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This thesis is dedicated to the late Professor Robert W. Vaughan ...
"There is an appointed time for everything. And
there is a time for every event under heaven ~
A time to give birth, and a time to die;
A time to plant, and a time to uproot
what was planted.
A time to kill, and a time to heal;
A time to tear down, and a time to
build up.
A time to weep, and a time to laugh;
A time to mourn, and a time to dance.
A time to throw stones, and a time to
gather stones;
A time to embrace, and a time to shun embraci,ng.
.
A time to search, and a time to give
up as lost;
A time to keep, and a time to· throw away.
A time to tear apart, and a time to
sew together;
A time to be silent, and a time to speak.
A time to love, and a time to hate;
A tiem for war, and a time for peace ...
know that every thing God does will remain forever;
there is nothing to add to it and nothing to take from it,
for God has so worked that men should fear Him."
I

from Ecclesiates, Chapter 3
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ABSTRACT
Part 1

Proton magnetic resonance data are presented for twenty different
plasma-deposited amorphous silicon-hydrogen films.

The two phase compos-

itional inhomogeneity observed in these films is found to be independent
of film thickness down to less than lµ.

Models for various structural

configurations show that these films contain heavily monohydride clustered
regions such as divacancies and voids, as well as (SiH 2)n and SiH 3 local
bonding configurations. The presence of the divacancies in films showing
predominantely monohydride vibrational modes provides some insight into
the controversy over the assignment of the 2090 cm-l vibrational mode.
The films also contain regions in which monohydride groups are distributed at random.

Based on changes in a film whose

proton NMR lineshapes

are metastable as deposited, a model based on strain relief is proposed
for film development which explains the ubiquitous presence of the two
phase inhomogeneity.

Examination of the changes in proton NMR data as a

function of deposition conditions furnishes new insight on the role SiH 2
and SiH+x groups have in models for the gas phase reactions involved
. in the
developing films.

Finally, p- or n-type dooinq is found to increase the

the hydrogen content of the films, and, under heavy p-type doping with
diborane, boron clustering may occur within the films.

Proton NMR line-

shapes are also presented as a function of annealing temperature up to
650°C.

The data indicate that hydrogen diffuses internally before major

vu
evolution occurs, that transfer of hydrogen occurs from a heavily clustered phase to a dilute phase coincident with evolution and that evolution
occurs initially from the heavily clustered phase.

Internal hydrogen

diffusion is found to be concomitant with the reduction in paramagnetic
center density.
Silicon-29 and hydrogen magic angle sample spinning experiments on
amorphous silicon-hydrogen films (involving cross-polarization and homonuclear multiple pulse techniques respectively) fail to yield quantitative
determinations of local silicon-hydrogen bonding environments. However,
the 29 si data are qualitatively consistent with infra-red assignments of
(SiH 2)n groups. Furthermore, the lack of significant line narrowing for
the 29 si spectra upon magic angle sample spinning shows that there are
large chemical shift dispersions, indicative of the disorder in the amorphous lattice.
Proton spin-lattice relaxation data are presented for several plasma
deposited amorphous silicon-hydrogen films when (i), homonuclear dipolar
interactions are suppressed, (ii), deuterium is isotopically substituted
for hydrogen, and (iii), films are annealed.

These· data are consistent

with a model in which proton nuclei are relaxed by hydrogen-containing
disorder modes.
modes is

~30%

Analysis of these data shows that the density of disorder

higher in the low hydrogen density domain and that more than

one hydrogen nucleus is associated with each disorder mode.

The behavior

of T1 upon annealing indicates that a small fraction of unpaired spins
or "dangling bonds" may be associated with the disorder modes. These results suggest that the role of hydrogen in amorphous silicon is more

complex than passivation of "dangling bond intrinsic defects.
11

Finally, proton magnetic resonance data are presented for the hydrogen alloys of plasma-deposited amorphous boron, carbon, silicon carbide
and silicon nitride.

Linewidth and lineshape analysis leads to the con-

clusion that hydrogen nuclei are clustered in a-Si/C:H, a-C:H, and
a-Si/N:H.

Both a-Si/C:H and a-C:H data show hydrogen exists in two phases.

Modeling of linewidths in a-Si/C:H indicates that the two phases are
heavily hydrogenated carbon clusters imbedded in a weakly hydrogenated
a-Si lattice.

In addition, evidence is presented for the presence of

motionally narrowed hydrogen spectra in . a-Si/N:H, a-B:H, and a-C:H.

It

is suggested that the hydrogen nuclei giving rise to these spectra are
associated with disorder modes.

Part 2

The production of heteronuclear dipolar modulated chemical shift
spectra of specific protons within polycrystalline solids is described
by consideration of explicit double resonance pulse schemes which remove
both heteronuclear and homonuclear dipolar interactions.

These spectra

furnish an accurate method of determining bond distances in local environments of complicated chemical systems.

When used in conjunction with

selectively observed chemical shift spectra, these schemes present a means
for characterization of both
solid state.

geo~etrical

and electronic properties in the

To demonstrate the utility of these experiments, selective

proton observed NMR results are presented for the carbonyl protons of

adsorbed formic acid on ammonium-Y zeolite and the hydrogen bonded proton
in polycrystalline acetanilide.

Chemical shift information for the ad-

sorbed formic acid shows a chemisorbed species consistent with formate ions.
The data for the amide bond in polycrystalline a.cetanilide show a hydrogen
bond with a chemical shift anisotropy of 17.7 ppm and a N-H distance of
1.05±0.01 ~.
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PART 1: MAGNETIC RESONANCE STUDIES OF
PLASMA-DEPOSITED INORGANIC FILMS

Chapter 1

I NTRODUCTlON

2

One of the fundamental pursuits of chemistry is an understanding
of the way in which structure affects reactivity.

The structure of a

molecule is reflective of its quantum mechanical wavefunctions and
energy eigenvalues, which in turn may be used to understand bond-making
and bond-breaking processes.

In semiconductor physics, the same re-

lationship between structure and energy eigenvalues exists; however,
the goal of understanding this relationship is not the design of molecular reactions, rather, it is the design of semiconductor devices, the
heart of the booming electronics industry.
The lack of understanding of the relationship between structure
and the density of electronic energy eigenvalues is particularly acute
in the field of amorphous semiconductors.

In these materials, the ab-

sence of long-range order precludes the use of theories (JJ intended to
study crystalline systems.

A brief examination of a recent model of the

electronic states of amorphous semiconductors

(~,ll (~ue

to Mott, Davis,

Cohen, Fritzsche and Ovshinsky) is useful in determining some of the
important structural questions in amorphous semiconductors.

Figure 1

(from Reference 2) shows that a single energy band within the solid may

ScHEHATIC DIAGRAM OF THE DENSITY OF STATES OF AN ISOLATED
ENERGY BAND WITHIN A DISORDERED SOLID. THE SHADED REGIONS
CORRESPOND TO LOCALIZED STATES,
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Figure 1
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be composed of states which are localized in space and those which are
not (extended).

Figure 2 shows a band model of an ideal amorphous semi-

BAND MODEL DIAGRAM OF AN IDEAL AMORPHOUS SEMICONDUCTOR.
Nore THE NARROW ENERGY RANGES FOR THE INTRINSIC LOCALIZED
STATES, THE VALENCE BAND STATES ARE LOCALIZED AT ENERGIES
GREATER THAN fy; THE CONDUCTION BAND STATES ARE LOCALIZED
AT EN ERG I ES LESS THAN Ee.

g

::c

EXTENDED
STATES

Ev
illCTROfl ENERGY E

Figure 2

conductor with the localized states near the valence and conduction band
edges, while the extended states are within the valence and conduction
Since amorphous semiconductors may be doped p- or n-type, there

bands.

exists an analogy between defects and impurities in crystalline semiconductors (which result in discrete states in the energy gap) and
amorphous semiconductors.

This analogy is described in Figures 3 and 4

(from References 2 and 3, respectively).

It is thus seen that localized

BAND MODEL DIAGRAM OF A REAL AMORPHOUS SEMICONDUCTOR WITH
IMPURITIES AND DEFECTS 61VIHG RISE TO STATES WITHIN THE GAP,
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Figure 3
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SCHEHATIC DIAGRAM SHOWING THE DEVELOPMENT OF BAND MODELS
FOR THE DESCRIPTION OF AMORPHOUS SEMICONDUCTORS, (A) THE
CoHEN-FRITZSCHE-0vSHINSKY MODEL, (B) THE DAVIS-MClTT MODEL
(WITH A BAND OF COMPENSATED LEVELS AT THE MIDDLE OF THE
BAND GAP), (c) MODIFIED t'K>TT-DAVIS MODEL, AND (D), A MORE
REALISTIC MODEL OF A REAL GLASS WITH DEFECT STATES,

Figure 4

states may exist in the band gap by design (i.e. doping) or as a result
of defects.

Since states in the band gap affect electronic and/or

optical properties significantly, some important questions are:

what

are the structural features of the defects giving rise to states within
the gap? What is the role of the short-range order in determining the
shape of the intrinsic localized states?
The role defects play in optimizing the optical or electric properties of amorphous semiconductors is perhaps best visualized by considering luminescence experiments

(_~_).

Figure 5 (from Reference 3) shows a
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fl'DDEL DIAGRAM DEPICTING THE PHOTOGENERATION AND LUf'llNESCENCE
PROCESS, (A) PHOTOEXCITATION ACROSS THE GAP FOLU~ED BY RAPID
- - - - - - - - - - - - - T R A P P I N G O F T H E HOLE AT A DEFECT CENTER,(A') CORRESPONDS TO
DIREC1 EXCITATION OF THE DEFECT CENTER, (B) SHOWS THE
RELAXATION OF THE DEFECT LEVEL TO A POINT HIGHER IN THE GAP,
THE ELECTRON AND HOLE THEN RECOMBINE RADIATIVELY PRODUCING
A LUMINESCENCE SPECTRUM AT ENERGIES LESS THAN THE ABSOPTION
ENERGIES, THE SHIFT OF ENERGY BETWEEN ABSORBANCE AND LUMINESCENCE IS RELATED TO THE DISTORTION ENERGY OF THE DEFECT
CENTER.

Figure 5

model (due to Street) for luminescence processes in amorphous semiconductors.

Photoexcitation from the valence band or from a defect center

produces an electron-hole pair, each of which is rapidly trapped at
defect centers near the conduction or valence band edges, respectively.
The defect center then distorts and moves its energy level to a new
position (higher) in the gap.
radiatively.

The electron and hole then recombine

The difference in energy between the absorption and

luminescence energies is then related to the distortion energy of the
defect site.

Of course, not all defect sites are the same and there are

some defects which allow for rapid nonradiative recombination of the
electron and hole.

The luminescence efficiency is then a measure of

radiative versus nonradiative electron-hole recombination processes.
is worth noting that, in general, the longer the electron and hole

It
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remain separated, the better the semiconductor is for device applications
(_~_).

This means, for instance, that higher luminescence efficiencies

results in materials with excellent photoconductivities and photoreceptor properties.

As a result, there is an important structural ques-

tion relating to luminescence efficiency in amorphous semiconductors:
what is the structure of defect sites responsible for nonradiative recombination of electron-hole pairs?
Since amorphous semiconductors are by definition highly disordered,
the usual structural tools for studying crystalline materials fall short
of describing structure in amorphous materials.

The structural tools

employed to date for the study of amorphous. semi conductors are
X-ray, electron or neutral diffraction data,
copy,

(iii) EXAFS, and

microscopy.

(i)

(ii) vibrational spectros-

(iv) electron (scanning or transmission)

X-ray·, electron or neutron diffraction data are most often

empioyed and result in radial distribution functions (RDF) describing
local coordination

(!,~)

of atoms.

Extended X-ray absorption fine

structure (EXAFS) has also been shown

(_~_)

to yield local coordination

numbers for impurity atoms in amorphous semiconductors.

Raman and infra-

red vibrational spectroscopy have been used extensively to study vibrational modes in amorphous materials

(_~,§_).

From a structural point of

view, vibrational modes due to bond bending or bond stretching are most
important as theyalsoyield information on local bonding configurations.
Electron microscopy is useful in determining microstructural features
such as voids, co 1umns, cracks, etc. to a re so 1uti on of tens of angstroms

(z_).

All of these methods have been applied to the study of amorphous

7

semiconductors.

The purpose of Part I of this thesis is to use nuclear

magnetic resonance techniques to probe structural features of one amorphous semiconductor in particular:
films.

plasma-deposited silicon-hydrogen

The structural information obtained is unique vis-a-vis other

structural tools and provides information on both microstructure and
defects responsible for nonradiative

electron~hole r~combination.

Amorphous silicon-hydrogen films were first investigated by Chittick
et al. in 1969 (.§_).

These films were produced by glow discharge decom-

position of silane and were shown to be good photoconductors and
receptive to both p-and n-type doping.
and LeComber
synthesized.

(~_)

A more definitive study by Spear

in 1975 showed that p,n junctions could easily be

In 1976, Carlson and Wronski at RCA Laboratories synthe-

sized the first a-Si :H solar cells (_10).

Since fabrication of a-Si:H

cells is very inexpensive (a few dollars per square foot), there has
been considerable motivation to study a-Si:H films and design deposition
conditions to optimize optical and electronic properties.
The production ·of inorganic thin films by glow discharge has
described in the literature in a number of reviews (11 -13).
apparatus used in these studies is shown in Figure 6.

b~en

The

The walls of the

chamber are stainless steel held at ground potential while rF is applied
to one of the two electrodes.

Because of the difference in mobilities

of the ions and the electrons in the discharge, the rF applied electrode
becomes cathodic with a large negative D.C. bias.

Table I describes the

range of deposition parameters used in production of many of the films
reported herein.

8
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Fig. J.

Schematic of plasma-deposition system.

Figure 6

Table I.

Deposition parameters.

Parameter

Range

0.05-1.0 Torr
50-200 seem

Pressure
Flow (total)
Concentration
(silane in argon)
RF power
Bias(-ve)
Substrate temperature

0.1-100%
0.5-40 watts
0-40 volts
-125--450°C

The range given here is that typically used during experiments at this laboratory with a particular system.

Table I

The remarkable electronic properties of hydrogenated amorphous
silicon (a-Si:H) are apparently related to the presence of hydrogen
within the films.

In 1978, Pankove

(!_!,_!~_)

showed that luminescence

9

efficiency decreased when hydrogen was removed by annealing.

Further-

more, upon rehydrogenation by exposure to atomic hydrogen, the films
recovered their original luminescence characteristics.

Soon afterward,

electron spin resonance studies (16 - 18) showed that the number of
unpaired electron spins associated with broken Si-Si bonds (so-called
dangling bonds) was decreased by several orders of magnitude upon
hydrogenation.

The ostensible role of hydrogen is then "passivation"

of the dangling bond intrinsic defects.

One then associates the

dangling bonds with nonradiative recombination·centers and the role of
hydrogen in the electronic properties of a-Si:H is thus understood.
During 1978-80, the research group at Xerox (mainly Knights, Street,
Bi ege 1s·en, Lucovsky and Nemani ch) reported some pioneering s tu di es (12....:._
22) on correlations between electron spin resonance, luminescence

efficiency, and vibrational spectroscopy measurements.

Since the vi-

brational spectroscopy measurements detail the local bonding configurations of hydrogen on silicon [e.g. SiH, SiH 2 , (SiH 2 ) 0 J, by correlatirig
ESR/luminescence data with specific vibrational modes they discovered
that defect sites responsible for nonradiative recombination in a-Si:H
are related to the way hydrogen is incorporated into the samples .

ever, the details of the defect structure remain uncertain.

How-

The book is

by no means closed on the role hydrogen plays in determining the electronic properties of a-Si :H.
The role hydrogen plays in crystalline devices is apparently no
less important (29 - 34).

Although details of device manufacturing are

usually proprietary, it has become clear ('29 - 32) that high temperature
treatment of devices with hydrogen is necessary for them to work.

10

Hydrogen, in the form of SiOH and SiH groups, appears to be responsible
for a large decrease in the number of surface charge states at Si/Si0 2
interfaces (29-32). Most recently, it has been shown (34) that diffusion of hydrogen into the Si/Si0 2 interface decreases the ambient
electron spin resonance signal. It appears then that a study of the
role hydrogen plays in a-Si:H defect structures may have important consequences for the design and manufacture of MOS devices.
The fact that depositton parameters can be adjusted to optimize the
electronic properties of a-Si :H (1) implies that there is yet another
frontter in the study of these films:

how does the chemistry of the

glow discharge affect the properties of the resultant film?

How do

films grow on substrates and does film growth affect the electronic
properties as well? There have been several studies tn the recent literature (35 - 41) on effects of gas phase chemistry on mode 1s for film
growth yet none of these works ts

definitive~

These works have been

prompted by the desire to understand how defect structures responsible
for electron-hole nonradiative recombination are formed, and hence, how
they may be mtnimized.
Part l of this thesis may be di'vided into three secttons.

Chapter

2 discusses the structural consequences of the proton NMR lineshapes in
a-Si:H (and to a lesser extent, a-C:H, a-Si/C:H, a-Si/N:H, and a-B:H).
It is shown that these data reveal useful and unique structural information which, when taken as a function of deposition conditions, furnish
insight into models for chemical reactions in the glow discharge as well
as for film growth.

In addition, studies on annealed a-Si:H films show

how structure and hydrogen content changes with concomitant changes in

11

electron spin resonance and luminescence efficiency data.

