QOpres  <fE2

(AR Frp  Oprresc  Frerers

/‘
JHS  ToMc FRoiDET JS  LHIH AN EXCEEVT

EXAMPLE OF 7HE JUPRRTAOCE ¢F OVR  SIdy

OF AAVE WAUES

e el

.'—
R SNE | TERGSTED 110 OPTCAC DENCES THERE §

W LAORMOOC PAY BACE. o8  INBRETAODING L0w>  FHAY-

| saeaaxe sam s Zhen Sew SAF

+ﬂ12m¢ s

Dea Srerrrews

Laseg Cau/erime

Aiirers

Srec.

/{'Me féf-fcég JQ Twe (woressors

2 ® MATLAF ForR BEewmew(
?
{

o Moridar me [Ron Sers




COUSI1OBR.  MuT|- REFLECHIY ConTwcs

all My- Vfrﬁ“ffﬁ’w” CAmtcer Do* 3.5
s 9o /.0 :
SR *:”;7’5 7 ./9\ /.33 - ‘ /. I
T ,? 7 /\’ . MMM = ‘7/ ""77_
Yo/ \/ 92 2.2 de,;k _
e ‘\j ji’ 33 4l juf'“ 92~ ¥
77/ .
Te Ko sovrinin P S
s Tt 2
Thi 1 e e«/i—a/&d;«h éoa:’f'y ’e—f Fir 4 Meeloone
M 2T cAapeet
X// s ar Mosy commor)
2. % AN S0 =
1e- AV o Agtn Dol QNEER. OHUE,

T
. Fo sufshate NS v PloBLEM SET



Tow Fru Fioer

SGUIFICAVT pPpicaron oF L AAVEwavE STLDY

SEP oF vgeiaslES Lave £

CoupPura MATRIES - MATLAR
/VA:UY DEVicE AFPLICAT LS

—ﬁ—‘” , ‘ [HL*}L }«/J ‘/@L‘}A ”%*19:727.0'!/:/6’04.‘
=1

W éa 'h;:-, Cortollh FrememilSim

M

D . W G-Ua—"l'ﬂ
({M ’H.-* Two mivrns wits /"7" Conkor Jechrw D
2 b Tanas be high Toamy wiriim obatr
WA Zagerac  Small Segarchn D

=

Wi M
»—% lorius beam sph Hers Pﬁg}
Lo ag kst (\
M, M mj S
7 -
T 0
Q X
1?/-1 Xk & - N
4 )
A e o
o~ . ~N X
i S
< dr T
~ -
Qf\\\ &Q+ § * f



ot

THIN FILM OPTICAL FILTERS €
N.George
Consider TE: Transverse Electric: E,
Plane of Incidence Yz plane
Propagation along z
A y /
/o,
Xf 7y Or » >
AN z
-1 ~
H=—VxE Set E =xE, only
iou
2 g
V2E+a)2y8E =0 X
E,=E, =0
k? = 0’ e noc e
2 2
0 sz 0 sz+k2EX=0 k2:n2k§
oy 0z
SEPARATION OF VARIABLES: LET E, =YZ
M M
ZY YZ  ,YZ
2 ikP===0
ZY YZ YZ
M [
Y Z ., )
Bl R P
Y Z K
] - sin
Y+%x°Y=0 Y(y):ei””;{ Ky}
COSK Y
i 2 o |sin(k? —x2)Y2z
Z+ (K2 -K)Z=0 7(2) = ey e [ SINIC ZKO)
cos(k?-x?)?%z

Ref: 1.61 Born & Wolf
2.2t0 2.10 Angus Macleod Thin Films 3" Edit 2001
F. Abeles Ann & Phys 5(1950) 596-640



MULTILAYERS: I. THE MATRIX

y
E,(y,2) =Y(y)Z(z2)
—ikysin @ —ik,nysin @
pick € Y50 — g7
Ky =Kkysing

k? - =k*(@1-sin’0)

k?—%? =koncosd=kcosd

v

. E, (y,z) =" (acos(kzcos ) +bsin(kz cos §))

X y oz
He—tlo & 2| )goey P 7% -1
o oy oz 0z oy | lou
E, 0 0]
1 6E Lo ]
. H,= —18—" = e"kys'”e[Lo_se (—asin(kz cos #) + b cos(kz cos 9)]
lou 0z —

kcfose = Vyg_cose :i\/gcosezig cosd
—lou —lu U

H, (y,z) =e ¢ LO_S@[—a sin(kz cos ) + b cos(kz cos 8)]
At z=0

E,(y,0)=¢"9*""[a+0]

H, (y,0) =etosing 900 g 1y
—I

- .
E, (y,2) _ g-llysing cos(kz cos 9) gCOSesm(kzcose) a
Hy(y’z) out
In

gcosé
—ig cos @sin(kz cos 8) cos(kz cos )

FOR EACH LAYER



MULTILAYERS: Il. THE INVERSE MATRIX, M
With this basic result, we can arrange the matrices to give the output in

terms of the input or vice versa, that is
E _|a b||E
H|l |c d||H]|
out n

Inverting gives

b
I R 1 e
H in c E H out My My, H out

A A

For a cascade of N layers:
We match the tangential electric and magnetic fields at each interface:

InlelOutlellnz:----:MlM2 ----- M NOutN

— Wi V2. IVIN -
H in H out H out

Clearly the M, matrix is the inverse of our derived result. Putting the film
thickness d,, = z,, (we suppress the y dependence):

[ :
cos(k,,d, cosqg —— sin(k,,d,,, cos &
. Mm: (m m m) gmcosem (m m m)
19, cos &, sin(k,d,, cosé,.) cos(k,d, cosé,,)
kising, =k,sing, =...=K,, sing,, =...= Ky Sin 6y

Each |M,|=cos® 5 +sin® 6 =1

Ex' ]eikySinﬁo _ MlM - M " |:E|x :|eiky3i“9N+1
Y y
n(1) outN

M =MM,--M,



[11. MATCHING TO IN/OUT TRAVELING WAVES

0 Vi 1 m N
Ab AN+1
—_— '
Xgg», | - || -
- 1 «—
Bnyy =0
BO
%Q—»ZO % INvt

Skip above if normal incidence

ExO _ e—lkoysm 6’0[A0e—|kzO cos 6, n Boelkz0 coseo]
1 OE,

—lou oz

0= e—ikoysin Ho[go cOS 00][A0e—ikzo cosd, Boeikz0 00390]

From H ;=

Hy

KoCOSH, + H&
0095% _ VA0 0454, = g, cos
o

aikoysing, { Ay +By } _ Me—kuaysinfyy { Ans }
do COS 6 (A — By) On+1COSOn1 AN

Reflection Coeff. :
_ By _ (myy + Mgy ,1 COSby,1) G0 COS Gy — (Myy + Myp Gy, COSby41)

Ay (Mg +Mypgy 41 COSOy,1)do COS Ty + (Myy +Myy gy, COSOy )

Transmission Coeff :
t= AN _ 20, Cos G

Ay (Mg + M0 COS O\ 13)To COS G +(Myy +Mpy G, COS Oy )
Algebraic details for r and t are on the next page.

These are in accord with Macleod and with 49, 50, Section 1.63Born &Wolf



ALGEBRA FOR REFLECTION-TRANSMISSION COEFFS.

[ A +By }:{mn mlz}{ AN }
o COS G (Ay — By) My My, || On+1COS Oy, AN

Yo = 9o COSb; YNi1 = On+1COSOy 4

Ay + By = (Mg +Mprya) Ana
70(Ay —Bg) = (Myy + Myoyn 1) Av s

1+ 56 = (myy + m127N+1)A;\l+1 =ah’

.M, m - ,
1- B0 :(A"'l]/Nﬂ)ANH:ﬂA
Y0 Y0
m .
2 =[(Myy + My ) + (FEE+my, yN+1)]AN+1
Yo Y0
. 2
t= A=

my, On+1COS Oy
Ao (Myg + M504 COS Oy ) + ( My, S
g, COs G, go COS G,

BL+By) = BaA’ B(L+By) - a(l-By)=0
a(l-By) = afA’ (B-a)—(B+a)B,=0
B'Oza_ﬁ

a+pf

m Jpn.q COSHO
M, +m c0Sby.,) — (—2—+m,, =N+ N+
r:B(') :i:( 1+ M0N4 N+1) (QOCOSQO 22 g, C0S 6, )
A Moy Ony1 COS Oy
my, +m cosé, +(—=—+m
(Mg +Mpp 0Ny Ni1) (g0 cos 22 g, COS 6, )
Consider normal incidence Mo Let
* * AO nN+1:n0>
ReExH =Re(A +B))(A -By) g, Anst

:AoA:)kgo_Bongo = AN+1A;+190 Bo

Therefore, |r|2 +|t|2 =1 for dielectric multilayer
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OPTICS 462 Problem Set 6 &7 March
Thin Films Optical Filters ----Two Weeks

1. Rederive the multi-layer thin film cascade, use your class notes and summarize the
solution form, as follows.
(a) Consider normal incidence with N multilayers with indices of refraction n,,

n,, -+ ny. What is the matrix M that describes
|:Ex } {mn L) j||:Ex }
Hy in m21 m22 Hy out
(b) Match this solution to traveling waves in the input medium ( 7, ) and in the output

medium (n,,,). Compare your answers to the class references, either in Born and

Wolf or in H. A. Macleod. If the algebra is a bit complicated, it is helpful to keep in
mind a quote from Macleod (Third Edition p41). “This expression is of prime
importance in optical thin-film work and forms the basis of almost all calculations”
(in this field).

(c) Write expressions for the reflection and transmission coefficients in terms of the
matrix elements.

2. Write a MATLAB program for a cascade of variable index and variable thickness
media that is applicable for a large number of layers. Test the operation of your program,
if possible.

3. Typically, one can gain a good understanding of laser mirrors and their high
reflectivity by considering a deposition of high and low index quarter-wavelength films.
Use zinc sulfide (ZnS) for the high index n, =2.35 at 550nm and magnesium fluoride

(MgF,) for the low index n, =1.38 at 550nm. Ignore the substrate to simplify matters
taking the input and output indices to be unity.

