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PHS 6317 Nanoengineering of thin films

Course schedule — Winter 2024

12 January Introduction — Scientific and technological challenges

19 Fabrication methods — Vacuum physics and vapor-phase techniques
26* Fabrication methods — Plasma processes and process optimization
2 February Fabrication methods - Plasma-surface interactions and diagnostics
O** Fabrication methods — Thermal/Plasma spray technologies

16* Optics of thin films 1, optical characterization, Miniquiz 1 (5%)

23* Optics of thin films 2, design of optical filters

1*** March  Presentations — Emerging fabrication techniques (30%)
March 4-8 - Winter/Spring break

15** Tribomechanical properties of films and coatings

22** Electrochemical properties — corrosion and tribo-corrosion(filter-20%)
5 April Passive functional films and coatings, Miniquiz 2 (5%)

12 Active functional films and coatings

16 Life cycle analysis and environmental impact

1 9*** Presentations — Emerging applications of nanostructured films (40%)
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Deadlines:
Project #1 — Fabrication technique:
Choice of the subject: 26 January
Abstract and references: 9 February
Report and presentation: 15 March
Projet #2 — Design of an optical filter:
Choice of the subject: 23 February
Report: 22 March
Projet #3 — Application of nanostructured thin films:

Choice of the subject: 16 February
Abstract and references: 15 March
Report and presentation: 19 April

PHS6317:
Nanoengineering of
Thin Films - W2024
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Evaluation

1. Project 1: Bibliographic research on an emerging fabrication technique

of thin films - Report and presentation 30%
2. Project 2: Design of an optical filter - Report 20%
3. Project 3: Bibliographic research on a specific application of the
nano- engineering of thin films - Report and presentation 40%
4. Miniquiz1and2 (@ 5% ) 10%
PHS6317:

Nanoengineering of
Thin Films - W2024
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Project 2: Design of an optical filter (20%)
Specific requirements:
Deliverables: Report, maximum 8 pages (letter size paper, 2 cm margins,
Times New Roman 12 pts).
Structure and contents:
- Introduction — describe the choice of the specific filter and its application
- Optical specifications of the filter. spectral characteristics in T and R,
color coordinates, tolerances, etc.
- Methodology of the design: architecture, materials, optimization, etc.
- Discussion of the performance and sensitivity to the fabrication process
- Conclusions
Deadlines
Choice of filter: February 23
Report: ......... March 22
PHS6317:

Nanoengineering of
Thin Films - W2024



8A — Thin-film optics - Overview

Introduction
Basics

e Waves

. ECOLE * Maxwell equations and electromagnetic waves

POLYTECHNIQUE e Admittance
MONTREAL

e Irradiance
PHS6317 - e Reflection and transmission at an interface

Nanoengineering of thin
films

e Reflection and transmission for a thin film
Chapter 8A

age e Matrix approach
e (Quarter-waves and half-waves
e Simple filters (antireflective, reflective)

e Oblique incidence

© Stéphane Larouche
Engineering physics 2024




SA — References

e Hugh Angus Macleod, Thin-Film Optical Filters, third edition, Institute of
Physics Publishing, Bristol, UK, 2001.

— This book covers practically all aspects of optical filters. Available at the

library (QC 373 L5 M34 2001).

}Egg,thUE e Hugh Angus Macleod, Thin-Film Optical Filters, fourth edition, CRC Press,

MONTREAL  Boca Raton, USA, 2010.

N e Max Born and Emil Wolf, Principles of optics, seventh edition (extended),
Nanoengineering of thin Cambridge University Press, Cambridge, UK, 1999.

films

Chapter 8A — This book covers in much more detail light and matter interactions.

Page 8A-7 e Larouche, S., & Martinu, L. (2008). OpenFilters: open-source software for

the design, optimization, and synthesis of optical filter. Applied Materials
& Interfaces, 47(13), 219-230.

— Article which covers the software you will be using to design your own
filters.

© Stéphane Larouche
Engineering physics 2024
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Chapter 8A

Page 8A-8

© Stéphane Larouche
Engineering physics 2024

T. L. Tan, D. Wong and P..Le.e, « Iridescence Wikipedia.org
of a shell of mollusk Haliotis Glabra » Opt.
Express, vol. 12, 2004, 4847-4854.



8A — Brief history of optics

e Robert Boyle (1663) and Robert Hooke (1665) describe Newton rings (1704).

e 1801: Young explains the interference phenomenon, supported by Fresnel (1816)
who also explains diffraction.

e 1816: Fraunhofer fabricates the first antireflective filters by tarnishing glass.

i ECOLE e 1873: Maxwell publishes his famous equations.

POLYTECHNIQUE

NEN AT 1891: Taylor and Kollmorgen (1916) propose and develop the use of antireflective

filters obtained through tarnishing in optical systems.

PHSE317 - e 1913: Langmuir invents the diffusion pump.

s crEnecring orthin e 1934: Bauer, who studies the properties of halides, deposits antireflective coatings.
Chapter 8A e 1939: Strong produces antireflective filters using fluorides.

Page 8A-9 e World War II: the beginning of mass production of MgF, antireflective coatings.*

e 1950s: Theoretical developments for filter designing.

e 1970s to present: design and fabrication of highly complex filters ( > 1000 layers)
using computers and sophisticated coating systems.