Chapter 3

details the efforts to determine quantitatively the different types of
.
. 29 s., an d 1H mag1c-ang
.
1e samp 1e sp1nn1ng
. .
.
con f.igurat1ons
via
1oca 1 bon ding

experiments.

These experiments reveal information about the disorder in

the amorphous silicon lattice.

Finally, Chapter 4 reports the results

of proton spin-lattice relaxation

e~periments

in a-Si :H films and yields

new evidence for the structure of the defect sites responsible for nonradiative recombination.

Each of the chapters that follow has been published or is currently being submitted for publication.

Hence, the figures, references,

experimental methods, introductions, and conclusions are local to each
chapter.

12
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Chapter 2

FILM MICROSTRUCTURE AS DETERMINED BY
PROTON MAGNETIC RESONANCE LINESHAPES
A:

Amorphous Silicon

(This section is essentially b.»o articles by J. A. Reimer> R. W. Vaughan
and J. C. Knights. They are: (i) "Proton Magnetic .Resonance Spectra
of Plasma-Deposited Amorphous Si:H Films"> Physical Review Letters 44>
1.93 (1980); and (ii) "Proton Nuclear Magnetic Resonance Studies of
Microstructure in Plasma-Deposited Amorphous Si Ucon-Hydrogen Films">
which has been submitted to Physical Review B.)
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Abstract

Proton magnetic resonance data are presented for twenty different
plasma-deposited amorphous silicon-hydrogen films.

The two phase compos-

itional inhomogeneity observed in these films is found to be independent
of film thickness down to less than lµ.

Models for various structural

configurations show that these films contain heavily monohydride clustered
regions such as divacancies and voids, as well as (SiH 2)n and SiH 3 local
bonding configurations. The presence of the divacancies in films showing
predominantly monohydride vibrational modes provides some insight into
the controversy over the assignment of the 2090 cm-l vibrational mode.
The films also contain regions in which monohydride groups are distributed at random.

Based on changes in a film whoses proton NMR lineshapes

are metastable as deposited, a model based on strain relief is proposed
for film development which explains the ubiquitous presence of the two
phase inhomogeneity.

Examination of the changes in proton NMR data as a

function of deposition conditions furnishes new insight on the role SiH 2
and SiH: groups have in models for the gas phase reactions involved in the
developing

fil~s.

Finally, p- or n-type doping is found to increase the

hydrogen content of the films, and, under heavy p-type doping with diborane, boron clustering may occur within the films.
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1.

INTRODUCTION
Considerable attention has been focused recently on hydrogenated

amorphous silicon (a-Si:H) films (..!E._) because of their electronic properties

(!.~)and

application to p,n and Schottky barrier junctions (2 -4),

photovoltaic energy conversion devices
tors

(!l,.!~).

(~),

and xerographic photorecep-

There have been several studies on the role film micro-

structure plays in determining the electronic properties of the films.
In particular, scanning and transmission electron microscopy

(~_)

has

shown a strong correlation between columnar. morphology and the presence
of nonradiative recombination centers which limit luminescence
efficiency.
(Z.,.~)

Small angle X-ray and neutron scattering results have shown

that strong isotropic low angle scattering exists in samples that

show no microstructure via TEM or SEM.
measurements

(~,]&)

Vibrational spectroscopy

have led to the conclusion (_16) that growth of

columnar microstructure is paralleled by an increase in (SiH 2}n 11 polysilane" oscillator strengths.
More recently, proton nuclear magnetic resonance (NMR) data have
posed some new questions on the role of hydrogen in structural properties of a-Si:H films.

Linewidth and lineshape data have shown (10)

direct evidence for two-phase compositional inhomogeneity.

The two

domains differ in the density of hydrogen, however, in both domains the
hydrogen nuclei are clustered.

Modeling of proton distributions led to

the conclusion that the high hydrogen density domain could be due to

18

local clustering on silicon atoms [e.g.

2

(SiH ~n

or monohydride clustering on internal surfaces.

11

polysilane regions]
11

Monohydride clustering

was confirmed by further proton NMR studies (11) of annealed a-Si:H
films.

In those studies we showed that upon annealing hydrogen in the

less clustered domain (predominantly monohydride) diffuses internally
(prior to evolution) concomitant with the reduction in paramagetic
center density

(1_~).

Further combined NMR and infrared studies on the

effects of inert gas dilution on film formation and growth (l.Z_) have
shown that high deposition rates achieved with He and Ne diluent gases
are associated with high levels of hydrogen incorporation in the form
of heavily clustered monohydride configurations.

Thus, inhomogeneous

microstructure occurs not only when (SiH 2}n is present but when clustered
SiH are present as well.
The purpose of this work is to propose structural models for the
proton NMR lineshapes and examine the microstructural implications of
changing deposition parameters.

Specifically, we wish to show:

(i)

saturation experiments which confirm that the two proton dipolar reservoirs are indeed isolated;

(ii) that the two component behavior is

independent of film thickness (down to 1

~);

(iii) that the two com-

ponents may be modeled by local bonding configurations and a random distribution of protons;

(iv) that divacancies are a common

microstruc~

tural feature (which may be responsible, in part, for the 2090 cm-l
vibrational mode);

(v) that the spatial isolation of the two proton

domain may be understood in terms of strain in the film during deposition;

(vi) that gas phase chemistry in the discharge influences the

microstructural properties of the films; and finally

(vii) that p- .or
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n-type doping increases the hydrogen content of the films and heavy p-type
doping with diborane may lead to boron-clustering within the films.

2.

EXPERIMENTAL
Proton magnetic resonance data were taken with an NMR spectrometer

described previously (.!Q.).

The spectra were obtained by Fourier trans-

formation of the free induction decay (FID) of the magnetization following
a preparatory pulse.

This usually is a simple 90° pulse, although in

the saturation experiments a weak tickling field was applied prior to
11

the 90° pulse.

11

The 90° pulse lengths were always less than 2 ~seconds.

In all experiments, the FID's were signal averaged prior to Fourier
transformation with 500 acquisitions typically accumulated. Full spinlattice relaxation was allowed between acquisitions in order to obtain
accurate counts of proton spins.

The hydrogen content of the films was

determined from proton spin counts and sample weight.

Spin-lattice

relaxation times were measured by the inversion-recovery method (.19).
All spectra were least-squares fitted to the sum of a Gaussian component
(broad line) and a Lorentzian component (narrow line). The resulting
fits were excellent and, based on values of x2 resulting from a variety
of initial starting parameters, the errors are ±1 kHz in the FWHM (full
width at half maximum) of the broad component (±.3 kHz narrow component)
and ±0.3 atom percent in the distribution between broad and narrow
components.
The samples were prepared in an rF-diode deposition described
elsewhere (20).

The samples were deposited onto

~2-inch

diameter
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aluminum foil substrates in thicknesses
sample masses in the range

~o.5

of~

0.1 to 100 µ resulting in

- 100 mg after removal of the substrates

with a dilute hydrochloric acid etch.

Tables 1, 2 and 3 detail

the deposition conditions for a variety of samples,

(i)

(ii) the hydrogen

content, distribution and linewidths from the FID spectra, and

(iii)

the spin-lattice relaxation times.

3.

RESULTS
A.

Saturation Experiments

Figure 1 details the "hole-burning" experiment designed to test
the hypothesis that the broad and narrow components of the observed FID
spectra are due to spatially-isolated dipolar reservoirs.

A weak pulse

of magnitude w~at ~ 1 khz is applied to the sample at frequency wsat
such that wsa t - wo >> FWHM narrow where wo is the center of the narrow
component lineshape and FWHM narrow is the full width at half-maximum of
the narrow component. The effect of this pulse is to saturate those
components of the lineshape that are in rapid spin-spin communication
with those components at wsat·

This saturation pulse is then followed

by a short, intense 90° pulse which places the remaining thennally induced magnetization into the x,y plane to be detected by the spectrometer.

This is shown schematically in part (A) of Figure 1.

If one

compares this experiment to a standard 90° pulse/FID measurement [part
(B) of Figure l] by taking the difference between the standard experi-

ment and the hole-burning experiment, one obtains only the lineshape
that was saturated by the hole-burning process.

The bottom of Figure 1
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shows the results of this experiment for two a-Si:H samples.

The figure

shows both the FID spectra and the results of the difference experiment.
The difference spectra are superimposed on a Gaussian line whose width
is given by a best fit to the broad component of the FID spectra.

These

results show clearly that the broad component of the FID spectra has
little spin-spin coJTJTlunication with the narrow component.

B.

Effects of Film Thickness

A series of samples was . prepared by the conditions of sample L
(Table 1), but the total deposition time, hence film thickness, was
allowed to vary.
0.1

µ

to 10

µ

The proton FID spectra were obtained for the range

in order to determine if proton NMR parameters varied with

film thickness.

Figure 2 shows the hydrogen content as a function of

film thickness over this range as well as the content in the broad and
narrow components over the range 1 -10

µ.

The 0.1

µ

sample FID spectrum,

while exhibiting two-component behavior, was not deconvolved because of
poor signal-to-noise.

Figure 2 shows the hydrogen content and distri-

bution to be roughly constant over the 0.1 - 10

µ

range of film thick-

nesses.

C.

Effects of Various Deposition Parameters

Tables 1 and 2 show the proton NMR parameters for· 15 samples which
differ in their deposition parameters.

While these data do not repre-

sent a systematic survey of the full range of parameters, several trends
are worth noting.
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(i)

In all samples, the hydrogen content in the narrow component
is 2 - 5 atom% (mean, 3.5; standard deviation, 0.8) with
linewidth of 1- 5 kilohertz (mean, 3.2; standard deviatiion,
1. 0).

(ii)

The effect of the diluent gas, notably argon vs. helium,
may be realized by comparing samples F and DD and samples
G and L.

These data show the samples deposited in helium

have an increased clustering in the narrow component and a
higher total hydrogen content.

Note in cathode samples the

effects of Ar vs. He are negligible.
(iii)

The effect of rF power may be realized by comparing samples
G and F, A and H, and I and C.

For anode samples deposited

at high temperatures, the effect of rF power appears to be
negligible.

For anode samples deposited at room temperature,

decreasing rf power causes less clustering in the narrow
component and a shorter T1 . For cathode samples,decreasing
rF power results ·in increased clustering of protons in the

(iv)

narrow component and longer T1 1 s.
The effects of a diluent gas (Ar or He) vis-a-vis deposition
from pure s il ane may be realized by comparing samp 1es AA,
F and DD, and samples KK, G and L.

The total hydrogen

content appears to increase with addition of the diluent
gas.

In low rF power samples (AA, F and DD), the increase

in hydrogen content is in the broad component.
(v)

The effect of substrate temperature on NMR parameters may
be realized by comparing samples A and G, and samples N and
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D.

Increasing temperature results in a lower hydrogen con-

tent, predominantly reflected in the broad component.

D.

Effect of Dooing with P or B

Table 3 details the deposition conditions for several samples where
dopant gases, diborane or phosphane, were introduced into the deposition
system.

The effects of doping on the proton NMR parameters may be sum-

marized as follows:
(i)

In 100% SiH 4 anode samples deposited at 23o 0 c (compare
samples CC and BB from Table 3 with sample AA from Table 1),
the hydrogen content increases when either PH 3 or B2H6 is
introduced. The phosphorus-doped sample has a shorter T1
than both the undoped and boron-doped sample.

(ii)

In 5% SiH 4 in helium samples (anode} deposited at 23o 0 c
(compare sample Wfrom Table 3 with sample L from Table ·1),
introduction of diborane reduced the T1 .

The proton FID spectrum of this doped sample (L'J) is complicated by an
aditional broad component
FWHM).

(~50

khz FWHM) and narrow component (800 hertz

The narrow component is temperature dependent (Figure 3) such

that reducing the temperature broadens the narrow component to the
point where it appears to lack any contribution to the observed spectrum.
The total hydrogen content in the additional broad and narrow component,
however, is less than

~2

atom%.
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E.

Effects of Time on a High Defect Density Sample

A high defect density sample (>10 19 spins/cm 3) was prepared by
depositing from 5% SiH 4/Ar at 25°C with an rF power of 18 watts. Figure
4 compares the proton FID spectra of the sample freshly deposited (A)
with the same sample allowed to stand in dry air for approximately six
months.

t~e

As deposited, the NMR spectra yields

hydrogen content to be

23.8% with 18.1% broad (25.8 khz FWHM), 5.0% narrow (1.65 khz FWHM),
and rvl. 5% very narrow (rvl khz FWHM). The proton spectrum of the aged
11

11

sample yields 29.? atom% H with 20.9% broad (26.8 hkz FWHM) and 3.7%
narrow (2.8 khz FWHM).

4.

DISCUSSION
A.

Structural Models for a-Si:H

Having established that the proton NMR lineshapes are dipolarbroadened (10), and that the two components are indeed spatially isolated (Figure 1), we may consider specific structural features which
may give rise to these observed lineshapes.

It is well known that the

second moment (M 2 ) of a dipolar-broadened spectrum in an amorphous
material is given by (21)
M2

= ~ y 4n2 I (I

+ 1)

l

c} for

protons), and

(1)

j, k rkj

where y is the proton gyromagnetic ratio,,
spin

+

I+

I the value of the nuclear

represents a lattice sum of distances

k rjk

to other proton nuclei.

Following our earlier work C!Q), we shall apply
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Equation (1) to two types of models.

The first, using Equation (1)

directly, models local bonding configuratins of hydrogen on silicon.
The second model is a calculation of the second moment of a known number
of spins dispersed on a simple cubic lattice.
Table 4 shows the results of applying Equation (J) to various local
bonding configurations.

Given the sensitivity of the calculations to

slight changes in interatomic distances, we make only general comments.
The hydrogenated monovacancy yields a linewidth much larger than those
observed, hence we conclude that there few, if any, of these defects
present.

This is consistent with the knowledge that monovacancies in

crystalline silicon are not stable (22).

All of the other configurations

may give rise to the broad component and their presence would be given
by the deposition conditions.

Of particular interest is the persistence

of the broad component in samples which show no microstructure by small
angle X-ray and neutron scattering experiments
DD, CC, BB and ZZ in Tables 1 and 3).

l.?J

(note samples D, AA,

In addition, tnese samples show

predominantly monohydride signatures in their vibrational spectra.
Table 4 shows that the hydrogenated divacancy may yield the broad component and would probably be too small to be detected as a void by the
scattering experiments [although small isotropic scattering persists in
many samples (25)].

The assignment of the broad component in the NMR

spectrum to these di vacancies scattered throughout the film may yield a
natural explanation to the current controversy over the assignment of
the 2090 cm- 1 vibrational mode (23,24). This mode has been assigned
previously

(~,16)

to -SiH 2 groups though two recent studies

(~,24)

of
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sputtered films give strong evidence for an as yet unidentified species
(although a hydrogenated void has been postulated).

We suggest that in-

deed the hydrogenated divacancy may be responsible for this 2090 cm-l
mode, and that it is contributing to the broad component in the observed
NMR spectra.
vibrational

In samples such as AA (.Table 1), where only monohydride
spectra are

observed,

the 4.2

atom%

hydrogen

in

the broad component would correspond to a "divacancy density" of approximately 3 x 10 20 /cc, or an average separation between divacancies of about
0

15 A (assuming the density of a-Si:H is 2 grams/cc).

Note that

on~e

the

deposition conditions are changed so that SiH

(x > 1) vibrational
x
species are observed and/or larger scale microstructure appears,a vari-

ety of configurations may give rise to the broad component.
To model the protons in the narrow component, we consider the modification of Equation (1) to the configuration of a simple cubic lattice
(21):
M2

=

where d is the lattice constant (.and nearest neighbor distance).

(2)

We

then take the known hydrogen content in the narrow component and disperse it homogeneously throughout the fraction of the film not occupied
by the broad component (plus some buffer region to assure spatial isolation of the two dipolar reservoirs). The inverse cube root of the
resulting spin density yields a value for d which, when inserted into
Equation (2), yields a value for M2 which may be compared with experiment. Figure 5 shows the experimentally observed narrow component
linewidth (mean and standard deviation of the samples shown in Tables
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1 - 3) and the predicted 1i newi dth for a homogeneous di stri buti on of the
known hydrogen content in the narrow component (mean and standard deviation in Tables 1- 3), assuming 25% of the a-Si lattice is excluded due
to the broad component protons and buffer region.

The discrepancy be-

tween the model linewidths and the observed linewidths shown in Figure 5
has led previously (_!Q) to the conclusion that the narrow component is
predominantly clustered monohydride.
Since this narrow component has nearly the same hydrogen content
(3.5

±

0.8%) and linewidth (3.2

1 khz) in all films, including those

±

which show only monohydride vibrational spectra, we concur that the
narrow component is due only to monohydride species.

However, the ob-

served broadening may be explained by considering a random distribution
of proton spins rather than a homogeneous (cubic lattice) distribution.
We modify the lattice sum in Equation (1) with a probability distribution P(_r)
rf
M2

=

A

f

1
6 P(r) dr
r
r.

(3)

1

where A is the usual · collection of fundamental constants, and ri and rf
minimum and maximum distances considered.

We assume a Gaussian distri-

bution,
P(r)

( 4)

e

=

of distances about the r 0 determined from the inverse cube root of the
spin density.

Inspection of Figure (5) and numerical solution of

Equation (3) shows that when

r

0

= 7.7

0

A and

~

= 1.7

0

A, we get an
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excellent match of the observed linewidth with the random distribution
model.

