.1

1.7
3.2

0
I I

IOO 200
2T(psec )

FIG. 3. Decay in the echo amplitude as a function of
pulse separation for the broad- and narrow-line com-
ponents of the echo.
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from such a 90' r 90'90 pulse sequence applied to a
sample of a-Si:H (RCA) is shown in the inset to
Fig. 2. The pulse widths, which are exaggerated for
clarity in the inset to Fig. 2, were &2 p, sec. Semi-

log plots of echo decays at several representative
pulse separations are shown in the main portion of
Fig. 2 as functions of t —2~. The decompositions
of these lines into broad Gaussian and Lorentzian
components are indicated by the dashed lines.

If significant spin diffusion were occurring dur-

ing the times probed by these echo measurements
(t =2m(300 psec), then the echo decay would re-
flect this fact. In particular, one would expect an
equilibrium ratio to be established between the two
components at times longer than the effective spin-
diffusion time. However, as is apparent from the
results of Fig. 3, the two components decay at
markedly different rates over all pulse separations
measured. In this figure we have plotted {open data
points) the intensities of the broad and narrow lines
at t =2~ using extrapolations similar to those illus-

trated by the dashed lines in Fig. 2. The solid data
are a second estimate to the narrow-line decay ob-
tained by plotting the relative signal amplitudes at
t-2r=100 p,sec where the contribution from the
broad line is negligible. For comparison, these data
have been normalized to the t =2~ extrapolations at
2&=40 @sec.

One may safely conclude from Fig 3that th. ere is
negligible spin diffusion between the two lines out
to at least 250 psec. This conclusion is consistent
with those inferred from previous "hole burning"
experiments' which probed spin-spin effects in a-
Si:H on a 1-msec time scale.

Theoretical descriptions of the solid-echo decay
with increasing pulse separation are not generally
available, but at short times it can be shown that
the solid-echo decay can be related to the fourth
moment of the line shape. This procedure, which
is inappropriate for a line which is purely Lorentzi-
an, should, in principle, be capable of distinguishing
small departures from a Gaussian line shape in the
wings. Unfortunately, the echo response cannot be
observed for 2~(25 psec because of the dead time
of the NMR spectrometer and the moment expan-
sion breaks down for the region which is experi-
mentally accessible (2r )30 psec).

Solid-echo experiments designed to observe isolat-
ed, coupled-spin systems ' were also attempted.
For example, isolated pairs of spins with I = —, can
often be treated as a pseudospin (I =1) system.
Similarly, three protons which exist as an isolated
species may behave as a single quasiparticle of spin

3I = —, as far as the magnetic resonance is concerned.

These couple-spin systems, which might be isolat-
ed dihydride or trihydride species, could produce
"quasiquadrupolar" echos ' which depend in
predictable ways on the length b and rf phase P of
the second pulse in the echo sequence. A systematic
investigation which varied both b and II'I detected no
additional echoes in the sample of a-Si:H. This re-
sult does not imply that there are no SiH2 or SiH3
groups in the sample, but merely that there are few
isolated dihydride and trihydride groups.

C. Spin-lattice relaxation

The spin-lattice relaxation time T& provides a
measure of the rate at which the spin system returns
to equilibrium by releasing energy to the surround-
ing lattice. We have measured TI as a function of
frequency and temperature. Iri this section we cov-
er results for T (300 K and defer a discussion of
our results at elevated temperatures to the next sec-
tion. Before giving details about particular results a
few general points should be made. In all samples
studied no aging effects were seen either as changes

I I I I ill] I I I I I III' I I I

BNL 94
~ RCA

o RCA (l2.3MHz)

I I I I I IIII I I I I I IIII I I

IO l00
T(K)

I I I llllli I I I I IIII{

~ NRL
CHl

i BNL95

sQ
r I—~,

lo loo
T(K)

FIG. 4. (a) Tl as a function of temperature for RCA
and BNL94 at vo ——42.3 MHz and for RCA at 12.3
MHz. The curves are obtained from a fit to the model

of Conradi and Norberg (Ref. 13). {b) Tl as a function
of temperature for NRL, CHI, and BNL95 (vo ——42.3
MHz). Curves are drawn as an aid to the eye.
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in T& or the line shape. The T~'s were measured by
the repetition-rate method and in all cases the decay
was exponential over 1 to 2 orders of magnitude.
Furthermore, both lines have the same T& within
the accuracy of our measurements (about + 10%).

