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Photocreated metastable states in organopolysilane (PSi) solids are observed using the electron-spin-
resonance (ESR) technique. Two types of light-induced ESR (LESR) spectra are found depending on the
excitation photon energy. These two types of LESR centers are annihilated by thermal annealing.
Based on a Srst-principle electronic calculation, the origins of these LESR centers have been discussed.
The lowest photoexcitation (-3.5 eV) in PSi induces the Si skeleton stretching forces, which creates a
weak bond (WB) in several places of the Si skeleton. Electronically, this WB acts as a self-trapping
center for the photoexcited o electron. The other higher photoexcitation (over 4.8 eV) causes side-

pendant dissociation, which creates a dangling bond (DB) and causes the localized midgap state. The
four lines found in the higher-energy excitation are considered to arise from hyperfine interaction be-

tween this DB electron and a sodium impurity nucleus.

I. INTRODUCTION

Polysilane (PSi) is a chainlike polymer, whose back-
bone is formed by Si atoms. Many kinds of organic sub-
stituents afFect the PSi material system. ' Recently, much
attention has been paid to the optical properties of PSi,
and studies have revealed ultraviolet absorption, photo-
conduction, photoluminescence, two-photon absorp-
tion, excitonic states, and triplet states.

Since highly hydrogenated amorphous silicons (a-Si:H)
contain Si chain forms, ' several similarities between PSi
and a-Si:H have been reported. ' '" There are also ap-
parent difFerences between these two materials. The most
interesting one is that mobile holes have been observed in

PSi photoconduction, 3 while holes in a-Si:H tend to be
self-trapped. ' '

The purpose of this paper is to observe photocreated
metastable centers in solid-state PSi by using the light-
induced electron-spin-resonance (LESR) technique, and
to discuss those origins theoretically based on a first-
principle local-density-functional (LDF) calculation. '4

There have been several ESR experiments with PSi
performed in the solution state. By using these PSi solu-
tions, photodegradation and reactive intermediates in PSi
synthesis have been investigated intensively by several
groups. ' ' Although some persistent silyl radicals and
silylenes have been found, those investigations were limit-
ed to those in PSi solutions. For solid PSi, no ESR exper-
iments have yet been reported. Recently, Benfield
et al. ' studied the ESR spectrum for solid residues in
PSi synthesis (not PSi itself but the blue precipitates in
PSi synthesis). They found that sodium impurities play
an important role in the blue color center in PSi syn-
thesis, but did not report the electronic structure of pho-
toexcited solid PSi. Here we focus on whether photo-
created metastable states are a self-trapping center for

electrons, and on how the sodium impurities acts in the
photoexcited solid PSi.

PSi stands at the crossing point of crystal Si and a-Si:H
and also other Si materials, e.g., porous Si. A knowledge
of the photocreated metastable states in PSi will help in
understanding those Si skeleton materials.

II. EXPERIMENTS AND RESULTS

Three kinds of organopolysilanes, methylpropylpolysi-
lane, methylphenylpolysilane, and dihexylpolysilane,
were used for the ESR measurements. All samples were
prepared by a conventional Wurtz-type coupling reaction
in dry toluene in an argon atmosphere using a sodium
lump. The corresponding starting monomers are
methyl(n-propyl)dichlorosilane, methylphenyldichlorosi-
lane, and di(n-hexyl)dichlorosilane. After 2—3 h at
about 110'C, the reaction mixture was cooled to room
temperature and passed through a 0.45-pm
poly(tetrafiuorethylene) filter under argon gas pressure.
The filtrate was poured into iso-propanol and the result-
ing precipitate was collected by centrifugation and dried
at 60'C in vacuo overnight. The yield of all polymers
ranged from 10 to 20%%uo. The weight averaged molecular
weight of polymers (M ) and polydispersity (D), which
are determined based on a calibration with polystyrene
standards, are as follows: for methylpropylpolysilane,
M = 10500, D =2.0; for methylphenylpolysilane,
M =9700, D = 1.8; and for dihexylpolysilane,
M =20200, D=2.2.