Therefore, we conclude that the narrow component is due to

monohydride groups distributed at random in the a-Si lattice.
An important structural question is the dimensions of the buffer
region between the high and low hydrogen density domains (broad and
narrow linewidths, respectively).

A minimum distance would be given by

the average separation between protons in the narrow component since
the broad component protons have a T2 roughly eight times shorter than
0
the narrow component protons. This p1aces mini mum of 5 - 6 A on the di mensions of the buffer zone between the high density hydrogen region and
low density region.

In the sample AA (Table 1), we estimated previously
a di vacancy density of 3 x 10 20 /cc, and assuming a 5 - 6 A buffer region,
we calculate that 5 - 30% of the a-Si lattice is taken up by high hydrogen density and buffer zone regions, in reasonable agreement with the
modeling shown in Figure 5.
The identification of the broad component with structural inhomogeneities (voids, divacancies, (SiH 2 )n regions, etc.} and the narrow
component with interstitial monohydride groups provides a natural explanation as to why the disorder mode density, responsible for proton spinlattice relaxation (26a), is higher for the narrow component protons
than the broad component protons (26b).

The narrow component protons

"fee 111 the fluctuating fie 1ds due to a three-di mens i ona 1 di stri buti on
of disorder modes whereas protons situated on a void see a lower dimensionality distribution of disorder modes.

Hence, the narrow component

protons would be expected to relax faster Iunder conditions of homonuclear dipolar interaction suppression (26b)J than the broad component
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protons.
The observation of this two-phase compositional homogeneity presents another interesting question:

Is the structure of these films

determined by surface/bulk processes during deposition or py gas phase
reactions. We shall argue that, in fact, both factors influence film
microstructure. However, the persistence of the two-phase structure as
seen by NMR, regardless of the deposition conditions, would imply a bulk or surface
rearrangement of the film during growth.

To test this hypothesis, we
prepared a high unpaired spin density (>10 19 cm- 3), high hydrogen content
a-Si:H sample and recorded the NMR spectrum just after deposition and
then recorded the spectrum six months later.

As Figure 4 illustrates,

the hydrogen content and distribution appears to undergo rearrangement.
It has been shown previously (26b) by NMR relaxation data that the hydrogen content of this sample, as determined by NMR lineshapes, is artificially low

(~8

atom%) because of large dipolar broadening of the

hydrogen spins by the abundant electron spins.

Nonetheless, we propose

that the "stabilization" process shown in Figure 3 may serve as a model
for what may happen during film growth, namely, hydrogenation of dangling
and strained bond interfaces by diffusion of hydrogen from other regions
in the lattice.

We then picture areas of high strain during film growth

as "sweeping" the hydrogen out of the immediately surrounding lattice
and forming a hydrogenated void, thereby stabilizing the lattice and
spatially isolating the hydrogen in the void from that in the bulk.

It

is worth noting that during growth of films in which there are (SiH 2i 0
polymer phases, the same process may occur with the polymer phase playing
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the same role as the hydrogenated void:

a mechanism by which the strain

in the continuous random network is relieved.

Finally, we should com-

ment on the role oxygen may play in the stabilization process shown in
Figure 4.

Studies on sputtered a-Si:H films have shown that oxygenated

films have remarkably different photoconductivity, photoluminescence,
and optical absorption properties (£Z..).
plasma-deposited films has shown

However, a recent study (28) of

that changes in optical absorption and

luminescence data occur monotonically with addition of oxygen.

Further-

more, in samples in which there was up to 0.1% oxygen in the silane
during deposition, there was observed to be no change in ESR data.
Hence, we conclude that some oxygen may have been incorporated in the
film shown in Figure 3 over time, but is not responsible for the observed changes in hydrogen distribution.

B.

Effects of Film Thickness

Figure 2 shows that the microstructure and hydrogen content of
a-Si :H films are roughly constant at least to the 1 µlevel.

There have

been severa 1 recent studies (29 - 33) on the effects of film thickness on
optical properties (31 - 33) and hydrogen content (29,30).

Nuclear

reaction techniques (29} have shown that the hydrogen content decreases
within

0.1 µof an interface for some samples (30), and increases for

others (29).

Unfortunately, the data reported herein have insufficient

si gna 1-to-noi se ratios to study this phenomenon.

However, the use of

superconducting solenoids and/or lower temperatures would allow

proto~

NMR studies· of samples with rvl x 10 17 proton spins, or about 100 -1000 A
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films prepared with our deposition apparatus.

C.

The Influence of Deposition Conditions on NMR Parameters

While all the samples reported herein have two-component proton NMR
spectra, there are considerable variations between the samples as to the
atom% hydrogen, particularly the atom% hydrogen contained within the
broad component.

We wish to point out the trends in these proton data

(vide supra) may be understood in terms of some gas phase reactions and
models for film growth.
There have been several papers published recently which propose
mode 1s for film growth and gas phase chemistry ( 34 - 40).

These papers

include structural studies of the films (34), films prepared from higher
silanes (38), mass spectroscopy of the glow discharge (37 ,40), optical
absorption studies of the glow discharge
gas dilution of the silane (39).

(~,36),

and effects of inert

The consensus of these works concludes

that film growth may be written as

where the role of ionic species is somewhat clouded.

A recent model

(39), used to explain the differences between films deposited in Ar or
Kr versus He or Ne, proposed that ions "scour" the surface of the growing film and thus remove segments of (SiH 2)n chains formed on the surface. We wish to propose that Equation (5) and the "scouring theory"
are sufficient to explain the trends (ii) - (v) discussed in the Results
section.
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Consider the data for films AA, F and DD (Table 1) which compare
the effects of deposition from pure silane, 5% silane in Ar, and 5%
silane in He.

The deposition rates for these films are in the order

100% SiH 4 < 5% SiH 4/Ar < 5% SiH 4/He. Inspection of Equation (5) shows
that more SiH 2(g) or less H2 (g) will provide for faster growth of the
film. Mass spectroscopic studies (lZ_,40) have shown the concentration
of H2 (g) to be higher in the pure SiH 4 deposition than deposition from
Ar, consistent with Equation (5) and the deposition rates. The observed increase in hydrogen content in the films over this same trend
may be the result of trapping of hydrogen in the growing film, i.e.
faster film growth implies more H is trapped in the growing film.

This

faster growth implies a more strained a-Si lattice which in turn is
relaxed by the formation of divacancies or other microstructural features.
Accordingly, faster deposition rates would imply an increase in the
bread component in the NMR spectra, consistent with the observed data.
Whether or not the broad component corresponds to divacancies or to
(SiH 2 )n regions, voids, cracks, etc., depends on the availability of ions
(Si H:) to 11 scour" the surface.

As discussed previously (~_), deposition

in He or pure SiH 4 results in higher ion densities (more scouring) than
deposition in Ar because Ar has a metastable energy less than the ionization potentials of SiHx, (x

= 1,3) and thus absorbs most of the plasma

electron energy.

Hence, films deposited in He and pure SiH 4 have only
monohydride signature in their vibrational spectra and finer scale
inhomogeneities as seen by electron microscopy (.broad component
divacancies).

=
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The dependence of the films deposited from 100% SiH 4 , 5% SiH 4/Ar,
5% SiH 4/He on rF power is worth considering in light of these models
for film growth.

Samples KK, G and L represent the same deposition con-

ditions as AA, F and DD except the rF power has been increased from 1
watt to 18 watts.

The samples deposited from 5% SiH 4 in He or Ar show
little changes in their NMR spectra yet the sample deposited from pure

SiH 4 shows an increase in the broad component, the deposition rate and
structural morphology (34).

We propose that the availability of

(SiH 2 )(g) is increased with increasing rF power in pure SiH 4 deposition
whereas this effect is mediated in the inert gas mixtures as the metastables of the inert gas atoms are responsible

for absorption of most

of the plasma energy.
The scouring of the developing film surface by ions should be
affected by magnetic or electric fields and temperature.

An increase

in substrate temperature would presumably result in increased mobility
of (SiH 2 )n groups on the surface and hence allow for more effective
scouring. Furthermore, increasing the substrate temperature would shift
Equation (5) to the left, slowing film growth.

Hence, we expect higher .

substrate temperatures to decrease the total hydrogen content and minimize large scale microstructure and {_SiH 2 )n formation. This is consistent with these proton NMR data as well as microstructural studies (Z.,
~,34)

[compare samples N with D, as well as A with G (Table 1)].

Samples

deposited on cathode substrates have a large negative D.C. basis which
would prevent scouring of the developing film surface with ions.

These

NMR data are consistent with this concept as the effects of Ar vs. He
diluent gas on NMR parameters is negligible on cathode substrates
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(samples B and S in Table 2).

In the recent literature there have also

been reports on the effects of electric and magnetic fields on a-Si:H
deposition (41 - 43).

D.

The Effects of Doping on the Observed NMR Parameters

A recent study

(~)

of the hydrogen content of phosphorus (n-type)

and boron (p-type) doped a-Si:H films via nuclear reaction techniques
has shown that the hydrogen content varies linearly with the Fermi
level position.
from

~4

Their reported values of the hydrogen content range

atom% for highly n-type films to

materials (intrinsic values of

~7.5

~10

atom%).

atom% for highly p-type
Inspection of our data for

samples CC, BB (Table 3), and AA (Table 1) may be compared to this study
since the deposition conditions are roughly comparable.

Our data show

both the n-type and p-type material to increase in hydrogen content
relative to the intrinsic material with the largest increase observed
for phosphorus (n-type) doping.

The reason for the discrepancy between

our data and the Dundee group nuclear reaction results is unclear, perhaps being due to differences in the deposition apparatuses.

It is

worth noting, however, that both B2H6 and PH 3 are expected to absorb
electron energies less than 11 eV (44) from the plasma and may influence
the ion concentrations, deposition rates, and hydrogen content in a
similar fashion as Ar and Kr diluent gases.

The data from Table 3 are

consistent with the Ar diluent gas effects.
Figure 3 shows that when deposited in helium, high p-type doping
results in a motionally narrowed component in the proton NMR spectrum.
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An analysis of the FID prior to Fourier transfonnation shows a small
broad component (rv 50 khz) in the spectra as well.

We attribute these

proton spectra to protons experiencing an amorphous-boron type
environment.

Previous proton NMR studies (45) have shown that a-BiH

films deposited from B2H6 in helium yield two-component spectra where
one component is motionally narrowed and the broad component is further
broadened beyond that expected from H-H dipolar interactions by heteronuclear ( 10 s; 11 B) dipolar interactions. We conclude that some boron
clustering is present under 5% SiH 4/1% B2H6/He deposition conditions.
This implies that boron preferentially bonds to other boron neighbors
during film growth at high boron doping levels.

5.

SUMMARY AND CONCLUSIONS
In summary, we have presented proton NMR spectra for a-Si:H films

under a variety of deposition conditions.

The two-component lineshapes

observed in all spectra are modeled in terms of local bonding configurations, and both homogeneous and random distributions of protons.

The

heavily clustered phase (broad component) corresponds to those protons
associated with microstructure such as voids, hydrogenated surfaces and
polysilane regions.

In films which show predominantly monohydride vi-

brational spectra, divacancies may give rise to the broad component with
a minimal number of monovacancies.

The protons in the di vacancies may ·

be responsible for at least part of the 2090 cm-l vibrational modes observed in the literature.

The lightly clustered phase (narrow component)

is predominantly composed of monohydri de groups that are di stdbuted randomly
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throughout the film.

The spatial separation of the broad and narrow

component protons may arise from regions of high strain during film
growth "sweeping" hydrogen nuclei out of the neighboring a-Si lattice
and forming

hydrogenated voids which in turn relieve local strain.

We

have shown that this is the case in at least one sample which, as deposited, was "metastable" and microstructural changes, via the NMR lineshapes, were found to occur with time.

The two domain proton inhomo-

geneity was found to be independent of film thickness down to 1 µ.
Furthermore, changes in the details of the NMR lineshapes as a function
of deposition conditions have been described in terms of film formation
from SiH 2 gas phase species and film scouring due to the presence of
SiH~ ions. Finally, we have shown that doping of the films, either
p-type or n-type, results in an increase in the total hydrogen content
of the films, and when high boron levels are present in the gas phase,
boron clustering occurs within the films.
We conclude that proton NMR lineshapes are useful probes of the
hydrogen distribution in a-Si:H films.

More experiments are required to

better understand the relationship between gas phase chemistry and film
properties as well as the relationship between NMR parameters and optical
properties.

Such understandings may lead to the design of cheap, effi-

cient photovoltaic and xerographic devices.
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TABLE 1: ANODE FILMS

SAMPLE

RF(l)
POWER (WATTS)

ATOM % HYDROGEN:
(3)
TOTAL
NARROW
BROAD

SUBSTRATE
TEMP.

GAS( 2)
COMP.
5%/Ar

32.3

2.6

LINEWIDTH (KWHM,khz)
NARROW

BROAD

Tl
(SECONDS)

29. 7

4.7

25.4

2.47

A

18

RT

D

2

230°

c

100%

7.8

3.4

4.4

3.8

26.3

2.98

F

1

230°

c

5%/Ar

11.6

3.8

7.8

2.0

26.2

2.01

G

18

230°

c

5%/Ar

12.9

4.5

8.4

1.0

22.4

2.68

H

11

RT

5%/Ar

30. l

2.4

27.7

1.3

26.3

1.80

L

18

230°

5%/He

15.8

4.1

11. 7

3.0

24.2

3.60

N

2

RT

100%

29.0

3.6

25.4

3.6

27.7

--

AA

1

230°

c

100%

7.8

3.6

4.2

3.1

31.5

2.48

DD

1

230°

c

5%/He

15.1

4.7

10.4

3.5

23.4

KK

18

230°

c

100%

12.6

2.8

9.8

2.8

26.5

---

(1)
(2)
(3)

c

Net into matching network.
Percentage silane in diluent gas.
Determined from integrated spin density and sample weight.
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TABLE 2: CATHODE FILMS

SAMPLE

RF(l)
POWER (WATTS)

SUBSTRATE
TEMP.

GAS( 2)
COMP.

ATtl-1 % HYDROGEN:
TOTAL ( 3) NARROW
BROAD

LINEWIDTH (KWHM,khz)
NARROW
BROAD

Tl
(SECONDS)

B

18

RT

5%/Ar

16.3

2.2

14.1

3.9

22.1

6.02

c

1

RT

5%/Ar

12.6

3.5

9.1

4.7

29.5

7.09

I

18

RT

5%/Ar

15.4

2.0

13.4

2.9

22.2

6.02

H

2

RT

100%

23.1

4.6

18.5

5.4

24.0

--

s

18

RT

5%/He

16.5

4.0

12.5

2.3

19.4

4.50

(1) Net in matching network.
(2) Percentage silane in diluent gas.
(3) Detennined from integrated proton spin density and sample weight.
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TABLE 3:

SAMPLE

RF(l)
POWER (WATIS)

DOPED FILMS

ATOM% HYDROGEN :
TOTAL( 3) NARROW
BROAD

LI NEW IDTH ( KWHM, khz)
NARROW
BROAD

SUBSTRATE
TEMP .

GAS( 2 )
COMP.
5%/He
1% B2H6

14.8

3.1

11. 7

2.5

19.2

2.4

Tl
(SECONDS)

v

18,C

RT

w(4)

18,A

230°

c

5%/He
1% B2H6

14.2

3.3

10.1

4.5

24.2

2.2

cc

l ,A

230°

c

100%
1% PH 3

11.5

4.1

7.4

3.5

31. 7

1.4

BB

1,A

230°

c

100%
1% B2H6

8. 5

3.1

5.4

2.9

28.3

2.6

zz

2,A

230°

c

100%
0. 1% B2H6
0. 1% PH 3

9.5

4.0

5. 5

3.7

28.1

2. 3

(1) Net into matching network . A or C refers to anode or cathode substrates.
(2) Percentage silane in diluent gas followed by percentage dopant gas.
(3) Determined from integrated proton spin density and sample weight.
(4) A third line is observed in this saJ11)le; 0.8 atom% and FWHM 0.79 khz.
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Table 4
Configuration

SiH CbJ
2

Full Width at Half Maximum(aJ (khz)

13.6

(SiH 2 ~n

17.1

SiH 3

19.2

cSi[lll] (hydrogenated)

23.5

cSi monovacancy (hydrogenated)

36.8

cSi divacancy (hydrogenated)

24.8

observed(c)

25.4 ± 3.4

(aJCalculated using equation (1).

CbJSiH2 will give rise to a Pake doublet, however, in the amorphous matrix
the doublet components will be expected to broaden to the point where no
structure will be observed in the spectrum.
CcJMean and standard deviation of the values in Tables l, 2 and 3.
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Figure Captions
Figure 1:

Schematic diagram (top) of the pulse sequences used in the

11

burning11 experiments.

The

Below, the results for two samples.

hole-

dark line in the difference spectra (A-B) are Gaussians best fit
to the broad component of the FID spectra.
Figure 2:

Changes in the total hydrogen content and the hydrogen content in
the broad and narrow components of the proton NMR spectra for films
of varying thickness.

Figure 3:

Room temperature and low temperature proton NMR spectra for a
heavily doped p-type a-Si :H film.