Figures 4(a) and 4(b) show Ti as a function of
temperature at 42.3 MHz for several samples. The
temperatures are accurate to+1 K, which is a sig-
nificant uncertainty only at the lowest temperatures.
As might be expected, since all the films were de-

posited under similar conditions, the dependence of
T& on temperature is quite similar. All have a
minimum in Ti as a function of temperature at
T=30 K, and in all cases the magnitude of T~
varies from a few seconds to a few tenths of a
second. While there are considerable similarities be-
tween the various samples some differences are also
apparent. The samples prepared at the University
of Chicago and at NRL both have shallower
minimums and a less rapid increase in T~ with de-
creasing temperature below the minimum than does
the sample from RCA or the relatively oxygen-free
samples from Brookhaven. In many respects the Ti
results for the NRL and Chicago samples are quite
similar to those for BNL95, which was intentionally
doped with —1.5 at. /o oxygen.

Figure 5 gives the frequency dependence of the
RCA sample at a low temperature (-5 K) and at a
relatively high temperature (77 K). At low tem-
perature, T& shows an approximately linear depen-
dence on temperature. For temperatures above the
minimum no frequency dependence is seen. Fur-
thermore, as can be seen in Fig. 4(a), the frequency
dependence has disappeared above the temperature
of the minimum. While we have not investigated
the frequency dependence of Ti for all samples as
thoroughly as this one, a check of Ti for vo -—15
MHz indicates that all follow the same trend.

D. High temperature and annealing

The effects of annealing on both the line shape
and the temperature dependence of the spin-lattice

TABLE IV. Effects

O
CD
u) r

77K-
k

x

IO
i" (MHz)

FIG. 5. T& as a function of frequency at -5 and 77
K. The solid and short dashed lines are fits of the 5-K
data to quadratic and linear dependences on vo, respec-
tively.

relaxation time were investigated for one sample of
a-Si:H (RCA). In addition, Ti was measured at
elevated temperature during the annealing process.
The sample was held at each elevated temperature
for about six hours while the measurements were
performed. Subsequent measurements at tempera-
tures below 300 K were performed after annealing
at most temperatures.

Measurable hydrogen was driven off at tempera-
tures above -400'C. Table IV summarizes the ef-
fects of annealing on the NMR line shape and the
hydrogen content. The annealing narrows both the
broad and narrow lines due to an increase in aver-
age hydrogen-hydrogen separation. The concentra-
tion of hydrogen in the more clustered region
(broad line) decreases more rapidly than in the less
clustered region (narrow line). Earlier annealing re-
sults by Reimer et al. on a film prepared at room
temperature containing -21 at. % hydrogen differ
from our results in several aspects: (1) We see no
redistribution of hydrogen from the broad line into
the narrow line. (2) We do not see changes in
linewidths as large as these authors did, e.g., the
linewidth of the narrow component has dropped to
-500 Hz by 500'C in the work of Reimer et al. ,

of annealing a-Si:H (RCA).

Annealing
temp. (C)

Linewidth' Linewidth'
(narrow line) (broad line)

Intensity ratio Total
(broad/narrow) H (at. %)

Electronic
spins (cm ')

(Before
annealing)

450
500
530

3.7 kHz
2.5 kHz
2.0 kHz
1.8 kHz

25.6 kHz
21.0 kHz
15.0 kHz

3.2
2.5
2
0

12
7
4.7
1.3

5x10"
4X10"
2X 10"
7y10"

'Full width at half maximum.
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T ('C)
600 400 200

e~P

O.l

l 2
1OOOrt (K ')

FIG. 6. Spin-lattice relaxation rate (1/T~) at high
temperatures. The line is drawn to aid the eye.

while in our case the linewidth is -2 kHz after a
similar anneal. (3) There is no evolution of hydro-
gen below T=400'C in our work, while Reimer
et al. report a drop from -20 to --12 at. %%uobe-
tween T =300 and 400'C. This latter disagreement
is perhaps least surprising since our film was grown
on a substrate held at T =330 'C rather than room
temperature. Interestingly, the hydrogen concentra-
tion as a function annealing temperature is about
the same for the two films for r~ 400 C. The first
two discrepancies are no doubt also due to differ-
ences in growth conditions for the samples.

