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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.

time to weep, and a time to laugh;
time to mourn, and a time to dance.
time to throw stones, and a time to
gather stones;

S SN N

A time to embrace, and a time to shun :
embracing.

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;

time to be silent, and a time to speak.
time to love, and a time to hate;
tiem for war, and a time for peace...

oS

I 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."

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 lu. Models for various structural
configurations show that these films contain heavily monohydride clustered
regions such as divacancies and voids, as well as (SiHZ)n and SiH3 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"1 vibrational mode.
The films also contain regions in which monohydride groups are distrib-
uted at random. Based on changes in a film whose proton NMR Tineshapes
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 S1'H2

o .
and SiH  groups have in models for the gas phase reactions involved in the

developing films. Finally, p- or n-type doping 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 Tine-
shapes are also presented as a function of annealing temperature up to

650°C. The data indicate that hydrogen diffuses internally before major
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evolution occurs, that transfer of hydrogen occurs from a heavily clust-
ered 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 homo-
nuclear multiple pulse techniques respectively) fail to yield quantitative
determinations of local silicon-hydrogen bonding environments. However,
the 2951 data are qualitatively consistent with infra-red assignments of
(SiH2)n groups. Furthermore, the lack of significant 1ine narrowing for
the 2931 spectra upon magic angle sample spinning shows that there are
large chemical shift dispersions, indicative of the disorder in the amor-
phous Tattice.

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. Analysis of these data shows that the density of disorder
modes is ~30% higher in the Tow 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 re-

sults suggest that the role of hydrogen in amorphous silicon is more
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complex than passivation of "dangling bond" intrinsic defects.

Finally, proton magnetic resonance data are presented for the hydro-
gen 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 environ-
ments 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. To demonstrate the utility of these experiments, selective

proton observed NMR results are presented for the carbonyl protons of
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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 acetanilide show a hydrogen
bond with a chemical shift anisotropy of 17.7 ppm and a N-H distance of
1.05:0.01 R.
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PART 1: MAGNETIC RESONANCE STUDIES OF
PLASMA-DEPOSITED INORGANIC FILMS

Chapter 1
INTRODUCTION



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 molec-
ular reactions, rather, it is the design of semiconductor devices, the
heart of the booming electronics industry.

The Tack 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 1on§-range order precludes the use of theories (1) intended to
study crystalline systems. A brief examination of a recent model of the
electronic states of amorphous semiconductors (2,3) (due 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

SCHEMATIC 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



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-
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Figure 2

conductor with the Tlocalized states near the valence and conduction band

edges, while the extended states are within the valence and conduction

bands. Since amorphous semiconductors may be doped p- or n-type, there

exists an analogy between defects and impurities in crystalline semi-

conductors (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 Tocalized

DENSITY OF STATES NCE)

BAND MODEL DiAGRAM OF A REAL AMORPHOUS SEMICONDUCTOR WITH
IMPURITIES AND DEFECTS GIVING RISE TO STATES WITHIN THE GAP.
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Figure 3
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SCHEMATIC DIAGRAM SHOWING THE DEVELOPMENT OF BAND MODELS
FOR THE DESCRIPTION OF AMORPHOUS SEMICONDUCTORS. (A) THE
CoHEN-FRITZSCHE-OVSHINSKY MODEL, (B) THE Davis-MoTT MODEL
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BAND GAP), (c) mMoDIFI1ED MoTT-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 proper-
ties of amorphous semiconductors is perhaps best visualized by consider-

ing luminescence experiments (3). Figure 5 (from Reference 3) shows a
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MODEL DIAGRAM DEPICTING THE PHOTOGENERATION AND LUMINESCENCE
PROCESS. (A) PHOTOEXCITATION ACROSS THE GAP FOLLWED BY RAPID

TRAPPING OF THE HOLE AT A DEFECT CENTER,(A’) CORRESPONDS TO
DIRECT 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 LUMIN-
ESCENCE IS RELATED TO THE DISTORTION ENERGY OF THE DEFECT
CENTER.