At the bottom is the difference

(room temperature - 100 K) of the two spectra, which clearly show
the motionally narrowed component in the room temperature spectra.
Figure 4:

Proton NMR spectra for (A), a freshly deposited a-Si :H sample (RT,
18 watts, 5% SiH 4/Ar, anode), and (B) for the same sample after
exposure to dry air for~ six months.

Figure 5:

Schematic diagram, from Equation (2) in the text, showing that a
homogeneous distribution of protons in the narrow component of the
proton NMR spectrum will not give rise to the observed linewidths.
The points and error bars are the mean and standard deviation of
the linewidths and hydrogen content of the narrow components of
15 different a-Si:H samples.
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B:

Annealed Amorphous Silicon Films

(This section is essentially an article by J. A. Reimer,, R. W~ 'Vaugh.an
and J. C. Knights entitled "Proton NMR Studies of Annealed PtasmaDeposited Amorphous SiZicon-Hyd:Pogen Fil.ms",, U)hich has been scheduled
for the December 1980 issue of Solid State Communications.}
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Abstract
Proton magnetic resonance data are presented for plasma-deposited
amorphous Si:H as a function of annealing temperature up to 65o 0 c.

The

data indicate that hydrogen diffuses internally before major evolution
occurs, that transfer of hydrogen occurs from a heavily clustered phase
to a dilute phase coincident with evolution and that evolution occurs
initially from the heavily clustered phase.

Comparison with infrared

data indicates that the heavily clustered phase can be either SiHx (x
2,3) or SiH.

=
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It has been recently established

C!)

that proton magnetic resonance

data reveal unique information on the degree of clustering or intermingling of local hydrogen environments in amorphous silicon-hydrogen
films.

Specifically, there is two-phase compositional behavior of the

hydrogen with the two phases differing in their local density of hydrogen,
the more dilute containing hydrogen only in monohydride SiH configurations.
It has also been shown that annealing of a-Si:H films in the temperature
range 100°c - 650°c results in changes in paramagnetic defect densities
and evolution of hydrogen accompanied by changes in the Si-H vibrational
spectra

(~,~_).

It is the purpose of this letter to report proton mag-

netic resonance data from similarly annealed samples that indicate:
(1} that hydrogen diffusion occurs in the dilute phase coincident with
the paramagnetic center denstty reduction,

(2) that hydrogen transfer

from the heavily clustered to the dilute phase occurs at the onset of
evolution, and

(3) that evolution at low (<400°C) temperatures occurs

exclusively from the heavily clustered phase independent of the species
identified from vibrational spectroscopy as being reduced in density by
annealing.
The samples were prepared in an rf-diode deposition system

(~)

and

the proton NMR data taken with a solid state pulse Fourier transform
spectrometer operating at 56.4 MHz (1.3 Tesla)

(~_).

The NMR spectra

were obtained by Fourier transformation of the free inducti.on decay
following a 90° pulse.

Signal averaging was required in all samples

with the number of acquisitions varying from 128 to 1024 averages depending on the hydrogen content of the sample.

Care was taken to allow
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full spin-lattice relaxation between acquisitions so that accurate spin
counts could be obtained.
We have studied proton resonance in annealed samples deposited
under a wide range of conditions.

Since we find that the behavior is

qualitatively similar in all samples studied, we describe here data from
one sample that best illustrates all the features observed.
was deposited under the following conditions:

This sample

5% silane in argon, 18

watts net rf power into matching network, ~2s 0 c substrate temperature
and a negative DC self-bias of
into

~2-inch

~220

volts.

The sample was deposited

diameter aluminum foil with a thickness of

~so

µ which re-

sulted in '\JQ.1 g of material after removal of the substrate with a dilute
acid etch.

The sample was then placed in a quartz NMR tube and iso-

chronally annealed at various temperatures under flowing nitrogen for
20 minutes.

The NMR data were taken after allowing the sample to cool

to room temperature subsequent to each so 0 c .increase in annealing temperature . All spectra were found to be temperature independent down to
80 K as well as field independent.

The two-component NMR spectra were

least squares fitted assuming the broad component to be Gaussian and
the narrow component Lorentzian (9).

The resulting excellent fits, as

exemplified in Fig. lt gave values for the linewidths and relattve areas of
the two components.

The errors are estimated from the reproducibility

of the fits resulting from different starting parameters.

Figure 2

shows the atom % hydrogen in the film as a function of annealing temperature and Fig. 3 shows how the full width at half-maximum (FWHM) chanqes
for two components.

Note that up to 600°c anneal the two-phase com-

positional behavior is still observable.
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It is useful to consider the data in Figs. 2 and 3 in order of increasing annealing temperature.

The first apparent change in these data

appears at 150°C when there is a slight loss of hydrogen from the highly
clustered (broad component) phase.
~ have

Infrared and hydrogen evolution data

shown (l) that in this ·temperature region samples deposited at room

temperature wiitlh SiH 3 sites evolve hydrogen. The NMR result is consistent
with this explanation although the hydrogen loss is too small to be detected with

IR in this particular sample.

the linewidth of the narrow component.

The second change is in

While the hydrogen content

associated with this line is roughly constant or even increasing up to
400°c, Fig. 3 shows a large reduction in the FWHM of the narrow compo~

nent between 200°c and 400°c.

The dipolar contribution (_!_) to the FWHM

is given by
HJHM

= 2.361M2 =

2.36(3/5Y

4 2

n I(I

+ 1)

.

1

where I is the nuclear spin,
ratio, and

I

~

l •r 1..J - 6 )~

(1)

,

,J

for protons, y is the nuclear gyromagnetic

rij- 6 is the lattice sum of internuclear distances.

It is

thus seen that the FWHM is proportional to the density of protons.

The

dipolar contribution to the FWHM of the narrow component is readily obtained from the observed FWHM since the only other contribution to the
FWHM is from the proton chemical shift which is known from previous
multiple pulse studies

(!).

Figure 4 shows that the density change

given by the dipolar contribution to the FWHM for the narrow component
is an activated process with an activation energy of 0.31 eV.

This

density change is not due to hydrogen evolution since the atom % hydrog.en
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does not decrease in this temperature range.

We conclude then that the

0.31 eV activation energy corresponds to hydrogen diffusion to a less
clustered state, which, from Eq. (1), is found to correspond to a homogeneous dilute distribution of monohydride species.

It is interesting

to note that this diffusion coincides with the reduction of the electron
spin density

(~_),

suggesting that hydrogen diffusion to defects is

indeed the mechanism by which the spin density is reduced.
Above 300°c inspection of Figs. 2 and 3 show continuous hydrogen
evolution from the highly clustered environment.

From 30o 0 c to 40o 0 c,

the loss of hydrogen from this environment results both in evolutfon
from the film and an increase in the total amount of hydrogen in the
dilute environment.

This increase could occur either by an increase in

the volume occupied by this phase due to spQtially inhomogeneous evolution from the highly-clustered environment or ·by diffusion of protons
between the two environments.

Although there is insufficient evidence

to distinguish between these alternatives at. present, the former would
require not only a reduction in proton concentration but also the
creation of a barrier or barriers to spin communication with the remaining highly-clustered protons and the opening of pathways for spin
diffusion to the dilute phase.

We therefore suggest that straightforward

proton transfer is a more likely mechanism, particularly since diffusion
is already occurring within the dilute phase.

Inspection of Fig. 3 shows

the effect of the hydrogen evolution on the FWHM of the broad component:
above 400°c the loss of hydrogen causes the dipolar linewidth to reduce
drastically.

The corresponding changes after anneali.ng in the SiH

58

vibrational spectra for a similar sample indicate that the evolution
below 400°c occurs exclusively from the environment which has a Si-H
stretch frequency of 2000 cm- 1. This frequency is universally associated with SiH monohydride groups

(l,~).

In other samples, we observe

that this same temperature regime corresponds to evolution from environments with SiH mode frequencies of 2100, 890 and 845, a combination
These results confinn the earlier
associated with (SiH 2)n groups (8).
indication (_~J that the heavily clustered environment identified by NMR
can arise from clustering of monohydride groups as well as di.hydride,
trihydride, etc.

Finally, above 450°c, hydrogen evolves from both

environments until, at temperatures greater than 650°c, the two-phase
behavior disappears and

~1

atom% of hydrogen remains in a dilute

homogeneous phase.
In conclusion, we have shown the annealing behavior of the two
phases of hydrogen in plasma-deposited amorphous Si :H to be different.
The low hydrogen-density phase disperses to a homogeneous dilute bath
of protons at annealing temperatures up to 400°c with an activation
energy of 0.31 eV.

After a slight loss due to evolution from -SiH 3 sites,
the highly clustered phase evolves hydrogen above annealing temperatures

of 300°c.

Above 450°c both phases evolve hydrogen, until 65o 0 c,

clustered phase can no longer be identified· and a single dilute phase
containing

~1

atom % hydrogen is left.

Of particular significance·, is

the fact that the dispersion of hydrogen to a homogeneous -dilute bath coincides
with the paramagnetic center reduction observed previously

(_~_)

and that

monohydride clustering, presumably on internal surfaces, is clearly
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present in some films.
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Figure Captions
Figure 1:

Experimental spectra with Gaussian and Lorentzian fits
showing the quality of the fits.

On the left is the spectrum

of the sample as deposited; on the· right is the spectrum of
the same sample annealed to · 400°C.·
Figure 2:

Atom % hydrogen for high and low density hydrogen phases in
a sample deposited at room temperature from 5% SiH 4/Ar onto
a cathode substrate. Tanneal refers to the temperature the
sample was annealed to.

Figure 3:

The full width at ha 1f maximum (FWHM) for both high and 1ow
density phases of hydrogen in the sample shown in Fig. 1.
Note the two different scales for the two components.

Figure 4: Activation process of the reduction in dipolar linewidth of
the low density phase.
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C.

Amorphous Boron, Carbon,
Silicon Nitride and Silicon Carbide.

{This Section is essentiaUy an article by J. A. Reimer, R. W. Vaughan~
J. C. Knights and R. A. Lujan entitled "Proton Magnetic Resonance
Spectra of Plasma-Deposited Inorganic Thin Films". This paper has
been submitted for publication in Applied Physics Letters.)
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Abstract
Proton magnetic resonance data are presented for the hydrogen alloys
of plasma-deposited amorphous boron, carbon, silicon carbide and silicon
nitride.

Linewidth and lineshape analysis leads to the conclusion that

hydrogen nuclei are clustered in a-Si/C:H, a-C:H, and a-Si/N:H.

Both

a-Si/C:H and a-C:H data show that the hydrogen exists in two phases.
Modeling of linewidths in

a-Si/C:H indicates that the two phases are

heavily hydrogenated carbon clusters imbedded in a weakly hydrogenated
a-Si lattice.

Finally, evidence is presented for the presence of

motionally narrowed hydrogen spectra in a-Si/N:H, a-B:H, and a-C:H.

It

is suggested that the hydrogen nuclei giving rise to these spectra are
associated with disorder modes.
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INTRODUCTION
Inorganic thin films prepared either by plasma-deposition or reactive sputtering techniques have attracted a great deal of attention
recently (1) because of their technological importance.

Plasma deposited

silicon nitrides have proven attractive for use as passivation layers in
high reliability silicon integrated circuits and amorphous silicon has
been doped successfully to form p,n and Schottky barrier junctions, as
well as solar cells (£).

The role of hydrogen in these films is not

well understood, although it is generally accepted that hydrogen passivates dangling bond intrinsic defects and thus

decrease~

the density of

states in the gap (2 - 4),.
It has been recently sh.own {6) that proton magnetic resonance data
reveal unique informatfon on the degree of clustering and intermingling
of local hydrogen bonding environments in amorphous plasma-deposited
silicon-hydrogen films.

Hydrogen also plays an important role in the

properties of other films s.uch as silicon nitride
carbide (l,l!_,1£), carbon

(~, 13

- 15 )_ and boron.

(~,7

-10), silicon

It is the purpose of

this Letter to report two-component dipolar broadened proton magnetic
resonance spectra of the hydrogen a11 oys of these pl asma-.depos i ted amorphous substances.

lt will be shown that data for a-C:H, a-Si./N:H, and

a-Si/C:H lead to the conclusion that the hydrogen nuclei are clustered.
In addition, the data for a-C:H and a-Si/C:H show direct evidence for
two-phase compositional inhomogeneity, where modeling of local bonding
environments in a-Si/C:H suggests that the two phases are due to heavily
hydrogenated carbon clusters imbedded in a weakly hydrogenated a-Si
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lattice.

Furthermore, temperature dependent data for a-B:H, a-Si/N:H

and a-C:H indicate that a small fraction of the protons in these films
have spectra which are motionally narrowed.

We associated them with

disorder modes in the lattice.

Materials and Methods
The samples were prepared by deposition (16) under the conditions
detailed in Table 1.

All samples were deposited onto

~2

inch diameter

aluminum foil substrates in thicknesses ranging from lµ to 100µ resulting
in sample masses in the range of 5 -100 milligrams after removal of the
s·ubstrates with dilute acid etch..
ratfos were determined

u~ing

Silicon/ carbon and silicon/nitrogen

Rutherford backscattering.

A pulse NMR

spectrometer (.17) was used at an operating frequency of 56.4 MHz (J.3
Tesla).

The resonance techniques and the least-squares fitting of the

observed lineshapes to the sum of a Gaussian (broad component) and a
Lorentizian (narrow component) have been described previously
11

(~).

The

8 spectrum was obtained on a standard pulse spectrometer operating at

86.7 Mhz (6.3 Tesla).

Only the

i ~ -l transition is shown.

Results and Discussion
Figure 1 shows a comparison of spectra at room temperature and 125 K
for the samples described in Table 1.
contributions from

The observed linewidths reflect

(i) homonuclear dipolar interactions,

nuclear dipolar interactions

(.ii)

(iii) chemical shift interactions.

hetero~hen

multiple pulse cycles (.18 - 20) were applied (.which remove the homonuclear
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dipolar broadening), the lines narrowed significantly.

Thus, for a-C:H,

a-Si/C:H, and a-Si/N:H, the homonuclear dipolar interaction is the
dominant broadening mechanism in the proton spectra. In a-B:H, the
heteronuclear dipolar interaction due to nearby 10 s and 11 s nuclei was
estimated

(~_)

and was found to be as large or larger than the homonuclear

dipolar interaction.
The spectra for all the samples may be decomposed into at least two
components.

Multicomponent lineshapes in these films may arise from the

following situations:

(i} motion in a domain or at a defect site which

decouples spin-spin communication
reservoir;

(~)

with the rest of the dipolar

(.ii) the existence of spatially-isolated

I~

8A (21)] dipolar

reservoirs with differing densities of spins such that there is no spinspin communication between them; or

(iii) both (i) and (ii).

The first

case has been observed in partially crystalline polyethylene (.22) and
case (ii) in amorphous sil kon hydrogen films (1).

Effects on the 1i ne-

shapes due to motion may often be removed by reducing the temperature,
hence, cases (i) and (ii) may be readily distinguished.

Inspection of

Figure 1 and Table 2 shows that at low temperature, where motional
narrowing is not expected, both a-C:H and a-Si/C:H spectra still exhibit
two-component behavior.

In a-Si/N:H, a-B:H, and a-C:H, a small fraction

of the protons have lineshapes that do appear. to be motionally narrowed
at room temperature.

However, this fraction accounts for no more than

3% of the total proton spins.

Hence, we conclude that a-Si/C:H is best

described by case (ii L a-B: H and a-Si /N: H by case (_i}, and a·C: H by
case (iii).

The low temperature spectra for a-B:H and a-St/N:H show no ·

evidence for case (ii), however, we shall present evidence suggesting
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that the hydrogen nuclei in a-Si/N:H are clustered.
mate

(~)

In a-B:H we esti-

the heteronuclear dipolar interaction to be 70 -102 kHz, hence

no structural information is expected from proton lineshapes.
Further insight on the distribution of hydrogen can be derived from
analysis of the low temperature data shown in Figure 1 and Table 2
according to models for local proton configurations.

The homonuclear

and heteronuclear dipolar interactions in polycrystalline or amorphous
solids give rise to Gaussian lineshapes whose second moments are given
by, respectively (5),

y1 ~

2

I(I

I 1/r~.
1J

=

3/5

=

4/15 Y1 Ys ~ S(S + 1)

2

2

+ 1)

2

(1)

. .
1 '.)

l

6

1/rij

(2)

i ,j

where y 1 is the nuclear gyromagnetic ratio for a nucleus of spin I and
r .. is the internuclear distance between spins i and j. For a-C:H,
lJ

a-Si/C:H and a-Si/N:H, two types of proton confugurations to which
Equation 1 simply applies have been considered.

The first is one of

local clustering into conftguration such as CH 3 , (CH 2 )n' (SiH 2cH 2)n,
SiNH 2 , and a hydrogenated [lll]c-carbon sruface. The corresponding Si-H
clustering has been previously calculated (§).

The results of these

calculations and an esttmate {_23} of the linewidth {FWHM) for isolated ·
CH 2 , 33.1 kHz (SiH 2 , 13.5 kHz); CH 3 , 46.9 kHz (SiH 3 ,
19.2 kHz); (CH 2}n' 44.1 kHz {SiH 2}n, 17.1 kHz); (SiH 2CH 2)n, 36.l kHz;
and CilllJ, 57.4 kHz (SiilllJ, 23.5 kHz) and SiNH 2 , 37.8 kHz. Given the
CH 2 are as follows:

sensitivity of the calculation to small changes in internuclear distances
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and the errors involved in the fitting procedures,we conclude that any
of the local configurations on carbon could give rise to the broad component in both a-C:H and a-Si/C:H spectra.