*“ ..antireflection coatings were perfected in the early 1940's, and it was not long before the advantage of
"coated optics" was fully recognized. During World War I, Britain, Germany and the U.S. coated most of their
military optical equipment with such films. These coatings were considered to be so important that coating
machines were installed on U.S. battleships so that the optical elements in range finders could be recoated at
sea if necessary.” Baumeister and Pincus, Scientific American, 1970.

© Stéphane Larouche
Engineering physics 2024




POLYTECHNIQUE o/
MONTREAL .

PHS6317 —
Nanoengineering of thin
films

Chapter 8A

Page 8A-10

© Stéphane Larouche
Engineering physics 2024
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Chapter 8A

Page 8A-11

www.allaboutvision.com

© Stéphane Larouche
Engineering physics 2024



SA - Microstructure
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PHS6317 —
Nanoengineering of thin
films

Chapter 8A

Page 8A-12

Butterfly Morpho
rhetenor

T. L. Tan, D. Wong and P. Lee, «lIridescence of Pete Vukusic et J. Roy Sambles, «Photonic

a shell of mollusk Haliotis Glabra» Opt. structures in biology», Nature, vol. 424, 2003,
Express, vol. 12, 2004, 4847-4854. 952-855.

© Stéphane Larouche
Engineering physics 2024



Multiplexer Demultiplexer
Add/Drop

S8A - Telecommunications

N.A. O’'Brien et al., «<Recent Advances in
Thin  Film Interference Filters for
Telecommunications», SVC 44t Annual
Tech. Conf. Proc., 2001, 255-261.

A1 [ M
A2 i “ A2
POLYTECHNIOUE . :
MONTREAL A3 -',- A3
Y. l-'ihcr‘ Switch ’4
PHS6317 — amplifier
Nanoengineering of thin
films
Chapter 8A 1 . r r r .
Page 8A-13

I o.5¢

JAl\

O L
1520

© Stéphane Larouche
Engineering physics 2024
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S8A - Telecommunications

Graded index optics

GRIN lenses

Input Port

e -)
POLYTECHNIQUE / gt aa
MONTREAL N :,i':":‘r“'"‘
L - —
— — *

PHS6317 —
Nanoengineering of thin
films Cascaded structure
Chapter 8A Input Port 21

A
Page 8A-14 e

“wa

A3

VIAVI Solutions (www.viavisolutions.com)
A4

N.A. O’Brien et al., «Recent Advances
in Thin Film Interference Filters for
telecommunications», SVC 44t Annual
Tech. Conf. Proc., 2001, 255-261.

© Stéphane Larouche
Engineering physics 2024
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Chapter 8A

Page 8A-15

© Stéphane Larouche
Engineering physics 2024

SEas=

GUARDIAN

Glass - Automotive - Building Products

Chair partner
of the FCSEL.

Low-E glass refiects
heat ta the interior.

Visible light
is abgorbad
by tha
interior and
raraqiated
as haat.

Paul Fisette, «Understanding Energy-Efficient
Windows», Fine Homebuilding, no. 114, 68—
73.



8A — Optical security devices

Hologram ~ Watermark: ‘ ~ Puzzle number

ECOLE ;
POLYTECHNIQUE Color
MONTREAL shiffing
thread

PHS6317 —
Nanoengineering of thin
films
Chapter 8A
Page 8A-16

First developed by

J.A. Dobrowolski

for the Bank of Canada

© Stéphane Larouche www.bankofcanada.ca

Engineering physics 2024
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Chapter 8A

Page 8A-17
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pcimag.com

www.chc.co.jp



8A |_| G O Laser Interferometer Gravitational-wave
Observatory

Huge Michelson interferometer +
Fabry- Perot cavities.

LIGO dielectric
mirrors
(99.999%
reflection, 0.5
nm roughness,
less than 1 ppm

POLYTECHNIQUE
MONTREAL

PHS6317 —
Nanoengineering of thin E £ S of |OSSES, etc.)
films LIGO detector in Hanford, Washington Phys.org www.ligo.caltech.edu
Chapter 8A 5 x10°18 . : CAL DELTAL | EX'I'ERNAL DQﬂIbrod time s?rles for G184098
Page 8A-18 al. 4000 SOOOX Hantord
Livingston
Al smaller than H ]
| a proton! |
E' 1 s
I ~ Gravitational wave from
8 .
a binary black hole
merger.
\waw.ligo.caltech.edu
© Stéphane Larot 5 1 L L L 1 1 1 I L
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8A —Optical filter market

l U.S. optical coatings market size, by product, 2014 - 2025 (USD Billion)

POLYTECHNIOUE
MONTREAL

o l l
PHS6317 — .
Nanoengineering of thin |
o i i i I
Chapter 8A l

2014 2015 2016 2017 2018 2018 2021 2022 2023 2024 2025
Page 8A-19

m Anti-Reflective Coatings o Filter Cﬂallngs 1 Electrochromic Coatings
B Conductive Coatings B Reflective Coalings B Others
Source. www, grandvienteseanch,oom

SMCO030C Future for Optical Coatings, Business Communication Company, octobre 2006.

“The global market for optical coatings is expected to reach $14.2 billion by 2021 from $9.5

billion in 2016, rising at a compound annual growth rate (CAGR) of 8.3% from 2016 through
2021

Optical Coatings: Technologies and Global Markets, 2017, BCC Research Report.

