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Abstract

In this research, anti-reflection coatings consisting of single and double layers
were designed in the IR (8 — 14um) region to reduce the unwanted reflections of
germanium (Ge) substrate. The reflectance of Ge substrate was about 36% per
surface. These values were reduced reasonably by using single and double layer
anti-reflection. The used layers were promoted in their performance by changing
their thickness and refractive indices. The results indicated that the suggested
structures are very efficient in reducing the reflectance of the Ge substrates in the
selected region. The performance of the double layer antireflection coatings of ZnSe,
BaF, and BiF3; on Ge substrates is presented.

Keywords: Antireflection coating; single and double layers, Ge substrates

(09,8l 10.6) shraal) s duddal) ddlaial) gﬁ kS Balias @l e avasal

Olsle s Golh * b Guaal) 1o (Glida
Al
bl Al 8 dagajes B3ske lide e (ST (ulSaDU 5aliae Dl paaal o5 ¢ Gand) 13
LK) L (Ge) asloal) (e Bac il Led gt pall ye GLUlSa) Jalial (8 — 14) pm elpaal) cans
Baaly diuda aladial Joiae (S0 al) 038 Julfs g e JSI (7 36)  lss ddlaall ye daa )
J\MS.N\ lem\:u\j LGSAM Py LP)*A ) EOREGAN(] C\LM\ ¢lal Jf)’:‘ r,}e .u.;IS:_DJ 8aliaa a;jé).‘dj
Gahie b asiloal) Glua)l o GlSa) Qs 3 G Al dajiall QS of ) el el
sle BiFy 5 BaF, 5ZnSe (o dasajell dadall ol saliadll Dl elal i o3 . las)
-pgailayall
1. Introduction
It is necessary to reduce unwanted reflections in optical systems [1]. This can be achieved by the
use of anti-reflective materials as coatings, the production of which is currently comprising over half
of the film coating industry. In addition, they have various uses which include glass lenses, lasers,
mirrors, solar cells, narrow band-pass filters, multipurpose broad, and IR diodes, among others. Anti
reflection coatings (ARCs) play a vital role in increasing transmittance and reducing reflectance. On
optical surfaces, incident radiations are split into reflected, transmitted, absorbed and scattered

fractions. ARCs depend on fractional or total cancellation of light reflected on both sides/surfaces of
the film [2]. These films range from single layer to multilayer systems with more than 12 layers and
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virtually zero reflectance over a wide spectral range. The coating to be used for particular applications
is dependent on wavelength, required performance, and cost, among many other factors to consider
[3]. For the infrared region, germanium is mostly used as an optical component [4]. Single surface
reflection causes a loss of 36% per surface of the incident light from such optical components, which
increases the need for a largerquantity of such parts to be applied in creating the system. In this
research, anti-reflection coatings consisting of single and double layers were designed in the IR (8 —
14um) region for the reduction of unwanted reflections of germanium (Ge) substrate.
2. Theory

Both theoretically and experimentally, the simplest antireflection coating is a single layer which is
commonly used in most practices [5]. Considering that no, n;, and ns represent the refractive index
values of air, film, and substrate, the intensity of the reflected radiations at both surfaces of the
coatings should be the same so as to repeal the two reflected rays. This implies that the ratio of the
refractive indices at boundaries should be the same, that is [6]:
No / Ny = N4/ N, or Ny= (Nons)™? with film optical thickness, nyd; = A, /4,

where ny is the refractive index and d; is the geometry of the film. Only one minimum value in the
reflectance region is given by this arrangement. A broader low-reflection spectral region is achieved
with double layer interference anti-reflection coatings. The correct reflection coefficient at the
boundaries is relied on by the two-layer coatings and the correct optical breadth of the layer, just like
in single layer designs. This assists in obtaining destructive interference in the unwanted reflected
radiation [7]. The following pairs of equations calculate the optical thickness for the two layers [8]:

1
5 _2(1+nf)n§n3—(nf+n§Xn§+n§) @)
cos 2r, = (2 - nZ)in? —n)
2 3 1 2
2n2(n2+n2)—(1+n2Xn2+n2)n
cos2r, = 212 T la 1 Al N5 Ny 2)

n3(1— nZ an — n%)
where ri=2nn;di/A ; r;=2nn,d,/A ; ny,N, and nzare refractive indices of first ,two layer

2.1 Multilayer matrix calculations
Abeles (1950) was the first to suggest the matrix technique of obtaining spectral coefficients of the
structured media which have been applied ever since [9]. The transmittance and reflectance for
multiple layer assembly on the substrate is determined by applying matrix calculations. For the case of
a free multilayer design with normal incident radiations and homogenous optical films, the electric(E.
1) and magnetic(H,) fields at the boundary are related to the electric(E,,) and magnetic(H,,) field
vectors and boundary of the neighboring film by the computation of matrices. The matrix is obtained
as the size of magnetic field vectors and electric field vectors, considering also the layer properties [3].
The use of limits at each layer requires that the tangential sections of the electric and magnetic fields
are not broken across layers to the calculations of wave movement. E and H field vectors that are
moving in the direction of incident radiation are indicated by the “+” sign, while those moving against
the direction are symbolized as “—. At the interface of m-th layer, the tangential components of the
electric and magnetic fields are given as [10]: ~
En=E'm+En
Hm/Hl = Em/El
H,=E; X H1/E1 (3)
where E1 and H1 represent the tangential components of electric and magnetic fields at the
interface between the film and the substrate. By ignoring the common phase factors, where E, and Hy,
represent the resultants, then:
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=1/2 4
H/ 4)
- H
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El

H'y = 112 Hm+i} ©)

L 1
Hp= 1/2{H o —ﬂ} (7

El

The fields at another interface (m-1) are similar to those given by equations 4 -7, having the same
of time and position with identical y and y coordinates. These can be calculated by multiplying by
phase thickness in Z direction, given by e ® or e ™, where [11]:

27tn,d
§="=>1 8
x (8)
Thus, the E and H values across this interface are given by:
H., _
E*ml—Eme‘?’-l/{ Em}e‘?’ (9)
m
a - -1 H m - i
Emi=Ene®=12——"+E, |e (10)
m
H'pa=H me‘5-1/2[H +n,E, Je® (12)
Hpi=Hpe®=12[H, -nE, ]Je™® (12)
where n; is the tilted optical admittance given by: mn;=Hy/E;
Now [12]: _
Em-l = E+m -1 +E m-1 (13)
ising
Emi =EnCOSS + H_ (14)
m
Hma = n,E, 1Sind +Hy,C0SO (15)

The equations above can be written in a matrix form as:
En _ c_:osé‘? (isin8)/n, || E,, (16)
Ho in,sind  cosd H,
By solving the equation (16) above [10]. For the single-layer it can be expressed as the matrix as
follows:

A iB
M, =|.
LC D}

where A =cos 8, =D , B =isind/mm, C = isind,mm. FOr two consecutive layers, we have:

Layer2 Layerl
iB iB
m=| B B A 17)
iIC, D, |IC, D,

By multiply the two matrices, we have:
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_ AzAl— 82(_31 N A,iB, +iB,D, (18)
iC,A,+ D,iC, -C,B, +D,D,
Let AA = AzAlf BZC1, BB = A2 iBl+ iBng, CC= iC2A1+ Dg iCl,
DD =-C,B;+ D,D;
The matrix can be written as:
AA BB
M = 19
CC DD

