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Quantum size effects and enhancement of the oscillator strength of excitons
in chains of silicon atoms
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We have studied the size-dependent optical properties of confined excitons in chainlike Si-backbone
polymers with 5—110 Si atoms. The blueshift of the lowest exciton state was observed with decreasing
number of Si atoms. In chains having 20 Si atoms or less, the oscillator strength per Si atom for the
lowest exciton linearly increases with increasing number of Si atoms. The radiative-decay rate of exci-
tons is in proportion to the square of the number of Si atoms. These results are experimental evidence of
the quantum size effect of excitons in chains of Si atoms.

Considerable interest has been focused on the study of
low-dimensional semiconductor nanostructures because
they exhibit a wealth of quantum phenomena and have a
potential as future optoelectronic devices. Recently,
many attempts have been made to produce a quasi-
direct-gap semiconductor nanostructure made from
indirect-gap semiconductors. ' For example, additional
photoluminescence lines have been reported in clusters
and quantum wires of Si and Ge, and clusters and
wires of Si and Ge will eventually serve as optoelectronic
materials. However, it is difficult to control the number
of atoms in clusters and wires, and it is difficult to pro-
duce very small clusters and very thin wires. Therefore,
optical properties in clusters and wires of Si and Ge are
not well understood. In particular, there are few experi-
mental studies of optical properties in small clusters and
we have little information on the quantum size effect in
small semiconductor clusters. Optical studies of clusters
and wires containing a few to several thousand atoms
help to understand how molecules evolve into solids.

Natural analogues of clusters and wires are oligomers
and/or polymers. Modern organic synthesis and
purification techniques allow us to produce materials
with controlled molecular weight. These techniques have
many advantages over other techniques for the pro-
duction of thin wires. In this paper, we report observa-
tion of size-dependent optical properties of confined exci-
tons in chains of Si atoms synthesized by a chemical
method.

The chainlike Si-backbone polymers, chains of Si
atoms, with molecular structure, EtO-(P-Si-CH3)~-OEt
were synthesized and purified by using the method de-
scribed in Ref. 8. (Here "P" and "Et" represent, respec-
tively, phenyl and ethyl. } The molecular weight of poly-
mers was checked by using a gel permeation chromatog-
raphy. The average number of Si atoms in chains, N, was
varied as follows: N =5, 10, 20, 85, and 110.

The absorption spectra of chainlike Si-backbone poly-
mers solved in tetrahydrofuran (THF) were measured in
order to eliminate electronic interactions between chains.
The concentration of Si atoms in THF solution was
1.67X10 mol/dm . On the other hand, for photo-

luminescence spectrum measurements, solid thin films
were also prepared on a quartz substrate from THF solu-
tion. Photoluminescence spectra were measured by using
a 325-nm excitation light from a He-Cd laser or a 313-nm
excitation light from a Hg-Xe lamp. The calibration for
the spectral sensitivity of the measuring system was per-
formed by using a tungsten standard lamp. Picosecond
temporal decay of luminescence under 1-ps and 305-nm
laser excitation of —1 pJ per pulse was measured by us-

ing a monochromator of subtractive dispersion and a syn-
chroscan streak camera. The temporal resolution of this
system was about 30 ps. We checked that there is no
significant difference in the luminescence spectrum and
lifetime between solid films and solutions.

Figure 1 shows extinction coefficients per mole of Si
atom (cs;) spectra and normalized photoluminescence
spectra of chainlike Si polymers. A sharp absorption
peak in a chain of Si atoms of N = 110 indicates a quasi-
one-dimensional electronic system and sharp absorption
and emission peaks are due to the lowest one-dimensional
(1D) exciton state delocalized in the Si backbone. With a
decrease in the number of Si atoms in chains, the absorp-
tion peak of the lowest exciton state is shifted to the
higher energy (blueshift) and ss; of the lowest exciton
state' decreases.

Figure 2 shows the absorption peak of the lowest exci-
ton state and the peak of photoluminescence as a func-
tion of the number of Si atoms in chains. The size effect
of absorption and photoluminescence spectra are clearly
observed in chains having 20 Si atoms or less. It is con-
sidered that the blueshift of the absorption peak is ex-

plained by a one-dimensional quantum well model. How-

ever, simple effective-mass models are not employed to
explain the observed blueshift of the absorption spectrum
in small semiconductor clusters. The size dependence of
the lowest excitation energy EL of one-dimensional Si-

backbone materials is approximately and phenomenologi-
cally given by"

EL =E»+ [q/(N/2+p))'(E, —E» ),
where p=2/(m —2) and q =sr/(tr 2}. E~ and E&D are-
the lowest excitation energies of disilane (6.2 eV) and the

46 3916 1992 The American Physical Society



391746 AND ENHANCEMENT OF THE. . .QUAN TUM SIZE EFFECTS AN

I—

Z:
UJ

Z

0.5-

LIJ

Z:
LIJ~ 05-
UJ
Z'.

X

0
QJ
N

X& 0.5-0Z

~ ~
g ~

- 8000

-6000

- 4000

N =110
- 2000

0

- 4000 U

0- 3000
I

- 2000

-1000 u)N=20

—4000

-3000

—2000

-1000

one olymer (3.66 eV), re-nsional Si-backbo po y
'nterpolate

qu
ectively. This eq

-dimensional Si p y=2) and one- im

e e absorption pea is

h 1 hd dFigure
gth er Si atom

e oscillator
tl t 1 t h d

~ ..k;.d;l.t.d ...;.f
opo p

) es,dE,=10 ln(10)(melo. he N~f, =l n

s c the velocity of ligsc e
' 'hteass of electrons, c e

N theht.here m is the mas
h Planck constant,h r e of electrons,

f the lowest exc'-1-er. Absorption areas o
d'd b 'h'"lid'nd d

and the low-energy tai op
k are estimated y

Thimum tails o adotted lines are op
'

5.0 5.0

4 00
~—~

—4.0

CL

LIJ

3.0— —3.0

I

10
I

100

the lowest exci-illator strength of thestimate the osci a or
tom f, is linear-ton &. e g p

r of Si atoms an1 to the number of

N If h' ofS
nt value, in i c

proxim
th to 1cillator streng psoi sin

Th f br of atoms.indepen en
dent region isp

ldlk '" ' t"'1 ""t
th'"'t'"1 f'h

ong
1' ited knowledge, thhere is no

th of excitons in
our imi e

f h oscillator strengsize depen enceo t eos"c usters and chains.