© Stéphane Larouche
Engineering physics 2024




S8A — Present research interests

e Filters on polymers (AR, UV protection,
mechanical protection).

e |ntegration with electronic devices.

e Adjustable/active optics.

POLYTECHNIOUE . L.
MONTREAL e High-power applications.

e Micro-opto-electro-mechanical systems
pHSes17 - (MOEMS), screens.

Nanoengineering of thin
films

e Biomedical imagery.

Chapter 8A

e Manufacturability studies, process control.

Page 8A-20

e Multifunctional coatings.
e Infrared optics.

e Metasurfaces.

Dan Dalacu et al., «InAs/InP quantum-
dot pillar microcavities using
SiO,/Ta,0; Bragg reflectors with
emission around 1.55 um», Appl. Phys.
Lett., vol. 84, 2004, 3235-3237.

© Stéphane Larouche
Engineering physics 2024
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© Stéphane Larouche
Engineering physics 2024

3A — Waves

 Light is a wave which can be described

by its length: wavelength A.
In vacuum, light travels at
c =299 792 458 m/s.

The period of a wave is given by:
A

T=—
C

which corresponds to a frequency of:

FoLi_C

T A
In all other media than vacuum, light
travels at a speed v < ¢, this changes

the wavelength to:
p=Yi-t
C N
where N = clv, the refractive index of
the medium. Neither f nor ¢ are
affected.

(a)/\/\

Lawrence Berkeley National Laboratory

(www.lbl.gov)
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Chapter 8A

Page 8A-22

© Stéphane Larouche
Engineering physics 2024

S8A — \Waves: Exponential representation

* A wave propagating in the X direction can be expressed as:

A(X,t) = chos(br( ft — % XD = chos(a)t - 2; x)

where w = 27tf is the angular frequency of the wave.

* Light waves, which are electromagnetic, are typically expressed by their

electric field: Temporal Spatial

E-= Efcos

However, to simplify calculations, we will use an exponential notation:

~ : 27N —|a 27N . 27N
| exp{l(a)t —-— xﬂ = ‘E {cos(a)t —— xj +1 sm(a)t -— xﬂ
A A A

where the real part (or imaginary) represents the electric field.

—

E:‘E




8A —The electromagnetic spectrum

= . lx'_"'\. [ '
L 'm I} [
I OMAGNETIC SPECTRUM
HE ELECTROIM! I
Wavelength 1wt 1w ! 1 L U € o O L . [ s U [ U e [
{in meters) T T T T T T T T T T T T T
leager 5 ) ) § @ Wi shorter
POLYTECHNIQUE Size of & B, D edd (B &/ ] -- @ :
MONTREAL wavelength : F;:lq'-" Ea;ﬂjl el -ct:m Vi Probein Water Molecule
d
o -
nama of wave INFRARED = ULTRAVICLET YHARL™ X RAYS
PHIO3L7 - - :
Nanoengineering of thin BAICRCAVES - HSOFTY X RAYS Caan AR BAYS
films
Chapter 8A S m cﬁm ' @ .r
& iﬂ
Page 8A-23 ﬁ;‘:’ I.'.-rn.!t,- FMade M'::l":':“ﬂf Fer Ligght Eadl Th ALK X-Ray R'E:z’;’:'
Rchin Pexjde kAarhina:
Frenuency ! ! ! ! ! ! ! ! !
{waves per . .
SE"I:{'I'Id]' 'H:II': ‘Cl.l' 'H:I?S 'H:I‘?‘ ]UIL'I ]Gl” 'Iol.' ]E:II:!' ]ulﬂ 10'5 '”;:Ill'r 'Iol.- 'IGIIE ]UI‘} 10?'."
-— —_—
Enerqy of [ higher
onn photon l I 1 I 1 l 1 ! l 1 l 1
{eloctron volts) 19 10% 107 0% 0% 10t 0 0?0 1 W w0t 10t w0t pf

Lawrence Berkeley National Laboratory (www.lbl.gov)

E.g.: Gamma rays detected in 2019 of 450 trillion eV.

© Stéphane Larouche
Engineering physics 2024
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Chapter 8A
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© Stéphane Larouche
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8A — Linear and non-linear optics

* A functionis linear if:
f(A+B)=f(A)+ f(B).
* All the following optics we will cover is linear:

* We can separate the light spectrum into its individual spectral
components and analyze them separately.

* The light intensity does not influence the optical properties of
the material.

* There exists many non-linear optical effects:
e Second-harmonic generation;
» Kerr effect;
* Raman scattering and Brillouin scattering;

* These phenomena occur almost exclusively for high light
intensities.



8A — Maxwell's equations

* Light being an electromagnetic wave, it obeys Maxwell’s
equations:

< - 'S - 0B
V.-D=p, V-B=0, VxH:j+aa—? and VXE:_E’
o Gauss’s law for  Gauss’s law for Ampere’s law Faraday's law of
POLYTECHNIQUE (e : : :
MONTREAL electr|C|ty . magnetlsm. induction
and the material equations: .
N Divergence
:c\ill":rr:;)engineering of thin D = gE, B e ILIH et J = OE’ V .
Chapter 8A where E is the electric field strength, Measure of
Page 8A-25 - . o the vector
H is the magnetic field strength, flow out of a
D is the electric displacement (electric flux density), surface
B is the magnetic flux density, surrour.1d|ng a
- point
J is the electric current density,
. : : Curl
p is the electric charge density,
o is the electric conductivity of the material, V X
¢ is the permittivity of the material measure of the

. - i rotation of a
w1s the permeability of the material. ,
© Stéphane Larouche vector field
Engineering physics 2024




8A — The wave equation

* In the present case of optical materials, we will consider that there
are no free charges (p = 0).