Figure 5

model (due to Street) for luminescence processes in amorphous semicon-
ductors. 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. The electron and hole then recombine
radiatively. The difference in energy between the absorption and
Tuminescence 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. It

is worth noting that, in general, the Tonger the electron and hole



remain separated, the better the semiconductor is for device applications
(2). This means, for instance, that higher Tuminescence efficiencies
results in materials with excellent photoconductivities and photore-
ceptor 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 recom-
bination 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 semiconductors are (i)
X-ray, electron or neutral diffraction data, (ii) vibrational spectros-
copy, (iii) EXAFS, and (iv) electron (scanning or transmission)
microscopy. X-ray, electron or neutron diffraction data are most often
employed and result in radial distribution functions (RDF) describing
local coordination (4,5) of atoms. Extended X-ray absorption fine

structure (EXAFS) has also been shown (3) to yield Tocal coordination
numbers for impurity atoms in amorphous semiconductors. Raman and infra-
red vibrational spectroscopy havebeen used extensively to study vibra-
tional modes in amorphous materials (3,6). From a structural point of
view, vibrational modes due to bond bending or bond stretching are most
important as theyalso yield information on local bonding configurations.
Electron microscopy is useful in determining microstructural features

such as vyoids, columns, cracks, etc. to a resolution of tens of angstroms

(7). A1l of these methods have been applied to the study of amorphous



semiconductors. The purpose of Part I of this thesis is to use nuclear
magnetic resonance techniques to probe structural features of one amor-
phous semiconductor in particular: plasma-deposited silicon-hydrogen
films. 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 recombination.

Amorphous silicon-hydrogen films were first investigated by Chittick
et al. in 1969 (8). 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. A more definitive study by Spear
and LeComber (9) in 1975 showed that p,n junctions could easily be
synthesized. 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 been
described in the literature in a number of reviews (11-13). The
apparatus used in these studies is shown in Figure 6. The walls of the
chamber are stainless steel Hé]d 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 Targe negative D.C. bias. Table I describes the
range of deposition parameters used in production of many of the films

reported herein.
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Table I. Deposition parameters.

“Parameter Range
Pressure 0.05-1.0 Torr
Flow (total) 50-200 sccm
Concentration
(silane in argon) 0.1-100%,
RF power 0.5-40 watts
Bias(-ve) 040 volts
Substrate temperature —125-450°C

The range given here is that typically used during ex-
periments 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 (14,15) showed that luminescence



efficiency decreased when hydrogen was removed by annealing. Further-
more, upon rehydrogenation by exposure to atomic hydrogen, the films
recovered their original Tuminescence 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,
Biegelsen, Lucovsky and Nemanich) reported some pioneering studies (19 -
gg) on correlations between electron spin resonance, Tuminescence
efficiency, and vibrational spectroscopy measurements. Since the vi-
brational spectroscopy measurements detail the local bonding configura-
tions of hydrogen on silicon [e.g. SiH, SiH,, (Sin)n], by correlating
ESR/Tuminescence 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 . How-
ever, the details of the defect structure remain uncertain. The book is
by no means closed on the role hydrogen plays in determining the elec-
tronic properties of a-Si:H.

The role hydrogen plays in crystalline devices is apparently no
Tess important (29 - 34). Although details of device manufacturing are
usually proprietary, it has become clear (gg;;gg) that high temperature

treatment of devices with hydrogen is necessary for them to work.
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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 51/5102
interfaces (29 -32). Most recently, it has been shown (34) that dif-
fusion of hydrogen into the Si/SiO2 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 con-
sequences for the design and manufacture of MOS devices.

The fact that deposition parameters can be adjusted to optimize the
electronic properties of a-Si:H (3) implies thét there is yet another
frontier 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 in the recent 1it-
erature (35-41) on effects of gas phase chemistry on models for film
growth yet none of these works is 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 minimized.

Part I of this thesis may be divided into three sections. 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—BfH).
It is shown that these data reyeal useful and unique structural infor-
mation 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
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electron spin resonance and luminescence efficiency data. Chapter 3
details the efforts to determine quantitatively the different types of

2931 and 1H magic-angle sample spinning

Tocal bonding configurations via
experiments. These experiments reveal information about the disorder in
the amorphous silicon lattice. Finally, Chapter 4 reports the results

of proton spin-lattice relaxation experiments in a-Si:H films and yields
new evidence for the structure of the defect sites responsible for non-

radiative recombination.