The multi-layer containing g-layers can be written as follows:
EO : Eq
s
This multiplication matrix can be used to calculate the reflectance of a multilayered structure, as
follows:
R (n,AA —ngDD)’ + (n,nsBB — CC)’ 1)
* (nyAA+ngDDY +(n,ngBB + CC)
The reflectivity (R), transmittance (T) and absorbance (A) are linked by the equation: R+ T+ A =
1.
Solving of this matrix theoretically is a very difficult task for multiple layer coatings. Depending on
the matrix theory, we use Math CAD bag to design and simulate the behavior of multiple layer
coatings.
3. Proposed Design and discussion
Attenuated total reflection prisms are made from germanium which was found to have a very high
refractive index. This material carries the potential to make a 50% beam splitter without the
application of any other marerial. In addition, germanium is used as a component for the
manufacturing of optical fibers. It carries all of the thermal band and is applied in lens systems for
imaging. It can be coated with diamond to generate a very hard front optic [13]. Arcs of single or
multiple layers are used to nullify reflective losses. Some few materials are available and applicable
for use as antireflection coating materials. These include non-oxide chalcogenides (of varying
compounds and compositions) and some fluorides. Among these, there is zinc selenide with an index
of 2.4 [14] and a minute absorption coefficient. They also include barium fluoride which is transparent
with 1.39 index, used in infrared applications and in thermography, as well as bismuth fluoride which
is also transparent and has an index equal to 1.65 [8]. These materials are structurally stable and
possess good adherence properties to germanium substrates [10,15 ].
A layer of zinc selenium/germanium Anti-reflective coating is initially designed/defined followed by
multiple layers of Barium Fluoride/Zinc Selenide/Germanium and Bismuth Fluoride/Zinc
selenide/Germanium. Zinc Selenide possesses an optical thickness that is 25% of the wavelength for
the threshold reflectivity. This displays a reflectance of at least 3.25% in the 10.6um range as is
evident from Figure- 1. The aforementioned ARCs are considered in double layer designs in order to
reduce reflectance. The refractive indices for
Germanium, Bismuth Fluoride, barium Fluoride and Zinc Selenide are 4.0,1.65,1.39 and 2.4,
respectively [8, 14, 16].
The optical thicknesses for BaF,/ZnSe/Ge systems for the layer are 1.701pm and 2.136um,
respectively, while those values for the combination with Bi instead of Ba
are 1.587 um and 1.771 pum, respectively. Double layer coatings show a significant improvement in
reflectance as compared to single layer coatings. In the 10-11 micrometers region, the reflectance is
almost zero and both classes of coatings manifest the same values of reflectance, with a very slight
change in the lower wavelength regions for the BiFi/ZnSe/Ge system. Nonetheless, both of the
coatings have values below 4% s of reflectance in the 8.7- 13.2-micrometer range.
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Figure 1- Reflectivity of single and double layer ARCs on germanium

BaF,/Zinc Selenide/Germanium has a huge minimum across a range from 8-14 micrometers. The
two coatings are the ideal ARCs in their specified region, and in the 8-14 micrometers region they are
only considered as bandpass filters since the transmission is below 90%. The design data and
reflectivity values for all of these designs are shown in Table- 1.

Table 1-Data and reflectivity values for all configurations on germanium

i ' - Refractive index Geometrical
Configurations Material Thickness R (%) at A,
(n) at 10.6 pm (nm)
Single layer ZnSe 2.4[14] 110417 395
BaF 1.39[15] 122. 154
Double layer ZnSe 2.4[14] 88.996 0.0033
’ BiF, 1.65 [8] 96.187 003
ZnSe 2.4[14] 73.791 :

4. Conclusions

This design analysis reveals the that application of double layer anti-reflective coating systems, at
determined refractive indices and thicknesses, can assist in reducing the maximum reflectance to very
low values. These designs also express the great impact of thickness on reflectance.

References

1. Poxson, D. J., Schubert, M. F., Mont, F. W., Schubert, E. F. and Kim, J. K. 2009 Broadband
omnidirectional antireflection coatings optimized by genetic algorithm,Optics Letters, 34(6): 728-
730

2. jabber ,M. A. 2009 Design of high efficiency multilayer antireflection coatings for visible and
infrared substrate ,Journal of the College of Education, 9(3): 733-746.