* One can solve the Maxwell equations to obtain an equation which

only depends on the electric field (or magnetic field) :
«iirs ECOLE
POLYTECHNIQUE 2c =
MONTREAL = o°E OE
VE=gu—+puoc—.
ot ot
PH56317.— . .
penoengineering ofthin o This equation accepts a harmonic solution of the form:

Chapter 8A _ _ X
Page 8A-26 E - ‘ E‘é exp(l a)(t - —jj
Vv

where é is a unit vector in the direction of the electric field.

2
@

2 ]
V—ZZCO Eﬂ—|a)ﬂ0

* Invacuum,V =¢, &= & = 8,854187817... x 1012 F/m, u = p4, = 47w x
10-"H/m and o =0 and: 1

=~

© Stéphane Larouche SOILIO
Engineering physics 2024




S8A — Refractive index

* For a material other than vacuum, we can divide

2

a 2 .
V—ZZQ) g,u—la),ua

prCHN,QUE by @?, multiply by c? on the left and by 1/&, 14, = ¢? on the right to obtain:
MONTREAL

c°  eu . uo 14,0
PHS6317 — — = —1 —gr,ur—l r

Nanoengineering of thin V goﬂo a)goﬂo Ct)é‘o
films

Chapter 8A

where ¢ = &/gyand p , = uf 1, are, the relative permittivity and permeability

P 8A-27 . .
b of the material, respectively.

We recognize the presence of the refractive index in this equation N = c/v:

O
ey

|\Iz_‘gr:ur_I

where the refractive index is shown to be a complex number:

—Ik.
© Stéphane Larouche
Engineering physics 2024
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© Stéphane Larouche
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S8A — Refractive index continued

* By inserting the refractive index into the solution of the wave equation:
- = : X
E = ‘E‘éexp(la)(t ——D
Y

eexp| i cot—zﬂxD
A

2 —ik)XD

i A

= |E|éexp| — % x)exp(i{a)t - 277m XD

 The imaginary part of the refractive index results in a real exponential
describing a decrease in intensity of the wave. Therefore, the real part of
the index describes the wave’s propagation and the imaginary part its
absorption.

we obtain:

mu
[l
m

Il
m

eexp




8A - Orthogonality

* Let us now suppose that the wave propagates in the direction
described by the following unit vector:

S=ai + [ + k.

* It can be demonstrated using Maxwell’s equations, that :

POLYTECHNIQUE
MONTREAL

i-NE o Nixg)-n
PHS6317 — i .

Nanoengineering of thin
films

* We can observe that the electric field, magnetic field and

propagation vector all are mutually perpendicular and follow the
right hand rule.

Chapter 8A

Page 8A-29

© Stéphane Larouche
Engineering physics 2024




S8A - Admittance

* Looking closely at the previous equations:

$xH=-E and NsxE)=1,

C C
# :
“iie ECOLE .
poLyTECHNIQUE  We notice that:
MONTREAL R

H[_ N

— = — = y

PHS6317 —
Nanoengineering of thin ‘ E‘ Cﬂ
films

Chapter 8A which we will call the optical admittance of the material. In vacuum,
e N = 1 and thus:
Y, =1 = %0 _ 26544187204 x10°% S
Cly \ Ho

* In a material, i, =1 at optical frequencies,

CtirHy  Chy

© Stéphane Larouche
Engineering physics 2024




8A — Poynting vector and irradiance

* The instantaneous rate of flow of energy across a unit area transported by an
electromagnetic wave is given by the Poynting vector:

S=ExH.

o SR b Since optical frequencies are much too high to observe the variations of the

energy flux, we typically will be interested in the average flux; we call this
PHSE317 - value the irradiance. In the case of a harmonic wave, the irradiance can easily
Nanoengineering of thin be Calculated US|ng the C0mp|ex form Of the wave:

films

Chapter 8A - 1

| :—Re{Ex H*}ZERe{EH*} since Eand H are perpendicular.
Page 8A-31 2 2

e Since we know that:

H= y(§>< E),
we find that: T:lRe{yEE*§}= 1 VEE'$ and
2 2
© Stéphane Larouche m = 1 y‘E i

Engineering physics 2024




8A — Simple boundary - continuity

* Let us now express two of the Maxwell equations in their integral form:
§I§ dl = —2” B-dS (Maxwell-Faradaylaw) and

§H -dl —II(J+—J dS (Maxwell- Ampere law),

POYTECHNIQUE

MONTREAL where the first integral is taken on the contour of the surface of the second
integral. In the absence of surface currents (j = 0) and for an infinitely thin

PHS6317 - contour, the surface integrals are null and the sides (P,P, and Q,Q,) are

fonoenginecring of thin negligible so that E et H are constant at P,Q, et P,Q,. The integrals can then

Chapter 8A be approximated by:

Page 8A-32 (Elﬁ+ézg)é] =0 and (Hl'ﬂ+ﬁz‘g)é]=0

and therefore, we can easily observe that the parallel (tangential)
components of the electric and magnetic fields are continuous:

—>

El,par - E2,par et H

—

1,par — H 2,par

Max Born and Emil Wolf, Principles of Optics,
7th (expanded edition), Cambridge University
Press, 1999.