Each of the chapters that follow has been published or is cur-
rently being submitted for publication. Hence, the figures, references,
experimental methods, introductions, and conclusions are local to each

chapter.
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Chapter 2

FILM MICROSTRUCTURE AS DETERMINED BY
PROTON MAGNETIC RESONANCE LINESHAPES

A: Amorphous Silicon

(This section is essentially two 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,
193 (1980); and (i1) '"Proton Nuclear Magnetic Resonance Studies of
Microstructure in Plasma-Deposited Amorphous Silicon-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 lu. Models for various structural
configurations show that these films contain heavily monohydride clustered
regions such as divacancies and voids, as well as (S1‘H2)n and S1'H3 Tocal
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'1 vibrational mode.

The films also contain regions in which monohydride groups are distrib-
uted at random. Based on changes in a film whoses proton NMR Tineshapes
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 Sin
and SiH: groups have in models for the 9as phase reactions involved in the
developing films. Finally, p- or n-type doping is found to increase the
hydrogen content of the films, and, under heavy p-type doping with di-

borane, 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 (la) because of their electronic prop-

erties (16) and application to p,n and Schottky barrier junctions (2-4),
photovoltaic energy conversion devices (5), and xerographic photorecep-
tors (13,14). 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 (6) has
shown a strong correlation between columnar morphology and the presence
of nonradiative recombination centers which Timit Tuminescence
efficiency. Small angle X-ray and neutron scattering results have shown
(7,8) that strong isotropic low angle scattering exists in samples that
show no microstructure via TEM or SEM. Vibrational spectroscopy
measurements (15,16) have led to the conclusion (16) that growth of
columnar microstructure is paralleled by an increase in (Sinln "poly-
silane" oscillator strengths.

More recently, proton nuclear magnetic resonance (NMR) data have
posed some new questions on the role of hydrogen in structural proper-
ties 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
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Tocal clustering on silicon atoms [e.qg. (Sinln "polysilane" regions]
or monohydride clustering on internal surfaces. 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
Tess clustered domain (predominantly monohydride) diffuses internally
(prior to evolution) concomitant with the reduction in paramagetic
center density (12). Further combined NMR and infrared studies on the
effects of inert gas dilution on film formation and growth (17) 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 (SiHZ;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 reser-
voirs are indeed isolated; (ii) that the two component behavior is
independent of film thickness (down to 1 u); (iii) that the two com-
ponents may be modeled by local bonding configurations and a random dis-
tribution of protons; (iv) that divacancies are a common microstruc-
tural feature (which may be responsible, in part, for the 2090 cm'1
yibrational mode); (v) that the spatial isolation of the two proton
domain may be understood in terms of strain in the film during deposi-

tion; (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 (18). 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
the 90° pulse. The 90° pulse Tengths were always less than 2 pseconds.
In all experiments, the FID's were signal averaged prior to Fourier
transformation with 500 acquisitions typically accumulated. Full spin-
lattice 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).

A11 spectra were least-squares fitted to the sum of a Gaussian component
(broad 1ine) and a Lorentzian component (narrow 1ine). The resulting
fits were excellent and, based on values of xz 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 n2-inch diameter
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aluminum foil substrates in thicknesses of ~ 0.1 to 100 u resulting in
sample masses in the range 0.5 - 100 mg after removal of the substrates
with a dilute hydrochloric acid etch. Tables 1, 2 and 3 detail (i)
the deposition conditions for a variety of samples, (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

sat

of magnitude Wyt v 1 khz is applied to the sample at frequency w

sat
such that Weat = Wy >> FWHMnarrow where W, is the center of the narrow
component lineshape and FWHMnarrow is the full width at half-maximum of

the narrow component. The effect of this pulse is to saturate those
components of the Tineshape that are in rapid spin-spin communication

with those components at We This saturation pulse is then followed

at’
by a short, intense 90° pulse which places the remaining thermally in-
duced magnetization into the x,y plane to be detected by the spectrom-
eter. 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 1] 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

Tittle spin-spin communication 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. The proton FID spectra were obtained for the range
0.1 p to 10 p 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 u. The 0.1 p 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 u 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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In all samples, the hydrogen content in the narrow component
is 2-5 atom% (mean, 3.5; standard deviation, 0.8) with
lTinewidth of 1-5 kilohertz (mean, 3.2; standard deviatiion,
1.0).