The polymer characterization was also carried out by
high-resolution NMR measurements. For solution-phase
PSi in deuterated chloroform, Si-NMR spectra were ob-
tained by a Varian Unity-300 NMR spectrometer at
59.59 MHz with the gated decoupling pulse technique for
excluding the nuclear Overhauser effect. Si-NMR spec-
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tra for solid-phase PSi and other insoluble Si-skeleton
samples were recorded by a Varian Unity-400 NMR
spectrometer at 79.46 MHz with the cross-polarization
(CP)—magic-angle spinning (MAS) technique.

ESR measurements were carried out at the X-band re-
gion using a JEOL JESFE1X. Two different lamps (a
500-W high-pressure Xe arc lamp with an UV-D18 filter
and a 150-W low-pressure Hg lamp without optical
filters) were used as exciting light sources. The corre-
sponding wavelengths are -350 (lower-energy excitation)
and 254 nm (higher-energy excitation), respectively. The
Hg irradiation also includes light of the wavelength 185
nm. These light irradiations were performed at 10 K and
light-induced ESR (LESR) signals were observed at the
same temperature.

Figure 1 shows the LESR spectrum for methylpropyl-
polysilane with lower-energy excitation. The g value of
this center is 2.0044, and the width (peak-to-peak separa-
tion, hH ) is 30 G. ' The estimated spin density is
about 2 X 10' spins/g. o Even after the illumination was
turned off, this ESR center was frozen at 10 K, but was
completely annihilated by the thermal annealing at room
temperature (RT). The important point is that the LESR
centers are not found irradiated at RT. This evidence is
apparently different from that for solution PSi, in which
the RT irradiation causes LESR.'

A similar LESR signal was also observed in methyl-
phenylpolysilane (Fig. 2). Except for a slight narrowing
in the signal band-width, the numerical values of g and
hH~ are same as those of methylpropylpolysilane
Dihexylpolysilane shows a slightly different LESR spec-
trum of g=2.0026 and hH =10 G. The long lifetime
and the complete annihilation by thermal annealing are
common characteristics in the present PSi solids. Since
the observed LESR signals are independent of the kinds
of the side chains, it can be concluded that these LESR
signals originate from the paramagnetic state of unpaired
electrons at Si skeleton atoms of PSi.

Figure 3 shows the LESR spectrum for dihexylpolysi-
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FIG. 2. Light-induced ESR spectrum for lower-energy exci-
tation in methylphenylpolysilane. The measurement was done
at 10 K, and microwave power was 0.1 mW. The light source
was a Xe lamp with a UV-D18 filter.

lane under higher-energy excitation. An additional struc-
ture can be clearly observed in this spectrum. ' The
characteristic feature is that this additional structure al-
most disappears after thermal annealing at over 50 K
(Fig. 4), and the remaining spectrum resembles those
spectra observed under the lower-energy excitation: In
dihexylpolysilane, for instance, the sample annealed at 50
K shows a structureless signal with g=2.0047 and
AH„p =25 G.

III. THEORETICAL CALCULATION

In order to discuss the origins of the above two types of
LESR centers, we theoretically investigate which meta-
stable states are possible to create by photoexcitations,
and how band-edge states are changed when the corre-
sponding metastable state is created. The theoretical cal-
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FIG. 1. Light-induced ESR spectrum for lower-energy exci-
tation in methylpropylpolysilane. The measurement was done
at 10 K, and microwave power was 0.1 mW. The light source
was a Xe lamp with a UV-D1B filter.