© Stéphane Larouche
Engineering physics 2024 Fig. 1.2 Derivation of boundary conditions for the tangential components of E and H.
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8A - Amplitude reflection and transmission at
an interface

Since the electric and magnetic
field vectors are continuous at the
interface,

E.+E =E, and

A -H =H,
Using the admittance of the
materials we can express the

magnetic fields as a function of the
electric fields:

ViEi — V1B = YoEr-
We can then replace either the

transmitted or reflected beams and
obtain:

r_%:yl_yo:Nl_No and
E. YotYr No+N;
(_E_ 2y _ 2N,
E. Yot+¥r Nog+N

Nl
Incident Reflected
wave wave
A

E;
H ®&— H $—

Interface  §

H ©—
E,

v

Transmitted
wave



SA — Reflectance and transmittance

* The amplitude of the reflected and transmitted beams are respectively,

E =rE and E, =tE

* The irradiances of the incident, reflected and transmitted beams are
POLYTECHNIQUE therefore:

MONTREAL 1 =12

PHS6317 — I I i E yl EI |

:c\il;:;)engineering of thin 1 - 12 1 - 12 1 - 12

Chapter 8A r = E yl Er - E yl‘rEl = r‘z E yl Ei - ‘r‘z Ii and

Page 8A-34 1 ) 1 =2 2 yo 1 2 yO
=—VolE/| ==Y tE| =]t ——y : —t

The reflectance and transmittance (reflection and transmission in irradiance)
are then given by:

R=1r | and T=—t=Yop?="ope
l T2 n

* Itis simple to demonstrate that for a single interface, R+ T = 1.

© Stéphane Larouche

enaneerns s 022 © R :@and T do not depend on the direction of the light (no absorption).
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© Stéphane Larouche
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8A — Change in phase upon reflection

* The amplitude reflection and transmission are given by:

r= NN g o 2N
N, + N, N, + N,

* |f the refractive indices are real, then the reflection and transmission
coefficients are also real.

* The denominator is always positive.
* |n the case of reflection,

* the numerator is positive if N; > N, r is then positive; this corresponds to no
change in phase upon reflection.

* the numerator is negative if N; < N,, r is then negative; this corresponds to a
phase change of © upon reflection.

* The numerator is always positive in the case of transmission and

there is therefore no phase change in transmission at an interface.

e Trick to remember:

* Low to high, phase shift r,
* High to low, phase shift 0.



S8A — Reflection and transmission of a
thin film

i2 2 i4
1 r2—>1 t2—>1r1—>0t1—>2 e ¢ 1:2—>1r1—>0 I’-1—>2t1—>2 e ¢

POLYTECHNIQUE
MONTREAL

PHS6317 —
Nanoengineering of thin

films Nl

Chapter 8A

Page 8A-36

. i3
1:2—>1t1—>0e|¢ 1:2—>1r1—>0r1—>2t1—>0e| ¢

© Stéphane Larouche
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S8A — Reflection and transmission of a
thin film continued

* The wavelength in a thin film of index N; is A/N,. For a layer with
thickness d, there are d/(A/N;) waves which « fit » inside. A

complete wave corresponds to a phase of 2w, and therefore, for
a thin film, the phase is given by:

N,d
=2r——,
¢ A
* The amplitude reflection and transmission coefficients are then
given by:

N, - N, 2N,

I = y t = ]
2-1 N2 n N1 2-1 N2 n N1
1-2 Nl-l- N2 2-D 1-2 N2 L N1’
N, —N 2N
r,=——2 and t o=

N, +N, Ny +Ng.



S8A — Reflection and transmission of a
thin film continued

* The obtain the resulting reflection from a thin film, one must add all
of the reflected components:

. 12¢ 2 14¢ 3 2 16¢
r= r2—>1 + t2—>1r1—>0t1—>Ze + t2—>1r1—>0 r1—>2t1—>2e + t2—>1rl—>0 r1—>2t1—>Ze +...

—
{ A
{
¥ iy
bl

.

A ECOLE
POLYTECHNIQUE

MONTREAL which are, with the exception of the first term, a geometric series:

o0
PHS6317 - i

- _ i2¢ i2¢ )“
:c\.llanoengmeerlng of thin r= I"z_)l + t2_>lr1_>otl_>2e Z(rl—>0 rl_)ze .
ilms n=0

Incidentally, the sum of a geometric series is given by:

Chapter 8A

Page 8A-38
- 1

X" =
n=0 1-x

And therefore,

i2
1hs0h-,0€
1- 0 r-1—>2el *

© Stéphane Larouche
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S8A — Reflection and transmission of a
thin film continued

* We can simplify this equation by first posing that r, ,,=-r, ,, and bringing
all the elements under a common denominator:

i2¢ i2¢ i2¢ i2
_ Loah ol 08 [PERLEN R 1+ 00 8 [PER/IN "I
1-r_r g% 1+1 ., .2 1+ . &% 1+r .1, "%
1-50'1-52 1-0'21 1-0'2-1 1-0'2-1
POLYTECHNIQUE Lo+h o r2.e? et r ot e ot (r2 +t, Lt )eiz"’
M . _ 121 1507251 2-51'1-50%—>2 _ 121 1-0\'21 251112
ONTREAL = T = g
141,00 8 141,00 8
PHS6317 — .
:c\.llanoengineering of thin and n0t|ng that
2
Chapter 84 2 iy g o NamN, 2N, 2Ny N3 —2N,N; + N +4N,N,
age 8A- - -1
Page 8439 N, + N, N, + N; N, + N, (N, +N, ¥

