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HIROYOSHI TAKE and HIROTAKE KAJII 

Depurtrnen t of Electronic Engineering, Gruduute School of Engineering, 
Osaka University 2- I Yurnadu-Oka, Suita, Osaka 355-0871 Japan 

Nano-scale periodic structures of conducting polymer and carbons, which were prepared by 
infiltration of polymers and carbons in nano-scale interconnected periodic pores in synthetic 
opals made of regular array of SiOz spheres and then removing SiO2 by etching, have been 
found to exhibit novel electrical and optical properties. Their electrical and optical properties 
in thus fabricated conducting polymer and carbon replicas change drastically upon pyrolysis 
due to progress of carbonization and graphitization. That is, due to the changes in periodicity, 
pore size, carbonization degree and crystal structure, electrical conductivity, magnetocon- 
ductance and their temperature dependences and optical reflection spectra have changed 
drastically. These replicas with porous nature can be infiltrated and also intercalated with var- 
ious materials, resulting in also remarkable changes of properties. The synthetic opal infil- 
trated with conducting polymer can be electrochemically doped, with which remarkable 
change of  optical properties have been observed due to the shift of the diffraction peak 
accompanying with the change in refractive index. Alkali metal intercalated carbon and 
graphite with nano-scale periodic structures have been also studied. The applications of these 
nano-scale periodic structures of conducting polymer and carbon are also discussed. 

Keywords: opal; carbon; conducting polymer; replica; intercalation 

1. INTRODUCTION 

Recently photonic crystals with three dimensional regular structure of the optical 
wavelength order have attracted much attention from both fundamental and practical 
view points, because novel concepts such as photonic band gap have been intro- 
duced and also various applications of the photonic crystals have been proposedll.21. 
We have studied the synthetic opal made of regular array of silica spheres as proto- 
type of photonic crystal and also demonstrated that various materials can be infil- 
trated in the interconnected nano-scale voids of the synthetic opallW. It was also 
demonstrated that upon removing silica spheres of the infiltrated opals with HF, 
various opal replicas can be preparedW1. 
In this paper, we report properties of opals infiltrated wth  conducting polymer and 
carbons and also their replicas. Especially effects of doping and intercalation in these 
infiltrated opals and replicas are discussed. 
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2.EXPERlMENTAL 

Three-dimensionally ordered colloidal crystals were hrmed by sedimentation of the 
suspension of mono-dispersed silica spheres of several hundreds nano meter (120 - 
550 nm) in diamctrr. By changing preparation condition various thickness of me- 
chanically robust samples (severill Irm-several mm) were prepared[']. 
Synthctic opal prepared by this procedure has a face-centered cubic (C.C.C.) crystul 
lattice structure iind contains interconnecting structure of tetrahedral and txctahedral 
voids. For example tetrahedral and octahedral voids of 56 nm and 104 nm in dam- 
ctcr, respectively, were formed in the case of the photonic crystal made of SO;! 
spheres of 250 nm in diamctcr. 
The percolated porous structure permits the infiltration of virious miteti ik as al- 
ready reported in our previous papers either in gas phase or  liquid phase. For cx- 
am ,le conducting polymer was mostly infiltrated in the liquid (solution phase and 

By removing SiOz sphers of inliltrated opals with HF, opal replicas of various ma- 
tcrials w>cre prepared. Carbon replica was pyrolized a1 various temperaturcs for 1 h 
in a high-purity Ar atmt~sphere.lntercalation und doping were carried o u t  in either 
gas phase or solution phase by electrochemical methcid. Details of these methods 
wcre already repirted in our previous papersl*% 
The micrograph of scanning electron microsmpe (SEM) was taken with a S-2100C 
klitachi microscope. '13e retlectance spectrum was cvaluated by observing rellected 
light using a PMA-11 (HAMAMATSU) from sample surface which was irradiated 
with light trfa wide spectral range in the visible region. The electrical conductivity 
and magnetoconductance (MC) were measured b y  a conventionztl four-probed tech- 
nique employing a Ouenium Design. PPMSM 

3. KESULTS AMD DISCUSSION 
3-1 I'rowrties of ovals inliltrated with vorious orpanic m a t e r h ~  

Figure 1 indicates oplical rcllcclion spectra of opals made o i S i 0 :  spheres o f  3(lb)nm 
in diameter observed at various incident angles ofthe light. As evident in this figure 
clcirr difhction peaks were observed depending on the incident zrngle. The lattice 

carbons wcre infiltrated by either b 'as or  liquid phases followcd by pyro I ysis. 