The spin-lattice relaxation rate (1/Ti) at elevated
temperatures is given in Fig. 6. Above T=300'C
the rate increases with increasing temperature. We
suggest that this increase in rate is due to some lo-
cal motion of the hydrogen precursory to actual
motion of hydrogen out of the sample. One would
not expect to see a motional narrowing of the line
below approximately the temperature at which the
rate reaches a maximum, which is not experimen-
tally attainable. Although there is some scatter in
the data, the general increase gives an activation en-

ergy of -0.2 eV. We obtain the same activation
energy from the changes in the narrow line with an-

nealing temperature. This energy agrees reason-
ably well with previous work of Reimer et al. who
found an activation energy of 0.3 eV from the
changes in the narrow line width with annealing
temperature. Activation energies from -0.2 to
—1.7 eV may be deduced from published hydrogen
evolution data ' ' and so it is difficult to make any
quantitative comparison with those results.

I I I I &&111 I I I 1 ll&&1 & & I

T„=530' C

:TA=45

Oi

Ta =500 C /

o'

c

10 100
r(K)

FIG. 7. Low-temperature T~ minimum after anneal-
ing. The curves are drawn merely as a visual aid. The
data prior to annealing (solid points} are included for
reference.

After several of the higher-temperature anneals
we again looked at the T& minimum. The results,
shown in Fig. 7, show little change in the low-
temperature minimum up to Tz ——500'C even
though about two thirds of the hydrogen has
evolved by that time. However, after annealing the
sample at 530 C the minimum has disappeared,
which indicates that the relaxation centers must all
be in quite similar environments to evolve over such
a narrow temperature range.

V. DISCUSSIQN

It is clear that an understanding of the origins of
the two NMR lines and their ubiquitous appearance
is of fundamental importance to an understanding
of the hydrogen bonding in amorphous silicon. It is
generally accepted that the narrow Lorentzian line
is due to hydrogen atoms placed randomly in the
amorphous silicon network at "monohydride" sites.
Table II gives a (Lorentzian) linewidth of about 3.5
kHz for a concentration of 8 at. % based on a sta-
tistical calculation for a system of spins randomly
placed on a cubic lattice. Since the narrow line is

1
due to at most —, of the hydrogen (i.e., &6 at %%uo ), .
the protons which contribute to the narrow line
must be clustered in regions of relatively higher
concentration with other regions having little or no
hydrogen. For some samples such as NRL and
BNL94, which have a relatively large amount of
hydrogen (4—6 at. %%uo ) in th enarro w lin e, thi s lin e is
reasonably accounted for by a random distribution
of sites over -75%%uo of the lattice. However, the
other three samples (RCA, CHI, and BNL95) have
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less hydrogen ( -3 at. %) in the narrow line and yet
somewhat larger linewidths. At least in these sam-

ples the hydrogen must be clustered in the region
not occupied by the protons giving rise to broad
line. Reimer et al. 9 estimated that about 25% of
the lattice was occupied either by protons giving
rise to the broad line or by "buffer" regions between

the broad-line and narrow-line regions. Reimer
et a1. had calculated that the narrow line could be
accounted for by a random distribution of spins
with no clustering. However, their calculation is
based on fitting the line to a Gaussian form,
whereas the present calculation is based on a
Lorentzian line shape, which is much closer to that
which is observed.