FIG. 3. Light-induced ESR spectrum for higher-energy exci-
tation in dihexylpolysilane. The measurement was done at 10
K, and microwave power was 0.1 mW. The light source was a
Hg lamp without optical filter.
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culations were performed using the llrst-principles local-
density-functional (LDF) method. The norm-
conserving pseudopotential ' was used, in which core
basis functions are neglected in the calculation. The
exchange-correlation energy is approximated by the func-
tional form of Ceperley and Alder's potential
parametrized by Perdew and Zunger. Details of the
calculation have been reported in our previous works. ' '

LDF band calculations' ' reveal the electronic struc-
ture of PSi. At the band-edge states (Fig. 5), o elec-
trons of the skeleton Si atoms are well delocalized along
the skeleton chain axis (o conjugation). ' The highest oc-
cupied valence-band (HOVB) state is formed of the po
bonding state between the skeleton Si 3p„atomic orbitals
(AO's). The lowest unoccupied conduction-band (LUCB)
state is formed of the spo antibonding state between the
skeleton Si 2s and 3p AO's.

A. Optically selective scissoring

Hellmann-Feynman forces working at each atom are
calculated by the gradient method of the total energy,
when the hypothetical electron excitations from the ith
valence band (VB) to the jth conduction band (CB) are
considered. The hypothetical electron excitations con-

State

po'
quasi-m

SP 0'

3.49/ —0.87 (3.89)
—5.37/2. 01 (6.10)

quasi-~*

5.42/ —0.39 (5.42)
—7.63/3. 37 (7.59)

sidered are the following four combinations from po or
quasi-~ VB states to spcr' or quasi-~' CB states. The
calculated forces are summarized in Table I. The elec-
tron excitations from the po band cause the stretching
force on the Si-Si skeleton bond. However, these excita-
tions do not induce dissociating forces on the Si-H pen-
dant bond. Such a dissociating force is caused by the
electron excitation from the quasi-m band.

The optical selection rule limits some of the above elec-
tron excitations. According to the symmetry of the
transplanar form (Table II), the optical electron excita-
tion from per to quasi-m' bands is ruled out. Therefore,
in PSi, the Si skeleton-bond stretching force is induced by
only the lowest optical excitation, while other high opti-
cal excitations induce the dissociating forces at the

TABLE I. Calculated Hellmann-Feynman stretching forces
working on Si-Si/Si-H bonds. The plus sign means the stretch-
ing direction, and the unit of forces is 10 Ry/a. u. The calcu-
lated energy gaps (in eV) are also given in parentheses.
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FIG. 4. ESR spectrum for annealed dihexylpolysilane. The sample illuminated by the Hg lamp without optical 61ter at 10 K (Fig.
2) was annealed at temperatures of 50 (a), 100 (b), 150 (c), and 200 K (d) for 30 min. After each thermal annealing, the sample was

recooled at 10 K for ESR measurement. Signal values are normalized to that in Fig. 2.
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TABLE II. Symmetric properties of the orbital for the opti-
cal excitation and induced metastable states expected in the cor-
responding optical excitation. A transplanar structure is as-
sumed, because PSi chains tend to show this form at low tem-
perature.

State

per(B2g )

quasi-m(B &~)

spo (B3„)

B,„(&)/WB
B2u (z)/DB

quasi-~ (B2„)

A „(forbidden)
B3„(y)/DB

Here a simple WB is considered by stretching a part of
the uniform Si skeleton bond in order to investigate how

DOS

DB parent PSi WB LUCB

skeleton-pendant bond. The former forces creates a weak
bond (WB)-type metastable state in the Si skeleton, while
a dangling bond (DB)-type metastable state is expected to
be created at the pendant position by the latter force.
Thus, by tuning the photon energy of the irradiation, we
can create different kinds of metastable states in PSi (op-
tically selective bond scissoring). The corresponding
electronic structures of these WB's and DB's are dis-
cussed in the following.

B. Weak bond

the WB changes the band-edge electronic structure. A
stretching length of 0.65 A, a half of the Van der Waals
radii for Si, is assumed here. This value is amount to
27% of the optimized Si-Si skeleton-bond length of the
parent PSi, and corresponds to the remarkably strong
WB, compared with those of three typical valence WB's
in a-Si (17—45%). Calculations were performed using a
supercell approach containing four Si atoms and eight H
atoms. By comparing a larger unit cell including six Si
atoms and 12 H atoms with the result, it was found that
this supercell is large enough to lead to a discussion of
the localized states.