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.

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 Tl' For céthode samples, decreasing
rF power results in increased clustering of protons in the
narrow component and longer Tl's.

The effects of a diluent gas (Ar or He) vis-a-vis deposition
from pure silane may be realized by comparing samples AA,

F and DD, and samples KK, G and L. The total hydrogen
content appears to increase with addition of the diluent
gas. In Tow rF power samples (AA, F and DD), the increase
in hydrogen content is in the broad component.

The effect of substrate temperature on NMR parameters may

be realized by comparing samp1es 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 Doping 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% S1'H4 anode samples deposited at 230°¢ (compare
samples CC and BB from Table 3 with sample AA from Table 1),
the hydrogen content increases when either PH3 or BZH6 is
introduced. The phosphorus-doped sample has a shorter T1
than both the undoped and boron-doped sample.

(1) In 5% SiH, in helium samples (anode) deposited at 230°C
(compare sample W from Table 3 with sample L from Table 1),

introduction of diborane reduced the Tl.

The proton FID spectrum of this doped sample (W) is complicated by an
aditional broad component (50 khz FWHM) and narrow component (800 hertz
FWHM). 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%.



E. Effects of Time on a High Defect Density Sample

A high defect density sample (>1O19 spins/cm3) was prepared by
depositing from 5% SiH4/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. As deposited, the NMR spectra yields the hydrogen content to be
23.8% with 18.1% broad (25.8 khz FWHM), 5.0% narrow (1.65 khz FWHM),

and ~1.5% very narrow (vl khz FWHM). The proton spectrum of the "aged"
sample yields 29.5 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 Tlineshapes are dipolar-
broadened (10), and that the two components are indeed spatially iso-
Tated (Figure 1), we may consider specific structural features which
may give rise to these observed lineshapes. It is well known that the
second moment (M2) of a dipolar-broadened spectrum in an amorphous

material is given by (21)

My, = 2y*lI(1+ 1)) 2 (1)
3ok "k
where y is the proton gyromagnetic ratio, I the value of the nuclear
spin (%—for protons), and ) —%—-represents a lattice sum of distances
k "k

to other proton nuclei. Following our earlier work (10), we shall apply



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 (1) 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 (gg). A11 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 (7) (note samples D, AA,
DD, CC, BB and ZZ in Tables 1 and 3). In addition, these samples show
predominantly monohydride signatures in their vibrational spectra.

Table 4 shows that the hydrogenated divacancy may yield the broad com-
ponent 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 divacancies scattered throughout the film may yield a
natural explanation to the current controversy over the assignment of

1

the 2090 cm - vibrational mode (23,24). This mode has been assigned

previously (15,16) to -Sin groups though two recent studies (23,24) of



26

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'1
mode, and that it is contributing to the broad component in the observed
NMR spectra. In samples such as AA (Table 1), where only monohydride
vibrational spectra are observed, the 4.2 atom% hydrogen in
the broad component would correspond to a "divacancy density" of approxi-
mately 3 x 1020/cc, or an average separation between divacancies of about
15 R (assuming the density of a-Si:H is 2 grams/cc). Note that once the
deposition conditions are changed so that S1‘HX (x > 1) vibrational
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 modi-
fication of Equation (1) to the configuration of a simple cubic lattice
(21):

My = BV +1) % (2)

d
where d is the lattice constant (and nearest neighbor distance). We
then take the known hydrogen content in the narrow component and dis-
perse it homogeneously throughout the fraction of the film not occupied
by the broad component (plus some buffer region to assure spatial iso-
lation 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 experi-
ment. Figure 5 shows the experimentally observed narrow component

