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Structural study of porous silicon and its oxidized states by solid-state high-resolution
29Si NMR spectroscopy
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29Si nuclear magnetic resonance spectra were measured to characterize porous silicon stfi@ituregei
close to surface were selectively detected both in cross-polarization and non-cross-polarization spectra. The
spectra were different from those for amorphous silicon and amorphous hydrogenated silicon. Therefore
porous silicon is different from amorphous materials in the structural character. The resonant peaks were,
however, much broader than the peaks observed for crystalline silicon. There exists distribution of bonding
conformation in the porous silicon layer. The origin of the linewidth in the NMR spectra has been discussed.
The contribution of each broadening mechanism to the width has been estimated theoretically and experimen-
tally. The 2°Si NMR spectra for oxidized porous silicon species have been assigned as foll&@ppm due
to O,SiH,, —85 ppm due to G8iH, — 111 ppm due to SiQ) and— 101 ppm due to Si(OH)or 2°Si located
between QSiH, and SiQ. The signals of Sikispecies have been assignable-t85 and— 94 ppm; however,
further study should be done for the detailed assignn&@163-182608)03426-2

I. INTRODUCTION hydrogen near the surface and the absence in the bulk permit
the selective observation for PS surface by CP measure-
Porous silicon(P9 is prepared by anodic oxidation of a ments. Recently, NMR measurements of PS have been
single crystalline wafer in HF-based solutidnhe physical ~ reported.’~?°however, the spectra have not been interpreted
properties of PS structures span a wide range with pore din detail.
mensions of about 3 nm to 2m or more, and average po-  In this paper, we report solid-state high-resoluti6isi
rosities in the range of 0.1-0.9, depending on etching conNMR spectra of as-prepared and oxidized PS samples. A
ditions, dopant type, and concentratonThe recent combination of various techniques was us_,ed_to obtam_dlffer-
discoveries of the visible photoluminescehcand the ent spectra for each sample. The first aim is to clarify the

electroluminescenéeat ambient temperature have attractedbc.’(;‘?]mg ;trl?cturg of PIS:Vf\r/oHn'\}Ithef c;]hemical shifé and the ful
great interest because they may lead to a Si-based optoel\gltr: at ah maxqrun{ Si ) of t r? Sper?t;a' omp;agsql_n
cronic technology. Since PS has potential applications in miV!th amorpnous st icong-Si), amorphous hydrogenated sili-

. . . . con (a-Si:H), and crystalline silicon ¢-Si) revealed the
croelectronics industries and as a “host matrix” for metals ructure of PS. In addition, the selective detection of the

; . S
and catalysts, more detailed studies should be performegtrface region was done by the CP technique. Supplementary

about the _struct_ure of PS |tsel_f. . . measurements of XRD patterns and FTIR spectra were per-
X-ray diffraction (XRD) provides information about long- formed to characterize the PS structure

range order. A PS layer was found to be a monolithic single
crystal by XRD>™® X-ray multicrystal diffractometry re-
vealed that the PS layer has a slightly larger lattice spacing
than Si substrate: a small lattice expansion of°PSThe A PS layer was obtained by electrochemical anodization
powder XRD of PS shows peak broadening. Lehmanal.  of a boron-dopeg-type S{100 wafer (resistivity 10—200)
attributed the cause to reduced size and lattice distortion afm) at constant current density. On the back surface of the Si
the crystallite? wafer, Al was evaporated, followed by annealing at 400 °C
Large surface area of PS enables us to investigate the H8r 30 min under vacuum in order to make an ohmic contact.
surface using transmission Fourier transform infraféllR)  The electrolyte used was 20 wt. % HF solution. Before an-
spectroscopy; the passivation of PS has been extensivebdization, the Si wafer was rinsed with acetone and dipped
studied*®~® The surface is passivated with hydrogen: SiH for a few minutes in the HF solution. The anodization current
(x=1, 2, and 3 and/or QSiH, (x=1 and 2,y=2 and 3  density and anodization time were 10 mA tfnand 8 h,
species. The assignment has been discussed, but there aespectively. The current density was increased to about 1 A
differences in the detail between researchers. cm 2 for a few seconds at the end of the anodization in order
Solid-state high-resolution nuclear magnetic resonanc# put into an electropolishing regime. This produced a free-
spectroscopy reveals the local structure at the site of atanding PS layer. In order to avoid oxidation, the PS was
nucleus. NMR is in contrast to XRD in this respect. Mea-dried by blowing Ar gas without any rinse. The film was
surements by an ordinary one-pulse cycle give informatiorabout 200.m in thickness and 84% in porosity, measured
about nuclei having a short relaxation time. The crossby gravimetric measurements. The Hall-Williamson pfdt
polarization (CP) technique enables the selective detectionof XRD patterns for as-prepared PS showed that the particle
for the nucleus in the vicinity of a proton. The presence ofsize was 8 nm and that the change in lattice constant due to