Fig. I .  Optical rcilcctictn spectra of opals made of  SiO? spheres of 300 nm 
in diamctci its a funclion of  incident angle ol'the light. The inset indicates a 
SEM image of op;il .  
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Fig. 2. The transmission spectra of opals made of SiOz spheres in vari- 
ous solvents. The inset shows depedence of stop band on refractive 
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index of solvent. 

0.7 

0. I 

0.0 
400 500 600 700 800 

Wavelength (nm) 

1.1 

400 500 600 700 800 
Wavelength (nm) 

Fig. 3. The variation of stop band of 
insulating polymer replica infiltrated 
with various solvents. 

Fig. 4. The reflection spectra as a h c -  
tion of incident angle for pyrolized rep- 
licas. The inset shows the variation of 
periodicity as a function of heat treat- 
ment temperature. 

constant evaluated from the spectra is consistent with that calculated from the SEM 
image shown in the inset of Fig. 1 with the f.c.c. crystal structure. Similar clear dif- 
fraction peaks were also observed in opals made of various diameters of SiOz spheres. 
In the transmission spectra of thin opal film, a clear stop band, in which the range of 
optical transmission is suppressed, was observed as shown in Fig.2. It should be 
noted in this figure that the stop band depends on the diameter of SiOz spheres used 
for the fabrication of opals and shifts remarkably by infiltrating solvent. The differ- 
ence in refractive index of the solvents can explain the observed shift of the stop band 
as shown in the inset of Fig.2. The diffraction peaks also shift depending on the 
refractive index of the solvent. 
It should also be noted that the stop band and diffraction peak of opal replicas also 
shift drastically as shown in Fig.3 for the case of insulating polymer replica infil- 
trated with various solvents. 
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3-2 Ontical and electrical Dronerties of carbon rPDlicas of O D ~ S  

Carbon replicas of opal wth vanous pertodicity were prepared by either gas phase 
infiltration of carbon wth  CVD method directly or the pyrolysis of plvmer (such as 
phenol resin) replica, followed by the removal of SiOz spheres These carbon repli- 
cas exhibit also opalescent color depending on the viewing angle which is consistent 
with diffraction peak observed u1 the reflectance spectra as shown in Fig 4 It should 
also be noted that by lncreasing the heat treatment of the carbon replica, the diffrac- 
hon peak shifts to shorter wavelength as shown ln this figure This can be explmed 
by the decrease of the penodicity with the heat-treatment as also evident in the inset 
of this figure 
Temperature dependence of electncal conductivlty of carbon replica pyrolized at 
800 "C and 3000 "C was presented in Fig 5 As evidence from this figure, the carbon 
replica pyrolized at 3000 "C seems to be well graphittzed However, it should also be 
mentioned that the absolute conductiwty of the graphitized opal is relatively low 
compared with non-porous graphite The pores seem to mfiuence on both the electri- 
cal conduchon process and also electromc energy states The effect of periodc pores 
on the electronic energy states is now under studyllO1 
To explore the conducbon process more in detad, we ciuried out the magnetocon- 
ductance (MC), A d s  = [u(H)-a(o)]/a(o), measurements1"l Figure 6 shows depen- 
dence of electncal conductimty on the applied magnehc field It should be noted in 
this figure that both posittve and negative MCs appear III these carbm replicas In the 
carbon replica heat-treated at high temperatures, electron-phonon scattering seems 
to dominate the inelastic scattering Existence of posihve MC seems to be the ew- 
dence of the quantum interference effect It should also be mentioned that these char- 
actertstiLs are also dependent on the periodicity of the carbon replica 

Fig 5 The teiiiperature dependence 
of eicctncaf conductn it) for p> r011zd 
replicas 