Tinewidth (mean and standard deviation of the samples shown in Tables
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1-3) and the predicted linewidth for a homogeneous distribution of the
known hydrogen content in the narrow component (mean and standard devi-
ation 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 Tinewidths and the observed Tinewidths shown in Figure 5
has led previously (10) 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 Tattice sum in Equation (1) with a probability distribu-

tion P(r)
s
M2 = A j j%-P(r)dr (3)

r.
i

where A is the usual collection of fundamental constants, and rs and re
minimum and maximum distances considered. We assume a Gaussian distri-

bution, )2

P(r) = e 2 (4)
of distances about the T determined from the inverse cube root of the
spin density. Inspection of Figure (5) and numerical solution of

Equation (3) shows that when o = 7.7 K and A =1.7 K, 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 Tattice.

An important structural question is the dimensions of the buffer
region between thevhigh 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
the narrow component protons. This places minimum of 5-6 K on the di-
mensions of the buffer zone between the high density hydrogen region and
Tow density region. In the sample AA (Table 1), we estimated previously
a divacancy density of 3 x 1020/cc, and assuming a 5-6 % buffer region,
we calculate that 5 - 30% of the a-Si lattice is taken up by high hydro-
gen density and buffer zone regions, in reasonable agreement with the
modeling shown in Figure 5.

The identification of the broad component with structural inhomo-
geneities (voids, divacancies, (S1'H2)n regions, etc.) and the narrow
component with interstitial monohydride groups provides a natural explan-
ation as to why the disorder mode density, responsible for proton spin-
lattice relaxation (26a), is higher for the narrow component protons
than the broad component protons (26b). The narrow component protons
"feel" the fluctuating fields due to a three-dimensional distribution
of disorder modes whereas protons situated on a void see a lower dimen-
sionality distribution of disorder modes. Hence, the narrow component
protons would be expected to relax faster [under conditions of homo-

nuclear dipolar interaction suppression (26b)] than the broad component



protons.

The observation of this two-phase compositional homogeneity pre-
sents another interesting question: Is the structure of these films
determined by surface/bulk processes during depositionor by 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 (_>1019 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 hydro-
gen content of this sample, as determined by NMR lineshapes, is arti-
ficially 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 (Sinln

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 (27). However, a recent study (28) of
plasma-deposited films has shown that changes in optical absorption and
lTuminescence 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 ob-

seryed 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 u level. There have
been several recent studies (gg:ggg) 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 p of an interface for some samples (30), and increases for
others (29). Unfortunately, the data reported herein have insufficient
signal-to-noise ratios to study this phenomenon. However, the use of
superconducting solenoids and/or Tower temperatures would allow proton

17

o
NMR studies of samples with 1 x 107" 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
models 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 (35,36), and effects of inert
gas dilution of the silane (39). The consensus of these works concludes

that film growth may be written as
(SiHy(g)), === SiH (s) + SiH,(g) + Hy(q) , (5)

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 grow-
ing film and thus remove segments of (SiHZ)n chains formed on the sur-
face. 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, < 5% SiH4/Ar < 5% SiH4/He. Inspection of Equation (5) shows

4
that more SiHZ(g) or less Hz(g) will provide for faster growth of the
film. Mass spectroscopic studies (§Zjﬂg) have shown the concentration

of Hz(g) to be higher in the pure S'iH4 deposition than deposition from
Ar, consistent with Equation (5) and the deposition rates. The ob-
served 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
(Sin)n regions, voids, cracks, etc., depends on the availability of ions
(SiH:D) to "scour" the surface. As discussed previously (39), deposition
in He or pure SiH4 results in higher ion densities (more scouring) than
deposition in Ar because Ar has a metastable energy less than the ijoni-
zation potentials of Sin, (x = 1,3) and thus absorbs most of the plasma
electron energy. Hence, films deposited in He and pure S1'H4 have only
monohydride signature in their yibrational 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,, 5% SiH4/Ar,