Electronically, the band-edge states are changed re-
markably by the WB as follows: The local Si skeleton-
bond stretching weakens the pn bonding character of the
HOVB state and destabilizes this state. Therefore, the
original HOVB state energetically shifts upwards and
forms a hole-tail state with localizing around the WB site.
Conversely, a reduction in the spo* antibonding charac-
ter stabilizes the LUCB state energetically to shift the
original LUCB state downwards, and an electron-tail
state is formed. Thus an appearance of WB's cuts the a
conjugation of the band-edge states and creates the tail
states (Fig. 5). These tail states effectively reduce the
band gap (Es). A 35% Eg reduction from that of the
parent PSi is found when a larger WB with 27% stretch-
ing is introduced.

Figures 6(a) and 6(b) show the charge-density (CD) dis-
tribution of holes and electrons at each localized tai1
state, respectively. Holes localize at the position of the
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FIG. 5. Calculated electronic structure of PSi near the Fermi
level. For simplicity, only two E-k dispersion curves of the
lowest CB and highest VB are shown for parent PSi. The local-
ized electron-tail and hole-tail states caused by WB are also
represented. The broken line indicates the singly occupied lo-
calized level caused by DB. The arrows are values of the energy
gaps, and the numerical value at each arrow is the optical tran-
sition matrix element normalized to that of the parent PSi. Or-
bital characters and values of e8'ective masses at HOVB and
LUCB are also shown in figure.
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FIG. 6. Contour of density profiles of (a) the tail hole and (b)
the tail electron around the WB indicated by the broken line.
In the figure, the contour plot on the skeleton plane is shown
from 0 to 90 (a) and to 120 (b) with an interval of 5.0 (a.u.). The
horizontal interval is 0.324 A and the vertical interval is 0.328
A.
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WB center [Fig. 6(a)]. The tail-state electrons tend to lo-
calize at two Si atoms on this WB [Fig. 6(b}]. However,
one should find that these tail electrons and holes main-
tain original orbital symmetries of the delocalized band-
edge states. Therefore, an optical transition between
them is possible. Moreover, a large optical transition ma-
trix element is expected between these two tail states be-
cause of their spatial localizations. The calculated value
is 1.6 times larger than that of the parent PSi. Thus
WB's, created by stretching the Si skeleton bond, act as
"radiative centers" in PSi, if the excited electron hole
does not separate spatially.

C. Dallgllng bORd

When a side-pendant group (a H atom in the present
work} is dissociated from PSi, a strongly localized state
appears in the midgap position of the original Es (Fig. 5).
Electronically, the dissociation of the side groups from
the PSi system decomposes the quasi-n states, and then
reverts it to its original levels of Si atom, 3' because these
bands are formed by the skeleton-pendant interaction be-
tween Si 3p, and H ls AO's. Thus the localized level ap-
pearing in the midgap position of E is the Si dangling-
bond (DB) level, which is singly occupied.

The electron localization at this DB level, however, is
oriented toward the out-of-skeleton plane direction (Fig.
7). Therefore, the optical transition matrix elements be-
tween this DB level and the band-edge state (HOVB or
LUCB) are very weak. They are only 6%%uo (between DB
and HOVB) and 12%%uo (between DB and LUCB) of that in
the saturated PSi (between HOVB and LUCB}. Thus the
dangling bond created by the pendant group dissociation
play the role of a "nonradiative" center in PSi. It is also
characteristic that the DB level formation hardly changes
the band-edge states. The reason is that these band-edge
states are formed of the skeleton in-plane o electrons or-
thogonal to that of Si-DB electrons.

