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The symmetric deposition technique is often used to improve the uniformity of sculptured thin film (STF). In this
paper, optical properties of STF with the columnar angles +f3 are analyzed theoretically, based on the characteristic matrix
method for extraordinary waves. Then, the transmittances of uniformity monolayer and bilayer STF in symmetrical style
are calculated to show the effect of the bilayer structure on the optical properties of STF. The inhomogeneity of STF is
involved in analyzing the differences in transmittance and phase retardation between monolayer and bilayer STF deposited
in symmetric style. The results show that optical homogeneity of STF can be improved by depositing in symmetric style at
the normal incidence, but it is not the same case as the oblique incidence.
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1. Introduction

Anisotropy of crystalline molecules and unit cells!!-?!

endows crystals with birefringent properties. = However,
the anisotropy of sculptured thin film (STF)P-! is in-
duced by packing columns and the inclination of colum-
nar structures.!®) Compared with crystals, STFs have the
advantages of lower cost, efficiency, and almost unre-

711 More importantly, the optical com-

stricted materials.
ponents can be easily enlarged based on the STF tech-
nique. Therefore, STFs have attracted a great deal of at-
tention due to their optical properties.[!>!3] Their applica-

(141 Numerous kinds of op-

tions are also greatly anticipated.
tical components with STF have been successfully manu-
factured, such as phase-retardation devices,!!3! polarization-
selective beam splitters, ! polarizers,'”! sensors,!!8] notch
filters,l1>?01 Fabry—Perot filters,?!! and three-dimensional
(3D) photonic crystals.[??! For the glancing angle deposition
technique (GLAD), the application of STF is normally limited
by the uniformity of STF, which is ascribed to the difference
in distance between substrate and evaporation source. To im-
prove the uniformity of STF, Motohiro and Taga!® proposed
a symmetric deposition style to prepare the waveplate. Us-
ing this technique, Motohiro and Taga produced 60 x 250 mm
uniform retardation plates with 3 um thickness. The bilayer
STF deposited in symmetric style showed improved homo-
geneity at the normal incidence. In fact, the two layers in the
bilayer structure were not similar and inhomogeneous, even
if their deposition angle was symmetric. In other words, bi-
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layer STF deposited in symmetric style includes two different
nonuniform single layers. Therefore, the inhomogeneity of
STF should not be solved completely in symmetric deposition
style, and relevant research is very helpful and meaningful.

In this research, we investigate the optical properties of
uniform monolayer and bilayer STFs deposited in symmetric
style, based on the characteristic matrix method for the ex-
traordinary wave. The results demonstrate that the STFs show
different optical responses for the columnar angles 3 at the
oblique incidence. We further analyze the difference in optical
property between nonuniform monolayer STF and inhomoge-
neous bilayer STF deposited in symmetric style with the same
thickness nonuniformity. Our research provides some support
for the design of large-sized uniform STF through the sym-
metric deposition style.

2. Theory and structure models of STF
2.1. Theory

In terms of optical properties, the anisotropic spacing of
columns causes the biaxial birefringence to be characterized
by an index n; along the columns, an index n; normal to the
columns in the vapor incidence plane, and an index n3 nor-
mal to the vapor incidence plane.[®! Like isotropic thin film,
the characteristic matrix can be used to treat the anisotropic
thin film in the case of incident plane consistent with the de-
position plane in our previous publication.>3?*! The propa-
gations of the TE wave (s-polarized wave) and the TM wave
(p-polarized wave) are decoupled. The TE wave propagates
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across STF in an ordinary way, independent of the travel-
ing direction. However, the TM wave propagates across the
anisotropic thin film in an extraordinary manner. To analyze
the inhomogeneity of STF through the symmetric deposition
style, we study the difference between the optical properties
of STFs with the same thickness and the incident angle, but
different symmetric columnar angles.

In case of an s-polarized wave, the characteristic matrix

can be written as!?!

i,
cosO; — sind

Ts - ey

inssinds cos O

The optical properties are determined by the refractive index
n3, the refraction angle 6;, and the physical thickness d of

the film. 1y = n3cos(6s) and & = 2—nn3d cos(6s) refer to the
effective optical admittance and the phase thickness, respec-
tively. Thus, the optical properties of the birefringent thin film
are similar to those of the isotropic thin film in the case of TE
wave propagation. Therefore, we rarely consider the TE wave
in STE.

In the case of a p-polarized wave, the 2 x 2 characteris-
tic matrix of STF with the columnar angle of +f and incident
angle of 0y is derived as follows:

_ 1
N+ +1N-
n_ei5+ +n+e*137 el(s+ _ efiﬁ,
. ‘ . O )
T[fnju(ela* _ 6715,) n+el(3+ +n76715,

where 14 and 7m_ are the effective optical admittances of
forward- and backward-traveling wave, and 8, and §_ are the
phase thickness for forward- and backward-traveling wave re-
spectively. The symbols in this paper are in accordance with
the convention in Refs. [23] and [24].

