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Magic-angle spinning 29Si NMR study of short-range order in a-Si
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The magic-angle spinning ' Si nuclear magnetic resonance (NMR) of annealed rf-sputter-

deposited amorphous silicon was measured as a function of annealing temperature up to crystalli-

zation. The NMR peak width is observed to narrow significantly with little change in peak posi-

tion. A comparison with Raman-scattering and neutron-diffraction results indicates that the dis-

tribution of NMR chemical shifts is modified by variations of the electronic density of states with

bond-angle distribution.

It is well established that short-range order (SRO)
infiuences the physical properties of noncrystalline sys-
tems. ' s Variations in the SRO of tetrahedral amor-
phous semiconductors such as a-Si and a-Ge with forma-
tion conditions indicate, for example, strong evidence for
changes in the vibrational properties. 3 s s Inelastic neu-

tron scattering 'n and detailed Raman-scattering mea-
surements have established that changes in the bond-angle
distribution are primarily responsible for variations in the
phonon density of states. There is also considerable evi-

dence linking SRO to the electronic properties. " Since
the transverse-optic (TO) bandwidth hTp has been shown

to be linearly related to the bond-angle distribution width
he, s 9 correlations observed between the optical gap Es
and &To suggest sensitivity of the electronic density of
states to he. This is also supported by theoretical calcula-
tions of valence-band-tail variations with bond-angle dis-
tributions. '

An additional means of studying the role of SRQ on the
electronic states of noncrystalline solids is through nuclear
magnetic resonance (NMR). 's Solid-state magic-angle
spinning (MAS) NMR, '4' in which dipolar and aniso-
tropic chemical shift interactions weaker than the spin-
ning frequency are eliminated, is very sensitive to the local
environment. In particular, the distribution of isotropic
chemical shifts is expected to provide a measure of the dis-
tribution of ground- and excited-state wave functions. As
the conduction-band edge states are believed to undergo
minor changes with annealing or hydrogen alloying rela-
tive to the valence-band edge states, ' the MAS NMR
width changes are an indication of variations in the
valence-band edge states. This paper describes such MAS
NMR measurements on a-Si samples in which the SRO
was continuously varied by isochronal annealing from an

initially highly disordered amorphous state. Correlations
observed between the width of the NMR line and the ra-
dial distribution function (RDF) and Raman-scattering
measurements of the SRO provide strong evidence for the
role of changing (mostly valence) electronic states with
annealing. While selected solid-state NMR studies of
noncrystalline solids have been employed to study local or-
der, ' this work represents the first direct correlation be-

tween NMR spectra and independent structural and vi-
brational probes of SRO. Thus, the linewidth is apparent-
ly dominated by the distribution of isotropic chemical
shifts due to the distribution of bond angles. The correla-
tion between the evolution of this linewidth and that of the
TO Raman mode following similar annealing procedures
of the same samples demonstrates the applicability of
MAS NMR to the study of SRO, quantified by the bond-
angle distribution width, in distorted tetrahedral net-
works. In addition, it provides important input to check
the validity of simulations of band-edge electronic states
in such systems.

The behavior of the Si MAS NMR line center in a-Si
is unrelated to the paramagnetic centers but significantly
shifted from the value in c-Si. The observation of compa-
rable shifts in various silicates' suggests that it is partial-
ly due to intermediate-range-order (IRO) effects. As the
electronic wave function at the Si nucleus is obviously
different in the two phases (the amorphous phase contains
a very considerable density of localized tail states), this
also is likely to contribute to the MAS NMR shift.

Two samples were prepared by Ar rf-diode-sputtering
deposition from a Si target onto nominally unheated sub-
strates. The effective temperature during deposition was
estimated to be —125'C. ' The samples contained -0.2
at. % H, as determined from secondary-ion-mass spec-
trometry (SIMS) measurements on some of the samples.
This small residual content is expected to have little effect
on either the Raman or the MAS NMR results. The oxy-
gen content was also determined to be negligible, i.e., not
above the background levels in the SIMS system. The
samples were isochronally annealed for 1 h in evacuated
sealed quartz tubes at 30'C steps at 400~ T ~ 640'C,
and cooled to room temperattlre (RT) within 10 min fol-
lowing each annealing step. RT x-ray diffraction and
electron spin resonance (ESR) spectra were obtained fol-
lowing each annealing step. RT 2 Si MAS NMR spectra
were obtained from a homebuilt superconducting solenoid
spectrometer operating at 43.72 MHz (51.69 kG for
2 Si). The MAS frequency was 5.0-5.2 kHz, and the 90'
ulse repeat time was longer than 5Ti, where Ti is the
Si spin-lattice relaxation time. Additional details of the
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MAS NMR procedure may be found elsewhere.
The MAS NMR spectra, plotted vs ppm from the Si