D. Paramagnetic character of WB and DB

The observation of the paramagnetic electron-spin-
resonance (ESR) signal from the DB can naturally be ex-
pected, because this state is singly occupied by an elec-
tron. On the contrary, most of the tail electrons and tail
holes of the WB seem to recombine, and that metastable
immediately stabilizes into the ground (singlet) state, be-
cause of the large values of the optical transition matrix
element. However, there is also a possibility that some of
those excited electron-hole pairs survive from the recom-
bination and form paramagnetic states (S=

—,'). This pos-
sibility originates from the spatial separation of the excit-
ed tail electrons and tail holes.

When the WB is induced along the Si skeleton, band-
tail states appear symmetrically around the Fermi ener-
gy; e.g., these band-tail states are settled in the band gap
about 0.7 eV far from the original HOVB or LUCB states
for the present large WB with 27% stretching. There-
fore, the trapping depths are equivalent for tail electrons
and tail holes. However, the itinerancy of tail-edge states
is slightly different between electrons and holes. The cal-
culated transfer energy of the tail electron is 1.5 times as
small as that of the tail hole. Thus tail-edge electrons
tend to be trapped effectively but tail-edge holes tend to
be itinerant, and some of photogenerated electron-hole
pairs are able to separate spatially. Therefore, the WB
as well as the DB forms a possible paramagnetic state,
which can be observed by ESR experiments.

In the present theory, we assume a transplanar zigzag
backbone in PSi chains. Of course, actual PSi chains
having organic side chains are known to form random
and helical backbones rather than transplanar and uni-
form backbones. Therefore, the application of the above
results should be limited. Dihexylpolysilane, however, is
an exception, which is known to form a transplanar back-
bone at low temperature, and might be a good applicable
example. Moreover, present theoretical results are appli-
cable to crude discussions about other PSi chains, when
these chains partially include transplanar backbones.

IV. DISCUSSION

A. I.ESR by lomerwnergy excitation

FICx. 7. Contour of density pro@les of the DB state. The con-
tour plane is defined by one Si atom and two H atoms, one of
which is dissociated, and the plane is viewed from the skeleton
axis. The broken line indicates the corresponding broken Si-H
bond. The three lower atoms of H-Si-H are out of this plane.
In the figure, the contour is shown from 0 to 85.0 with an inter-
val of 5.0 (a.u.). The horizontal interval is 0.235 A and the vert-
ical interval is 0.322 A.

Based on the theoretical results above, let us first dis-
cuss the origin of the LESR center by lower-energy exci-
tation. The energy of the present lower excitation corre-
sponds to that of the o.-o' transition. Theoretically, this
optical excitation induces the Si-Si bond-stretching force
and forms the WB's. As mentioned in Sec. III, these
%8's work to become a trapping center of the photoex-
cited cr electrons, and have the potential to become a
paramagnetic state. The long lifetime of the observed
LESR signal at 10 K and the annihilation of the signal by
the thermal annealing are consistent with our theoretical
results that some of those excited cr electrons and o. holes
are trapped with a spatial separation by the difFerence be-
tween their itinerancies suSciently to suppress their
recombinations. Therefore, it can be concluded that the
lower-energy excited LESR is caused by the paramagnet-
ic state of these o. electrons self-trapped at WBs. The
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observed g value (2.0044) is also closer to that of the tail
electron (2.004) than that of the tail hole (2.01) in a-Si:H.

The observation of LESR by the lowest optical excita-
tion has an important meaning. At the present state, the
lowest optical transition in PSi is accepted as being
caused by a one-dimensional (1D) singlet exciton whose
lattice deformation is small. The observation of this
LESR should, however, change the previous interpreta-
tion slightly, because the singlet state is inactive by ESR
measurements. The 1D singlet exciton model is based on
the assumption that the PSi skeleton is fully extended or
has a uniform Si skeleton rod. The real PSi, "' howev-
er, is a model 1D disordered system rather than a 1D uni-

form system; Si skeleton atoms are segmented by some
disorderings and distorted bonds, e.g., kinks. These
rod-broken points have a potential to become WB centers
and form a paramagnetic metastable state when the
lowest amount of optical absorption occurs. Thus, al-
though most of the lowest absorption occurs at these ex-
tended rod parts through the 1D singlet excitons which
can delocalize within these extended rod parts, one
should pay attention to the role of the actual rod-broken
points.

