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Design of wideband graded-index antireflection
coatings at oblique light incidence*

Zhang Jun-Chao(3kf2#)"), Fang Ming(J5 W),
Jin Yun-Xia(% =), and He Hong-Bo(Biiki)»

a) Key Laboratory of Material Science and Technology for High Power Lasers, Shanghai Institute of
Optics and Fine Mechanics, Chinese Academy of Sciences, Shanghai 201800, China

b)

Graduate University of Chinese Academy of Sciences, Beijing 100049, China

(Received 1 April 2011; revised manuscript received 24 July 2011)

We suggest a design method of graded-refractive-index (GRIN) antireflection (AR) coating for s-polarized or p-

polarized light at off-normal incidence. The spectrum characteristic of the designed antireflection coating with a quintic

effective refractive-index profile for a given state of polarization has been discussed. In addition, the genetic algorithm

was used to optimize the refractive index profile of the GRIN antireflection for reducing the mean reflectance of s- and

p-polarizations. The average reflectance loss was reduced to only 0.04% by applying optimized GRIN AR coatings onto

BKY7 glass over the wavelength range from 400 to 800 nm at the incident angle of 6y = 70°.
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1. Introduction

Antireflection (AR) coatings!!'? are essential to
reduce unwanted reflectance in optical devices. Con-
ventional single layer AR coatings® provide excel-
lent performance at a specific wavelength and normal
incidence. These coatings should satisfy the follow-
ing conditions: the optical thickness should be \/4,
where A is the wavelength of the incident light; the
refractive index of the coating is n = /ngn;, where
ng and n; are the refractive indices of the ambient
medium and substrate, respectively. However, an ef-
fective reflectance is typically limited to a small range
of incident angles and a narrow bandwidth. Opti-
cal coatings based on layers which are inhomogeneous

(4] have optical and mechanical

along the stack axis
properties different from those of traditional coat-
ings. The remarkable feature of graded-refractive-
index (GRIN) coatingsl®! with the broadband AR
characteristic is that the refractive index varies grad-
ually and monotonically along its thickness from the
refractive index of the ambient medium to that of
the substrate.

have been studied previously, including linear,©! si-
7] (8,9]

Many specific gradient-index profiles

nusoid (cosinusoid), gaussian,!”) exponential-sine,
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and quintic.'®!] It has been shown that these pro-
files are effective in reducing reflection over a wide
range of wavelengths, however most of them were de-
signed for normal incidence. The performance of these
GRIN AR coatings falls off at off-normal incidence, es-
pecially at large angles of incidence. Poitras et al.['?]
suggested that to reduce the overall reflectance at high
angles, one has to distort the thickness axis of tradi-
tional inhomogeneous transition-layer profiles. They
introduced GRIN AR coatings with modified quintic
refractive index profiles to reduce the reflectance at
oblique incidence. The AR performance of modified
profiles at high angles was significantly improved than
that of quintic profiles, however there is relatively lit-
tle literature on the design of GRIN AR coatings for
p- or s-polarized radiation at oblique incidence angles.

In this study, a general method to design wide-
band GRIN AR coatings for a given state of po-
larization at oblique incidence is proposed. We de-
signed GRIN AR coatings for s-polarization (or p-
polarization) with the effective refractive index
(or np) varying gradually from that of the ambient
medium to that of the substrate along its effective
thickness. The quintic was adopted as the effective
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refractive-index profile in the paper. In order to obtain
AR coating for both polarizations at off-normal inci-
dence we optimized the refractive-index profile with
the genetic algorithm. It is shown that the optimiza-
tion method allows the realization of GRIN AR coat-
ings with high performances.

2. Design of GRIN AR coatings

for a given polarization

At oblique incidence, the optical characteristics of
the film are different for s- and p-polarizations. For
GRIN coatings, the effective refractive indices for s-
and p-polarizations are given by!!3l

ns(2) = n(z) cosb(z), (1la)
np(2) = n(z)/ cosb(z),

where z is the optical thickness and cosf(z) can be
obtained from the solution of

cos (=) = [1 - (W)Q] 1/2, @)

where 6 is the incident angle and 6(z) is the refractive
angle in the coating. The effective optical thicknesses
for s- and p-polarizations are both expressed by

dzef = dzcosb(z). (3)