Th1citon luminescence at t e p

10

10—
tpL~y

ocN

—10 lA

r/
0

~PL
1O2

CL

I

f the lowest exciton
'

n eak energy o e

fS'as a unc io
the eak energies o

lid 1'n' ""1'ul"'d b

open circ es
s ectively. The so i inep oou p

well model discusse ina simple quantum we mo e
line is a guide to the eye.

0—
3.0 3.4

I

38 4.2 4.6

OTON ENERGY (eV)
-3

10 I

10

-2

I

100

cients per Si atom (z&;) p~ s ectra and

areas o t ef h lowest excitons are t os
and dotted lines.

g h f onfined exciton s, ther strengt o conFI
ence at the pea e

f Si to h/Yas a function o i a omVpL

of hotoluminescence.quantum yiel o p



3918 KANEMITSU, SUZUKI, NAKAYOSHI, AND MASUMOTO 46

10—7

10 =

QJ 10

LQ

10 =
X

0 10'.—I—
O

10: 0.1

Y

I I I

10 I I I I I I I

0 100 200 300

TIME (ps)
FIG. 4. Picosecond temporal changes in luminescence due to

the exciton at peak energies. The luminescence decay is fitted
by a single exponential. Y is the relative quantum yield of pho-
toluminescence.

cence decay was approximately described as a single ex-
ponential having time constant ~p„and ~p„ increases with
decreasing N. A single exponential decay of lumines-
cence implies that the luminescence is determined by a
simple relaxation process. Here, we assume that the life-
time of luminescence ~p„ is determined by two relaxation
channels having the radiative decay rate ~„' and the non-
radiative decay rate ~N„'. Since the quantum yield of
luminescence g is given by r„'/(, rz '+rNR), the radiative
decay rate rR

' is given by g/rpL. Although the absolute
values of q in Si polymers were not obtained experimen-
tally, we can use here the relative yield Y for g in order to
discuss the size dependence of the radiative decay rate of
the exciton and make Y = 1 for a chain of N = 110. The
values of Y for each Si polymer chain are shown in Fig. 4.
The lifetime of photoluminescence i"pL and the radiative
decay time ~p„/Y are plotted in Fig. 3. The radiative de-
cay time ~p„/Y increases with the decrease of Si atoms,
N. In particular, in chains of X 20, ~p„/Y is approxi-
mately given by rpL/Ya-X . The radiative decay time
depends on the oscillator strength per chain. If the exci-
ton is a coherent excitation over the Si chain, the radia-

tive decay time is inversely proportional to Xf, . Since

f, ~ X in chains of N ~ 20, the radiative decay time is in

proportion to X . The size dependence of radiative de-

cay time rpL/Y confirms that of the oscillator strength f &

of the lowest exciton. These size dependences imply that
in chains having 20 Si atoms or less, the exciton is
coherently excited over the chain of Si atoms.

The above considerations and conclusions are support-
ed by the following discussion. Hochstrasser and co-
workers' reported that the quantum yield of photo-
luminescence in a polymethylphenylsilane with very large
molecular weight is about 0.1 and the lifetime of lumines-
cence is 73 ps. In our work, the lifetime of photolumines-
cence is about 76 ps in a Si chain having N =110. Using
g=0. 1 and vp„=76 ps, we can estimate the radiative de-

cay rate of excitons delocalized on the Si backbone, ~R .
On the other hand, the oscillator strength per Si atom,
f, , directly gives the radiative decay rate based on one Si
atom, r,b, . The ratio r,b, /rz in a Si chain of N =110 is
about 24, which means that the excitons are delocalized
over about 24 Si atoms. Therefore, we conclude that in
chains having Si atoms smaller than about 24, the exci-
tons are confined in chains of Si atoms and the size
dependence of optical properties of excitons can be ob-
served. In fact, our experiments show that the blueshift
of the exciton state energy and the size dependence of the
oscillator strength are clearly and experimentally ob-
served in short chains having 20 Si atoms or less. The ex-
citon is coherently excited over about 20 Si atoms on the
Si-backbone chain and the exciton has the oscillator
strength depending on the number of Si atoms in chains.
Our results are experimental evidence of size-dependent
optical properties of excitons in chains of Si atoms. '

In conclusion, we observed the quantum size effect of
the oscillator strength of confined excitons in chainlike
Si-backbone polymers. The oscillator strength per Si
atom for the lowest excitons is linearly proportional to
the number of Si atoms in chains having 20 Si atoms or
less and saturates to a value in long chains. This study
gives experimental evidence of the continuous transition
of a Si chain from molecular to solid form.
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In chainlike Si-backbone polymers (o-electron conjugated sys-

tems), a sharp photoluminescence is observed with essentially
no Stokes shift: photoluminescence is due to free-exciton
recombination. On the other hand, in m.-electron conjugated
carbon-backbone polymers, a very large Stokes shift is usually
observed: photoluminescence may be caused by the localized
exciton recombination. Therefore, in this work, the
significant size dependence of optical properties of confined
excitons was observed in chains of Si atoms.


