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Abstract We have measured a spectrum of third-order nonlinear 
optical susceptibility I x (3)(-30 ;o ,o .o 1 1 of a u -conjugated 
polysilane, poly(di-n-hexylsilane) (PDHS), by means of third- 
harmonic generation (THG) measurement, in the fundamental photon 
energy region from 0.56 e V  t o  2.15 eV. The obtained 1 x ( ~ ) ( -  
3 w ; w , w , o )  I spectrum exhibits three peaks. These peaks are 
interpreted as the multi-photon resonance enhancement t o  the one- 
dimensional exciton states. This exciton model can be applied 
also t o  the nonlinear optical response of other  conjugated 
polymers. 

INTRODUCTION 

Among various "unconventional" photo-active molecular systems 

under current interest ,  silicon-based polymers, called polysilanes 
(PS's), are at t ract ing considerable interest.' The major reason is 
tha t  PS's have the largest  third-order nonlinear optical  (NLO) 
susceptibility among colorless In addition to these 

remarkable NLO properties, processability by various chemical 
modification of side-groups of t h e  polymer makes PS's quite a t t r ac t ive  
f o r  future  NLO applications. 

As f o r  t he  linear and nonlinear optical properties of PS's, it has 

been almost recognized that  exciton states are playing essential 
roles.5 In the quasi one-dimensional (1D) system as PS's, the  

excitonic effect  becomes significant as compared with the  three- 
dimensional (3D) system as crystalline silicon. In this sense, PS's 
can be regarded as an assembly of "natural quantum wires" which 
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realizes the 1 D  exciton states. However, detailed understanding of 
the exciton effects in the NLO processes is not complete as yet. 

In this paper, we present the results of NLO study on PS's. We 
have measured the I x (3)(-3w ;w ,a ,w ) I spectrum of poly(di-n- 

hexylsilane) (PDHS) by means of third-harmonic generation measurement 
over as wide fundamental photon energy region as possible. Our major 

interest  is in the multi-photon resonance effect observed in the 

I x (3)(-3w :w , w  .w I spectrum. We w i l l  discuss these results in 
terms of the 1 D  excitonic resonances in PS's. A par t  of this  work has 
been published elsewhere.' 

EXPERMENTAL 

We have studied poly(di-n-hexylsilane) (-Si(C6H13)2-)n 
(abbreviated as PDHS), which is known t o  have an all-trans planar 
backbone structure,  having a center of symmetry, at room temperature. 
One-photon, two-photon, and electro-modulated absorption spectra  were 
measured on the spin-coated film of PDHS following the  procedure 
described b e f ~ r e . ~ - ~  From these spectra, the lowest optically allowed 

exciton (l1BIu exciton) level is located at about 3.30eV, and the 

second optically forbidden exciton ( l A g  exciton) level Is located at 
about 4.19eV. respectively at room temperature. Schematic energy 
level diagram of these exciton s t a t e s  w i l l  be shown later (Fig.4). 

Measurements of third-harmonic generation (THG) were made on the 

PDHS films (about 150nm thick) on top of a silica substrate.  
Fundamental laser beam (photon energy region from 0.56eV t o  2.15eV) 
was obtained, using three kinds of laser systems, details  of which 
were described elsewhere.6*8 The obtained laser beam w a s  focused on 
the sample, using a l O c m  focal length lens. Samples were placed in a 
vacuum cell t o  avoid the effect of air. 

standard Maker fringe technique.8 We used the fused synthetic si l ica 

plate as a standard of I x (3) I . A t  f irst .  laser power dependence of 
the third-harmonic intensities were measured on the PDHS films and 
also on the standard silica plate  (Fig.1). As shown in Fig.1, they 
obey third-power dependence fair ly  w e l l  within our used power 
densities (a few MW/cm2), indicating that  there  was no saturation on 

To evaluate the I x ( ~ ) ( - ~ o ; w , o , o )  I of PDHS, we used the 
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the observed third-harmonic intensities. Examples of t he  third- 
harmonic intensity patterns of (a) the PDHS film and of (b) t he  silica 

plate, as a function of the incidence angle, are shown in Fig.2. A s  
shown in the Fig.P.(a), a monotonously decreasing pattern is observed 

in the third-harmonic intensity pattern of the PDHS film. since the 
film thickness 1 is much shorter than the coherence length of THG in 
PDHS. In this case, experimental values for  1 x (3) 1 were evaluated 
from observed third-harmonic intensities of the PDHS film (I) and of 
t he  standard sil ica plate  (Is) (see Fig.2), by using the following 

expression: 

Here. I x L3) I , lC,, are the third-order nonlinear optical  

susceptibility and the coherence length of the standard synthetic 
fused silica, respectively. The spectra of these values, which are 
plotted in Fig.3, were calculated from the dispersion relation of 
refractive index of this si l ica plate and the Miller's rule.' 