4°
5% SiH4/He on rF power is worth considering in 1light 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% S1'H4 in He or Ar show
little changes in their NMR spectra yet the sample deposited from pure
SiH4 shows an increase in the broad component, the deposition rate and
structural morphology (34). We propose that the availability of
(SiHZ)(g) is increased with increasing rF power in pure SiH4 deposition
whereas this effect is mediated in the inert gas mixtures as the meta-
stables 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 (S1’H2)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 mini-
mize large scale microstructure and (_S1'H2)n formation. This is consis-
tent with these proton NMR data as well as microstructural studies (7,
8,34) [compare samples N with D, as well as A with G (Table 1)]. Samples
deposited on cathode substrates haye 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 (32) 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. Their reported values of the hydrogen content range
from ~4 atom% for highly n-type films to v10 atom% for highly p-type
materials (intrinsic values of 7.5 atom%). 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, per-
haps being due to differences in the deposition apparatuses. It is
worth noting, however, that both BZH6 and PH3 are expected to absorb
electron energies less than 11 ey (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 transformation shows a small
broad component (v50khz) 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 BZH6 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 hetero-
nuclear (108/118) dipolar interactions. We conclude that some boron
clustering is present under 5% 51H4/1% 82H6/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 configur-
ations, 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 divacancies may

1 vibrational modes ob-

be responsible for at least part of the 2090 cm”
served in the 1iterature. The 1lightly clustered phase (narrow component)

is predominantly composed of monohydride groups that are distributed 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 de-
posited, was "metastable" and microstructural changes, via the NMR Tline-
shapes, were found to occur with time. The two domain proton inhomo-
geneity was found to be independent of film thickness down to 1 u.
Furthermore, changes in the details of the NMR lineshapes as a function
of deposition conditions have been described in terms of film formation

from S1’H2 gas phase species and film scouring due to the presence of
&)

S1‘HX 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 présent 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
(1) i (2) ATOM % HYDROGEN: LINEWIDTH (KWHM,khz) T
RF SUBSTRATE GAS (3) 1
SAMPLE POWER (WATTS) TEMP. COMP. TOTAL NARROW BROAD NARROW BROAD (SECONDS)

A 18 RT 5%/Ar 32.3 2.6 29.7 4.7 25.4 2.47
D 2 230° ¢ 100% 7.8 3.4 4.4 3.8 26.3 2.98
F 1 230° ¢ 5%/Ar 11.6 3.8 7.8 2.0 26.2 2.01
G 18 230% ¢ 5%/Ar 12.9 4.5 8.4 1.0 22.4 2.68
H 11 RT 5%/Ar 30.1 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° ¢ 100% 7.8 3.6 4.2 3.1 31.5 2.48

1h] 1 230° ¢ 5%/He 15.1 4.7 10.4 3.5 23.4 --

KK 18 230° ¢ 100% 12.6 2.8 9.8 2.8 26.5 --

(1) Net into matching network.

(2) Percentage silane in diluent gas.

(3) Determined from integrated spin density and sample weight.
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TABLE 2: CATHODE FILMS
RF(l) SUBSTRATE GAS(Z) (3?T0M % HYDROGEN: LINEWIDTH (KWHM,khz) Tl
SAMPLE POWER (WATTS) TEMP. COMP. TOTAL NARROW BROAD NARROW BROAD (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
M 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) Determined from integrated proton spin density and sample weight.
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TABLE 3: DOPED FILMS
e (1) supstrare | aas(® Mo  HvoRocen: LINEWIDTH (KWHM, khz) T
SAMPLE | POWER (WATTS) TEMP. cowp.  |ToTAL(®) NARROW  BROAD | NARROW  BROAD (SECONDS)
v 18,C RT 5%/He 14.8 3.1 11,7 2.5 19.2 2.4
1% BH
2"
w(4) 18,A 230° ¢ 5%/He 14.2 3.3 10.1 4.5 24.2 2.2
12 B.H
26
e 1A 230° ¢ | 100% 11.5 4.1 7.4 3.5 31.7 1.4
1% PH3
BB 1A 230° ¢ 100% 8.5 3.1 5.4 2.9 | 28.3 2.6
1% B
26
2 2,A 230° ¢ 100% 9.5 4.0 5.5 3.7 | 281 2.3
0.1% B,H
M
0.1% PH,

(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 sample; 0.8 atom % and FWHM 0.79 khz.
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Table 4
Configuration Full Width at Half Maximum'® (khz)
siH, 13.6
(SiHy ), 17.1
SiH3 19.2
cSi[111] (hydrogenated) 23.5
cSi monovacancy (hydrogenated) 36.8
cSi divacancy (hydrogenated) v 24.8
observed(c) 25.4 = 3.4

(a)catculated using equation (1).