The input optical admittance ¥ = C/B can be easily ob-
tained from the following equation:

(e)=(a) ®

where 1, is the effect optical admittance of p-polarized wave
in the substrate. According to the formula above, we derive
the input optical admittance as

y - C_Me(metn)e® 40 (m—nje ™

B (ng+n)el® 4 (n—ng)e ™
When the columnar angle turns into —f3 at the incident
angle of 6y, the phase thickness values and the effective op-
tical admittances of the forward and backward traveling wave
vectors can be denoted by &', 8", n/,, and n’_. These optical
parameters may relate to those of the columnar angle of +f.
Based on the reciprocal of the optical path, §, = 6_, 8’ =&,

and n, =n_, n” = n can be obtained. Similarly, we derive
the input optical admittance with the columnar angle of —f3
—is 5.
,_C _me(mg—n-)e 4N (mgtny)e
V== = O
(n-—=ng) e ™ + (14 +1g) e

Even with the same thickness and incident angle, the dif-

ference in optical admittance between the STF of the columnar
angle +f and that of —f can be noticed clearly. As a conse-
quence, the optical properties, such as the input optical ad-
mittance, transmittance and reflectance, are not identical with
those for the case of extraordinary wave generally.

Under the normal incidence, the incident angle is 8y = 0°.
Then, we can deduce the following equations:

n(al) = n((Xz) = n(al)’ = n((Xz)/ =n,
1

n—= SiHZB Coszﬁ 1/2; (6)
(55
n ny
{ Z+—:n n-=n"=n.=n, -
5.=5 =8 =5 =6=""d
®)

,_C_n(mg—n)e ¥ +n(ng+n)e’
B (n-ng)e ¥+ (n+ng)ei®
Evidently, STFs with columnar angles +f and —f3 have the
same optical properties at the normal incidence. The symbols
above are cited from Refs. [23] and [24].
Based on the above analysis of the characteristic matrix

Y=Y

for TM wave, STFs can be regarded as the same or different
media for the columnar angles 4+ and —f at the normal in-
cidence or oblique incidence, respectively. Our results can be
expanded into multilayer films. For the multilayer films, the
input optical admittance can be deduced using

B B 1
2] = van [ <o [ ]

where M, is the characteristic matrix of the n-layer film.

2.2. Structure models of STF

In order to analyze the inhomogeneity of STF in sym-
metric deposition style as shown in Fig. 1(d), four structure
models are used to investigate the optical properties of STF at
the normal and oblique incidences. The principle refractive in-
dices of TayOs deposited by GLAD in our previous work26:27]
aren; = 1.81,np = 1.74, and n3 = 1.78. The symbols M and N
refer to the 100-nm physical thickness anisotropic Ta,Os STFs
with column angles of 60° and —60° respectively. The incident
and emergent media are homogeneous isotropic air and glass
substrate, which are denoted by A and G.

For the uniform monolayer STF, the stack structure can
be written as G/2M/A. It can be described as 2M as shown in
Fig. 1(a). For comparison, the MN model is used to describe
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the uniform bilayer STF. The stack structure is G/MN/A, as
shown in Fig. 1(b).

As mentioned above, the uniformity of STF is not good
due to different distances between the surface of the substrate
and the evaporation source. The nonuniformity can almost
reach 10% for the STF with a 50 mm diameter in our pre-
vious experiments. In order to obtain 90° phase retardation
in the visible range, [*®! the thickness of STF is about several
microns generally. Therefore, nonuniform monolayer STFs
(IMSs) with different thickness values ranging from 1820 nm
to 2180 nm are constructed as shown in Fig. 1(c). Based
on calculation results, the nonuniform monolayer STF can be
equivalent to a sufficient number of uniform monolayer STFs,
and the final optical properties can be regarded as the integral

incident meidum

of those over the entire surface of STFs. The thin films can be
written as 18.2M to 21.8M.

To improve the uniformity of anisotropic thin film, in-
homogeneous bilayer STF (IBS) deposited in symmetry style
could be represented with two layers of nonuniform STF, as
shown in Fig. 1(d). The second layer is equal to the first
layer rotated 180 degrees with respect to the normal angle
of the incident plane. For comparison, the same thickness
is used in the calculation. Like IMS, the final optical prop-
erties can be regarded as the integral of those over the entire
surface of STFs. The stack of the thin film can be written as
G/9.1M10.9N/A on the left side, G/10.9M 9.1N/A on the other
side, and G/10M10N/A at the center of the substrate.

incident meidum

h
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=
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Fig. 1. Schematic diagrams of the four model

3. Results and discussion

First of all, we discuss the difference in optical property
between 2M and MN structure models, as shown in Figs. 1(a)
and 1(b), respectively. The TM and TE transmission spectra of
2M and MN structures at the normal incidence are described
in Fig. 2 in a region from 300 nm to 800 nm. It is not sur-
prising to find that the transmittance spectra of a TE wave are
completely overlapped for 2M and MN structures. However, it
also yields the same phenomenon as that for the case of a TM
wave. The phenomenon indicates, under the normal incidence,
2M and MN have an identical characteristic matrix. It means
that M and N can be regarded as the identical medium, and
there is no difference between 2M and MN under the normal
incidence condition.