The interpretation of the broad line is not so clear
cut. In the present study none of the films show

any appreciable infrared absorption which is not at-
tributable to monohydride vibrations. Further-
more the broad line is too narrow to be due primari-

ly to hydrogenated vacancies or divacancies. Al-
though one would expect the silicon atoms to relax
around a vacancy, the magnitude of this relaxation
must be &0.5 A to give a linewidth of about 25
kHz, and this magnitude is probably unreasonable.
The most likely interpretation is that the broad line
is due to hydrogen bonded on the internal surfaces
of small voids with typical dimensions of 5 to 100
A. It is natural to compare the observed linewidth
of -25 kHz to that calculated in Table II for crys-
talline silicon surfaces (-8 kHz). By comparing
the calculated linewidths for hydrogen in the bulk
uniformly and randomly distributed, we see that
randomness can significantly increase the linewidth
over that which might be expected from an average
proton-proton separation. For both (111)and (110)
crystalline surfaces, which would have one hydro-
gen per Si atom, the hydrogen is bonded only to
next-nearest-neighbor silicon atoms. One can ex-
pect in amorphous silicon to see hydrogen atoms
bonded to nearest-neighbor (although those protons
would also be -3.8 A apart) and third-nearest-
neighbor silicon atoms in addition to distorted bond
angles and bond lengths. Both of these factors will

yield a distribution in hydrogen-hydrogen separa-
tions instead of the discrete values for the hydro-
genated crystalhne surfaces Since th. e dipolar in-
teraction decreases as r we need only consider
nearest-neighbor spins in calculating a reasonable
estimate of the second moment using Eq. (2), i.e.,

M2 oc 1/1

where d is the crystalline surface proton-proton
separation P.84 A on Si(111)J. For simphcity we

will take x to have a rectangular distribution from
d +Ed to d b,d—. The random nature of the distri-
bution will then increase the second moment by a
factor P given by

P=(Mi /Mp ) =c 1 1 1

(1—Y) (1+Y)

where Mr, Mz are the second moments for amor-A C

phous and crystalline surfaces, respectively, and
Y=hd/d. A value of Y=0.5 is required to in-
crease the crystalline linewidth to that which is ob-
served. This calculation assumes that the mean
separation (i.e., the density) is the same as in the
case of the crystalline surface and naturally the
width of the distribution could be somewhat re-
duced by assuming that the amorphous surface is
more densely packed. There seems to be little
reason to believe that the internal amorphous sur-
faces are denser than the crystalline surfaces, espe-
cially since the principal crystalline surfaces all
have similar densities. While this may seem to be a
very broad distribution in nearest-neighbor proton-
proton separation it does help to explain one rather
puzzling observation. For those films which show
SiHr, SiH3, and (SiHr)„vibrations, no new proton
NMR line is observed even though the nearest-
neighbor proton-proton distance is 2.45 A for these
bonding configurations. If we do assume that a
broad distribution of nearest-neighbor "monohy-
dride" distances exists along with the polyhydride
groups it is not surprising that the addition of such
groups to the film does not change the linewidth
appreciably. In addition, since we assume the voids
to be irregularly shaped it is only natural to expect
that there are "corners" or "edges" to the void
where the protons would be quite close together.
To summarize this point, a rather broad distribu-
tion of proton-proton separations on the internal
surfaces is necessary to account for the width of the
broad line. However, by assuming such a distribu-
tion we obtain a natural explanation of why such
groups as SiHq do not give rise to an additional line.

In considering various possible models for the
spin-lattice relaxation mechanism it is worthwhile
to reemphasize the features of the data which must
be fit. The most prominent features are the
minimum in Ti at T=30 K and the relatively
strong frequency dependence of T~ at low tempera-
tures. Any proposed mechanism must also be able
to fit the magnitude of Ti with a reasonably small
number of relaxation centers. A number of
mechanisms have been shown to give T& minima in
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other solids. Actual motion of the protons would
produce a T~ minimum. However, this would
also yield a narrowing of the NMR line at ternpera-
tures above the minimum, while the observed NMR
line is independent of temperature. Paramagnetic
impurities could, in principle, produce a
minimum. However, to yield a minimum at
T=30 K one would need a large density (-10'
cm ) of a very rapidly relaxing center such as a
non-s-state ion. Secondary-ion mass-spectroscopy
analysis (SIMS) and our own electron spin reso-
nance (ESR) data clearly indicate that there are not
nearly enough of such impurities to give such a ra-
pid relaxation. Raman processes involving phonons
andjor disorder modes have been invoked to ac-
count for T, minima ' seen in other amorphous
solids. Such a mechanism would yield a T~ which
was independent of frequency, contrary to our re-
sults. Relaxation via dangling bonds" or other lo-
calized electronic centers' has been proposed for
hydrogen in some sputtered a-Si:H films. However,
these give no minimum in T&. The present authors
originally proposed that a small fraction of the hy-
drogen atoms in disorder modes would act as relax-
ation centers. ' Recently Movaghar and
Schweitzer, ' using a more refined calculation, have
pointed out that approximately 10%%uo of the hydro-
gen atoms would have to be in a disorder mode to
yield the observed relaxations times. Such a large
number of centers should be directly observable,
and there is no direct evidence.