resonance frequency in tetramethylsilane (TMS), are
shown in Fig. l. Although the changes in the spectra from
460 to 550'C are not obvious from this figure, the full
width at half maximum, Aro~y2, does decrease from 81

ppm in the unannealed sample to 73.3 ppm following an-
nealing at 460'C to 67.6 ppm after annealing at 580'C.
The peak due to crystalline Si (c-Si) domains at —79.9
ppm from TMS, observable as a weak shoulder following
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annealing at 580'C, is very clear after annealing at
610'C, and the a-Si phase is no longer detectable after
annealing at 640'C. The x-ray-diffraction spectra were
consistent with the MAS NMR.

The c-Si peak at —79.9 ppm seen following recrystalli-
zation after annealing at 640'C is 5.7 ppm wide. While
this width is far smaller than the widths of the a-Si phase,
it is still far larger than the established value of 0.3 ppm in
c-Si. ' This indicates considerable residual disorder in
the c-Si phase obtained in this manner. Indeed, the
dangling-bond ESR spin density Nos, measured relative
to the unannealed value NDao, yielded Nn+Nnao-0. 1

following this annealing, far greater than in single-crystal
Si or even a-Si:H.

hro~~2 and the line-center position of the a-Si resonance
relative to TMS, hcoo, are plotted versus annealing tem-
perature in Fig. 2. As clearly seen, hroo only changes from
—38.3 ppm in the unannealed sample to —42.9 ppm fol-
lowing annealing at 580'C, and then drops to the crystal-
line value of —79.9 ppm after annealing at 640'C. On
the other hand, the dan~ling-bond spin density Nna at
g 2.0055, between 10' and 10 cm in the unan-
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FIG. 1. Si MAS NMR spectra of a-Si isochronally an-
nealed for 1 h at the denoted temperatures, plotted vs the fre-
quency relative to the 2 Si resonance frequency in TMS, in a
magnetic field of Hp 51.69 kG. Note the shoulder at ——80
ppm following annealing at 580'C, due to the formation of
some c-Si domains, the emergence of a clear peak at this fre-
quency following annealing at 610 C, and the disappearance of
the a-Si peak following annealing at 640'C. Note also the con-
siderable width of the c-Si line (-5.7 ppm) as compared to that
of single-crystal Si (0.3 ppm) (Ref. 19).
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FIG. 2. (a) The position of the center of the line of the Si
MAS NMR in a-Si relative to TMS, as a function of annealing
temperature. (b) The full width at half maximum, normalized

to the value in the unannealed state, as a function of annealing
temperature. The value shown following annealing at 610 C is

that of the amorphous phase. Note the break between the
effective temperature during deposition, —125'C, and the first

annealing temperature at 400 C.
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nealed sample, decreases to -0.4 of its pristine value

Noao after annealing at 400'C, and decreases by another
factor of -2, to -0.2ND', after annealing at 610 C.
This indicates that hmo is not due to the paramagnetic
centers. Previous MAS NMR measurements on rf-
sputter-deposited hydrogenated (a-Si:H) containing 10
at. % H, and far fewer paramagnetic dangling bonds
( ~ 10' cm ) also support this conclusion: ' While
Amo —62 ~ 5 ppm in that sample is indeed closer to that
of c-Si, it should have been essentially equal to the c-Si
value had dmo been dominated by the paramagnetic sus-
ceptibility. Even more significant is the value of hmo in
samples deposited by glow discharge decomposition of
silane, which is —40 to -50 ppm,

22 i.e., very close to the
present values in spite of the far lower dangling-bond spin
density. Since the value of b,mo is not due to the
dangling-bond spins, it therefore reflects an average value
of the isotropic chemical shift which is different from the
crystalline phase.

Recent studies have indicated that the average bond an-
gle is 108.5 ~0.1' in a-Si, as compared to 109.5' in c-Si.
Yet this difference should only change hmo by a few ppm,
since a bond-angle distribution width of 10-11 is re-
quired to broaden hm~g from 0.3 ppm in c-Si (Ref. 20) to
67-81 ppm, respectively, in a-Si (see above and below).
Thus, the differences between the wave function at the Si
nucleus in a-Si and c-Si are considerably more significant
than a 1' change in the bond angle. The nature of these
differences is not known at present. In general, changes in
the electronic states may arise from localization due to the
large density of localized occupied valence-band tail
states, which are far fewer in c-Si. NMR studies of sili-
cates indicate that changes in IRO due to dihedral bond-
angle distribution and ring statistics'720 relative to c-Si
may also contribute. In any case, the present result is
even more dramatic when compared to the shift in hmo in
rf-sputter-deposited a-Si:H containing 10 and 20 at. % H,
since alloying with H and the disorder in that system only
yield a difference of 18 ppm relative to c-Si.2'