II. EXPERIMENTAL
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stress was+0.02. The PS was then ground into powder. A Shift from TMS (ppm)

PSosampIe was oxidized ina \(vater-;atura}ted atmos.ph'ere Ay, 2. 2% NMR spectra of as-prepared PS. CP, MAS, DD
50°C. It was placed in a container with a lid V\_/h_ere distilled denote cross-polarization, magic-angle spinning, and dipolar-
water was f'"e_d atthe bOttO_m to keep the humidity Saturateddecoupling, respectively. The notation of “none” in the figure de-
and the container was set in a thermostat. notes using no CP, MAS, or DD.

Transmission FTIR spectra were measured by means of a
geesrclofs ,:I:;QS aSrI:/(; tshp: Crgsglfttig; (;I'fh:: Cﬁ\&\?agv 3;2d§2\ggriagegam_ple is measured by FTIR spectroscopy. Afte_r_the PS was
NMR spectra were recorded on a JEOL JNM-GX400 NMROXidized for 80 h, the color was changed to whitish brown.
spectrometer operating with #Si resonance frequency of The intensity .Of absorptions assigned to 3"&??66‘3%'
79.3 MHz. The ?°Si chemical shifts reported in this paper Broad absorptions appeared at 1100 and 850 ‘criue to

: : . Si-O-Si antisymmetric stretching and Si-O-Si symmetric
}/:ra]ree v:gsrLideJoa;ettﬁengglrﬂ:r(ge'\g?% ' d F:Z%?QE?%/@EL stretching and/or O-Si-H deformation, respectively. The ab-

chemical shift was taken to equal t634.0 ppm from TMS. sorption at 2250 crmt” with a small shoulder at 2190 cri

A rotor was made of zirconia and the rotation speed Wa?l:e tto QIS I-H s%eciels: Wﬁ]s obs%rvtgd. ;I'he;;oarll)sl;orpti%rﬁhre—
about 6 kHz for magic-angle spinningMAS). A cross- ate to silicon oxides. Further oxidation for roug €

polarization technique was used betwed?si and H increase in the intensity of the absorption for oxide-related
nuclear spins with dipolar-decoupli@®D) of H spins in species, whereas the absorptions due to Séidappeared.

cases of necessity. Unless the conditions are especially meR'Sec(:)i)c(algszr?efgs?)vzvgshbvrv:v?/ncigr\]/ ?/\r/(re]ﬂewiﬁh/c?l-oﬂx and SiQ
tioned, the contact time was 5 ms and the recycle time wagpA . .Iimin v rement of a MAZS NMR :
15 s for CP measurements; whereas an ordinary one-pulBe pre ary measurement ot a Spec

cycle was used, in which the recycle time was set at 60 s an lém for a %rounddsﬂcon war:‘er used for theaireparatlon of
the flip angle of the?’Si pulse at aboutr/2 for non-CP was periormed. A Very sharp resonance &l ppm was

measurements. Except measurements using the CP teC(P_pserved as expected for the highly ordered material. The

