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Abstract: Theoretical calculations via the transfer matrix method (TMM) are performed to investigate optical properties

of one-dimensional semiconductor-organic photonic crystals (SOPC) with periodic conjugated polymer (3-octylthio-

phenes, P3OT) /AIN multilayer structure. The SOPC presents incomplete photonic band gap behavior in the UV region.

P3OT/AIN multilayers with two pairs of 30nm-P3OT and 30nm-AIN layers exhibit a photonic band gap at a central wave-

length of about 275nm,and the highest reflectivity reaches 98% . Furthermore, the band gaps are confirmed to be tunable

by adjusting the lattice period and the filling fraction. As a consequence.the SOPC is important for achieving materials

with an incomplete band gap in the UV region.
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1 Introduction

Recently,significant interest has arisen in artifi-
cial periodic dielectric structures with a period close
to the wavelength of the eclectromagnetic (EM)

wavel! ™4

.Depending on the frequency requirement of
specific applications, the engineering of structures
that are periodic in 2D and 3D has been achieved for
waves in the infrared, microwave, and millimeter
wave region. For wavelengths shorter than infrared,
only a few experimental and theoretical systems have
been demonstrated to exhibit the signature of band
gaps’®* .

Organic materials have the advantages of flexi-
bility, easier fabrication, and lower costs than inor-
ganic materials. However,there are no reports on the
optical properties of semiconductor-organic photonic
crystals (SOPC). Conjugated polymers have been ex-
tensively studied as promising materials for applica-

]

tions in light-emitting diodes™ , displays-*, solar

10]

cells™ ,and solid-state lasers'’”’. One of the advanta-

ges of conjugated polymers is the simplicity of techno-
logical treatment due to the possibility of easy struc-
tural modification. Such materials demonstrate high
nonlinearity and fast response''’’ ,and have been used
in fabricating photonic crystal structures in the visible

[12~14]
b

range such as polymer photonic crystal

waveguides and conjugated polymer infiltrated in syn-

Article ID: 0253-4177(2008)10-1879-04

thetic opal. In this paper,we report the optical prop-
erties of a one-dimensional SOPC with a periodic
P3OT/AIN multilayer structure. Our calculated results
suggest that absolute photonic bands of the SOPC can
be tunable in the UV region by adjusting the structure
of the SOPC. We believe that the properties of SOPCs
offer potential applications in various photonic and
electronic applications,especially in flexible or micro-
cavity OLEDs.

2 Computational model and method

In our computational model, we consider a one-
dimensional photonic band structure with different
dielectric functions (e; ,e,) and the same geo-material
layer thickness (d,,d,). The 1D photonic crystal con-
sists of an array of AIN and P3OT layers coupled to a
homogeneous medium,characterized by ¢, (such as the
vacuum with ¢, = 1) at the interface. The P3OT/AIN
multilayers demonstrate the omnidirectional reflec-
tion over the wavelength range from 230 to 350nm.
Electromagnetic waves are incident upon the multi-
layer films from the homogencous medium. The ge-
neric system is illustrated in Fig. 1. The incident wave
has a wave vector k = k,i, + k;i; and a frequency
w=cl|k| /e »where ¢ is the speed of light in a vacu-
um and i, and i; are the unit vectors in the x and z di-
rections, respectively. The wave vector together with
the normal to the periodic structure defines a symme-
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Fig. 1
parameters (g; and d; are the dielectric function and thickness

Schematic of the multilayer system showing the layer

of layer i, respectively). the incident wave vector k.and the

electromagnetic mode convention E and B are the electric and

magnetic fields,respectively.

try mirror plane that allows us to distinguish two in-
dependent electromagnetic modes: transverse electric
(TE) and transverse magnetic (TM) modes. For TE/
TM mode,the electric (magnetic) field is perpendicu-
lar to the plane. The propagation characteristics of an
electromagnetic wave inside P3OT/AIN multilayers
were calculated using the ‘Translight’ software pack-
age developed by the University of Glasgow "'/ This
program is based on the transfer matrix method
(TMM) and the original Photon program distributed
by Pendry and his co-workers"'* at the Imperial Col-
lege, London. The TMM method exploits Maxwell’ s
equations by treating the full vector nature of the EM
field when the wave-fields are expanded as an ‘on-
shell methodology’. This makes the calculations more
efficient numerically and also allows calculating the
reflection properties of photonic crystals. The calcula-
tion assumes that P3OT/AIN multilayers have finite
thickness in the z-direction but are infinite in the x-
and y-directions.