Conradi and Norberg (hereafter referred to as
CN) have recently proposed that molecular hydro-
gen trapped in the silicon matrix acts as the relaxa-
tion center. ' We have recently published results
which support this model. '

In the model proposed by CN a small number of
hydrogen molecules (-1%of the total hydrogen in
the lattice) acts as relaxation centers with the bond-
ed hydrogen relaxing via spin diffusion. The relax-
ation of the molecular hydrogen produces the
minimum in T&. The mechanism is the same as has
been used to explain the relaxation of molecular hy-
drogen in rare-gas solids. For the bonded hydro-
gen the spin-lattice relaxation time is given as

T&(H) = —,T&(H2)[n (H)/n(o-H2)]+ T~(SD),
(7)

where n(H) is the total concentration of hydrogen in
the sample and (on-Hz) is the concentration of
orthohydrogen in the material. T~(H2) is the spin-
lattice relaxation time for the orthohydrogen mole-
cules, and T&(SD) is a spin-diffusion limited term
which can produce a spin-diffusion bottleneck. The

factor —is due to different nuclear spins of the hy-8
1

drogen atom (I = —,) and the orthohydrogen mole-
cule (I =1). The relaxation rate for the orthohydro-
gen is given as

T)(Hp) 1+cool I+4coov

dXp = —CXp,
dt

where xp is the fraction of H2 molecules in the
ortho state and C is the rate constant. The value of
T& at a given temperature will be linear in time
since it is inversely proportional to xp. This is
shown in Fig. 9 for T =T;„. Annealing the sam-
ple at room temperature restored the values of T]

(9)

where ~d ——3.6X10 sec ' is the dipolar coupling
between the protons in an Hq molecule, ~ ' is the
rate at which the lattice induces rotational transi-
tions in the H2 molecule, and Np is the resonant fre-
quency. There are a total of eight rotational modes
which couple to the nuclear spin system. Electric
field gradients at the site will shift the energy of all
but n, of these modes away from ficoo. For a site of
low symmetry (the case assumed by CN) n„=2, for
axial symmetry n, =4, and for a high-symmetry site
with no field gradients n, =8. Conradi and Nor-
berg assume that the rate ~ ' is that for a quadru-
polar nucleus relaxing via a two-phonon Raman
process. ' Clearly the functional dependence of r is
not relevant to the value of T j at the minimum or
to the frequency dependence of T& at either low
temperatures (high r) or high temperatures (low r).
T

& (H2) is calculated to be —1 nsec at the
minimum' and T&(SD) is taken to be -0.16 sec.
Therefore, —l%%uo of the hydrogen must be in molec-
ular form to give the observed minimum in T&.

One test of this model is to look for the conver-
sion of the orthohydrogen to parahydrogen, which
does not act as a relaxation center because I =O.
This conversion is a slow birn olecular process
driven by the interaction between protons on adja-
cent H2 molecules. The ortho-to-para ratio will be
frozen in during the normal running of an experi-
ment. In order to test for this effect we held a sam-
ple (RCA) at liquid-helium temperature for three
months and intermittently checked for changes in
the T~ minimum. The results are displayed in Fig.
8 which shows an increase in the minimum as a
function of the time held at 4.2 K.