Some studies have been carried out to find the
refractive-index profiles of inhomogeneous layers that
yield the lowest reflectance. These GRIN AR coat-
ings can reduce the reflectance significantly at normal
incidence. However, the reflectance increases dramat-
ically for large incident angles. Different from normal
incidence, two changes occur under the condition of
oblique incidence. The first change is that s- and p-
polarized lights split because of different effective re-
fractive indices (Eq. (1)). The second is that the effec-
tive optical thickness (Eq. (3)) deforms the refractive-
index profile. We hold the opinion that in order to
obtain a GRIN AR coating for a given polarization at
oblique incidence, one might design the film with the
effective refractive index satisfying the quintic profile,
which would have the best AR properties, along the
effective thickness from the admittance of ambience
to that of the substrate. As “seen” by the polarized
light, the AR structure is similar to a coating with
quintic profile designed at normal incidence. Thus,
the GRIN AR coating can reduce the reflectance for

the polarized light effectually. In the following design,
the substrate is assumed to be BK7 glass (nq = 1.52)
and the ambient medium is air (ng = 1.0). The to-
tal optical thicknesses of AR coatings corresponding
to the given incident angles are all considered to be
1 pm.

2.1. Antireflection coatings for s-polari-
zation

The proposed effective index profile for s-

polarized light is expressed by

3
Ze
nS(ZCﬁ') = 7s0 + (7’51 - T)SO) [10 (d H)
eff

15 <ZZ§)4+6 (ZZ)T .

where deg is the total effective optical thickness of the

film; 75 and 741 are the effective refractive indices of
ambient medium and substrate for s-polarization, re-

spectively.

Nso = Mo cos By, (5a)

Ns1 = N1 COS 017

where 6 is the refractive angle in the substrate. We
can obtain the following expressions based on Egs. (1)
and (2):

n = (n? +n2sin?6y)"/2. (6)

The expression of n(z) can be obtained by combining
Egs. (3)—(6).

Several wideband GRIN AR coating for s-
polarization at oblique incidence are designed, using
the method described above. Figure 1(a) shows the ef-
fective refractive indices for s-polarized light as a func-
tion of the effective optical thickness from the ambi-
ent medium. As can be seen, the effective thicknesses
of AR coatings with equal optical thickness decrease
with the increase of incident angles. The refractive-
index profiles of the designed GRIN AR coatings are
shown in Fig. 1(b). Note that the higher the angle
of incidence, the smoother the profile at the incident
ambient side. As shown in Fig. 2, the reflectances for
s-polarized light over a wavelength range from 400 to
800 nm are all dramatically reduced. At an incident
angle of 70°, the average reflectance is only 0.72%.

014202-2



Chin. Phys. B Vol. 21, No. 1 (2012) 014202

&
0 0.2 0.4 0.6 0.8 1.0
Effective thickness/pm
»
[
e
=
2
ge|
Q
3
&
Q
"
0 0.2 0.4 0.6 0.8 1.0
Optical thickness/pum
Fig. 1. The effective refractive-index profiles for s-

polarization (a) and refractive-index profiles (b) of the four
designed GRIN AR coatings for different incident angles.
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Fig. 2. Reflectance curves of the corresponding four AR
coatings for s-polarized light at different incident angles.

2.2. Antireflection coatings for p-
polarization
Similarly, the effective index profile for p-

polarization is also adapted as quintic function of the

form

3
Zeff
o (ett) = oo -+ (o1 — m0) | 10 ( - H)

4 5
Zeff Zeff
— 15 6 7
(deff ) i ( dest ) 0

where 7,0 and 7,1 are the effective refractive indices of
ambient medium and substrate for p-polarized light,
which are defined as follows:

o = no/COS 90,

Np1 = N1/ cosb.

The relation between the normal incidence refrac-

tive index and the effective refractive index for p-

polarization is given by

. 1/2
77?) + (773 - 4773 sin? f) /2
n= 5 . 9)

The effective refractive indices of ambient medium
and substrate both increase with the increase of in-
cident angles, as shown in Fig. 3(a). The growth of the
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Fig. 3. The effective refractive-index profiles for p-

polarization (a) and refractive-index profiles (b) of the
designed several GRIN AR coatings for different angles
of incidence.

former is more pronounced. The two values are equal
for p-polarization, ng/ cosfy = n1/ cos by, at the inci-
dent angle of 6y = 56.66°. Under this condition, the
reflectances are zero (see Fig. 4) because no variation
in refractive index can be “seen” by the p-polarized
light which is incident from air to BK7 glass. The cor-
responding incident angle of 56.66° is Brewster angle.
At this incident angle, AR coating is not necessary
to be added onto the surface of substrate to reduce
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the reflectance for p-polarization. Figure 3(b) shows
the refractive-index profile of designed AR coatings,
which are applied at different incident angles. Differ-
ent from traditional GRIN AR coatings, the profiles
do not change from the refractive index of air, ng = 1.0
at high angles of incidence. As can be seen, the re-
flectance for p-polarization remains below 0.025% over
a wavelength range from 400 to 800 nm at the incident
angle of 70°.
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Fig. 4. Spectral reflectances of the corresponding five AR
coatings for p-polarized light.