. .~ _neak had a FWHM of 1 ppm. This result is consistent with
nigue, a spectrum of a rotor was subtracted from an obtaine! 23
spectrum in order to eliminate the background. those by other authof$:** The FWHM of 3 ppm was ob-

served without MAS.
Figure 2 shows?°Si NMR spectra of as-prepared PS.
ll. RESULTS Table | summarizes the peak positions and linewidths. A

Figure 1 shows transmission FTIR spectra of as-prepared poe
and oxidized PS samples. The peak locations and the bond TABLE I. Summary of the®"Si NMR spectra for as-prepared
assignments are as follow&21630 cm ! due to Si-H bend- PS- Notations in the table are as in Fig. 2.
ing, 680 cm'* due to Si-H wagging, 850 cm? due to Si-
O-Si symmetric stretching and/or O-Si-H deformation, 910

Measuring Peak FWHM

cm~* due to Si-H scissors bending, 1100 crh due to Si-  M°de (ppm) (ppm)
O-Si antisymmetric stretching, 2090 cth due to Si-H  cp/MAS/DD? —903 20
stretching, 2100 cm® due to Si-H stretching, 2140 cm*  cp/pD —93 27
due to Si-H stretching, 2190 cm' due to Si-H stretching in  \yas/DD —85 19
0,Si-H,, and 2250 cm* due to Si-H stretching in §8i-H.  pas g5 20
As-prepared PS was brown in color and had strong absorgyp —g85 24
tion at 630—680 cm', sharp absorption at 910 crh and ;e e 24

distinctive triplets around 2100 cm. All the peaks are re-
lated to Si-H species. This result means that as-prepared PShe structured spectrum consisting of two peaks—#5 and
is not oxidized and does not contain oxygen as long as the-94 ppm with FWHM’s of 11 and 14 ppm was observed.
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oxidized for 80 h TABLE II. Summary of the?°Si NMR spectra for PS oxidized
for 320 h. Notations in the table are as in Fig. 2. Only observed

/ \ /\ peaks are shown.
MAS /DD .
Measuring Peak FWHM

CP/DD mode (ppm) (Ppm)

CP/MAS/DD —-111 7

CP/MAS /DD —-101 a

PRI BN AU B AU B T B I AP I W _85 8

0 -50 -100 -150 -50 é

Shift from TMS (ppm) CP/DD -111 a

) - _ -85 14

FIG. 3. 2°Si NMR spectra of PS oxidized for 80 h. Notations are MAS/DD 111 8

as in Fig. 2. 101 a

-85 8

peak with the position of-93 ppm and FWHM of 20 ppm pas ~111 8

appeared in the CP/MAS/DD spectrum. A detailed insight —101 a
led to a structured spectrum with two peaks. Separating the _g5 12
spectrum into two Gaussian profiles revealed that it showeg)D 111 16
peaks at—85 and —94 ppm with FWHM'’s of 11 and 14 _g5 16
ppm, respectively. The peak position and the FWHM were one 111 19

—93 ppm and 27 ppm, respectively, in the CP/DD spectrumh
For the non-CP technique, the spectra had peaks &  2The linewidths could not be measured due to the low signal-to-
ppm. The FWHM's were 19, 20, 24, and 24 ppm for MAS/ noise ratio or due to broad peaks.

DD, MAS, DD, and “none”, respectively, where none de-

notes using no CP, MAS, or DD. For the “none” spectrum, ,
the spectrum showed a tail in the upfield region. ppm. The FWHM's of the peaks at 85 and—111 ppm

Figure 3 shows spectra of PS oxidized for 80 h. A smallVere 8 and 7 ppm, respectively. The shoulder observed in PS

peak at—50 ppm, a relatively sharp peak a86 ppm with oxidized for 80 h disappeared. The ratio of the intensity at

a shoulder in the negative chemical shift, and a peak af 111 PPm to that at-85 ppm increased with oxidation

— 110 ppm were observed in the CP/MAS/DD spectrum. Thdime. The CP/DD spectrum showed a weakened intensity at
CP/DD spectrum did not have a fine structure, but a broad 111 ppm as compared to the CP/MAS/DD spectrum. The

line with a peak at- 89 ppm and a FWHM of 28 ppm. Three FWHM of 14 ppm was observed at the peak-685 ppm.