_ Nz2 +2N,N; + N12 _ (Nz + N1)2 _

(Nz + N1)2 (Nz + Nl)z B

we obtain (a similar approach can be taken for the transmission),

r2—>1 + rl—>Oei2¢ ’

t2—>1t1—>oei
1+ r2—>1r1—>Oei2¢ and t N

= 124"
1+1,_ 40 08

r =

© Stéphane Larouche
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S8A — Reflection and transmission of a
thin film continued

* For the particular case where the

exponential is equal to £1. If e2¢ =1,
p=t2o1thiso N, —Ng _ o
%
I+, N+ N

n, = 3.0

PYTECHNIQUE

MONTREAL and the thin-film has no impact on the

reflection. This situation arises when:

. ——n2—20
N,d /1 : | W
PHS6317 — AL ey = 13
Nanoengineering of thin 2¢ 472-— - m(27z-) — N d - 05% . 3 . - n; =1.0and 1.5
films ﬂ, 2 i 1.4
nz— %
Chapter 8A =12
page 8A-40 i.e. for a half-wave thin-film. '
e |fe2¢=-1 o 3k 3k
? J—
r = r2 —1 r1—>0 Fig. 1.18 The reflectivity of a dielectric film of refractive index n; as a function of
o 1 its optical thickness. (8, = 0, m; = 1, n3 = 1.5). [After R. Messner, Zeiss Nachr., 4
—hils0 (H9) (1943), 253.]
the reflection will be lower if N, < N; < ;/tlsX(Bom an Eg?i! V\;ohé Prigqidples Sf_Opti_cts,
. . 5 expanded edition), Cambridge University
I\IO or higher (for Nl > NO)_' Th.IS is the Press, 1999. (Attention, la notation est
case of a quarter-wave thin-film, différente.)

2¢ = 47zN71d =(2m+1)z = N,d =(2m +1)%.

© Stéphane Larouche
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8A — The matrix approach

* The electric and magnetic fields being
continuous at the interface, these
values are of interest for optical filter

| calculations. Interface b E,. H,
== ECOLE

POLYTECHNIQUE = At interface g,
MONTREAL

PHS6317 — + —
Nanoengineering of thin Ea = Ela + Ela

films
gt - _ + -
Chapter 8A Ha - H]_a - Hla - ylEla o ylEla

Page 8A-41

Nl + =

Interface a E

a’ a

where the + and — signs represent the

waves propagating downwards and .

upwards in the thin film respectively. = :z(Ha/ler E,)

'g\l;fese fields at interface a are then given g~ =1(-H,/y, +E,)
H]:';:l = ylE]:i_a - %(Ha + ylEa)
Hi, =-YiE, = %(Ha - ylEa)

© Stéphane Larouche
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8A — The matrix approach continued

* The fields propagating in the positive direction undergo a
phase shift of ¢ while those propagating in the negative
direction undergo a phase shift of —¢:

1b_E+ I¢ ( a/y1+E)

oAitre ECOLE

POLYTECHNIQUE
MONTREAL Elb - Elae E( a/yl +E ) |nterface b Eb’ Hb
1 A
h = Hlae §(H +Yy,E ) ‘
PHS6317 —
Nanoengineering of thin _ - i
s Hyp = He™ = %(Ha - yiEa ) N
Chapter 8A 1 -+ -
and as a result,
Page 8A-42
~ _e?%+e H,e"-e ) l
E,=E,+Ep=E, +—8 Interface a E, H,
Y1 2
=E,cosg+H,/y,ising
_ e'’ —e™ e'’ +e"
Hb = HlT) + Hlb = anlT_F HaT

=E_yjising+ H_cos¢

© Stéphane Larouche
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8A — The matrix approach continued

* Finally, we can express

E, =E,cos¢+H,/yising

POLYTECHNIQUE ..
MONTREAL H, =E_y;Ising + H_cosg

PHS6317 —
Nanoengineering of thin

fims or using a matrix form:

E, | | cosg i/y;sing| E,
{Hb}_{iylsin¢ OS¢ }{Hj'

Page 8A-43
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8A — The matrix approach (reflection and
transmission)

* In medium O, only a positive wave is
propagating and thus,

Ho = YoEo = H, = Yok, N, + -

£ N
¥
9

S ECOLE and therefore, by dividing by E,
POLYTECHNIQUE v

MONTREAL _ . I
{Eb/Ea} cosg i/y;sing Ea/Ea} Interface b E,, H,

;:iiii;i:leering of thin Hb/Ea _iylsin¢ COS¢ __Ha/Ea
" [ cosgp i/ysing] 1
Chapier 8A | 7 N + -
e s iy,sing  cosg __yJ 1

we can also define the admittance of

the system: Interface a E. H,

|:B:|:|:Eb/Ea:|:>E: Hy/Ea _ Hp _

C Hb/Ea B Eb/Ea Eb yb

and finally, No

r_Yz—Yb t— 2Y, |

© Stéphane Larouche yb + y2 C + yZB
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8A — The matrix approach (multilayer system)