The metastability of these disorderings strongly de-
pends on whether PSi is in solid or in-solution phase.
Since PSi molecules in solution or glassy solution phases
stand freely, these disorderings of rod-broken points easi-
ly relax into their ground states. Conversely, the bond
distortions and rod-broken points are conserved in solid
PSi ~ This feature is confirmed by Si NMR spectrosco-
py. In Fig. 8, we show the high-resolution solid-state

Si-NMR spectrum of methylphenylpolysilane used in
the present experiments both in solid and in-solution
phases, comparing them with those of other Si skeleton
materials. The NMR spectra are measured by the
CP/MAS technique. A shoulder band in the down-field
region of the main Si NMR signal is found in solid PSi
but not in-solution PSi. This broad signal is caused by
the nonuniformity and the distortion in Si-Si bonds. A
similar broadness in the NMR signal is found in a-Si,

which includes many distorted Si-Si bonds. Thus solid
PSi chains contain more distorted Si-Si bonds than solu-
tion PSi chains do.

These distorted Si-Si bonds originally form a diamag-
netic state. When the lowest optical transition occurs,
some of these disorderings can change into a paramagnet-
ic state via the mechanism discussed in Sec. III. Howev-
er, in the solid-state phase, the RT thermal energy easily
anneals the photo created paramagnetic state and puts it
back into the diamagnetic ground state, because of its
metastability. At low temperature, these photocreated
metastable states are frozen and can be observed. This is
the reason why we cannot find the LESR signal in solid-
state PSi irradiated at RT. Conversely, bonds once scis-
sored by the photoabsorption can live in solution phase
even at RT. McKinley et al. observed these bond scis-
sorings as persistent radicals through LESR measure-
ment in the PSi solution at RT. '

Based on the present spin densities, such LESR
centers are distributed in each Si catenation of 10—100
atoms. This estimation is consistent with the results of
absorption saturation measurements by Thorne et al. ,
However, it is unclear why no contribution from the sur-
viving holes was found in the present experiments. The
broad width of the ESR signals may include contribu-
tions from both electrons and holes. However, it is possi-
ble that the corresponding integrated LESR signal is
fitted by a single Lorentzian. This is the most significant
difference from a-Si:H. '

B. LESR by higher-energy excitation

In the present higher-energy excitation, the Hg lamp
irradiation causes optical transitions such as those sum-
marized in Table II, in addition to o-cr electron excita-
tion by the Xe lamp. Theoretically, these additional elec-
tron transitions induce the dissociating force working at
the pendant bonds and form DB's. The spatial extension
of the DB wave function (Fig. 7) is expected to proceed
out of the skeleton, and is apparently different from those
in the WB states [Figs. 6(a) and 6(b)]. The experimental
difference in LESR signals caused by lower- and higher-
energy excitations is the additional structure found in the
higher-energy excited LESR. Focusing on the difference
in the spatial extension of WB and DB states, is it possi-
ble to understand the origin of the additional ESR struc-
ture in terms of the hyperfine interaction with Si nuclei?

Here we calculated the isotropic hyperfine interactions
a between the unpaired electron in these two possible
metastable states and Si nuclei at the various positions
of the skeleton. The value of a due to Si at site R„ is ex-

pressed in gauss unit as follows:

~ ~ ~ IM ~ ~

-20 -25
I I I ~ ~ I ~ I ~ ~ I ~ I E ~ I ~ l ~ ~ ~I ~ ~ ~ A WI ~ ~ ~

-30 -35 -40 -45 -50 -55 -60 a =317~+,(R, ) I

Si chemical shift / ppm

FIG. 8. Comparison of high-resolution solid-state Si NMR
spectra of methylphenylpolysilane in both solid-state and in
solution phases. The spectra are measured by the cross-
polarization —magic-angle spinning technique. In the figure,
solid-state Si NMR spectra of c-Si and a-Si are also shown for
comparison.