(b)Sin 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.

(O)Mean and standard deviation of the values in Tables 1, 2 and 3.
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Captions

Figure

Figure

Figure

Figure

Figure

1s

Schematic diagram (top) of the pulse sequences used 1in the "hole-
burning" experiments. Below, the results for two samples. The
dark Tine in the difference spectra (A-B) are Gaussians best fit
to the broad component of the FID spectra.

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.

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.
Proton NMR spectra for (A), a freshly deposited a-Si:H sample (RT,
18 watts, 5% 51H4/Ar, anode), and (B) for the same sample after
exposure to dry air for ~ six months.

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 Tinewidths.
The points and error bars are the mean and standard deviation of
the Tinewidths 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, Vaughan
and J. C. Knights entitled '"Proton NMR Studies of Annealed Plasma-
Deposited Amorphous Silicon-Hydrogen Films', which 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 650°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 heayily clustered phase. Comparison with infrared
data indicates that the heavily clustered phase can be either Sin (x =

2,3) or SiH.
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It has been recently established (1) that proton magnetic resonance
data reveal unique information on the degree of clustering or inter-
mingling of Tlocal 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 (2,3). It is the purpose of this letter to report proton mag-
netic resonance data from sfmi1ar1y annealed samples that indicate:

(1) that hydrogen diffusion occurs in the dilute phase coincident with
the paramagnetic center density reduction, (2) that hydrogen transfer
from the heavily clustered to the dilute phase occurs at the onset of
evolution, and (3) that evolution at Tow (<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 (4) and
the proton NMR data taken with a solid state pulse Fourier transform
spectrometer operating at 56.4 MHz (1.3 Tesla) (5). The NMR spectra
were obtained by Faurier transformation of the free induction decay
following a 90° pulse. Signal averaging was required in all samples
with the number of acquisitions yarying from 128 to 1024 averages de-

pending on the hydrogen content of the sample. Care was taken to allow
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full spin-Tattice 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. This sample
was deposited under the following conditions: 5% silane in argon, 18
watts net rf power into matching network, n25°C substrate temperature
and a negative DC self-bias of 220 volts. The sample was deposited
into “2-inch diameter aluminum foil with a thickness of V50 u which re-
sulted in 0.1 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 50°C . increase in annealing tem-
perature. 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 (6). The resulting excellent fits, as
exemplified in Fig. 1, gave values for the linewidths and relative areas of
the two components. The errors are estimated from the reproducibility
of the fits resulting from different starting'pgrameters. Figure 2
shows the atom % hydrogen in the film as a function of annealing temper-
ature and Fig. 3 shows how the full width at half-maximum (FWHM) changes
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 in-
creasing 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. Infrared and hydrogen evolution data
thave shown (3) that in this temperature region samples deposited at room
temperature wiith 51H3sitesevo1vehydrogen. The NMR result is consistent
with this explanation although the hydrogen loss is too small to be de-
tected with IR in this particular sample. The second change is in
the Tinewidth of the narrow component. 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 (1) to the FWHM

is given by

FUHM = 2,36/, = 2.36(3/5Y4521(I +1) ] rij'G)l/z .
1,3

where 1 is the nuclear spin, % for protons, Y is the nuclear gyromagnetic

6

ratio, and Z r.. = is the lattice sum of internuclear distances. It is

1J
thus seen that the FWHM 1is proportional to the density of protons. The
dipolar contribution to the FWHM of the narrow component is readily ob-
tained 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 (1). 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 % hydrogen
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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 homo-
geneous dilute distribution of monohydride species. It is interesting
to note that this diffusion coincides with the reduction of the electron
spin density (3), 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 300°¢C to 400°C,
the loss of hydrogen from this environment results both in evolution
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 spatially inhomogeneous evolu-
tion 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 re-
maining 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 annealing in the SiH
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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 em L.