1 3 5  10 7 3 5  10 

Incident power (arb. units) -30' c 30' 
Angle of incidence 

FIG.l Fundamental laser Power FIG.2 Third-harmonic intensity 
dependence of third-harmonic pat terns  of (a) PDHS film with a 
intensities from the standard thickness of 152nm and (b) 
silica plate  and the PDHS film standard synthetic fused silica 
a t  photon energy of 2.05eV. plate  (0.3mm) as a function of 
Solid lines show the third-power 
law. 

incidence angle. 
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FIG.3 I x L3) I , and 
of the synthetic 
silica plate used 
standard. 

L,s 
fused 

as a 

RESULTS AND DISCUSSIONS 

The experimentally obtained I x ( 3 ) ( - 3 w  ; w  ,w ,w 1 I values are 
plotted as a function of fundamental photon energy in Fig.4. There 
are three major structures,  denoted A, B, and C at about 1.15eV, 

1.5eV, and 2.leV, respectively. We w i l l  discuss the origin of these 
structures,  based upon the schematic energy level diagrams in the 
lower par t  of Fig.4, which is obtained by one-photon, two-photon, and 
electro-modulated absorption spectra. We could not obtain the data  
points from 0.8eV t o  l.leV, because a suitable laser system was 
unavailable. 

The s t ructure  A located at 1.15 e V  shows the largest  I x (3) I 
value. This energy is very close t o  the one-third of the one-photon 
absorption peak energy at about 3.30 eV. Therefore, the structure A 

is attributed an enhancement effect due t o  a three-photon resonance 

process t o  the lowest allowed l lB lu  exciton level, as shown in the 
diagram of Fig.4. Similar three-photon resonance effects have been 
reported e l ~ e w h e r e . ~  The internal attenuation effect of the third- 
harmonic radiation in the film is not considered. 

Next, w e  w i l l  discuss the origin of the s t ructure  C ,  which 
exhibits the small peak located at about 2.1 eV. This energy is very 
close t o  the half of the IAg exciton energy (diagram of Fig.4). This 

exciton is one-photon forbidden in the centrosymmetric (C2h symmetry) 
backbone of PDHS. Therefore, it is detected only by the two-photon 
absorption or electro-absorption spectra. The s t ructure  C can be 
understood as a two-photon resonance peak t o  this 'Ag exciton level. 
Lastly, w e  w i l l  discuss about the s t ructure  B. which is located at  
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about 1.5 eV. A s  fo r  the s t ructure  B, w e  propose an interpretation in 
terms of a three-photon resonance enhancement t o  a higher-lying 

allowed state (which has a lBlU symmetry) at around 4.5eV (diagram in 
Fig.4). This higher-lying state can be assigned t o  the third-exciton 
o r  the band-edge in PDHS. I t  should be noted here that  this  model 
agrees w e l l  with the electro-absorption spectrum. 

The energy level diagram shown in Fig.4 has a wide applicability 

f o r  nonlinear optical response of 1D semiconductors, such as 
conjugated polymers. As in the 1D semiconductors the excitonic effect  

is significantly strong, the excited states are composed of 
discontinuous exciton levels which have "anomalously" large binding 

energy (- lev), and the band-to-band absorption becomes rather  
weak.lO*ll In the 1D Wannier-like exciton model, the llBlu exciton, 
'Ag exciton, and 2lBlU exciton correspond t o  the n=l, 2, 3 excitons, 
respectively. 

h 

- 
E?, 
x 

I I I I I 

A 
t LB . =  

. *A+ C 

I 

0.5 1.0 1.5 2.0 2.5 
0 '  

FUNDAMENTAL PHOTON ENERGY ( eV ) 

2 :Bin- 

G -  
A B C 

FIG4 Third-order nonlinear optical susceptibility 
I x (31630 :w  .w 1 0  1 I of poly(di-n-hexylsilane) (PDHS) 

films as a function of fundamental photon energy. Filled 
circles are experimental points, and a solid line is 8 guide 
fo r  eye. A schematic energy level diagram and NLO processes 
are shown in the lower part. 
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In conclusion, the I x (3)(-30 ;o .o ,o I spectrum of PDHS has 
revealed three peaks. They are attr ibutable t o  the multi-photon 
resonance enhancement to  the 1 D  exciton states,  which are considered 
t o  be fair ly  common in an extended 1D systems. 
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