Since the width of the broad

component is >45 kHz in both of the a-Si/C:H samples and the broadest
component expected expected for protons clustered on silicon is 23.5 kHz
and on (SiH 2CH 2 )n is 36.1 kHz, we conclude that for silicon carbide the
broad line is due to predominantly polyacetylene type environments.
11

11

This is especially true for the higher carbon content sample where the
observed broad component linewidth is identical to that of amorphous
carbon.

This implies that the spatial inhomogeneity in the protons is

reflective of carbon clusters which are heavily hydrogenated imbedded in
a weakly hydrogenated amorphous silicon 1atti ce.
The second situation to which Equation 1 may be simply applied is
one where the spins are distributed uniformly on a cubic lattice whose
spacing is equal to the inverse cube root of the spin density.

The

results of applying this model for Equation 1 to the narrow component of
the a-SiC:H and a-C:H lineshapes as well as the total lineshape in
a-Si/N:H are shown in Table 3.

These calculations show that the protons

responsible for the narrow component of a-Si/C:H and a-C:H, as well as
all the protons in a-Si/N:H, are clustered.

Local _clustering of hydro-

gen on nitrogen atoms is sufficient to explain the observed linewidth in
a-Si/N:H.

However, in a-Si/C:H and a-C:H, the clustering in the narrow

component is not dominated by local multiply bonded species such as SiHx
or CH as those species yield much larger linewidths. We conclude that
x
the narrow component is composed primarily of clustered monohydride
species (CH or SiH).
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There are several implications of these results from a-Si/C:H and
a-C:H for models of microstructure and optimal properties.

Micro-

structure in a-C:H films prepared from ethylene, acetylene and styrene
( 13 - 15) has been observed by SEM, TEM and 1ow-angle X-ray scattering.
In those studies, it was concluded that there are two phases, specifically, spheres imbedded in a polymer binder.

It may be possible to

identify the broad component in the FID spectra of a-C:H with those
protons in the polymer binder and the narrow component with monohydride
clustering on internal spheres.

However, more detailed experiments are

needed to confirm these suggest i.ans.
The observation of carbon clusters in a-Si/C:H is consistent with
recent photoluminescence results (.11} on films prepared from SiH 4;c 2H4
mixtures. In those data the visible photoluminescence consists of two
bands which change in intensity with changing composition.

The rela-

tively low hydrogen content of the silicon-rich regions of these films
(<1.5 atom %, from Table 2} represents a hydrogen content not accessible
plasma deposition of SiH 4 to form a-Si:H. Thus, the optical properties of plasma deposited a-Si/C:H may prove useful in the study of
by

a-Si:H.

Furthermore, the heavy hydrogen

clust~ring

for the carbon-rich

regions may have implications in film growth and/or the chemistry of the
plasma above the films.
The room temperature spectra of a-C:H, a-Si/N:H and a-B:H all show
a small narrow component that increases in width as the temperature is
decreased.

Since these components do not decrease in intensity with ex-

tended evacuation of the samples, they are not due to adsorbed gases.
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We conclude that they are motionally narrowed (18) spectra due to hydrogen nuclei which are indigenous to the films.

Estimates of the dipolar

broadening, including the effects of motion (18,24), in rotating local
bonding configurations such as methyl groups yield values much larger
than those observed.

The central transition of the 11 8 spectra for

a-B:H shown in Figure 2 is a typical dipolar-broadened, second-order
quadrapolar power pattern and shows no evidence for motionally narrowed
11

B nuclei.

We suggest that these motionally narrowed proton 1ines. corre-

spond to hydrogen nuclei rapidly moving in a defect site or disorder mode.
The existence of hydrogen-containing disorder modes has been proposed
recently (25) in a-Si:H in order to explain the temperature and field
dependence of proton spin-lattice relaxation (T1 ), as well as other relaxation measurements (26). Their presence in a-C:H, a-Si/N:H, and
a-B: H indicate that such modes may be ubiquitous to hydrogen containing
amorphous materials.

The relationship between these modes and defects

affecting optical properties warrants further investigation.

Conclusion
In conclusion, we have shown that for a series of plasma-deposited
inorganic thin films, hydrogen is spatially inhomogeneous on two levels.
The first consists of hydrogen clustering which we have observed in a-C:H,
a-Si/C:H and a-Si/N:H.

The second, observed in a-C!H and a-Si/C:H, we

conclude to be a two-phase compositi'onal inhomogeneity.

Furthermore, we

have presented evidence that in a-Si/C:H, the inhomogeneity is due to
heavily hydrogenated carbon clusters imbedded in a weakly hydrogenated
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a-Si lattice.

Finally, we have observed a small fraction of protons

whose spectra are motionally narrowed.

We attribute these protons to hydro-

gen-containing disorder modes within the lattices of a-B:H, a-C:H, and a-Si/N:H
These results imply that film microstructure, compositional inhomogeneity
and rapidly moving hydrogen nuclei may be important in understanding both
defect structures and optical properties in plasma-deposited inorganic
thin films.

The authors thank S. I. Chan and T. M. Duncan for helpful cofTJllents
on the manuscript and T. W. Sigmon for assistance with the Rutherford
backscattering analysis.
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TABLE 1
SAMPLE

CONDITIONS<~

HYDROGEN CONTENy(b>
(atom%)

MOLECULAR
FORMULA

5% B2H6/He ( C)
10 Watts. 25°C

25.1

5% B2H6/He{A)
IO Watts. 230°C

20. 5(f)

100% C2H2{ A)
6 Watts. 230°C

35.2

13% SiH4tC 2H2{A)
2 Watts. 230°c<e>

22.7

a-Si .1JJC .s?H .23

23.0

a-Si .31 N.46H.23(c)

26% SiH4tC 2H2{A)
2 Watts. 230°c<~

NH 4 /N 2 /S i H4 FLOW{ A)
Rates 100/50/6 SCCM
10 Watts, 300°C

The conditions refer to percentage gas in mixture, net RF power into
matching network, substrate temperature, {A) refers to deposition on
the grounded electrode {Anode) and (C) refers to the RF hot (Cathode)
electrode.
(b) Determined from proton spin density, sample weight, and Si/C or Si/N
ratios.
(c) Si/N ratio determined by Rutherford backscattering.
(d) Si/C ratio determined by Rutherford backscattering.
(e) Si/C ratio estimated from the Rutherford backscattering results for the
26% SiH41C 2H2 sample and the ratio of silane percentages.
{f) Spectra not shown in figure 1.

(a)
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TABLE Z
SAMPLE
I

HYDROGEN DISTRIBUTION
Atom%
I
Atom I

6.6

l1

(Seconds)

LINE WIDTH
(FWHM, kHz)
Broad
Narrow

293°K
130°K

93.5
91.1

32.7±.4
32 .1± .4

2.3±.3
3.1±.4

0.4±.1

8.9

78.4±2.6
76.8±2.8

293°K
124°K

98.9
98.7

24.8±.1
24.8± .1

1.1
1.3

0.3±.1
0.3±.1

4.5±.3

{cathode)

118±3
121±3

a-B

.79 H.21(a)
{anode)

293°K

98.5

20. 7±.1

1.6

0.3±.1

6.1±.3

83. 7±1.4

3.6±.7

a-Si .JlN.46 H.21

293°K
124°K

97.0
97.8

22.3±.2
22.5±.2

3.0
2.2

o. 7±.2
0.6±.2

4.6±.4

36.1±.3
65.6±.2

2.2±.1
6.0±.2

a-Si .20c.57 H.23(b)

293°K
126°K

94.6
95.3

21.5±.3
21.6±.3

6.6
4.7

1.2±.3
1.1±.3

0.2±.05

69. 0± .3
78.4±.4

7.4±.3
7.0±.3

a-Si .26C.36H .38(a)

293°K

98.1

37.6±.3

1.9

o. 7±.3

45.6±.4

1.9±.2

a-C.65H.35

a-B.1sH.25

(a)

Spectra not shown ;n Figure 1.

{b)

Estimated molecular formula {see Table 1).

1.6±. 7
6.6±.2

1.8± .1
11.7±.6

BO

TABLE 3

SAMPLE

ATOM % NARROW

FWHM
(kHz)

NARROW

HOMOGENEOUS(•)

WIDTH (kHz)

a-C: H(b)

3.1

6.6

1. 7

a-Si .Uc .36H.38

0.7

1.9

0.4

a-s i :J!Jc 57H23<d)

1.2

7.0

0.6

a-Si _31N.46H23

23. o<c)

65.6

12.9

(a)
(b)

Calculated with use of Eq. (1).
The low temperature values were chosen to eliminate motion effects.

(c)

Total hydrogen content.

(d)

Estimated molecular formula (see Table 1).
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Figure Captions
Figure 1:

Proton free-induction decay spectra for, from top to bottom,
amorphous carbon, silicon carbide, silicon nitride and boron
(cathode).

Details of sample preparation conditions are

shown in Table 1.

At left are spectra at room temperature,

at right, 125 K.
Figure 2:

The

i+ t transition at room temperature of the

for a-B:H obtained at 86.8 Mhz.

11

8 spectra

Note that there appear to

be no motionally narrowed components.
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Chapter 3

LOCAL BONDING ENVIRONMENTS IN AMORPHOUS SILICON
VIA MAGIC-ANGLE SAMPLE SPINNING NMR

(Much of Chapter 3 is from an article by J. A. Reimer~ P. DuBois
Murphy~ B. C. Gerstein and J. C. Knights entitled ''Silicon-29
Cross-Polarization Magic-Angle Sample Spinning Spectra in Amorphous Silicon-Hyrlrogen Films". This paper is scheduled for the
January 1981 issue of the Journal of Chemical Physics.)
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INTRODUCTION
The question of local hydrogen bonding environments in plasmadeposited amorphous ·silicon-hydrogen films has been addressed by vibrational spectroscopy in the recent literature

(l.:..J).

The interpretations

of the various IR and Raman transitions, as shown in Table 1, are by no
means well accepted, but nonetheless have been used to characterize films
in attempts to model the structural origin of defects which act on nonradiative recombination centers and limit the luminescence efficiency in
these films (.4).

Thus, it appears that quantitative characterization of

local bonding environments in a-Si i H films may be important in terms of
understanding both microstructure and defect chemistry.
Recent years have seen the development of NMR techniques (_20) that
allow near liquid spectra resolution for both dilute spins, such as 13 c
or 29 si, and protons in solids. In particular, magic-angle sample
spinning

(~,§_),cross

polarization and high power decoupling {_7-10)

between dilute spins and abundant protons, and proton multiple pulse
dipolar narrowing (J6 -19) are techniques which have been developed for
quantitative/qualitative NMR in solids.

In the literature, there are

severa 1 studies of disordered materi a1s, such as polymers (&_,11 - 13,19),
where chemically distinct nuclei are resolved; We report here the first
attempt to use both 29 si and proton high resolution solid state NMR techniques to address the qualitative and quantitative question of local
silicon-hydrogen bonding environments in plasma-deposited a-Si;H films.
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Methods and Materials
The spectrometer used in these experiments has been described previously (23,24). Resonant frequencies for 1H and 29 si were 56.03 and
11.13 MHz, respectively.
used.

A single-coil doubly-tuned probe (24 - 26) was

The Hartmann-Hahn condition

CZ)

for cross-polarization was matched

with rotating-frame fields:

H1 (proton) equal to 8 Gauss and H1 (silicon29) equal to 40 Gauss with the BG proton irradiation also used for decoupling. For 29 si experiments, varying the contact time for cross-

polarization from 50 microseconds to 6 milliseconds only changed the
observed signal-to-noise ratio; hence, only the data obtained at TCP
msec are shown here. Rotation rates for both 29 s; and 1 H data were
typically 2.2 kiloHertz.

=6

Accumulation of 5300- 6500 acquisitions, with

15 -20 seconds allowed between acquisitions to account for full proton ·
spin-lattice relaxation, yielded the 29si spectra~disc~ssed hereiri. For
1H spectra,between 350 and 1250 acquisitions were accumulated.

The

BR-24 pulse cycle (18) was utilized to remove homonuclear dipolar interactions while magic-angle spinning removed chemical shift anisotropies
ICRAMPS,(19)]. The cycle time for the 24-pulse cycle was .36 µseconds.
The samples were prepared in an rf-diode deposition system, details
of which have been published elsewhere (.£Z_).

Three samples were chosen

that represent a proton content varying from 33 to 8 atom% produced by
varying of the deposition parameters.

Table 2 details the preparation

conditions and the hydrogen content measu·red from the area of the proton
to FID spectra.

The samples were deposited on

foil substrates in thicknesses from 20 to 110

~2-inch

µ

diameter aluminum

resulting in sample
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masses in the range rv0.1 - 0.25 grams after removal of the substrates
with dilute acid etch.

Results
Figure 1 shows the silicon-29

N~R

spectrum of the room temperature
anode sample obtained under conditions of cross-polarization by 1H, and
strong proton decoupling (top curve labeled X-POL), and with the addition
of magic-angle sample spinning (X-POL, MASS).

The full width at half

maximum for the spectrum under MASS is 50.8 ppm, only 40% narrower than
the 81.5 ppm spectrum obtained without spinning.

Figure 2 compares the

spectra of the RT anode and RT cathode samples under MASS.

The center-

of-mass of the RT anode and RT cathode spectra are 50.4 and 41.6 ppm
upfield (shielded) with respect to TMS, respectively.

The difference of

the RT anode and RT cathode spectra is also shown in Figure 2; the RT
anode spectrum clearly has components further upfield than the RT cathode
spectrum.
The lack of narrowing of the cross-polarization spectra upon magicangle spinning combined with lack of lineshape changes upon varying the
contact time for cross-polarization (28) are indicative of large dispersions in the chemical shift of the silicon-29 nuclei.

The contri-

bution of bulk susceptibility to these magic-angle spectra may be
estimated from combined multiple pulse/magic-angle sample spinning
spectra (Figure 3) of the protons in these samples and is found to be
less than 3 ppm.

Thus the majority of the broadening in the magic-

angle spectra must be due to variations in the local electronic environment of the silicon-29 nuclei.
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The comparison of the RT anode and RT cathode spectra in Figure 2
is useful in light of an analogous comparison of their IR and Raman
spectra.

The RT anode film has IR and Raman bands attributed to poly-

silane (SiH 2)n bonding environments (3)
- whid. are lacking in the cathode
film. These bonding environments are expected to yield silicon NMR
resonances shifted to higher field~ based upon analogies in liquid
29 si chemical shifti (~,I). Figure 2 shows that the RT anode film does
indeed have higher field components than the RT cathode film, consistent
with the IR identification of polysilane-type local bonding.
Figure 3 and Tab 1e 3 show the 1H proton CRAMPS data for films A
and C.

Again, local bonding environments are not discernible due to the

2 - 3 ppm susceptibility or dispersion effects.

The rv2 ppm downfield

shift of the protons in sample C is most likely due to susceptibility
effects since sample A has rv200 ppm unpaired spins associated with
dangling bonds while sample Chas <1 ppm .of unpaired spins (1 -3).
We conclude that these 1 H NMR spectra yield no information on the distribution of local bonding environments.

However, as noted previously,

the observed linewidths place an upper bond of rv3 ppm on the contributions of bulk susceptibility to the 29 s; chemical shifts.

Conclusions
In summary, we have presented both 29 s; and 1H high resolution
solid state NMR data in an effort to determine the local bonding environments of hydrogen on silicon in plasma deposited a-Si:H.

These data

show large chemical shift dispersions which we attribute to extensive
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disorder in the silicon lattice.

The 29 si spectra yield qualitative

agreement with the infrared assignment of (SiH 2 )n species in room temperature anode films.

We gratefully acknowledge support from the National Science Foundation under Grant # DMR-77-21394.
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Table 1

Structural Group

Bond Stretching

Bond Bending

Bond Rocking

SiH

2000

SiH 2

2090

880

630

SiH 3

2140

860 905

630

845 890

630

(SiH 2 )n

(2090 - 2100)

630

Vibrational frequencies for H-containing units. The numbers
in parentheses give the range of frequencies found in samples
produced under different conditions. The mode at 845 cm- 1
for (SiH2} is most probably a bond-wagging mode made active
through annintrachain coupling.
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Table 2

Sample

Conditions(a)

Hydrogen(b)
Content (at %)

A

5%; 18W; 25 C (A)

32.2

B

5%; 18W; 25 C (C)

16.3

c

100%; 2W; 230 C (A)

7.8

aThe conditions refer to percentage silane in gas (diluent argon), rf
power (net into matching network), and substrate temperature. (A)
and (C) distinguish between deposition on grounded electrode (anode)
or hot rF electrode (cathode).
b

Determined from integraded proton spin density and sample weight.
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Table III
Magic-Angle NMR Data
-(A)

Sample

Nucleus

FWHM(A)

a

A

29s;

50.8

50.4

lH

2.49

B

295;

49. 7 . .

41.6

c

1H.

2.98 .

-1.91

A In

parts per mi 11 ion (.ppm) where 1 ppm
Si and 55.4 hertz for H.

BArbitrary set to zero.

0. 0(.B)

=

11.1 hertz for
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Figure Captions
Figure 1:

Cross-polarization (top) and cross-polarization with magicangle sample spinning (bottom) spectra for an 18 watt roomtemperature anode amorphous silicon:hydrogen film.