peaks appeared at 85, —101, and —111 ppm in the In the MAS/DD spectrum, the peak at50 ppm was not

MAS/DD spectrum. distinguishable owing to a low signal-to-noise ratio. Two
Figure 4 shows spectra of PS oxidized for 320 h. TheP€aks with FWHM's of 8 ppm were observed -aB5 and

summary is given in Table Il. The CP/MAS/DD spectrum ~ 111 ppm and a small peak appeared-al01 ppm. The
had a small peak at 50 ppm, a sharp peak at85 ppm, a  'ntensity at— 85 ppm relatively decreased as compared to the

relatively small peak at-101 ppm, and a peak at 111 intensity at— 111 ppm in the MAS spectrum. The FWHM'’s
were 12 and 8 ppm for the peaks a5 and—111 ppm,

respectively. Both resonances in the DD spectrum broadened
oxidized for 320 h to a FWHM of 16 ppm. In the “none” spectrum, the peak at

—111 ppm became broader with a FWHM of 19 ppm;
whereas the resonance -a85 ppm vanished.
none The dependence of the spectra for as-prepared PS and PS
oxidized for 320 h on the contact time in the CP/MAS/DD
DD technique was observed. The result of PS oxidized for 320 h

is shown in Fig. 5. In the spectra for as-prepared (R&
MAS shown herg the shape of spectra was little influenced by the

contact time, although the signal intensity increased with the
MAS / DD /\ J \ contact time, except the change from 0.2 to 0.5 ms. The
A exception was reported by Pett al?° Increasing the con-
CP/DD tact time shifted the peak downfield slightly:93 and—88
ppm for the contact time of 1 and 10 ms, respectively. This is
CP/MAS /DD because the ratio of two signals consisting of the spectra is
dependent on the contact time. In PS oxidized for 3ZBip.
o :5'6 EREae '_'1'0'0' T 5), the intensity increased with contact time. The abovemen-
Shift from TMS (ppm) tioned exception was true of the signal a5 ppm. The _
reason for the phenomenon has not been clarified. Compari-

FIG. 4. 2°Si NMR spectra of PS oxidized for 320 h. Notations son between the spectra revealed that the transfer rate of the
are as in Fig. 2. H polarization was the most rapid for the peak-e85 ppm,




13 866 TAKASHI TSUBOI, TETSUO SAKKA, AND YUKIO H. OGATA PRB 58

TABLE Ill. Summary of the?°Si NMR peak positions and the

oxidized for 320 h contact time (ms) ass|gnments

A 0.1

/\ 02 Configuration Peakppm)
SiH, 2 —-94,-85
/ \ 0.5 .
Sio, -111
/ \ 0.7 b —101
/\ ] O;SiH -85
,\___/\—s/;_ 0,SiH, ~50
2
‘_\__/\\’Jk_ &The detailed assignments have not been attained.
S ®Si(OH), or 2Si located between (SiH, are reasonable, although
7 we have not found the conclusive configuration.

10 PietralRet al. although their discussion was based on the long
40 B0 B0 00 20 140 spin-lattice relaxation time af-Si.*® Nuclear relaxation must
Shift from TMS (ppm) occur more efficiently near the surface than in the bulk. One