* For many interfaces, we can apply the

matrix approach repetitively: N cidence + l I -
o _ o Interface e E., H, s
) E, cosg i/y,sing || E,
| = T
PoLYTE(C:r%!EQUE |Hp ] LlyiSing  cosg | H, | : ¥
MORTREAL (E.| [ cosg i/ysing] E, | Interfaced  Eg, Hy }
;:ii‘zi;i;eeringofthin _HC_ _Iylsln¢ COS¢ __Hb_ N3 + l I . d3
films .
Chapter 8A ' Interface ¢ E.. H. 1
Page 8A-45 so that
. N, + l I -4
B| il cosg, i/y,sing, || 1
c| \tMiy sing,  cosg o Interface b E,, Hp 1
N; o B
and since Y ., = C/B then Interface a E,, H,
r= Yincidence — ysystem N0 l

ysystem + yincidence

© Stéphane Larouche
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8A — The matrix approach (reflectance,
transmittance and absorption)

* By dividing by the admittance of vacuum, Y, and in the absence of a

magnetic response, we can express the characteristic matrices as a function
of the indices of the individual thin films:

i/N,sing, || 1
COS ¢, D{NJ

COS ¢,

el Mavins

and Nygem = C/B so that:
. Nincidence o I\Isystem _ 2Nincidence
Nsystem + |\Iincidence C+ Nincidence B

We now know how to calculate r et t for an assemble of thin films. We
previously saw that

R:\r\z et T=— 0 \t\z.

nincidence

However, contrary to a simple interface, R + T can differ from 1 because of
absorption in the layers:
R+T+A=1.



8A — Quarter-wave layers

* When the optical thickness is equal to:

n,d =(2m +1)%.

&, 4
{ A
¢
¥
Q 4

S tcoLE the characteristic matrix simplifies to:
M ONTRERL cos(2m+1]z/2) i/y,sin([2m+1]z/2) [0 =iy,
PHS6317 — Iyn Sin([zm +1]7[/2) COS([Zm +1]7Z-/2) - + Iyn 0 .

Nanoengineering of thin
films

In this case, we say that the layer is a quarter-wave.
The admittance of a system composed of a quarter-wave is:

H_{O i/yl}{l}_{iyo/yl}j Cc_¥
C_iY1 0 YO_ 1y y_B_yol

* |f there are two quarter-waves,

H_{O i/yz}{O i/yl}{l}j _C_¥aY
c|7liy, o iy, 0yl 7B y2

Chapter 8A

Page 8A-47
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8A — Quarter-wave layers continued

* For three quarter-waves,
m:{o i/ys}{O i/Yz}{O i/yl}{l}:yzgzyiyf
cl liyy 0 |iy, 0 [iyy 0 [y, B ;Yo

* For four quarter-waves,

POLYTECHNIQUE
MONTREAL

PHS6317 -

e (8] 10 WA O nTo URTO UATL], c vy
Chapter 8A C iy4 O iy3 0 iy2 0 iy]_ O yO B y§ yl2

Page 8A-48

* Therefore, for an odd number of quarter-waves:
2.,2,,2

y:"'YSY3Y1 _
Y23 Yo

While for an even number:
y = Y6YaY2Yo

2.,2,,2 °

Y5 Y3 Y

© Stéphane Larouche
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8A — One layer antireflective filter

* We’'ve seen how the reflection is minimized
when using a quarter-wave layer with a T 2n
refractive index given by N, < N; < N,. The N

! ~y! incidence
index of such a system is given by:
2
N T I
“'_.‘ :":: N = N—
POYTECHNIQUE 0 N, /2 /2 ﬂ/4N1
MONTREAL ) .
and its reflection by 1
T
2
PHSE317- . r = |\Iincidence N Nmmdence - Nl / NO
Nanoeng|neer|ng of thin — 2 . N
films I\Iincidence +N |\Iincidence + Nl / |\IO 0
Ch 8A . . .
et * The reflection is null if
Page 8A-49

2
|nC|dence B / N 0.04
Nmmdence +N 2/ |\IO . Substrate

2
— I\Iincidence - l /NO =0 R

== N2 — I\Iincidence I\IO O'Oz\y

* Forglass (Ny=1.52) in air (N;,cigence = 1.00)

the layer’s index must be: 0 W

T 100 400 500 600 700
© Stéphane Larouche Nl - 152 ) 100 - 123 }\. (nm)
Engineering physics 2024




8A — Two-layer antireflective filter

* The index of a two-layer filter
composed of quarter-waves is

0.06}

N = N22N0
—
N - 0.04

Substrate

—
{ A
{
¥ iy
Y
.

s ECOLE
POLYTECHNIQUE . . . .
MoNTREAL andits reflection is given by

0.02f 2 layers

_ 2 2
;:ii‘zi;ineering of thin r = Nincidence - N2 NO/N]_ . O - .
" Ni ciernce + NZNg /N7 400 500 600 700
Chapter 8A }\. (nm)
Page 8A-50 . r
* Its reflection is null when 0.06}
NZ N
Nincidence — I\IZZNO/I\| F=0= 22 == SRS /\ /\A /\/\
N2 N, R0.04
* Choosing N, = 1.38 (MgF,), then 0.02}
Nl — N2 L :1.38 1.—52 :1.70. 0 “ «
| Ni cience \'1.00 0 1 2 3 4 5 6
g;tff:ﬁgge ;fw;z;icshfom g-= A A



N T T 3m 31

* The effective index of a quarter- incidence

wave stack made of two
materials with indices N, et N is

: 2812012
- -N5NEN
e ECOLE N = H "H "H

POLYTECHNIQUE ~ L..N2N2N. '
MONTREAL L*TLTT0

* The reflectance of such a system
PHS6317 — 1

Nanoengineering of thin IS

. 2
films M o
Chapter 8A R = Nincidence B NH /NL NO
apter N N2m+2/N2mN
+ Ny L No

Page 8A-51 incidence

where 2m + 1 is the total
number of layers.