The full

width at half maximum for the top spectrum is 81.5 ppm;
50.8 ppm for the lower spectrum.

Increasing field is from

right to left.
Figure 2:

Cross-polarization with magic-angle sampling spinning spectra
of (top) the 18 watt room-temperature anode film and (middle)
the 18 watt room-temperature cathode film.
the difference (anode - cathode).

At the bottom is

Increasing field is from

right to left.
Figure 3:

Combined proton multiple pulse magic angle sample spinning
spectra for samp 1e A (room-temperature anode) (top), and
sample C (230°c anode) (bottom).

The chemical shift scale

arbitrarily reference to the center-of-mass of sample A.
creasing field is from right to left.

In-
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Chapter 4

DISORDER MODES IN AMORPHOUS SILICON-HYDROGEN FILMS
AS DETERMINED BY PROTON SPIN-LATTICE RELAXATION

{Chapter 4 is essentially an article by J. A. Reimer~ R. W. Vaughan and
J. C. Knights entitled "Proton Spin-Lattice Relaxation in PlasmaDeposited Amorphous Silicon-Hydrogen Films". This paper has been submitted to the Physical Review B.J

100

ABSTRACT
Proton spin-lattice relaxation data are presented for several plasmadeposited amorphous silicon-hydrogen films when (i), homonuclear dipolar
interactions are suppressed, (ii), deuterium is isotopically substituted
for hydrogen, and (iii), films are annealed. These data are consistent
with a model in which proton nuclei are relaxed by hydrogen-containing
disorder modes. Analysis of these data shows that the density of disorder
modes is -30% higher in the low hydrogen density domain and that more than
one hydrogen nucleus is associated with each disorder mode. The behavior
of T1 upon annealing indicates that a small fraction of unpaired spins
or dangling bonds may be associated with the disorder modes. These
results suggest that the role of hydrogen in amorphous silicon is more
complex than passivation of dangling bond" intrinsic defects.
11

11

11
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1. INTRODUCTION
Hydrogenated amorphous silicon (a-Si:H) has attracted a great deal of
attention recently because of its remarkable electronic properties vis-avis pure amorphous silicon. The hydrogenated material (1), prepared either
by glow discharge of silane or reactive sputtering, has a large photoconductivity, efficient photoluminescence, and a very low concentration of
unpaired electron spins associated with dangling bonds. Because the hydrogen apparently passivates (2) the large number of these unpaired spins
found in pure amorphous silicon, controlled doping of hydrogenated films
has led to the development of p,n and Schottky barrier junctions (3-5),
as well as moderately efficient solar cells (6).
More recently, a variety of proton nuclear magnetic resonance (NMR)
data have posed some new questions on the role of hydrogen in both electronic and structural properties of plasma-deposited inorganic films.
Linewidth and lineshape results (7) have shown that plasma-deposited
a-Si:H is characterized by two domains which differ in the local density
of hydrogen. Furthermore, upon annealing (8) hydrogen in the less clustered domain diffuses internally concomitant with the reduction of paramagnetic center density (9). Proton spin-lattice relaxation measurements
in a-Si:H have also been reported recently (10) and were explained by
postulating the existence of hydrogen-containing disorder modes that may
contribute to the electronic states within the band gap. In fact such disorder modes have been observed directly by us using proton NMR in amorphous boron, carbon, and silicon nitride (11).
The purpose of this work is to investigate the proton ~pin-lattice
relaxation behavior in a-Si:H in detail in order to ascertain the validity
of the disorder mode relaxation model and examine the structural details
of both the disorder modes and their distribution in the film. An understanding of these details is expected to aid in discerning the relationship between film microstucture and defects which contribute to non-radiative recombination processes and limit luminescence efficiency. In this
paper we present proton spin-lattice relaxation behavior when;
(i), homonuclear dipolar interactions are suppressed; (ii), deuterium is
isotopically substituted for hydrogen; and (iii), films are annealed under
conditions which produce rapid changes in unpaired spin density and lumin-
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escence efficiency. The data provide additional evidence for the relaxation model of Carlos and Taylor (10) and yield new information on the
distribution of hydrogen-containing disorder modes within the film, the
number of hydrogen nuclei within the disorder modes, and the association
of "dangling bond" paramagnetic centers with the disorder modes.
2. . EXPERIMENTAL
Magnetic resonance data were taken with an NMR spectrometer previously
described (12) with an operating frequency of 56.4 Mhz (1.3Tesla). Proton
spin-lattice relaxation times (T 1) were detennined by the inversion recovery method (13). Proton spin-lattice relaxation times while homonuclear
dipolar interactions were suppressed were determined by the T1y method (14).
We shall briefly review the T1Y technique since it is relatively new and
only recently received attention in the literature (14,18,30).
In order to suppress homonuclear dipolar interactions an eight pulse
cycle (15),
T*-P x-T-Py-2T-P -y -T-P -x -2T-P -x -T-Py -2T-P -y -T-P x-T,
was applied to the spins. Here Px, etc., denote 90° pulses in the directions x, etc., and T and 2T stand for the pulse separations. At the point
T* in the cycle the magnetization is sampled and stored in a transient
recorder. The cycle is repeated 1024 times, continuously, and the magnetization is thus "stroboscopically" observed. The effective rotating frame
Hamiltonians for the spins under this pulse cycle have been calculated
previously (15,19,20) via the Magnus expansion approach and yield the
homonuclear dipolar interaction to be zero to second order. The chemical
shift Hamiltonian becomes (15)

a(&u + wo 0 zzi)
i

( I . +I .)
Xl
Zl

3

where a is the chemical shift scaling factor, w0 the resonant frequency of
the spins, /JJ.JJ the amount the applied rf differs from w0 , and ozz the chemical shift tensor component for the I spin. This Hamiltonian is thus in
the (101) direction and, in geometric terms, the initial magnetization
may be thought of as precessing about the (101) direction.
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In the Tly experiment a 90~ or 90~x preparatory pulse is used to place
the total thermally induced magnetization parallel to they direction.
While applying this eight pulse sequence on resonance a phase error of
-2khz in the x-pulses is introduced which gives rise to a y Hamiltonian,
(O) -Hp

2

tc

(- ¢x + ¢_x ) 1y

where tc is the eight pulse cycle time and ¢x is the phase misadjustment
of the x pulses. Under ~ this Hamiltonian the magnetization is forced to
precess about the y-axis (perpendicular to the 101 direction) and thus
"second averages'' (19,20) chemical shift and field inhomogeneitites to
zero. The small non-fluctuating phase error Hamilitonian does not affect
relaxation times (14); hence, the observed decay is due only
to spin-lattice relaxation. However, the effective frequency for relaxation is not the Larmour frequency as in conventional T1 measurements, rather,
it is given by the cycle time of the eight pulse sequence. This is analogous to T1P "spin-locking" measurements (31) where the effective field is
defined by the magnitude of the locking field. For these data a 50 microsecond cycle time was used for the eight pulse sequence, and the 90° pulse
widths were less than 2 microseconds. The 90°x and 90°-x preparatory pulses
were alternately applied and the data were cosubtracted with 100-200 acquisitions accumulated to improve the signal-to-noise ratio and eliminate
baseline artifacts.
The samples were prepared in an rf-diode deposition system, detai ts
of which have been published elsewhere (16). Five samples were prepared
that represent a proton content of 31 to 7 atom% by varying the deposition parameters. The hydrogen content was determined by using the integrated proton spin density and the sample weight. The samples were deposited onto 2 inch diameter aluminum foil substrates in thicknesses of
approximately 10 microns, resulting in sample masses of 50 milligrams after
removal of the substrates with a dilute hydrochloric acid etch. The notation for the deposition conditions used in the text are as follows: (5%
SiH 4/Ar,18W,RT,C) refers to deposition from 5% silane diluted in argon,
a rf power (net into matching network) of 18 watts, a substrate tempera-
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ture of 2s0 c, and deposition on to the hot rf electrode (cathode), as opposed
to the grounded electrode (anode). Some samples were then placed in a
quartz NMR tube and isochronally annealed at various temperatures under
flowing nitrogen for 20 minutes. The NMR data were taken after cooling
0
the sample to room temperature subsequent to each increase of so c in
the annealing temperature. The spectra of annealed samples were independent of temperature down to so°K and field in the range 6.3 to 1.3 Tesla.
All spin-lattice relaxation rates (Ti 1 = R1) were also found to be field
independent in the same range.
3. RESULTS
A.

Proton Spin-Lattice Relaxation under Conditions of Suppressed
Homonuclear Dipolar Interactions

Figure 1 shows the T1Y decay of the magnetization for a high (29 atom
%) proton content sample (100% SiH 4 , 2W, RT, A). The decay is clearly nonexponential. The curves are from models discussed later in the text.
Figure 2 shows the temperature dependence of the initial and final slopes
of the T1Y decay on an Arrhenius plot. The activation energies from
Figure 2 are 276 ± 30 calories·mole-l for the initial slope and 214 ± 50
calories·mole-l for the final slope.
Since the two-component dipolar-broadened spectra for these films
are due to spatially isolated proton dipolar reservoirs (7), the nonexponentiality in Figure 1 may be due to the two proton environments having
different relaxation times (T 1y). In order to test this hypothesis, the
Fourier-transformed free induction decay spectrumof the sample shown in
Figure 1 was compared to the spectrum after "spin-locking" the magnetization
under T1Y conditions for a time equal to three times the initial T1Y of
Figure 1. Figure 3 shows the "spin-locked" spectrum, (A), the normal
spectrum, (B),andthedifference. A fit of both spectra to the sum of a
Gaussian (b~oad component) and a Lorentzian (narrow component) yields
spectrum A to be 87.6% broad (12.4% narrow) and spectrum B to be 80.0%
broad (20.0% narrow). Figure 3 thus shows the narrow component, on the
average, has a shorter T1Y than the broad component.
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B.

The Effect of Deuteration on T1 and T1Y
Table 1 shows the deposition conditions for four samples which may be
considered in pairs. Each of the two pairs has deposition conditions that
differ only by their dilutant gas. In one case, the gas is hydrogen and,
in the other, deuterium. Neglecting isotopic effects in the plasma chemistry
during film growth, Table 1 shows that between 20 and 40% of the hydrogen
has been replaced by deuterium when films are deposited in deuterium.
Included in Table 1 are the spin-lattice relaxation rates (Tl 1 ) as well as
the initial and final rates (Tl~) when homonuclear dipole-dipole interactions are suppressed. Figures 4 and 5 show T1y data for the four samples
described in Table 1. These data clearly show Ti 1 to be proportional to
hydrogen content and Ti~ almost insensitive to a factor of 3 change in
hydrogen content.
C.

The Effect of Annealing on T1
Two samples, (5% SiH 4/Ar, 18W, RT, C) and (5% SiH 4/Ar, 18W, RT, A),
were annealed and moni .tored for changes in hydrogen contant and T1 . Figure
6 shows the changes in hydrogen content for the two samples normalized
to unity (as deposited, the samples have different hydrogen contents (7)).
The apparent increase in the hydrogen content in the anode sample is not
due to adsorption of atmospheric gases as the sample was kept under dry
nitrogen. Also extended evacuation did not affect the NMR lineshape or
hydrogen content.
Figure 7 shows a comparison of the spin density
determined by ESR (from Reference 9) and T1 for the two annealed samples.
Although the anode T1 data follow the spin density, the sensitivity is
quite low: a change of two orders of magnitude in spin density produces
less than a factor of two change in T1 . The cathode sample T1 data have
no straightforward relation to the spin density.
4.

DISCUSSION
A.

T Y and Disorder Modes
1
A recent study (10) of NMR spin-lattice relaxation rates (Ti 1) in
a-Si:H films has shown that there is a maximum near 40 Kand that the
temperature and frequency dependence of T1 are well described by a model which
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assumes that a smal 1 fraction of the hydrogen atoms are coupled to disorder modes. One
consequence of this model is that the observed relaxation rate is the result
of two processes: (i) spin relaxation for nuclei at the disorder mode,
and (ii) spin diffusion that occurs between neighboring spins. The model
is analogous to relaxation in solids due to dilute paramagnetic centers
(17) where spin diffusion carries to remote nuclear spins the information
on the lattice temperature dispensed by electron spins. In these films,
however, the role of the paramagnetic center is played by hydrogen nuclei
experiencing rapidly fluctuating magnetic fields due to hopping over the
potential barrier separating two equilibrium positions of a disorder mode.
Recent developments (14,18) in multiple pulse schemes for highresolution NMR in solids (19,20) have furnished a means to measure proton
spin-lattice relaxation times while suppressing homonuclear dipolar
interactions with an eight-pulse cycle (15). This experiment allows for a
detennination of spin-lattice relaxation in a-Si :Hin the absence of spin diffusion (21,22). According to the above model, such a measurement is expected to
be analogous to spin-lattice relaxation of isotopically dilute spins, such
as 13 c, by randomly distributed paramagnetic centers (23). Nuclei close
to the disorder mode are expected to relax quickly, while nuclei far away
should relax more slowly since (14), in the fast motion limit,
(1)

where T is the correlation time of the hydrogen nuclei in the disorder mode,
6m 2 the fluctuating field due to hydrogen in the mode, and r the distance
between the disorder mode and the nucleus being relaxed. In a disordered
material such as a-Si:H one might expect a random distribution of the disorder modes so than an expression N(T ly) may be written based on
Equation (1) which gives the number of nuclei at a given T1y. The
magnetization then behaves as (23)

m( t)

=

r~x
0

(2)

107

One thus expects a non-exponential decay of the magnetization.
The data in Figure 1 show that the decay of the magnetization in the
T1y experiment is indeed non-exponential. This is consistent with the
disorder mode model. Also, if we assume T is due to a simple activated
process,
T

=

~E/kT
T

0

(3)

e

f

then a plot of ln(T 1Y) versus
yields ~E.
Figure 2 shows the initial
and final T1 times to be consistent with Arrhenius behavior. The
calculated ~t of -250 calories·mole-l is slightly larger than that observed
. the T measurements ( 10 ) , -160 calories·mole -1 . However, such
1n
1
differences are to be expected as sample preparation conditions differ
between the two experiments.
Further insight on the distribution of disorder modes can be derived
from these T1Y data according to explicit models for N(T 1y) given in Equation
2. Since the hydrogen atoms are in two spatially isolated regions of the
film with differing spin densities (7), a particularly simple model may be
the sum of two exponentials in which the weighting of the two terms is given
by the proportion of hydrogen in the high and low density hydrogen domains
and the time constants of the terms are given by the initial and final time
constants in the T1Y decay shown in Figure 1 (32). This calculation yields
the dotted line in Figure 1; clearly a poor match to the experimentally
observed decay.
A second model for Equation 2 is one in which the disorder modes are
distributed at random throughout the film. Using Equation (1) N(T 1Y)
may be calculated readily, and T~~X is determined by a fit to the data.
The solid lines in Figure 1 show this calculation for two different values
of T~~x, one to best fit the initial decay and the second to best fit the final
decay. Neither is a good fit to the full range of experimenta 1 data. Cl early,
these models for N(T 1y) in Equation (2) are insufficient to explain the data. ·
The most appropriate model may be one which involves modifying Equation (2) to
include two tenns that differ only by N(T 1Y). More precisely, two random
distributions may be considered with the average density of disorder modes
in each distribution differing. An interesting question would then be
whether or not the two different domains of disorder mode density correspond
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to the two different domains of hydrogen density. The results for an
experiment designed to test this hypothesis are shown in Figure 3. By "T spinly
locking" the magnetization for a period of three times the initial time
constant, we remove from the spectrum those components which decay quickly.
If one domain of hydrogen has a higher density of disorder modes than the
other, we would expect the lineshape due to that domain to be depleted
relative to the other lineshape by spin-locking. Figure 3 shows that the
spin-locked spectrum for the sample shown in Figure 1 is depleted in the
narrow component relative to the normal spectrum. We conclude that the
density of defect sites is higher in the less clustered hydrogen domain.
The lineshape analyses show that the average density of hydrogencontaining disorder modes is a factor of 1.3 higher in the less clustered
hydrogen domain.
B.

Deuterium Dilution

At room temperature (far above the T1 minimum) the spin-lattice
rate Ti 1(R 1) is expected to be governed by spin diffusion (10,17). The
spin-diffusion constant (24) is proportional to density of proton spins.
Thus, deuterium dilution of the hydrogen in a-Si:H would proportionately
affect Ti 1. Assuming there are no isotopic effects during film growth,
Table 1 shows hydrogen content and Rl to be directly proportional upon
dilution of hydrogen with deuterium. These data confirm the importance
of spin diffusion on the observed Rl data away from the Tl minimum. The
T1y data, however, are very insensitive to deuterium dilution.
Since the T1Y data are not affected by spin diffusion, any changes or
1ack of changes would be due to the dis tri bu ti on of hydrogen about the
disorder modes (Equation 1 and N(T 1Y) in Equation 2). If the disorder
modes contai:ned only one hydrogen nucleus, then the density of hydrogencontaining disorder modes (and T1Y) would be proportional to the hydrogen
content.
Inspection of Figures 4 and 5 as well as Table 1 shows that
T1Y is not proportional to hydrogen content. We conclude that each disorder
mode must contain more than one hydrogen atom. This rules out the
possibility that the disorder mode corresponds to a single monohydride
(SiH) species rapidly exchanging with an unpaired spin or "dangling
bond" defect.
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C.