The TM transmission spectra of 2M and MN structures at
the oblique incidence are plotted in Fig. 3(a). It can be clearly
shown that the transmittance spectra of 2M and MN are sep-
arated from each other and shift toward the short wavelength
at the oblique incidence. It indicates that M and N cannot be
regarded as the same materials at the oblique incidence, which
is not the same as the scenario at the normal incidence as in-

structures: (a) 2M, (b) MN, (¢) IMS, and (d) IBS.

dicated by the above theoretical analysis results. It is interest-
ing to note that the transmittance spectra for 2M and MN al-
most overlap with each other near the wavelength of 325 nm.
The equivalent optical thickness of the M or N layer almost
equals 162.5 nm, which can be regarded as quarter-wave opti-
cal thickness (QWOT) at the wavelength of 650 nm. There-
fore, the M and N layers show half-wave optical thickness
(HWOT) at the wavelength of 325 nm. That is to say, both
the MN and 2M stack structures correspond to the absentee
layer at 325 nm, and the transmittance is the same as that of
an uncoated substrate. In order to make a further investiga-
tion of this point, the basic structure MN is repeated several
times, and the calculated transmission spectra are plotted in
Figs. 3(b) and 3(c). The details of variation with the repeat-
ing times can be seen in Fig. 3(d), clearly. At a wavelength of
650 nm, TM transmittance declines rapidly with the number
of periods increasing. It can be explained by the fact that M
and N are different materials , i.e., the high and low index ma-
terials with 180° phase shift, and can be regarded as the basic

reflective unit.
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Fig. 2. (color online) Transmission spectra of MN and 2M at normal incidence for (a) TE and (b) TM.
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Fig. 3. (color online) TM transmittance spectra of (a) MN and 2M, (b) (2M)? and (MN)2, (c) (2M)® and (MN)®, and (d) (MN)?2,

(MN)*, (MN)®, (MN)# at 45° oblique incidence.

In view of the calculation of transmittance for 2M and
MN, the results of our theoretical analysis are confirmed. At
the normal incidence, M and N can be equivalent to the same
materials. In the case of oblique incidence, M and N must be
different media.

Although there exists an interface between M and N in
IBS, the interface could be ignored because M and N can be
regarded as identical materials at the normal incidence. There-
fore, we predict that the inhomogeneity of STF can be modi-
fied in the symmetric deposition style at the normal incidence.
In the case of IMS, the transmittance of TM wave is shown in
Fig. 4(a) at normal incidence with thickness values of 21.8M
and 18.2M. The nonuniformity of thickness induces obvious
spectral shift. Nevertheless, for the IBS deposited in symmet-

ric style, no spectral shift is shown in Fig. 4(b) for the MN
structure model at the normal incidence. It implies that the
inherent inhomogeneity of STF induced by the GLAD tech-
nique can be improved through the symmetric deposition style.
This information provides theoretical support for the high-
homogenity design of STF at the normal incidence with the
symmetric deposition trick.

Under the oblique incidence, M and N are different me-
dia, so we predict that the optical inhomogeneity of STF will
still exist even in the case of the symmetric deposition style
at the oblique incidence. TM transmittance spectra and phase
retardation of IMS and IBS at 45incidence are investigated.
Three sets of stacks representing the different STF structures
on the substrate surface are calculated. Nonuniformity of IMS
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induces clearly a wavelength shift as shown in Figs. 5(a) and
5(b). The phase retardation of IMS can be positively corre-
lated with the thickness. Compared with those presented in
Figs. 5(a) and 5(b), wavelength shift can be reduced greatly
for the IBS structure model in Figs. 5(c) and 5(d), but the am-
plitudes of transmittance and phase retardance depend on the
thickness values of M and N layers. We can obtain that the
phase retardation of IBS becomes smaller than that of IMS.
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The reason for this phenomenon is that M and N, as the dif-
ferent media due to the different refractive indices of the TM
wave, have the opposite phase retardation effects, thereby re-
ducing the phase delay of IBS. These results validate our anal-
ysis results, showing that the optical inhomogeneity would
still exist even after adopting the symmetric deposition style

at oblique incidence.
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Fig. 4. (color online) TM transmittance spectra of (a) IMS and (b) IBS at normal incidence.
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Fig. 5. (color online) The TM transmittance and phase retardation spectra for ((a), (b)) IMS and ((c), (d) ) IBS at 45° incidence.

4. Conclusion

In this paper, uniform monolayer STF and bilayer STF

deposited in the symmetric style with the same thickness

values are investigated with the developed software package
based on the characteristic matrix method. STFs can be re-
garded as identical or different media for the columnar angles

+pB and —f at normal incidence and oblique incidence, re-
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spectively. The research results support the design of adopting

the symmetric deposition style to modify the inhomogeneity

of STF at normal incidence. In the case of oblique incidence,

bilayer STF deposited in symmetric style could mitigate the

problem of the wavelength shift due to thickness nonunifor-

mity. However, optical inhomogeneity would still exist. In

summary, the conclusion provides new support for the design

of large-sized homogeneous STF through the symmetric de-

position style.
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