As mentioned before, this conversion is bimolecu-
lar and hence described by the equation
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FIG. 8. Effect on the T~ minimum of holding the

sample (RCA) at 4.2 K for the time indicated on the
left.

initially measured.
Although the molecular hydrogen model does fit

the T& vs temperature data quite well there are a
number of difficulties which deserve mention. The
CN model gives an co frequency dependence, but
the data are better fit by a linear frequency depen-
dence although there is significant scatter. Also,
several samples (BNL95, NRL, and CHI) have
much weaker temperature dependences for T g T;„
than the others. In the CN model, T~ ~ T at low
temperatures. This temperature dependence arises
from the relaxation of the Hz molecule to the lattice
via a two-phonon Raman process. ' In addition
to phonons, many amorphous materials contain
low-energy localized excitations known as disorder
modes or two-level systems. In these solids there
exist atoms or groups of atoms which may tunnel or

4L
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FIG. 9. Change in the value of T~ (min) as a func-
tion of the time held at 4.2 K (inset} and the return of
the value of T& (min) as a function of time (t, ) annealed
at room temperature.

hop between two local-energy minima. The energy
distribution of these disorder modes is roughly con-
stant at low energies in most materials. Reinecke
and Ngai ' have shown that Raman processes in-

volving two disorder modes yield a spin-lattice re-
laxation time proportional to T ' at low tempera-
tures, ' while Raman processes involving a phonon
and a disorder mode yield a T dependence.
While our data are insufficient to distinguish be-
tween a T and a T temperature dependence for
T~ of the RCA and oxygen-free Brookhaven sam-

ples, the temperature dependence is clearly stronger
than T '. However, the other samples (BNL95,
NRL, and CHI) have much weaker temperature
dependences and therefore it is possible that in these
films Raman processes involving disorder modes
provide the dominant mechanism for relaxing the
Hz molecules. Although the oxygen content of
samples NRL and CHI is not well documented, the
BNL95 film contains more oxygen than do RCA
and BNL94. Because u1trasonic measurements in-

dicate that the number of low-frequency disorder
modes increases with oxygen content, one might
speculate that the disorder modes involved in the re-
laxation in BNL95 are associated with the oxygen
impurity.

These discrepancies are primarily questions con-
cerning the details of the CN model, i.e., of how the
hydrogen molecules relax to the lattice, and not of
the central point of the model, which is the ex-
istence of a small density of Hz molecules which act
as relaxation centers in the glow-discharge deposit-
ed a-Si:H films. While the number of Hz molecules
needed is small, this number should be detectable
directly by NMR provided its line shape can be dif-
ferentiated from those due to the bonded 'hydrogen.
One would expect the molecular hydrogen line to be
motionally narrowed and therefore easily resolved.
However, as can be seen in Fig. 1(a), the free induc-
tion can be followed through 3 orders of magnitude
and no third line is resolved. It is possible that the
molecular hydrogen line is not fully motionaIly nar-
rowed The mol.ecules could be confined to move in
some localized region where they could still interact
with bonded hydrogen. Conradi and Norberg have
assumed that the molecular hydrogen sits at a site
of low symmetry, if we consider a high-symmetry
site this would reduce the number of Hz molecules
necessary by a factor of -4 to a point where they
would only be marginally detectable in our experi-
ment.

The annealing data support the concept that the
hydrogen molecules all exist in a particular site
since all the relaxation centers anneal out between
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500 and 530'C. Furthermore, the existence of a
small amount of molecular hydrogen trapped in the
a-Si film is consistent with current models ' of
the growth process for these films. In these
models" ' hydrogen is removed from the film dur-

ing growth as H2 molecules are formed at the sur-
face. Within this context one might expect to see
some of the Hz trapped within the film in micro-
voids small enough to trap such a small molecule in
an arrangement that is stable up to 500 C. These
microstructures are probably not unique to the
glow-discharge prepared a-Si:H films. Films
prepared by sputtering in argon have some argon
trapped up to similar temperatures, and the argon
atom is only about 15/o larger than Hz

plained by a model of Conradi and Norberg in
which -1% of the hydrogen is trapped as molecu-
lar hydrogen which serves as the relaxation center.
Although there are some questions about details of
the model, the conversion of the molecular hydro-
gen from the ortho state to the para state provides
convincing support for the general mechanism. The
annealing data indicate that the H2 molecules are
trapped in well-defined sites, while the magnitude
of the Ti minimum suggests that these sites are
quite abundant (-10' /cm) in the amorphous sil-
icon.
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