(a) Using quarter wave stacks, plot curves for mirrors (HLH); (HLHLHLH);--- and
so on in order to gain an understanding of how many layers are required to get
well into the 90 to 100% range.

(b) Provide a design for R>0.999.

(c) Provide a design for a transmission T=0.005 or one-half percent.

(d) Derive an expression for the reflection coefficients at midband and check them
against your curves.

4. Read problems 4 and 5 before writing your programs, since the software requirement

i1s quite similar. Also turn in your programs with some explanatory notes. Macleod

derives a narrowband all-dielectric filter using quarter-wave layers:
[H,L,H,L--H,LHHILH,HLH]

You will notice that it is simply 2 mirrors of the type being analyzed in problem 3.

Putting the two (H, H) pieces together gives a neat transmission peak of very narrow

width in the center of the mirror’s reflection band.

10



(a) Computer study using your 0.005 mirror design to see if you can obtain the

attached curve.
(b) Make any reasonable variation and comment.

f 44 ’
p.‘ /{n -"'{J{M I‘?‘{'&’{,

274 Band-pass fificrs

o0 ’ Peak wavelength 557.4 nm
Bandwidth 1.1 nm £

86~ /! &
700 | J/’.Ir : N
eod i/ | |-; i -
.| y |
40 4 ; | |
30 - '
20,
10- | ;
0 . o
400 500 600 700 50O
Wavelength {nm)

Transmitlance (%)

PR

}'_'igure 7.8. Meusurad wransmitiancs of o narrowband wll-dielectric filier wilh unsuppressed
sidebands. Zine solphide and cryolite were the this-fifm maerials used, (Couresy of Sir
Howard Grubb, Parsons & Co. Lid.) '

5. Consider a laser cavity or a scanning interferometer that is formed by two multilayer
stacks (high reflectivity mirrors) separated by a large distance D, which typically ranges
from 10 to 100cm. Each of the mirrors is nine quarter-wave layers (HL)*H with the high
index zinc sulfide n,, =2.35 and the low index magnesium fluoride n, =1.38. Take the

design center wavelength 4, = 550.nm.

— D —
H|L L|H H|L L|H
o g
_— > PS eoe —>
IN OUT
M, L Myl M,

11



(a) Summarize pertinent equations for a computer study of this combination using
normally incident monochromatic, plane-wave illumination with free space indices, ny,
for input, spacer D=10.00 cm to nm accuracy, and output. Include computation of both
amplitude transmission and reflection coefficients for the entire configuration shown.

(b) Plot the transmission curve as a function of wavelength, as in problem 4. Start with a
broad span of wavelengths suitable for study of the mirrors, but then increase the
resolution greatly to observe fine scale features.

(c) Make labeled plot to show any features found.

(d) Print numerical values of the matrices M;, M3 at several wavelengths in the vicinity
of A, =550nm to gain an understanding of the element values.

(e) Explain the features in (c).

6. Fabry-Perot etalons are useful as tunable narrow-band filters. As shown, the filter
consisting of 2 thin-film dielectric mirrors (M, =M, =[HLHLHLHLH]) spaced by a

distance D =1mm is tipped at an angle 6 = 0°,5°,10%and so on.

Incident
beam

M,
(a) Plot the transmission vs. wavelength at three or more values of @ in the range

from 0°to 15°.
(b) How does the bandpass deteriorate as the angle is varied?

12



Optics 462 Problem Set Due 10 April 2006

Multilayers Nicholas George

1. The recording of an optical interference pattern is at the heart of holography.
Our study of plane waves would not be complete without considering the
recording (and playback) of two important null-object structures, as follows:

(a) For recording a holographic dielectric grating, it is common to use
two plane waves incident on a photo-sensitive film plate. Draw a
basic setup for making gratings and find an expression for the
grating spacing as a function of wavelength and incident angles.

(b) For recording a holographic multi-layer it is common as well to use
two plane waves incident on a photo-sensitive film plate. Draw a
basic setup for making multilayers, and find an expression for the
multi-layer spacing as a function of wavelength and incident angles.

2. For a white light laser and in pollution sensing, it is important to have laser
cavities operable with several narrow-band wavelengths that are spaced by
tens or hundreds of nanometers. In this problem you are to consider the
feasibility of a holographic dielectric mirrors operating at a single wavelength.
As a starting point, consider a dielectric slab of thickness L along z-axis
normal. Assume that it has a cosinusoidal stratification of the index of
refraction given by

n(z) =n; +Ancos(2zz/ A), 0<z<L

in which »n =1.5, An=0.05and operation at A, =500nm is desired. Values of
L inthe range from 5um to 30um are ordinary/typical.

(a) What is the value of A?

(b) Using thin multilayer decomposition, you are to write a MATLAB
program to plot the absolute value of the reflection coefficient vs.
wavelength.

(c) What value of L will give a reflection coefficient in excess of 0.95?

(d) Discuss quantitatively the means of achieving a narrow-band of high
reflectivity with this design.

3. Design a dielectric multilayer thin film mirror that provides competitive
performance to the holographic multilayer.

13
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