3. Optimization design of GRIN
AR coatings for both the po-

larizations

The relation between the effective refractive index
for s- and p-polarizations is given by

2 sin2 90

Mmin

n (10)

Np =1Ns +
As can be seen from the above equation, at a given
incident angle, the effective refractive indices for the
two polarizations are interdependent. By calculating
the derivation of Eq. (10), we come to the conclu-
sion that the effective refractive indices for s- and
p-polarizations cannot be simultaneously monotonic
over all the total effective optical distance in the case
of 0y > 45° for ng = 1.0, n;y = 1.52. In order
to design GRIN AR coatings for both the polarized
light at oblique incidence, we optimized the profile
of the refractive index using the iterative genetic al-
gorithm computational method.[>=19] In the process,
the refractive-index profile, which varies from the re-
fractive index of air to that of substrate, was opti-
mized. The effective refractive-index profiles for s-
and p-polarizations were determined by Egs. (3), (6),
and (9).

The inhomogeneous layer was modeled by a 1000-
layer homogeneous layer system whose refractive-
index profile is shown in Fig. 5. All the differences of
the refractive index of any two adjacent layers (An;)
were optimized. Thus, the profile of refractive index
was optimized indirectly. The optical thickness of each
sublayer (AZ;) is equivalent.

The merit function (fyr) in the research process
is given by

1/2
5 Y

fMF:

1= [Rs(A) + Rp(Ny)
E; { 2

with the same weighting over 80 equal wavelength po-
sitions in the 400-800 nm spectral regions, where Ry
and R, are the wavelength-dependent reflectance co-

efficients for s- and p-polarizations, respectively.

n n
air substrate
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7N
<N—1
- N—2
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Fig. 5. Schematic representation of inhomogeneous coat-
ing modeled by sublayer system.

Figure 6 illustrates the profiles of the refractive
index and effective refractive indices for both polariza-
tions of the optimized AR coating, which is designed
for the incident angle of 70°. The effective refractive
index for p-polarization decreases slightly and then
increases rapidly along the effective thickness of the
optimized AR coating. Figure 7 shows the reflectance
characteristics of the optimized GRIN AR coatings as
a function of wavelength. It is shown that the average
reflectance is only 0.04% over the design wavelength
range with the maximum value of 0.125%. The results
demonstrate that the GRIN AR coatings optimized
by the genetic algorithm can reduce the reflectance
significantly at oblique incidence. The method of op-
timizing the refractive-index profile can be used as a

criterion in the design of gradient-index AR coatings.
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Fig. 6. Optimized refractive-index profile as a function
of optical thickness for §p = 70° incident angle (a) and
the admittances for s- and p-polarized light varying with
effective optical thickness (b).
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Fig. 7. Reflectance of optimized GRIN AR coating for s-
and p-polarizations.

It is necessary to note that the fabrication of the
GRIN AR coatings is very challenging, because thin
film materials with very low refractive indices close
to 1.0 are unavailable. Recently, a low refractive in-
dex of 1.05 was reported for SiOy grown by glanc-
ing angle deposition technique using electron-beam
evaporation.'!] With the development of the deposi-
tion techniques, the graded index AR coatings would
be realized accurately.

4. Conclusions

A plain design method was applied to achieve
a broadband GRIN AR for s- or p-polarization at
The designed AR coat-
ings with the quintic effective refractive-index profiles

a given angle of incidence.

show good performance in reducing the reflectance for
the given state of polarization at off-normal incidence.
The reflectance for p-polarization is zero, when the ef-
fective refractive index of the ambient medium is equal
to the value of substrate. Under such conditions, the
AR coating is unnecessary. We find that the effective
refractive-index profiles for s- and p-polarized light are
not simultaneously monotonic over the total effective
thickness when 0y > 45° for ng = 1.0, ny = 1.52.
Therefore, the antireflective condition is not satisfac-
tory at the same time for both the polarizations at
high angles. In addition, the method of optimizing the
refractive-index profile using the genetic algorithm is
applied to the design of GRIN AR coatings for both
s- and p-polarizations. It has been demonstrated that
the optimized GRIN AR coatings can reduce the re-
flectance remarkably at oblique incidence. The aver-
age visible reflectance is only 0.04% at the incident
angle of 6y = 70°.
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