) o of the potential relaxation mechanisms is the dipole-dipole
FIG. 5. °Si CP/MAS/DD NMR spectra of PS oxidized for 320 interaction with electrons in dangling bonds. The electron
h at various contact times. spin density of as-prepared PS, determined by electron spin
resonance measurements, is on the order df & 32728
the slowest for the peak at111 ppm, and in between for the The density is too low to affect the NMR spectra and to
peak at—101 ppm. contribute to the relaxation o°Si. Thus other mechanisms,
e.g., the dipole-dipole interaction with the proton, contribute
to the relaxation.
The assignments of°Si NMR spectra have been pro-
Generally, there are two possible mechanisms that cauggsed. Petiet al? tentatively identified the structured spec-
the shift of an NMR spectrum: the chemical shift due to thetra for as-prepared PS using the chemical shift of silane oli-
bonding structure and the Knight shift due to the interactiorgomers. Changt al.!’ assigned the peaks on the basis of a
with charge carriers. First, we discuss the Knight shift; sub-comparison with the infrared spectra and the correlation of
sequently the chemical shift is debated. chemical shifts for other materials. However, detailed assign-
The Knight shift of boron-doped-Si has been studied. ments have not been achieved. We discuss the assignment by
The Knight shift is not observed for Si with a dopant con-comparison with the infrared spectra. The results of Chang
centration of 185 cm™3. The dopant concentration used for et al'” and chemical shift for other materials are also used to
the preparation of PS was about®®@m 2.2 The band gap clarify the assignments.
of PS is larger than that of silicon due to quantum size There appear six resolvable bonding configurations in the
effect$'? and the formation of PS causes the dopant disso?°Si spectra: signals at 85 and—94 ppm due to Sikispe-
lution into HF solutior?® These phenomena weaken the in- cies which originally exist in as-prepared FSg. 2, Table )
teraction with charge carriers. Therefore the Knight shiftand at—50, —85, —101, and— 111 ppm due to the oxidized
need not be taken into consideration. species(Fig. 4, Table ). The assignments are summarized
Another piece of evidence for the absence of the Knighin Table Ill. The peak at-50 ppm was very weak, although
shift is as follows. We measuretfSi NMR spectra for PS the intensity was considerably strong in the results of Chang
prepared from a heavily boron-doped silicdresistivity et al*” The strong absorption at 2190 chwas observed in
0.0015-0.003) cm), where the dopant concentration was 5 FTIR spectra for PS prepared by Chaegal'’ The weak
% 10" cm~3.2* No major difference was observed in the absorption for the PS oxidized for 320 h in Fig. 1 reveals that
spectra, although mixing the PS with NaCl during the meathe signal at—50 ppm is related to the absorption at 2190
surements was needed to avoid discharge caused by its gooth™ *: O,SiH,. The difference in FTIR and NMR spectra is
conductivity. The conductivity of the PS is much better thancaused by the conditions for the sample preparation: the dry-
that of PS in this study. These results demonstrate that th@g and oxidation techniques.
Knight shift is negligible. Similarly, the effect of dopant is ~ The dependence of the spectra for oxidized PS on the
negligible. contact time in Fig. 5 explains that the distanceltd is
Comparison between the CP/MAS/DD and the MAS/DD shortest from?°Si for — 85 ppm, longest for- 111 ppm, and
spectra for the same samples revealed that no major diffein between for—101 ppm, since the efficiency of CP is
ence was found, except those in the low signal-to-noise ratiproportional to the inverse sixth power of the distance be-
of the MAS/DD spectra and the relative intensity betweentween the two spins. The signal &85 ppm in the oxidized
peaks. A slight peak shift in the MAS/DD spectrum for as- state is assigned to4{SiH corresponding to FTIR absorption
prepared PS was caused by the change of the relative inteat 2250 cmit. Chemical shifts of quartz and cristobalite are
sity between two peaks aroune-90 ppm. Both CP/ found at—107 and—110 ppm, respectivel§® Therefore the
MAS/DD and MAS/DD spectra showed the same peaksignal at—111 ppm is due to Si© The signal at- 101 ppm
positions. Therefore all signals originate frofiSi in the may arise from Si(OH) species or?°Si located between
vicinity of surface. The same consideration was given byO,SiH, and SiQ.

IV. DISCUSSION
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TABLE V. Possible broadening mechanisms38i resonance line for PS samples and estimated line-
widths caused by them.

Method of
Mechanism Linewidth elimination
Dipole-dipole interaction with*H <6 kHz DD (MAS)®
Dipole-dipole interaction with?°Si <100 Hz MAS
Chemical shift anisotropy 3-7 ppm MAS
Bulk magnetic susceptibility <1 ppm MAS
Separation of bonding configuratiohs 9 ppm impossible
Dispersion of bonding conformations 7-14 ppm impossible

&The linewidth expressed in unit of ppm are proportional to the applied magnetic field, while those in Hz are
independent of the field.