Annealing Behavior of T1
The role the dangling bond defects play in spin-lattice relaxation
is not straightforward. This is made clear by inspection of Figures 6 and
7 which show changes in hydrogen content and T1 as the films are annealed.
Previous studies (8,9,25) have shown changes in ESR spin densities, vibrational spectra, and proton NMR lineshapes upon annealing. The following
is a surrmary of the data from this work:
(i) despite the fact that the unpaired spin density is the same
as deposited for the anode and cathode films, the T1 ts
differ by a factor of -4.
(ii) in the annea 1 i ng range of 20-200° C where unpaired spin
densities rapidly decrease, the Ti's for the anode
sample increase whereas the cathode film Ti's are
roughly constant.
(iii) in the range 200-400° C where unpaired spin densities
increase, both anode and cathode Ti's decrease.
(iv} the observed hydrogen content (as detennined by NMR intensities)
for the anode sample increases in the range 20-200. When
allowed to self-anneal at room temperature for several
months, the hydrogen content in this sample stabilizes at
-32% with slight changes in hydrogen clustering (28). The
hydrogen content in the cathode sample changes in a straightforward fashion described previously (8).
(v) a previous ESR study (29) has shown that electron spin
lineshapes in anode samples motionally narrowed for Ns > io 19
cm- 3. The electron spin T s are, however, still too long
1
(10,17) to explain these proton T1 data. Thus, we may rule
out effects on proton relaxation due to paramagnetic centers (17).
(vi) anode films have shorter T1Y values than cathode films deposited
under the same conditions, and the anode film T1Y values are
less sensitive to deuteration than cathode film values.
In view of these observations, we propose that a fraction of the unpaired
spins is associated with the disorder modes and, in anode films, hydrogen nuclei are
clustered nearer to the disorder modes than in cathode films. This would explain
points (i), (iv), and (vi). The close proximity of hydrogen nuclei to
1
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the unpaired spins in the anode film would broaden those proton spectra
to thepoint that they would appear to lack any contribution to the observed
lineshape. Hence, an artificially low hydrogen content would be observed.
The increased local density of disorder modes would yield shorter T1 s, T y's,
1
and less sensitivity to deuterium dilution as observed in this stu<ly. Observation (ii)
may be explained by noting that in the range 20-200 the total number of
unpaired spins, hence, the number of disorder modes that contain some
fraction of these spins, is rapidly decreasing. The anode film T1 's,
sensitive to the density of disorder modes, would then increase. The cathode
film T1 's are insensitive to the decrease in unpaired spins (hence, density
of disorder modes) due to the proton clustering away from disorder mode
sites (as deposited, longer T1 1 s, T1y's, and more sensitive to deuteration}.
The interpretations for observation (iii) are unclear although we have shown
previously (8) in cathode films at annealing temperatures TA > 200° C
hydrogen diffuses internally and thus allows hydrogen nuclei to diffuse
closer, on the average, to disorder modes. We conclude that it is likely
that the hydrogen-containing disorder modes responsible for proton spinlattice relaxation may be associated with a small fraction of the unpaired
electron spins. The relationship of the different microstructures seen
in anode and cathode films vis-a-vis the distribution of hydrogen about the
disorder modes should be considered.
1

5.

CONCLUSIONS

By using deuterium dilution and spin-lattice relaxation times while
suppressing homonuclear dipolar interactions, we have obtained evidence
supporting a hydrogen-containing disorder mode model of proton spin-lattice
relaxation in plasma-deposited amorphous silicon-hydrogen films. A small
fraction of hydrogen nuclei at these disorder modes have very short relaxation
times and act as "sinks" for proton spin-lattice relaxation. The temperature
dependence of these data agree with the T1 measurement of Carlos and
Taylor. Deuterium dilution experiments have shown that: (i) spin
diffusion between neighboring nuclei dominates T1 relaxation at temperatures
far
above the T1 minimum, and (ii) that each disorder mode contains
more than one hydrogen atom. Effects on the proton lineshape due to spin-
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locking while suppressing homonuclear dipolar interactions show that the
density of disorder modes is ~30% · higher in the less clustered hydrogen domain.
Finally, we have argued from the T1 behavior upon annealing that,
in addition to hydrogen nuclei, the disorder modes may contain a small
fraction of the unpaired spin(s). The relationship between film microstructure, the distribution of the disorder modes, and the optical
properties of these films warrants further investigation.
6.
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TABLE 1
(a)
Sample

5%SiH 4tH 2,19W
RT,A

(b)

(c)

(c)

(c)

Atom %
H

R1
l
(seconds- )

R 1 ~(initial)

R 1 ~(final}

25.7

0.63 ± .01

31.6 ± 0.1

10.6 ± 0.1

(s conds-1)

(s conds- )

atom% H2
atom% o2

R1H2
R1D2

initial
RlyH2
initial
R1i2

final
RlyH2
final
R1i2

2.5

2.4

1.0

1. 3

4.4

4.0

1.2

2,2

-------- ----- ------- ------- io------5%SiH 4to2 ,18W
RT,A

10.l

0.2 ± .01

32.5

5%SiH 4tH 2 , 18W
RT,C

31.1

0.67

29.3 ± 0.1

±

0.1

±

0.1

8.1

±

.01

6.1 ± 0.1

-------- ----- ------- ------- -----5%SiH 4/D 2,18W
RT ,C

0.17

7.0

±

.01

23.5 ± 0.1

2.8

±

0.1

(a) Notation for sample preparation conditions is explained in the text.
(b)

Detennined from integrated proton spin density and sample weight.
R

lY

= _l_
Tly
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FIGURE CAPTIONS
Figure 1: Decay of magnetization while suppressing homonuclear dipolar
interactions (T 1Y) for an a-Si:H sample prepared under the conditions
shown. The dotted line is the sum of two exponentials weighted by the
hydrogen content in the broad and narrow components of the Fourier transfonned free induction decay. The two solid lines are calculations based
on the random distribution of relaxation centers discussed in the text.
Figure 2: Initial and final slopes from T1Y data as a function of temperature. The activation energy from the initial decay (top) is 276 t 30
calories/mole; the final decay (bottom) is 214 ± 50 calories/mole.
Figure 3: Fourier-transformed free induction decays for the (100% SiH 4 , 2W,
RT,A) sample. Spectrum A has been "spin-locked" under the conditions of the T1y
experiment (suppressed homonuclear spin diffusion) for a period of three
times the initial decay time (Figure 1) and less than the final decay time.
Spectrum B resulted from a single 90° pulse. At the bottom is the difference of A and B.
Figure 4: Comparison of T1y decays for the samples deposited in deuterium and hydrogen on the hot rf electrode (cathode).
Figure 5: Comparison of T1Y decays for samples deposited in deuterium and hydrogen on the grounded electrode (anode).
Figure 6: Hydrogen content as a function of annealing temperature for
two films prepared from 5% SiH 4 in Argon.
Figure 7: Proton spin-lattice relaxation times (T 1, bottom) for the
samples shown in Figure 6 as a function of annealing temperature. For
comparison the ESR spin densities for similarly prepared samples (from
reference 9) are shown at top.
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PART 2: SELECTIVE PROTON OBSERVED NMR IN SOLIDS

(Part 2 is essentially t:wo articles by J. A. Reimer and R. W. Vaughan
enti tied "Se Zective High Reso Zution Proton NMR Spectra in So lids" and
"Selective Proton Observed Heteronuclear Dipolar Modulated Chemical
Shi ft Spectra in So lids". The former article appeared in Cheinic.al.
Phy~ie6 Le:tte/l..6 63~ 163 (1979) and, the latter is scheduled for the
January 1981 issue of the JoWLna.l 06 Magnet.le. Ruonan.c.e.)
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Chapter 5

INTRODUCTION:

SELECTIVE PROTON OBSERVED NMR
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Recent years have seen the development of multiple pulse NMR techniques (.!__:._]_) allowing for the measurement of proton chemical shift
spectra in solids.

Application of these techniques has been limited

largely to systems in which all the protons are crystallographically
equivalent, since nonequivalent protons normally produce overlapping
chemical shift powder spectra.
tigators

(~)

For more complicated systems some inves-

have used single crystal rotation patterns to deconvolve

overlapping chemical shifts, however, many chemically interesting systems
such as biomacromolecules or surface adsorbed species are unavailable as
single crystals.

Another method for observing a selected chemical environment in a polycrystalline solid is to use other nuclei such as 13 c
which have a dispersion of chemical shifts large enough to resolve different chemical environments.

Double resonance techniques

(J_,~_)

have

been developed to atd tn the observation of such dilute spin nuclei.
However, extensive signal averaging and/or high magnetic fields are still
required to obtain spectra in even moderately complex systems.

Thus, the

motivation for this work was to develop a technique designed for observation of a selected chemkal environment in complex polycrystalline
soltds while retaining the signal-to-noise advantage of observing protons.
A heuristic description of the technique we developed is shown in
Figure 1.

Consider a polycrystalHne solid with several inequivalent

protons where one type of proton is directly bonded to another spin-~
nucleus such as 13 c or 15 N. After suppressing the proton homonuclear
dipolar interactions with. a multiple pulse cycle, one obtains the spectrum
di_agraTT111ed in Figure 18. The protons bonded directly to the 13 c or 15 N
nuclei are broadened by the heteronuclear dfpolar interaction to the
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point that they appear to lack any contribution to the observed chemical
shift spectrum.

If one simultaneously decouples.both the homonuclear and

heteronuclear dipolar interactions, one obtains the spectrum shown in
Figure lA.

In that case, all proton chemical shift spectra are observed.

The difference of the two experiments, shown in Figure lC, is the chemical shift powder spectra for only those protons bonded directly to the
nucleus we chose to decouple (e.g. 13 c or 15 N). We thus achieve selec~
tive observation of a given chemical environment by a difference technique
involving suppression of the homonuclear dipolar interaction while alternately suppressing the heteronuclear di polar interaction.

The next chapter

describes this technique in detail as well as showing how the technique may
be modified to obtain geometrkal (bond distances and angles) information.
Finally, Chapter 7 descrtbes the application of these techniques to two
chemical problems.
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Figure Caption

Heuristic description of the difference technique discussed in the
text.

Top:

Overlapping chemical shift spectra with both homonuclear

and heteronuclear dipolar interactions suppressed.

The dotted spectrum

corresponds to those protons bonded directly to another
Middle:

spin-~

nucleus.

Overlapping chemical shift spectra with homonuclear dipolar

interactions suppressed.

Bottom:

Difference spectrum (top -middle).
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Chapter 6

SELECTIVE PROTON OBSERVED HETERONUCLEAR DIPOLAR
MODULATED CHEM I CAL SHIFT SPECTRA IN SOU OS
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Abstract
The production of heteronuclear dipolar modulated chemical shift
spectra of specific protons within polycrystalline solids is described
by consideration of explicit double resonance pulse schemes which remove
both heteronuclear and homonuclear dipolar interactions.

These spectra

furnish an accurate method of determining bond distances in local environments of complicated chemical systems.

When used in conjunction with

selectively observed chemical shift spectra, these schemes present a
means for characterization of both geometrical and electronic properties
in the solid state.
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Introduction
The use of the heteronuclear dipolar interaction between two

spin-~

nuclei together with the chemical shift interaction to furnish geometrical information has been widely discussed in the recent literature (2 -8).
The creation of dipolar-modulated chemical shift powder patterns has been
described for observation of dilute spins, 13 c (3 - 7), and abundant spins,
1H, when all the abundant spins occupy equivalent sites (8).

communication

OJ,

In a recent

we reported an experimental scheme to isolate the

chemical shift spectrum of chemically distinct protons in complex polycrystalline solids where the protons of interest are coupled by the heternuclear dipolar interaction to another

spin-~

nucleus.

Such a technique

allows for the observation of a s·elected proton environment at the excluston of all others.

We concluded that it may be possible to create

selective proton observed dipolar modulated powder patterns and use such
spectra to determine molecular frame geometry {.bond distances and bond
angles) and orient the chemical shift principal axes in the molecular
frame.
The purpose of this chapter is. to consider the proton selective
technique in detail.

ln addition to selective chemical shift spectra,

we show how to produce selective proton observed heteronuclear dipolar
modulated chemical shift spectra and thus demonstrate the ability to
characterize geometrical properties of local hydrogen envtronments tn
polycrystalline or amorphous sol ids.
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The Proton Selective Multiple Pulse Technique
When using a multiple pulse technique

(~,10)

to suppress homonuclea.r

dipolar interactions in a typical polycrystalline solid, one usually obtains for the abundant I spins an inhomogeneously broadened spectrum
because of the overlapping chemical shift spectra.

In the case where

some of the I spins are dipole-dipole coupled to S spins, the multiple
pulse spectrum of those protons will have an additional broadening due to
the heteronuclear dipolar (I-S) foteraction.

In typical rigid solids, or

at least where motional averaging is not complete, the heteronuclear
dipolar interaction is much greater than the chemical shift interaction
for I = 1H. The proton selective technique relies on this fact because
under multple pulse those protons bonded directly to an S spin will be .
broadened to the point where they appear to yield no contribution to the
overlapping chemical shift powder patterns of the other protons.
by

Thus,

suppres·sing the heteronuclear dipolar broadening of those I spins

coupled to the S spi'ns concurrently with a multiple pulse cycle and sub...
tracting the resultant s-pectrum from a multiple pulse spectrum in which
the 1-S dipolar interaction is not suppressed, one obtains only the
multiple pulse spectrum of the l spins bonded directly to the S spins.
While there are a variety of ways in which one may remove the heteronucl ear dipolar .i nteraction

l~),

the pulse decoupling scheme (l2l in the

present expertrnent must neces-sarily take into consideration the multiple
pulse sequence used to suppress the l-l homonuclear dtpolar tnteraction.
for the data shown here, the MREV-8 cycle . (11) was used to remove the
homonuclear dipolar interaction, although other pulse cycles such as the
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BR-24 cycle (Jl..,14) could be used as well.

Figure 1 shows the timing of

the I and S spin pulse sequences including the effects of finite pulse
widths.

The S spin TI-pulses are adjusted to fit within the ''windows" of

the I spin eight pulse sequence and alternate in sign with each eight
pulse cycle to eliminate the accumulation of pulse errors.

In the event

that there is insufficient rf power to produce such short pulses, one may
overlap the S spin TI-pulses with the I spin (TI/2) y and (TI/2).
y pulses as
described previously (JJ. The effect of these finite pulse widths on the
heteronuclear dipolar Hamiltonian, calculated via the Magnus expansion
approach (11), may 5e shown to vanish from syrmnetry arguments.

In these

experiments, if one s·uppresses the heteronuclear I-S interaction with the
four pulse scheme every other acquisition while suppressing the homonuclear dipolar interaction, one obtains the chemical shift spectrum of
that I spin coupled to the S spin by alternately adding and subtracting
acqui s tti·ons.
The above scheme ts parti:cularly well suited for studying molecules
th.at have only one inequtvalent S spin, such as can he realized for a
small molecule adsorbed to a surface.

To obtain selectivity in larger

molecules, one must in general tsotopically enrich the S spin bonded
directly to the proton of

Such enrichment is. connnon practice
in the case of observing isotopically dilute spins such as 13 c or 15 N.
intere~t.

Selective Proton I-S Dipolar Oscillations
The extension of the above technique to obtain selective proton
observed dipolar modulated chemical shift spectra is straightforward, as
shown in Figure lB.

For every other acquisition, one simply delays the
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start of the four pulse heteronuclear decoupling sequence by an integral
number of the proton eight pulse cycle times.

During the delay time the

heteronuclear dipolar interaction evolves and modulates the chemical
shift powder pattern of the proton bonded directly to the S spin.

By

alternately adding and subtracting the acquisitions with and without the
delay (Figures lA and 18), one then obtains the difference between the
normal chemical shift spectrum of the proton and the chemical shift spectrum that has been modulated by the I-S interaction.

The present experi-

ment differs from the dilute spin observed (3 - 6) experiments where one
obtains the dipolar modulated spectra directly.

In addition, one has

the advantage of much greater signal-to-noise due to the larger gyromagnetic ratio of protons.

Here the selectivity occurs because those protons

not bonded directly to an S spin will have their spectra unaffected by the
delay, hence are cancelled out by the co-subtraction of acquisitions with
and without the delay.
To consider the production of selective I spin heteronuclear dipolar
modulated spectra, we extend on the formalism used to describe dipolar
modulation of dilute spins in polycrystalline solids (3 -6).

The effective

zeroth_order Hamiltonians associated with a polycrystalline solid consisting of inequivalent

I spins with dilute

spin-~

spin-~

S spins under

an eight pulse sequence are:
I

Hes = I
i

s
Hes = Ij

a(tiu + w o

.)

0 ZZl

3

(~ + wo 0 zzj)Szj

(Ix·. + I . )
1

Zl

(1)

(2)
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aB ..

HIS =

~

(I . + I . )S

3

Xl

Zl

(3)

.

ZJ

where
B .. =

(y.y.h)

lJ

r:j~

(1 - 3cos

2

e;jl

are r is the internuclear distance, e the angle between r and the applied
field, w0 the resonant frequency of the I or S spins and ~w the amount
the applied rf differs from w0 , and crzz the chemical shift tensor component for either the I or S spin. Equations (1) and (2) are the effective chemical shift Hamiltonians and Equation (3) the heteronuclear
dipole-dipole Hamiltonian.