* To maximize the reflection, one
needs to  maximize the
admittance y of the system; this
can be done by maximizing the
N/N, ratio and/or by increasing

© Stéphane Larouche the number of layers.

Engineering physics 2024




S8A — Quarter-wave reflector continued

17 layers

1 .
[ )

0.8}
eAie ECOLE
POLYTECHNIQUE
MONTREAL 0.6+

R

PHS6317 —
Nanoengineering of thin
films 04 B
Chapter 8A
Page 8A-52

0.2F

0 N
0 1 2 3 4
g= xo/x

© Stéphane Larouche
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8A — Half-wave layer

* When the thickness of the layer is

mdzmg.

TR &% 8 ' &
2% an R il T TR

e

£ )

w 3

% ¥

W g

‘.“:;,‘ ECO LE
POLYTECHNIQUE

MoNTREAL  the characteristic matrix simplifies to

PHS6317 -

:c\il;:;)engineeringofthin COS(2m7z') I/yn S|n(2m7z-) ) l 0
s iy,sin(2mz)  cos(zmz) | [0 1

which does not change the admittance of the system.

These layers are simply « absent » and have no impact
at the reference wavelength.

« When nd = A/2, these layers are known as half-wave
layers.

© Stéphane Larouche
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8A — Three-layer antireflective filter

* Since adding a half-wave

layer does not impact the 0.04
reflection at the reference
wavelength, one can add R

Substrate

2 layers

w - ECOLE .
rouvtecinicue — one to modify the shape of 0.02}

3 layers

MONTREAL
the spectrum.

PHS6317 -

wneenneerngotn @ Adding @ high index layer (=

films

O i =
400 500 600 700

hapter o 2.1) between the layers of a A
page 8454 two-layer system, allows one 0.2 - ;
to enlarge the minimum
: : 0.15}
reflection region.
R 01
Substrate | % 1.70 | %2 2.10 | 005}/ /N /N
% 1.38 | Air O\\//\/
0 4

© Stéphane Larouche g 7L0/}L
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S8A — Snell’s law

« We've seen how the speed of light

depends on the refractive index of the
medium

N=C
Vv

this entails a change in the wavelength

2="0
N

where 4, is the wavelength in vacuum.

e If light arrives at an interface at an

oblique angle,

N, sin &, = N, sin 6,

to ensure the continuity of the electric
and magnetic fields at the interface. In
fact, N;sin @ is constant.

9.9.9:9:9.9.9,
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8A - Boundary conditions at obligue incidence

 Remember that the parallel (tangential) electric

sl and magnetic fields are preserved at an
interface:

POiLYTECHN!OUE — — — —
MONTREAL — —_
El,par _ E2,par et Hl,par _ H2,par'

PHS6317 —
Nanoengineering of thin

- * When considering oblique incidence, one must

modify the reflection coefficients.
Max Born and Emil Wolf, Principles
of Optics, 7th (expanded edition),
Cambridge University Press, 1999.

© Stéphane Larouche Fig. 1.2 Derivation of boundary conditions for the tangential components of E and H.
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8A - Boundary conditions at obligue incidence
continued

s polarization p polarization
* The continuity conditions for s * The continuity conditions for p
polarization are: polarization are:
Ak ECOLE E,+E =E, and E, cosé, + E, cosd, = E, cosg, and
POLYTECHNIQUE
MONTREAL H.cosé, —H, cosé, =H,coso, H.—H, =H,

PHS6317 —
Nanoengineering of thin
films

Chapter 8A

Page 8A-58
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8A — Reflection and transmission at an
interface at oblique incidence

s polarization p polarization

* The new continuity conditions result in a
change of the reflection and transmission
£EN coefficients:

S oLe e N, cosd, — N, cos 6, and . N,/cosd, —N,/cos 6,

— and
B N, cosd, + N, cosé, N,/cosd, + N, /cosé,
B 2N, cosé, B 2N, /cos6,
$6317— = ] — )
E:;:rr:;)ei;ineering of thin NO COS 90 + Nl COS 91 NO/COS 90 + Nl/COS 01
Chapter 8A
N Which brings us to define the pseudo
age 8A- . .
77i - Ni COS(9| 77i - NI/C089|
And which allows one to write
r=h" o0 t= 21, r=h"  and t= 21,

© Stéphane Larouche 770 + 771 770 + 771 770 + 771 770 + 771
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8A — Matrix approach for obligue incidence

* The characteristic matrix can then be adapted for
oblique incidence by using the pseudo indices:

Bl il cosg, i/n,sing ) 1
FOLYTECHNIOUE C| Unlim,sing, cosg, |)ng

PHS6317 —
Nanoen gineering of thin

fims and by modifying the phase shift in the layers:

Chapter 8A

Page 8A-61

@, =27 N;d cosé..

© Stéphane Larouche
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