Here %,.(R„) is the wave function of the unpaired elec-
tron or hole of the metastable state of i =WB or DB, re-
spectively. As we used the pseudopotential and the
Gaussian-type pseudo-wave-function for 4;(R„), the
values of %',.(R„)are estimated by the interporating fitting
technique in the small region including the R„site. Fig-
ure 9 shows calculated Si hfc constants, when two types
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FIG. 9. Values of calculated Si hfc constants for WB and
DB in units of G. Si atoms in WB are positioned to place the
WB (broken line), and Si~ atoms at the neighbor sites of Si
atoms. The Si atom in DB has DB at its side-chain position,
and Si~ atoms are positioned at Si 's neighboring sites.

of metastable states are created.
In the case of WB formation (Fig. 6), tail-edge elec-

trons [Fig. 6(b)] tend to localize on both sides of two Si
atoms (a position) on the WB. Electronically, these
metastable states are composed of Si 3s AO's. Therefore,
a larger hfc constant would be expected. Conversely, the
hfc value for holes of the WB tail edge is very small, be-
cause this state is formed mainly of the Si 3p AO's [Fig.
6 (a)]. An intermediate hfc constant would be expected
from the Si atom of DB, because the corresponding spin
density localizes toward the out-of-plane position. This
out-of-plane localization for the unpaired electron at the
DB level steeply reduces the values of hfc constants
caused by second-neighbor Si atoms (Si~).

These characteristic features of Si hfc could not be
found in the higher-energy excited LESR signals or in the
lower-energy excited LESR signals, although the calcu-
lated hfc value for DB seems to be comparable to that
found by Mckinley et al. ' Thus we cannot confirm
directly whether the DB-type metastable state is created
by higher-energy excitation. However, we found another
fine structure through higher-energy excitation by the
sample annealing procedure.

C. Annealing efFects

Samples illuminated by Hg lamp at 10 K were an-
nealed at several temperatures of 50, 100, 150, and 200 K
for 30 min. After each annealing, the samples were
recooled at 10 K to measure the ESR signal. In the fol-
lowing, we report the results for dihexylpolysilane. The
others for methylpropylpolysilane and methylphenylpo-
lysilane will be reported elsewhere, including a detailed
discussion of the annealing efFects.

Figures 4(a)—4(d} show the observed ESR signals with

FIG. 10. Change in ESR signal intensity of dihexylpolysilane
with varying annealing temperatures. Signal intensities are es-
timated from the peak-to-peak value of ESR signals at corre-
sponding annealing temperatures, and values relative to that at
10 K are shown.
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FIG. 11. Difference in the ESR spectrum of dihexylpolysi-
lane between the higher-energy-excited LESR and the signal an-
nealed at 50 K. Open circles show the center field for each line.
The four equally separated spectra are designated by their lines
in the figure. The separation is about 23 G.

varying annealing temperatures. The additional ESR
structure caused by the higher-energy excitation almost
disappears when the sample is annealed at 50 K. When
the annealing temperature is higher than 100 K, the
broad component in the ESR signal disappears. It is also
characteristic that the intensity of the annealed ESR sig-
nals weaken with increasing annealing temperature.

When the efFective quenching of the paramagnetic
spins is assumed to occur via the thermal activating pro-
cess, the Arrhenius-type curve is expected in the relation
between the paramagnetic spin density and the annealing
temperature. However, an apparent discrepancy from
this Arrhenius (linear) relation is found in Fig. 10, in
which the decrease of the ESR signal intensity is plotted
with inverse values of the annealing temperature. This
discrepancy means that quenching of the paramagnetic
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spins by thermal annealing does not occur via a simple
activating process.