3. ASGHAR ,M. H., KHAN ,M. B., NASEEM ,S., and KHAN, Z. A. 2005 Design andPreparation
of Antireflection Films on Glass Substrate, Turk J Phys, 29: 43- 53.

2901



Jabbar and Alwan Iragi Journal of Science, 2020, Vol. 61, No. 11, pp: 2897-2902

10.

11.

12.

13.

14.

15.

16.

Mao ,H., Dilusha Silva ,K. K. M. B., Martyniuk,M., Antoszewski ,J., Bumgarner ,J., Dell ,J. M.,
and Faraone ,L.2015 Ge/ZnS-Based Micromachined Fabry—Perot Filters for Optical MEMS in
the Longwave Infrared, Journal Of Microelectromecha Ni- Cal Systems, 24(6): 2109-2116.

Al Montazer, M.2018. Design And Simulation Of Single, Double And Multi-Layer Antireflection
Coating For Crystalline Silicon Solar Cell.Thesis (Comprehensive Summary), Karadeniz
Technical UniveRSITY. https://www.researchgate.net/publication/336928116.

Yenisoy, A., Yesilyaprak,C., Ruzgar,K. And Tuzemen ,S. 2019. Ultra-broad band antireflection
coating at mid wave infrared for high efficient germanium optics. OpticalMaterials Express, 9(7):
3123-3131.

Cole,C. 1995. Broadband Antireflection coatings for Spaceflight Optics,Diss.(Comprehen- sive
summary), Department of Cybernetics,University of Reading UK.
https://www.reading.ac.uk/infrared/research/phd/ir-phd-cole.aspx.

Nagendraand ,C.L. and Thutupalli ,G.K.M. 1981. Single and double layer antireflection coatings
for application in the infra — red region (15 pm),Vacuum, 31(3):137-140.

Asghar ,M.H., Khan ,M.B.and Naseem,S.2004. Designing bandpass filters in 8 — 14 um range for
Si and Ge substrates, Semiconductor Physics, Quantum Electronics & Optoelectronics, 7(4): 355-
359.

Asghar, M.H., Khan, M.B. and Naseem ,S. 2003. Modeling high Performance Multilayer
Antireflection coatings for visible and infrared (3-5)um Substrate,Semiconduc tor Physics,
Quantum Electronics & Optoelectronics, 6: 508-513.

Yousif, S.A., Rashid , H.G., Mishjil ,K.A. and Habubi ,N.F.2018. Design and Preparation of Low
Absorbing Antireflection Coatings Using Chemical Spray Pyrolysis, Internation- al Journal of
Nanoelectronics and Materials. 11(4): 449-460.

Jabbar ,M.A. 2004 Selection of Optical Properties of High Reflectance Materials for near
Infrared Spectrum,M.Sc.Thesis, Department of Physics,College of Educationfor Pure
Sciences Ibn Al-Haytham,University of Baghdad, Iraqg.

Hawkins ,G., Sherwood ,R.and Djotni,K. 2008.Mid IR Filters for astronomical and remote
sensing instrumentation, Invited Paper SPIE Conference Glasgow.

Phillips,R.R., Haynes ,V., Naylor ,D.A.and Ade ,P. 2008. Simple method for anti —reflection
coating ZnSe in the 20 um Wavelength range,Applied Optics, 47(7): 870-873.

lltaif, A.K., Thieban,S.S., Khalaf ,M.K.and Abbas,L.N.2009. Preparation of Double — Layer Anti
Reflection Coating(ARCSs) in the Infrared Region. .Journal Of College Of Educ, 4T|ON,1(6): 43-
51.

Li ,H.H.1980 Refractive index of silicon and germanium and its wavelength and temperature
derivatives, J.Phys Chem, 9: 561.

2902


https://www.researchgate.net/publication/336928116
https://www.reading.ac.uk/infrared/research/phd/ir-phd-cole.aspx