3 Results and discussion

We calculate reflectance spectra of P3OT/AIN
multilayers for various thicknesses,assuming multilay-
ers with an ideal structure. The dielectric functions of
both P3OT and AIN are based on Kymakis and Bene-
dict’s optical data in UV ¥ The dielectric function
is expressed as:e = ¢’ + ie”", The real and imaginary
parts of the dielectric function.e” and ¢’ respectively,
are determined for the P3OT and AIN layers. Figure 2
shows ¢” and ¢’” for P3OT and AIN. The H- and E-po-
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Fig.2 Real and imaginary parts of the dielectric function of
AIN and P3OT in UV region

larization reflectivity for a P3OT/AIN with a film
thickness of about 60nm and the filling fraction d,/a
of 0.5 where d, is the thickness of the AIN layer and
a is the thickness of layer pairs are shown in Figs. 3
(a) and 3(b). The spectra are taken for both H- and
E-polarization with the k vector along the normal in-
cidence direction (z axis). A PBG exists for H- and E-
polarization ranges at wavelengths of around 275nm.
An absolute photonic band gap is defined as the over-
lap region between the H- and E-polarization band
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Fig.3 Calculated reflectivities versus wavelength for H-polari-
zation (a) and E-polarization (b) of P3OT/AIN multilayers
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Fig.4 Calculated reflectance spectra for P3OT/AIN multilay-
ers for 0,15,30,45,60,and 75" incidence angles
zation; (b) E-polarization

(a) H-polari-
Filling fraction (d,/a) is 0.5, with
60nm thick layer pairs. The structure is 8 unit cells thick.

gap. Figures 3(a) and 3(b) show that their band gaps
overlap. Meanwhile, reflectivity increases with the
number of layer pairs,up to about eight pairs. Reflec-
tivity almost saturates at around sixteen pairs, with a
maximum of about 92% .

The dependence of the reflectance of the P3OT/
AIN multilayer structure on the incidence angle is also
investigated. The reflection spectra for H- and E-po-
larization modes is shown for a k vector (incident
wave vector) lying in the xz-plane (off-plane propa-
gation, meaning that the propagation is no longer
along the z direction). In particular,a zero incidence
angle corresponds to normal incidence where the k
vector is parallel to the z axis.

The reflectance spectra for H-polarization are
shown in Fig. 4(a). As the incidence angle increases.
reflectivity increases. The maximum reflectance of
the P3OT/AIN multilayers is 98% at 75" incidence for
the H-polarization mode at a wavelength of about
250nm. The locality of the original band gap moves

(a) and for different d,/a (the lattice period @ =70 nm) for E-
polarization (b) The structure is 16 unit cells thick.

toward the lower wavelength region and the width of
the original band gap changes, but not obviously,
when k is in the x-z plane.

For E-polarization as shown in Fig. 4(b),as the
angle of incidence increases,the locality of the origi-
nal band gap moves toward the lower wavelength re-
gion and the width becomes narrow when k is in the
x-z plane. However, the reflectivity decreases as the
angle of incidence increases. This is due to increasing-
ly compromised periodicity of the structure seen by
the incident wave for tilted incidence. Figure 4 also
shows that P3OT/AIN multilayer films are a PBG
with an incomplete band gap.

We also calculated the reflection coefficients for
the multilayer structures with different lattice periods
(a) and filling fractions (d,/a).and for normal inci-
dence ( k along the z-direction). The results are
shown in Fig. 5. The results show that the width,
depth,and the position of the PBG obviously change
when using different values of a or d,/a.As the lat-
tice period changes from 50 to 70nm (d,/a =0.5),
the band gap moves toward the higher wavelength re-
gion and the reflection coefficient has a maximum



1882 e

{ZS

2,
e

1% %29 &

value between 55 and 65nm. The peak reflection coef-
ficient appears at around 60nm in Fig.5(a). As the
filling fraction changes from 0.1 to 0.9 (a =70nm),
the band gap moves toward the higher wavelength re-
gion,and the width of PBG has a maximum value at
0.5,as shown in Fig. 5(b). This suggests that we can
perform fine-tuning on the band gap by changing the
lattice period and the filling fraction.

4 Conclusion

Using the transfer matrix method we have calcu-
lated for the first time a one-dimensional semiconduc-
tor-organic photonic crystals (SOPC) in a P30OT/AIN
with incomplete photonic
bandgap for both E- and H-polarized radiation in the
UV region. The SOPC with two pairs of 30nm P30T
and 30nm AIN layers exhibited a photonic band gap at
a central wavelength of about 275nm and the highest
reflectivity reached 98%. Moreover, the band gaps
were confirmed to be tunable by adjusting the lattice

multilayer structure

period and the filling fraction. So the photonic crystal
may be important for fabricating a photonic crystal
with an incomplete band gap in the UV region.

We would like to thank Mr. An-
drew L. Reynolds of the University of Glasgow for
providing the Translight software.
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