The complexity of the thermal quenching is also
confirmed by Figs. 11 and 12(a)—12(c) in which the sub-
tracted ESR spectrums are shown. Figure 11 shows the
difference in ESR signals between the higher-energy ex-
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FIG. 12. Difference in the ESR spectrum of dihexylpolysi-
lane between the signals annealed at 50 and 100 K (a), those an-

nealed at 100 and 150 K (b), and those annealed at 150 and 200
K (c).

cited LESR signal and the signal annealed at 50 K. Fig-
ures 12(a)—12(c) show the difference in ESR signals be-
tween those annealed at 50 and 100 K, those annealed at
100 and 150 K, and those annealed at 150 and 200 K, re-
spectively. These signals give the ESR component
quenched at the corresponding annealing temperature.

Four distinct lines are found in Fig. 11, and they
separate equally (hyperfine quartet). The g value of the
center spectrum is 2.0026. This hyperfine quartet is the
disappearing component caused by thermal annealing at
50 K. The thermal annealing at 100 K quenches the
broad component of the LESR signal [Fig. 12(a)], which
is different from the quenched components caused by
150- and 200-K annealings [Figs. 12(b) and 12(c)]. Thus
each annealing process quenches a different paramagnetic
center.

Purifying the samples revealed that the hyperfine quar-
tet strongly correlates with the sodium (Na) impurity
content in the sample. The flame spectrochemical
analysis showed a 1/200 reduction of sodium impurities
by the reduced-prcssure filtration with 0.45-pm pores. In
these purified samples, the hyperfine quartet was
significantly reduced. Considering that the nucleus spin
of Na is I=—,'and its natural abundance is 100%%uo, these

four lines could be identified with a hyperfine quartet
caused by interchain sodium impurities.

The DB is a possible candidate to interact with these
Na impurities. The reasons are as follows: Na impurities
should be located at the interchain cites, because PSi
samples are synthesized by the dechlorine reaction when
mixed with small fragments of metallic Na. Therefore,
Na impurities can interact with the DB, in which an un-

paired electron is localized toward the out-of-skeleton
plane, i.e., the interchain direction.

The isotropic hyperfine constant of atomic Na is 224
G. ' The present one is estimated to be -23 6, which is
—„ofthe atomic value. This reduction is qualitatively un-

derstandable because of the strong anisotropy of the lo-
calized DB state. The distinct hyperfine quartet also
suggests the existence of a specific metastable position of
sodium impurities. One possible position might be an in-

terstitial back-bond position, which is theoretically pre-
dicted for the hydrogen in PSi.

V. CONCLUSION

We observed photocreated metastable centers in solid-
state PSi by using the LESR technique. Based on a first-
principle electronic calculation, the following are con-
cluded.

(i) The lower optical excitation (Xe lamp) in solid PSi
creates the paramagnetic centers which are observed to
be LESR signals.

(ii) The higher-energy optical excitation (Hg lamp) also
creates another type of paramagnetic center.

(iii) Based on the LDF calculation, optically selective
bond scissorings are theoretically expected to be caused
in PSi by tuning the excited photon energy. The lowest
optical absorption causes the Si skeleton-bond stretching
forces, which create WB s. Additional higher optical ab-
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sorption causes the Si-pendant dissociating forces, which
create DB's.

(iv) The WB produces localized tail states. Excited o
electrons are self-trapped more easily than the excited
hole by this WB's tail states, and those electrons and
holes are spatially separated.

(v) Accordingly, the LESR signal due to lower-energy
excitation is caused by excited 0. electrons trapped at the

WB.
(vi) In PSi, sodium impurities included in the synthesis

process are expected to play an important role in the pho-
to creation of metastable states of PSi, similarly to hydro-
gen in a-Si:H. The interaction between these interchain
sodium impurities and the paramagnetic state caused by
the higher-energy excitation would produce the hyperfine
quartet.
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