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Optimized design and experiment of one-dimensional
omnidirectional reflector using P-wave angle domain
compensated overlapping method
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The optimized method of extending the omni-photonic band gap (omni-PBG) was discussed based on
analyzing the P-wave reflectivity characteristics in one-dimensional (1D) periodic multilayer film. A visible
omnidirectional reflector with hybrid structure was designed using P-wave compensated overlapping in
angle domain. The experimental result was in good agreement with the theoretical simulation.
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The visible reflectors with high reflectivity in wide in-
cident angle range have been extensively used as basic
optical components in laser technology and optical signal
process, etc.! 73!, Metal reflector and dielectric reflector
are two types of traditional reflectors, the former is easy
to realize full angle reflection but with absorption loss,
the latter has low absorption loss but is very sensitive
to the change of incident angle. To overcome the dis-
advantage of traditional reflectors, the perfect mirror
employing photonic band gap (PBG) of one-dimensional
photonic crystal (1D PC) is developed*~6. And further,
to improve the performance of 1D PC mirror, several
methods, such as introduced structure disorder, multi-
sub-PC overlapping, multiple-periodic system, and inci-
dent angle domain method, have been suggested!”—12].
Compared with others, the structure designed by angle
domain overlapping method!! can greatly extend the
PBG of 1D PC and be fabricated easily. Based on the
angle domain method, we propose a new way to design
1D omnidirectional reflector using P-wave compensated
overlapping in angle domain. Especially, the material
dispersion of TiOg as high dielectric index material was
taken into consideration, which takes a constant value for
TiO5 and makes the theoretical simulation more effective
and performable. Utilizing the proposed method we have
designed an optimized structure of 1D visible omnidirec-
tional reflector and experimentally verified it.

Generally, the incident wave is treated as S- and P-
wave which is dependent on the electric field direction,
parallel or perpendicular to incident plane. It is well
known from thin-film theory that the reflection curve of
certain periodic multilayer film has blue-shift as incident
angle increases for both S-wave and P-wave. But, as
displayed in Fig. 1, the reflection spectrum of P-wave is
more sensitive to the change of the incident angle than
S-wave and strongly shrinks when shifting. The common
full-angle high reflection region (omni-PBG) of S- and
P-wave corresponds to complete PBG for this 1D peri-
odic structure. Actually, the range of complete PBG is
decided by P-wave reflection spectrum, which is limited
by the short edge with angle of 0° incident and long
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edge with maximum incident angle (here taken 85° for
convenience).

The correlation between complete PBG and P-wave
omni-PBG edges is clearly indicated in Fig. 2. There are
two 1D PC structures by periodic quarter-wavelength
multilayer film with center wavelengths A.; and Ao, re-
spectively. From frequency domain, it seems no common
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Fig. 1. Reflection spectra of (a) S- and (b) P-wave for certain
1D periodic multilayer structure. Rectangle regions filled
with stripes show the omni-PBG of S- and P-wave, respec-
tively. The complete PBG, stripe area filled with gray, is
decided by S-wave.
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Fig. 2. Sketch map of P-wave compensated overlapping
method in angle domain. 1: A1 — A2, omni-PBG of PC2; 2:

A2 — Az, full-angle high reflection band; 3: As— A5, omni-PBG
of PC1.
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complete PBG region for PC1 and PC2. But consider-
ing the angle domain, take § = 65°, the short edge curve
of PC2 and long edge curve of PCI intersect, the high
reflection in the range from Ay to Ag is partially provided
by PC1 from 0° to 65° and by PC2 from 65° to 85°. In
other words, an extended full angle high reflection band
is obtained by partial-angle high reflection band of PC1
and PC2 compensation each other in the range from \s to
A3, and the hybrid structure formed by PC1 and PC2 can
produce an uninterrupted full-angle high reflection band
from A\; to A3. Figure 2 represents the general rule of
using P-wave compensated overlapping method in angle
domain. Here, the intersected angle 0 plays crucial rule
in omni-PBG extending. By adjusting the center wave-
length of PC2 to increase 6, the full-angle high reflection
band can be further extended and reach the maximum
when 6 = 89°.

Employing above-mentioned method, we have designed
a visible omnidirectional reflector. Taking 6 = 85°, as
shown in Fig. 3, the full-angle high reflection band from
410 to 735 nm almost covers the whole visible region. It
is a hybrid structure by five quarter-wavelength sub-PCs
overlapping:

alI‘/lZ(HlLl)10(H2L2)10(H3L3)
10(H4L4)10(H5Ls5) /substrate

corresponding center wavelengths were 831.6, 727.20,
633.6, 547.2, and 468 nm from PC1 to PC5. The high
dielectric index material H is TiOg, the low dielectric
index material L is SiOs. In visible region, the refractive
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Fig. 3. Sketch map of visible omnidirectional reflector design,
formed by five sub-PCs.
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Fig. 4. Calibrated dispersion curve of TiOa.
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Fig. 5. Measured reflection of 1D reflector sample.

1000 Lo
900 32

E 800
B 0.7
S o 0.6
? 0.5
E 600 high reflectivity region 0.4
| 0.3
0.2
400 Emm—— 0.1

e S—

300 Y -

0 10 20 30 40 50 60 70 80 90
Incident angle (deg.)

Fig. 6. Calculated reflection spectrum of designed 1D visible
omnidirectional reflector.

index of SiOs is very stable and taken as 1.455, but for
TiOs, its refractive index is dependent on wavelength re-
sulted material dispersion. So we use the experimentally
calibrated refractive index for TiO in design to take the
place of a constant value used in Ref. [11]. The disper-
sion curve is plotted in Fig. 4.

Adopted ion-assisted electron beam evaporation tech-
nique, TiO2 and SiO; have been layer-by-layer deposited
on quartz glass substrate under vacuum condition of
1.8 x 1072 Pa, in BEIYI ZZSX-800ZA film coating ma-
chine. Then after baking at 200 °C for 2 hours, the
reflectance of sample has been measured by R&T func-
tion provided by Woollam VB400 VASE Ellipsometer.
The maximum incident angle measured was 80° and lit-
tle less than deigned 85°.

The measured reflection curves illustrated in Fig. 5
was smooth from 420 to 750 nm with average reflectivity
higher than 97%. In contrast to the calculated reflection
spectrum in Fig. 6, we have verified that the proposed
method using P-wave compensated overlapping in angle
domain is an effective way to extend the omni-PBG of 1D
periodic structure and obtain omnidirectional reflector
with excellent performance.

In conclusion, we developed a new approach to extend-
ing the omni-PBG of 1D PC based on the angle domain
method. Further, we applied the method to optimally
design a visible 1D omnidirectional reflector. The exper-
imental result is in good agreement with the simulation
and shows excellent performance of the sample. As an
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effectively feasible approach, the proposed method will
be helpful to develop 1D PC components depending on
the PBG characteristic, and it does not be confined to 1D
omnidirectional reflector or the structure like multilayer
film.
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