This frequency is universally associ-
ated with SiH monohydride groups (7,8). In other samples, we observe
that this same temperature regime corresponds to evolution from environ-
ments with SiH mode frequencies of 2100, 890 and 845, a combination
associated with (SiHZ)n groups (8). These results confirm the earlier
indication (1) that the heavily clustered environment identified by NMR
can arise from clustering of monohydride groups as well as dihydride,
trihydride, etc. Finally, above 450°C, hydrogen evolves from both
environments until, at temperatures greater than 65006, the two-phase
behavior disappears and 1 atom % of hydrogen remains in a dilute
homogeneous phase.

In conclusion, we have shown the annealing behayior of the two
phases of hydrogen in plasma-deposited amorphous Si:H to be different.
The Tow hydrogen-density phase dispérses 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 1oss due to evolution from -S1’H3 sites,
the highly clustered phase evolves hydrogen aﬁove annealing temperatures
of 300°C. Above 450°C both phases evolve hydrogen, until 650°C,
clustered phase can no longer be identified and a single dilute phase
containing V1 atom % hydrogen is left. Of particular significance, is
the fact that the dispersion of hydrogen toa homogeneous dilute bath coincides
with the paramagnetic center reduction observed previously (3) and that

monohydride clustering, presumably on internal surfaces, is clearly



59

present in some films.

The authors wish to acknowledge the expert assistance of R. A. Lujan
in sample preparation, and helpful discussions with S. I. Chan. This
work was supported by the National Science Foundation under Grant No.
DMR-77-21394, and by the Solar Energy Research Institute under Contract
No. XJ-0-9079-1.
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Captions

Figure

Figure

Figure

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 t0'4OOOC;

Atom % hydrogen for high and low density hydrogen phases in
a sample deposited at room temperature from 5% 51H4/Ar onto

a cathode substrate. T refers to the temperature the

anneal
sample was annealed to.

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

Activation process of the reduction in dipolar linewidth of

the Tlow density phase.
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C. Amorphous Boron, Carbon,
Silicon Nitride and Silicon Carbide.

(This Section is essentially 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.



68

INTRODUCTION

Inorganic thin films prepared either by plasma-deposition or re-
active 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 (2). The role of hydrogen in these films is not
well understood, although it is generally accepted that hydrogen passi-
vates dangling bond intrinsic defects and thus decreases the density of
states in the gap (2-4).

It has been recently shown (6) that proton magnetic resonance data
reveal unique information on the degree of clustering and intermingling
of local hydrogen bonding enyironments in amorphous plasma-deposited
silicon-hydrogen films. Hydrogen also plays an important role in the
properties of other films such as silicon nitride (3,7 -10), silicon
carbide (3,11,12), carbon (4,13 -15) and boron. It is the purpose of
this Letter to report two-component dipolar broadened proton magnetic
resonance spectra of the hydrogen alloys of these plasma-deposited amor-
phous substances. It 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. A1l samples were deposited onto 2 inch diameter
aluminum foil substrates in thicknesses ranging from 1lp to 100u resulting
in sample masses in the range of 5-100 milligrams after removal of the
substrates with dilute acid etch. Silicon/carbon and silicon/nitrogen
ratios were determined using Rutherford backscattering. A pulse NMR
spectrometer (17) was used at an operating frequency of 56.4 MHz (1.3
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) haye been described previously (6). The
"B spectrum was obtained on a standard pulse spectrometer operating at

86.7 Mhz (6.3 Tesla). Only the %-+ - %—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. The observed linewidths reflect
contributions from (i) homonuclear dipolar interactions, (ii) hetero-
nuclear dipolar interactions (iii) chemical shift interactions. When

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

105 4ng 11

heteronuclear dipolar interaction due to nearby B nuclei was
estimated (5) 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 (5) with the rest of the dipolar
reservoir; (ii) the existence of spatially-isolated [> 8A (21)] dipolar
reservoirs with differing densities of spins such that there is no spin-
spin 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 silicon hydrogen films (1). Effects on the line-
shapes due to motion may often be removed by reducing the temperature,
hence, cases (i) and (ii) may be readily distingui<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>