The value of hm~g decreases from 81 ppm in the unan-
nealed sample, to 67 ppm following annealing at 610'C, a
change of 20%. The density Non of unpaired electron
spins in the unannealed sample lies between 10'9-1020
cm 3, and decreases by a factor of 4 upon annealing. The
linewidth of hydrogenated a-Si, where Noa ( 10' cm
under the same condition of NMR line-narrowing mea-
surements, is 50-52 ppm. ' 2 It thus appears unlikely
that the dominant factor in the linewidth of the samples
studied in this work is the presence of unpaired electron
spins. Dipolar interactions and anisotropic chemical
shifts, which are weaker than the spinning frequency, also
do not contribute to hm~/2. We therefore conclude that
hco~g2 is due to changes in the a-Si network local order
with annealing. Radial distribution function (RDF) stud-
ies of the as-deposited and 600'C annealed states indi-
cate both the absence of substantial intermediate-range
order, as well as more importantly, of changes in longer-
range correlations. The NMR widths changes shown in
Figs. 1 and 2 are thus attributed to SRO variations with
annealing. The RDF spectra also demonstrate that the
form of the first-neighbor peak is essentially unchanged

upon annealing. This implies that the changes in Am~~q

are primarily associated with modifications of the bond-
angle distribution width h, 8 noted in RDF measurements
and in Raman-scattering studies. This is consistent with
electronic-state calculations which indicate that the
valence-band states are modified by variations in 68. '

The observed decrease of b,m~g from 81 to 67 ppm is at-
tributed to a narrowing of the initially broad distribution
of isotropic chemical shifts. For the as-deposited and
580'C sequentially annealed samples, RDF and Raman-
scattering spectra provide information on bond-angle dis-
order. Gaussian fits to the reduced radial distribution
function T(r) yielded 58 11' in the unannealed sample
and 9.9' following annealing. Raman-scattering data in-
dicate that the bond-angle width in the 580'C sequential-
ly annealed sample is also 9.9'. Thus the structural order
in the as-deposited and 580'C sequentially annealed
NMR samples is known.

The MAS NMR linewidth hm~/2 is much smaller in c-
Si than in a-Si. As the bond-angle width 68 vanishes in
c-Si, it is reasonable to assume a simple power-law rela-
tion between hm~/2 and 68: km~~2 C(48) . If this sim-
ple form is utilized for the as-deposited and 5SO'C an-
nealed samples, this yields P=0.56. This contrasts with
the reduced Raman widths Ago which are approximately
linear in 58. Additional RDF measurements are required
to more accurately determine the relation of h, m~/2 to A8.
The stronger dependence of d,qo on short-range order may
be due to a greater sensitivity of the vibrational states to
larger distortions than the electronic states to which 6m~~2
is related. Theoretical analysis of the dependence of h, m&~2

on bond-angle variations would clearly be valuable in this
regard.

Previous MAS NMR studies on glow discharge and rf-
sputter-deposited a-Si:H also qualitatively support the
above relation between 8m~~2 and 68. The addition of H
to a-Si is found to reduce hqo, which from radial distri-
bution function studies of a-Si (Ref. 9) suggest 68=9'. 3 s

An extrapolation of the approximate relation noted above
between the MAS NMR width and 68 yields a linewidth
that is approximately 9 ppm larger than that observed in
a-Si:H. This lower value in the hydrogenated alloys could
easily result from H-induced wave-function modifications.
Indeed, x-ray photoemission spectroscopy measurements
of Ley and co-workers'6 have shown that the valence-
band edge changes significantly with hydrogen alloying
due to wave-function modification.

In summary, we have described Si MAS NMR stud-
ies of a-Si which establish, for the first time, an approxi-
mate quantitative relation between the short-range order
in amorphous tetrahedral networks and the MAS NMR
linewidths. These were manifest in a set of spectra ob-
tained from a-Si samples isochronally annealed up to the
crystallization temperature. The MAS N MR width
changes are an indication of variations in (mostly) va-
lence-band edge states with varying disorder. In addition,
the shift of the peak of the line in the amorphous phase
relative to crystalline (c-Si) spectrum is consistent with
significant changes in the average intermediate-range or-
der relative to c-Si, in addition to the effects of localized
states on the isotropic chemical shift of the Si nuclei.
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