Fig 6 The magnetic field dependence 
of conducttvity for pyroltzed replicas 

3-3 Effect of iiitercalatioti in carbon tvalicrs 

These carbon replicas can be lntercalated with alkali metals such as K in both vapor 
phase and also solution phase using by electrochemical method Both electncal and 
optical propcrrtes changed drasticallv upon intercalatlon The intercalation effect w a  
also dependent on both the pyrolysis temperature and the periodicity of the carbon 
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replicas 
Figure 7 shows the reflection spectra of the pnstine and K-intercalated carbon repli- 
cas pyrolized at 2800 "C In this case, K was mtercalated in vapor phase I t  should be 
noted in this figure that the diffrachon peaks were clearly observed in the reflectance 
spectra for both samples The K-intercalated carbon replica exhibits remarkable red 
shift in diffraction peak, which may originate in the change of  effective refractive 
index The change of  the plasma frequency In this conduchve porous graphte should 
be the origin of the refractive index change The reflection spectrum in the wider 
spectral range in the K-intercalated porous replicas and also dynamic intercalation 
charactenstics in the porous opals as funchon of the periodicity and the pyrolysis are 
now under study 

Fig 7 The reflection spectra of  the pristine and K-intercalated 
carbon replicas pyrolized at 2800°C 

3-4 Effert of dooine in rondurtine aolvmcr replira 

Conducting polymer can also be infiltrated in the nano-scale voids of  the opal film. 
However. in the case o f  poly(3-alkylthiophene) (PAT-6) we have confirmed that par- 
tial infiltration was realized I t  was also confirmed that conducting polymer in the 
nano-scale voids of opal can be electrochemically doped by anion in electrolyte which 
was acetonitrile solution containing tetrabutylammonium tetrafluoroborate I''I 
As shown in Fig 8. the reflectance spectrum changed with increasing doping level 
by applying higher voltage in the electrochemical doping, The details o f  the shift in 
the reflection peak at various electrochemical dopmg potentials are more clearlv shown 
in the expanded spectra near the peak as shown in the inset of Fig. 8. With increasing 
\,oltage the wavelength of the diffraction peak changed to shorter wavelength. That 
is. by this procedure we can perform fine tuning o f  the stop band bv the electro- 
chemical doping into the conducting polymer in the opal matrix. 
By comparing the refractive index eshmated from the diffraction peaks in electrolyte 
with the directlv evaluated refractive index of P.4T-6 by the nieawrenlent o f  Brewster 
angle. the filling factor of PAT4 in the opal voids was evaluated to be 30 3'0 Utiliz- 
ing this filling factor and the peak wavelength at each voltage shown in Fig 8. the 
dependence of the refractive index on voltage in the electrochemical doping was 
e\.aluated as shoam in Fig 9 That is. with increasing doping le t  el. refractive index is 
confirmcd to decrease 
Dynamic doping characteristics into conducting polynier infiltrated in the synthetic 
opal and also conducting polymer opal replica are now under study 
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Fig.8. The reflection spectra as a func- 
tion of electrochemically doping PO- 
tentid for PAT6 the nano-scale voids doping. 
of opal. The inset shows the expanded 
spectra near the peak. 

Fig.9. The dependence of refractive in- 
dex on voltage in the electrochemical 

4. SUMMARY 

Nano-scale periodic structures of conducting polymer and carbons have been pre- 
pared by the method utilizing synthetic opal as the template. Due to the changes in 
periodicity, pore size, carbonization degree and crystal structure, electrical conduc- 
tivity, magnetoconductance and their temperature dependences and optical reflection 
spectra have changed drastically. Quantum interference effects in the transport prop- 
erties of carbon replicas have been demonstrated through the measurements of elec- 
trical conductivity and magnetoconductance. The K-intercalated carbon replica 
pyrolized at 2800 "C exhibits remarkable red shift in diffraction peak. The synthetic 
opal infiltrated with conducting polymer can be electrochemically doped, with which 
remarkable change of optical properties have been observed due to the shift of the 
diffraction peak accompanying with the change in refractive index. By this proce- 
dure, we can perform fine tuning of the stop band by the electrochemical doping into 
the conducting polymer in the opal matrix. 
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