®Only as-prepared PS shows the linewidth.

°MAS can eliminate the linewidth less than rotation speed of the rotor.

Adding hydrogen bonded td°Si shifted the chemical NMR spectra. Such experiments enable us to identify the
shift upfield in the assignments of Sildpecies-’ the chemi- mechanism of the line broadening, which includes informa-
cal shift of SiH is more positive than that of SiHHowever, tion on the electronic and bonding structures. Possible broad-
contradictory assignments were proposed by Pettial”  ening mechanisms in the present system are the dipole-
Their assignments were alike based on the comparison beipole interaction °Si-'H, 2°Si-2°Sj), chemical shift
tween other silicon materials. The present system of asdispersion due to bonding configurations and conformations,
prepared PS is essentially a continuous network composed efiemical shift anisotropy, and bulk magnetic susceptibility.
Si and H and the nature may differ from an isolated smallThey are summarized in Table IV. MAS can eliminate
molecule. The?Si resonance peak position farSi:H shifts broadening due to chemical shift anisotropy and bulk mag-
to more negative values with increasing hydrogennetic susceptibility. Broadening due to the dipole-dipole in-
concentratiori® >3 The signals due to the SjHspecies for teraction disappears at spinning rate greater than the line-
PS are observed at85 and —94 ppm; however, further width. Broadening due t3%Si- *H dipole-dipole interaction
study should be performed for detailed assignments. can be eliminated using DD. However, it is impossible to

It is worth investigating the crystallinity of PS in terms of eliminate broadening due to dispersion of chemical shift. The
NMR. X-ray diffraction reveals the bulk crystallinity, linewidth originated from each mechanism is estimated by
whereas NMR gives information in the vicinity of the sur- theoretical calculation and experimental results as described
face. 2°Si NMR spectra ob-Si*? anda-Si:H*~**have been below.
studied. The MAS spectrum af-Si had a signal with a peak Changet all’ pointed out the possibility that more than
at —38 ppm and a FWHM of 81 ppit. The spectra of one distinct bonding configurations exist in each peak. How-
a-Si:H vary in the peak location and FWHM, depending onever, such a feature was not observed in CP/MAS/DD spec-
the conditions for sample preparation. The CP/MAS/DDtra, except in the spectrum of as-prepared PS. The estimated
spectrum of reactively sputtere@-Si:H without SiH,  separation due to the bonding configurations is about 9 ppm
showed a peak at-62 ppm with a FWHM of 52 ppm, in as-prepared PS.
whereas a peak at 75 ppm with a FWHM of 50 ppm was The broadening due to bonding conformations is observed
obtained in the spectrum @fSi:H containing 70% of the H in CP/MAS/DD spectra. The FWHM ranges from 7 to 14
in the SiH, configuratior®® The glow-discharg@-Si:H with ~ ppm. The linewidth is determined by the deviation of elec-
and without SiH exhibited peaks at-50 and —42 ppm, tron distribution, which is produced by the dispersion of
respectively, in the CP/MAS/DD specttalncreasing hydro-  bonding conformation. The estimation using the diamagnetic
gen concentration, i.e., increasing hydrogen in the clustereshielding due to electrod brings about a deviation of
region, shifted the peak upfiefd3® The CP/MAS/DD spec- +0.05 electron units from the linewidth of 10 ppm due to
tra had FWHM's of 51-58 ppm, depending on depositionbonding conformations. The value is about one-fourth of that
conditions; the peaks became broader and FWHM's weref a-Si (around*0.2) 37 Assuming that the strength of the
78-96 ppm without MAS®32|n addition, the effect of dan- dispersion is proportional to the deviation of charge at the
gling bonds ora-Si anda-Si:H spectra is negligiblé*32 nucleus, the dispersion of bonding conformation for PS is