Since the effective Hamiltonians corrunute,

one may calculate easily the time evolution of the density matrix and
hence predict the observed chemical shift spectrum.

For example, when

H
is allowed to evolve for a time T, the effective zeroth_order density
15

matrix for the coupled I spin evolves as
pl(t) =exp {-i[HIS' +

H~st]}p(O)exp { i[Hrs'

+

H~stJ},

(4)

We have used this approach to calculate the time dependence of the density matrix for the more complicated case of the difference scheme shown
in Figures IA and 18.

The effective zeroth_order density matrix for the

difference scheme ts then used to calculate the time dependence of the
magnetization which, upon Fourier transformation, yields the dipolar
modulated spectrum
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2n

a
~

3/2

( ~w + w ( a sin
. 2ecos 2¢ + a sin
. 2os1n
. 2¢ + a cos 2e ) - w)2
0
X.
y
z

2

{
0

)

w + 1

0

(5)

In this expression, (ox, oy, crz) are principal components of the I spin
tensor (note the multiple pulse scaling factor a/312), (x,lJJ) are the
polar angles of the I-S vector with respect to the principal axes of the
chemical shift tensor, and w is the half-width of a Lorentzian broadening
function assumed for the chemical shift powder pattern.
spectra, obtained as a function of

T,

The experimental

may be fitted to Equation (_5) in

order to obtain the orientation of the 1-S vector in the chemical shift
principal axis system as well as detennine the I-S bond distance.
In the event that there is insufficient resolution of the proton

chemical shift tensor to use Equation (5), the areas of the dipolar modulated spectra are sufficient to determine the I-S internuclear distance.
If A(T) is the area of the proton spectrum after dipolar evolution for a

time

T,

then the observed areas for the selecti"ve scheme shown in Figures

lA and lB are given by
A(o) - A(-r)

A{o)

=1

_

L

4n

J cos~[aTY1Ysi'lJ
312 r
IS

[1 - 3cos

2

1

e15

dn. (6}

138

Figure 3A gives the result for three 1-S distances where I = 1H
and S = 15 N. Note that I-S internuclear distances differing by only 0.1 ·
angstroms may be discriminated readily so that fairly accurate bond
lengths may be obtained by this approach.
A more recent 24-pulse scheme (_!l,i4) which removes the homonuclear
dipolar interaction to fourth order may also be used in conjunction with
a heteronuclear decoupling pulse scheme to obtain selective dipolar·
oscillations.

As with the eight pulse sequence, care must be taken to

insure no pulse errors accumulate due to finite overlap of the I and S
spin pulses.

The 24-pulse cycle is particularly useful in furnishing

increased resolution for protons with small chemical shift anisotropies
as well as for tightly coupled protons such as P\J.. 2 systems. Under this
24-pulse cycle, the relevant zeroth_order Hamiltonians still commute and
are given

by

I
cs - 1.

H1 -

=

Thus~

a(&u + w cr .)
0 ZZl
3

r aBij3
1

(I . - I . + I .)
Xl
y1
Zl

( I . - I . +I .)
Xl
Yl
Zl

(_7)

Equations (5) and (61 still describe the production of dipolar

modulated chemical shift spectra provided the appropriate chemical shift
scaling factor is used.

It is important to note that this scheme provides

a more direct ·method for determining I-S internuclear distances in AX n
systems than dilute spin obs-ervation experiments where sum and difference
frequencies (3-6) are required to interpret bond distances from spectral
areas.

Hence, structural information in more complicated systems may be
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readily obtained.

Experimental
While TI-pulses for S

= 13 c could be set by direct observation of the

13 c spins, in the case of S = 15 N such tuning could be tedious due to the
low signal-to-noise for 15 N. Here, one can take advantage of an I spin
resonance offset due to the presence of the S spin i rradi ati on to tune the
S spin pulse amplitudes.

for 15 N when

Since the S spin pulse is given by

e = TI and tp = 11 microseconds, H1 must be 105.3 Gauss.

Given the duty cycle for the S spin pulse scheme shown in Fi"gure 1, the
average rf field strength, w1 , must be 197,000 hertz. The effect of this
irradiation of frequency w and effective amplitude w1 on the proton

5

resonance may be calculated by going to the proton rotating frame and
ignoring Bloch-Siegert terms

(~).

For H1 ::; 105.3 Gauss, we find that a

liquid sample of protons on resonance is shifted by 384 hertz when the· S
spin pulse decoupling field is

pres~nt.

Hence, given the S spin and the

time required for the pulse and the duty cycle, H1 may he set by its
effect on the I spin resonant frequency.
This

offs~t

poses a minor irritation on the actual difference ex-

periments once the S spi.n pulses are tuned.
offset are:

Two methods of avoi.ding this

(i") us fog a programmab 1e synthesizer for the I spins that

offsets the shift produced oy the S spin irradiation, and

(ii} accumu-

1ating the desired spectra with the I spin synthesizer set to take into

account the S spin irradiation and then subtracting the same number of
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acquisitions from the original spectrum with the S spin irradiation off
and the I spin synthesizer returned to its original value.
were used to obtain the results shown in Chapter 8.

Both methods

For dipolar modulated

chemical shift spectra, the delay time is never long enough to remove this
offset, hence, no programmable synthesizer is required to furnish these
spectra.

Conclusions
In conclusion, we have reviewed an experimental method for obtaining
selective proton observed chemical shift and heteronuclear dipolar modulated chemical shift spectra in polycrystalline solids as well as presenting
an average Hamiltonian formaltsm for the selective dipolar osctllations.
In the next chapter we shall see how these techniques may be applied to
the study of surface adsorbed species as well as hydrogen bonds in solids.
As we shall see, in both cases tnfonnati.on could be derived from the
spectra which elucidate local bondtng environments.

We conclude that

selective observation of proton NMR parameters may be useful in studying
local geometrical and electronic properties in complicated polycrystalline
of amorphous solids.
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Figure Captions
Figure 1:

Schematic diagram showing S spin TI-pulses properly timed to
eliminate accumulation of pulse errors.

-

X and X refer to the

relative phase of the rf pulse with X being 180° out of phase
to X.

The eight pulse cycle applied to the I spins consists

entirely of TI/2 pulses with relative phases as shown.

A delay

of the start Of the S spin TI-pulse decoupling scheme is shown
in (b) and produces heteronuclear dipolar-oscillated chemical
shift spectra.
Figure 2:

Equation (6) from the text for I

= 1 H and S = 15 N, showing

the relative area of the difference spectrum as a function of
dipolar evolution time

T.

values of N-H bond lengths.

The curves show three different
The two open circles show the

data points for the N-H···O hydrogen bond in acetanilide and
0

yield an N-H distance of 1.05 ± 0.01 A.
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Chapter 7

THE APPLICATION OF SELECTIVE PROTON NMR TO THE STUDY OF
SURFACE ADSORBED FORMIC ACID AND POLYCRYSTALLINE ACETANILIDE
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Abstract
Selective proton-observed NMR results are presented for the carbonyl
proton of adsorbed formic acid on arrunonium-Y zeolite and the hydrogen
bonded proton in polycrystalline acetanilide.

Chemical shift information

for the adsorbed formic acid shows a chemi sorbed species consistent with
formate ions.

The data for the amide bond in polycrystalline acetanilide

stlow a hydrogen bond with a chemical shift anisotropy of 17.7 ppm and a
0

N-H distance of 1.05 ± .01 A.
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Introduction
Two frontiers addressed frequently in the literature are the chemistry of surface-adsorbed molecules and the nature of hydrogen bonding in
both liquids and solids.

The former research area has implications for

catalysis and the latter for biomacromolecules and cooperative phenomena
in solids.

In both problems, a wide variety of spectroscopic and experi-

mental techniques are employed in an attempt to elucidate local geometrical and electronic enviornments.

There have been few attempts, however,

to utilize modern htgh resolution NMR techniques to study these phenomena
because of their chemical complexity.

As discussed in Chapter 6, selective

proton observed NMR a11 ows for the se 1ecti ve observation of a 1oca1 hydrogen environment at the exclusion of all others, and hence, is a technique
well suited for both surface and hydrogen bond studtes.
In this chapter, I wtl 1 present se 1ecti ve proton NMR data for formic
acid adsorbed to ammonium-Y zeolites and the amide bond in polycrystalline
acetanilide.

In the formic actd study, I will show the selectively

observed chemical shift spectrum of the carbonyl proton on the admolecules.
The proton chemical shi'ft indicates that the admolecule is a fonna.te.ion.
rn polycrystalline acetanilide, in addttion to the selective chemical
shift spectrum,

r show

heteronuclear dipolar oscillation results for the

amide bond and thus demonstrate the ability to characterize geometrical
parameters in polycrystalline or amorphous materials.
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Experimenta 1
Materials
Acetanilide 95% 15 N-enriched was obtained from Prochem (Lot #12x9)
and was used without further purification, spin-lattice relaxation times
were approximately 90 seconds and approximately 1000 averages were
accumulated for a typical spectrum.

A 20% deuterium-exchanged sample
was prepared by recrystallization of the 15 N-enriched acetanilide from a
20% o2o;H 20 solution and the dffference spectrum signal was found to decrease by 20%.
A sample of 90% 13 c formic acid (.H13 cOOH, Prochem) adsorbed on ammonium-Y zeolite was prepared by T. M. Duncan.

Formic acid was introduced

(3) into the dry zeolite to a concentration of 25 formic acid molecules
The unit cell has the molecular ~ormula Na 2 (.NH 4 )48 (Al0 2)50
(Si0 )142 ·267H 20, hence the formate proton contributes only 3% to the
2
total protons present tn the s.arnple. Proton s·pin-latti·ce relaxation times

per unit cell.

were less than one second so that a difference spectrum could be obtained
in an hour.

Method
Magnetic resonance spectra were taken with an NMR s.pectrometer described previously OJ at a proton res·onance frequency of 56. 4 Mhz (13 c =
14.2 Mhz,

15 .
N = 5.7 Mhz).

Proton

T

values were 4.17 microseconds and

the proton n/2 pulse widths were typically 2 microseconds.

S spin

pulses were set at approximately 11 microseconds. The S spin field
. .
13
15
strengths were 42.5 Gauss for S = C and 105.3 Gauss for S = N.
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Both the 15 N-H and 13 c-H double resonance probes were of the single
coil doubly tuned type (£). Nominal values for 13 c-H and 15 N-H, respectively, were c1 = 590 pf, 1270 pf; c2 = 1760 pf, 6600 pf; c3 = 30 pf,
30 pf; c4 = 108 pf, 120 pf. The 15 N-H probe Q's were 25 and 90, respectively, and those of the 13 c-H probe were 70 and 100.

Discussion of Results
Figure 1 shows the selective observation of the chemical shift
spectrum of the carbonyl proton of H13 COOH adsorbed to ammonium-Y zeolite.
Zeolites (or molecular sieves) are composed of Si04 and Al0 4 tetrahedra
arranged in various geometrical patterns. The key structural feature of
the sieves is the narrow uniform channel system that becomes available
after the zeolitic water has been driven off by heating and evacuation
(.4a).

Ammonium-Y zeolite specifically catalyzes the decomposition of

formic acid to CO and H20 · (46). Duncan and Vaughn (~) were ab 1e to use
the spectrum shown in Figure 3 in conjunction with 13 c NMR and infrared
data to elucidate binding site geometry and distributions for the adsorbed formic acid.

The reader is referred to.their work for a complete

description of the formic acid zeolite adsorptton.

We point out here

three conclusions that are a direct result of the spectrum shown in
Figure 1.

The first conclusion· is that at least some of the adsorbed

formic acid has an intact C-H bond that is rigtd enough to allow the
heteronuclear interaction to be sufficiently large to yield a difference
s-pectrum.

This leads to the conclusion that the molecule i:s chemisorbed

and not phys i sorbed to the surface as has been suggested pr€vi ous ly (5).
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Second, the average chemical shift

o of

the carbonyl proton (-12.3 ppm)

is consistent with formate ion structures and not the acid itself (.2_),
implying that the adsorbed species are formate ions.

Third and finally,

the linewidth of the carbonyl proton is relatively narrow (6 ppm) giving
an upper bound on the inhomogeneous broadening (e.g. 27 Al heteronuclear
dipolar) observed in 13c NMR chemical shift spectra (1). This latter
result confirmed the interpretation of the broadening in 13 c chemical
shift spectra as being due to site distributions and local motions.
Selective dipolar oscillations were not performed on this sample since
previously attempted dilute spin observation experiments showed no
geometri ca 1 i nformati'on due to moti ona 1 effects · (}).

Finally, we note

that this particular difference spectrum was accumulated in approximately
one hour compared with eight hours for the equivalent signal-to-noise in
a 13 c observed cross-polarization spectrum. Hence, the selective proton
observation experiment should prove useful in the study of low surface
area or low coverage adsorptfon experiments.
Figure 1 also shows the selective observation of the chemical ·shift
spectrum of the intermolecular hydrogen bonded proton in polycrystalline
acetanilide.

The crystal structure of acetanilide (7) shows molecules

of acetanilide are linked together in chains

b~
0

characterized by an N-H··· 0 length of 2.969 A.

N-H· · ·O hydrogen bonds
The presence of these

N-H···O hydrogen bonds has been confirmed by infrared studies (8} and is
currently under investigation in a search for cooperative phenomena in
solids

(~_}.

The spectrum in Figure 1 shows a near axially symmetric

tensor with an anisotropy
spectrum yields cr1

!Ja

of 17.7 ppm.

A least-squares fit of this

= 4.6 ppm, a2 = -13.0 ppm, and 0 3 = -13.1 ppm with a
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Lorentzian broadening of 16 ppm and center mass a = -7 .2 ppm.

The open

circles in Figure 2 of Chapter 6 show the relative areas for selective·
observation of dipolar oscillation spectra with
microseconds.

T

values of 50 and 100

These areas yield a N-H bond length of 1.05

0

±

.01 A.

Be-

cause of the residual broadening of the observed tensor, an exact determination of the orientation of the principle axis of the chemical shift
tensor in the N-H molecular frame was not possible.

However, the ob-

served data are qualitatively consistent with 0-H···O NMR studies . (_10)
which show the most shielded component of the chemical shift tensor to
be parallel to the hydrogen bond.
To this author's knowledge, the amide proton tensor is the first
observation of the NMR of protons in an N-H···O hydrogen bond in the
solid state.

It is useful to compare these data with those found in the

numerous studies of 0-H· · .Q systems (_10,11).

Berglund and Vaughan (.11)

found an excellent correlation between the isotropic chemical shift (jab.s
[referenced to the bare proton on an absolute scale where oTMS

= 30.4

(12)] and the 0···0 distance in 0-H···O hydrogen-bonded systems.

ppm

Figure .

2 is taken from reference (11) and shows this correlation with the
addition of the data from this N-H···O study and the known N···O distance
from X-ray studies (7).

We find exce 11 ent agreement with the trend for

0-H···O systems that crabs increases with increasing O···O distances.
This trend is a1so in _agreement wi.th ab in i ti o s tu di es (13) of H20 and
H20···H 20 dimers. The data in Figure 3, also from reference (.11), show
the correlation between anisotropy of the proton chemical shift 60 and
the O···O distance.

These N-H···O data of Figure 3 are also in agreement

with 0-H···O trends of decreasing 60 with increasing X···O distances.
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Deviations from this correlation for these N-H···O data may be related
to the difference between oxygen and nitrogen donor atoms.

These cor-

relations show the need for further theoretical studies of hydrogen bonds.
0

The observed N-H bond length of 1.05 ± .01 A is in good agreement
with 14 N NMR single crystal studies in ·N-acetyl valine (14) and consistent force field (CFF) calculations

(~)

for hydrogen bonds between

carbonyl groups and amino groups in various amide crystals.

This observed

bond length is also .in good agreement with correlations between N···O and

N-H distances as determined by neutron diffraction studies (16,Q).

Thus,

the proton selective dipolar oscillation methods seem practical for
structural determinati'ons in complex polycrystalline systems.
In summary, we have presented the selective observation of protons
on a surface admolecule, formic acid on ammoni·um-Y zeolite, and in an
N-H · · · O hydrogen bond, po lycrysta 11 i ne acetanil tde.

In both cases, in-

format ion could be derived from the spectra which elucidate local bonding
environments.

We conclude that selective -obser-vation of proton NMR par-

ameters may be ·useful in studying local ge·ometrical and electronic
properties in complicated polycrystalline or amorphous solids.
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Figure Captions
Figure 1: Selective proton observed chemical shift spectra for H13 cOOH
adsorbed to ammonium-Y zeolite and the amide proton
(C 6H5 )co 15 NHCH 3 in acetanilide. The carbonyl proton represents only 3% of the total number of protons present in the
sample.
Figure 2:

Note the chemical shift scale is in cr not

o units.

Absolute chemical shift (see text) versus O···O distances
from 0-H···O hydrogen bonding studies (taken from Reference
23).

Included is the absolute shift for the N-H proton in

acetani"lide and this shows the excellent correlation between
hydrogen bond strength and absolute shift.
Figure 3:

Proton chemi ca 1 shift anisotropy (60) versus X· · ~ O di stances
in X-H···O hydrogen bonded systems.

Filled circles are for

0-H···O hydrogen bonds Ifrom Reference (23)] and the open
drcle is from acetantlide.

These data show good correlation

between chemical shift anisotropy and hydrogen bond strength
over a large range of anisotropies.
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