The FWHM of spectra for as-prepared PS were less thafound to be about- 2% since the dispersion far-Si is about
27 ppm. The value is much lower than the FWHMasSi:H  +8%23’ The deviation includes contribution due to bonding
anda-Si. The chemical shift of as-prepared PS differs mark-ength and angle. The dispersion near the surface is roughly
edly from the value of-Si anda-Si:H, although major ele- the same as that in the bulk.
ments are the same: silicon and hydrogen. These differences The CP/DD and DD spectra broaden in comparison with
show that PS has the crystalline structure near the surfacthe CP/MAS/DD and MAS/DD spectra, respectively. The
However, spectra of PS are much broader than that®f  lack of MAS would bring about the broadening due#i-
which has no distortion. There exists distribution of bonding?°Si interaction, bulk magnetic susceptibility, and chemical
conformation in the vicinity of the PS surface. shift anisotropy. Broadening due t0'Si-?°Si interaction is

Various techniques have been employed to obt&®i  theoretically calculated. The linewidths for%Si-(Si),,
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295j-(Si),, and 2°Si-(Si); are 60, 80, and 100 Hz, NMR spectra were not influenced by dopant and dangling
respectively’® Much weaker interaction is expected f§iSi ~ bonds. The NMR spectra were different than thosediSi
which is not directly bonded to Si. Therefore the broadeningr a-Si:H. Therefore PS has a structural character different
for Si0,, O3SiH, and QSiH, is negligible. The linewidth from amorphous materials. However, there exists a distribu-
due to bulk magnetic susceptibility is found to be less than Xion of bonding conformation in the PS layer, resulting in the
ppm by using Drain’s equatidhif the susceptibility ofc-Si ~ broadening of the spectra.
can be used. The 2°Si NMR spectra were assigned based on the com-

The rest of the linewidth increase is almost attributed toparison with FTIR spectra, the chemical shifts of other sili-
chemical shift anisotropy, ranging from 3 to 7 ppm. Broad-con materials, and the results of other researchers. The de-
ening due to chemical shift anisotropy of PS is much lesgendence of the intensity on the contact time was also
than that fora-Si:H.3%32 Chemical shift anisotropy reflects employed for the assignments. The assignments of oxidized
the symmetry of electron distribution around silicon nuclei.species are as follows: 50 ppm due to GBiH,, —85 ppm
The difference demonstrates that PS is not amorphous arftte to QSiH, —111 ppm due to Si@) and —101 ppm due
that the electron distribution aroun#Si for PS is rather to Si(OH) or *Si located between (SiH, and SiQ. The
symmetrical. The linewidth o€-Si NMR spectra increased signals of SiH species are assignable-td85 and— 94 ppm,
by 2 ppm without MAS. The broadening due tSi-2°Si although further study should be done to assign the spectra
interaction is 120 HZ1.5 ppm sincec-Si has the®*Si-(Si), ~ completely.
bonding configuratior® The broadening due to bulk mag- ~ The origin of the linewidth in the NMR spectra was dis-
netic susceptibility is less than 1 ppthTherefore the broad- cussed. The contribution of each broadening mechanism to
ening due to chemical shift anisotropy ferSi is negligible.  the width was estimated theoretically and experimentally:
This means that the electron distribution is less symmetricaf“Si-'H interaction (less than 6 kHg *°Si-**Si (less than
for PS surface than for-Si. 100 H2, bulk magnetic susceptibilitfless than 1 ppm

In the “none” spectrum for PS oxidized for 320(Fig. 4,  chemical shift anisotropy3-7 ppm, and dispersion of
Table 1l), the intensity at—85 ppm was very weak. The bonding conformatior{7—14 ppn). The dispersion gave in-
signal is assigned to {3iH. Broadening due t3°Si-'H in- formation about the structure of the PS surface. The disper-
teraction can be estimated by theoretical calculation. Th&ion of bonding conformation#0.02) is roughly the same
295j ponded to'H has the large linewidth, ranging from 3 as that in the bulk determined by XRD.
(SiH) to 6 kHz (SiH).*® Much weaker interaction is ex-
pected betweedH and 2°Si which is not directly bonded to ACKNOWLEDGMENTS
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