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ABSTRACT

To illustrate and broaden knowledge on some aspects of physics at teaching level, that is, university level and
higher level, Javaoptics applets was adopted as free software under aGNU General Public License, an open-source
license. Thisapplet was used to shows multiple beam interferences from aparallel dielectric thin film and to study
the evolution of reflection (or transmission)at normal and oblique incidence of light. Further, the reflection and
refraction factors when the index of refraction (may be constant or have a wavelength dependency)and the
absorption of the film and the substrate are modified. It was shown that resources can be used as an ordinary
course to support material and as the main working tool in an on-line Internet course.
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INTRODUCTION

Javaisahigh-levd, third generation programming
language (from SUN Microsystem), like C, Fortran,
smalltalki*. It was used to write computer applica-
tionsthat crunch numbers, processwords, play games,
store dataor do any of thousands of other things com-
puter software. Among thedifferent typesof programs®
8 that can bewrittenin Javaor other language, are pri-
marily interested isapplets. These appletsintroduced
inthefirst version of the Javalanguagein 1995, which
required aWWW browser or another Javaapplication
torun, soitisan excellent teaching (or learning) lan-
guage. Inthehopeof helpinginteaching thin-film optics
course, we adopt Javaopticssimulations (JOPTICS),
asapart of of physics disciplines (physical optics).
Javaopticd isan open source software under GNU
Genera Public (GPL)Licensg?, fredy availableonthe
web site, http://www.ub.es/javaoptics/applets/

index_app.html”™. We believethat the avail ability of
such open-source softwareis significant advancefor
theoptica coating community.

THEORITICAL BASIS

Multiplebeam interference

A planewaveincident fromthemedium (refractive
index 1) onto athin-filmlayer withan angles and with
amplitude E, shownin Figure 1. Theamplitudeof the
transmitted waveintothefilm can beexpressed asE t,
wheret, can bethe Fresnel coefficient for each of the
two possiblepolarizations ‘s’ or ‘p’. Thisplanewave
propagatesinsdethethin-filmwithan angleg’ and un-
dergoesmulltiplereflections. Theamplitudeafter thefirst
reflectiononthefilm-substrateinterfaceisEt.r, where
r,istheFresnel reflection coefficient fromthefilmto
the substrate. At this point, part of the wave is also


mailto:nadirfadhil@yahoo.com
http://www.ub.es/javaoptics/applets/

MSAIJ, 9(5) 2013

Nadir F.Habubi et al.

193

transmitted withamplitude E t t, wheret, isthe Fresnel
transmissi on coefficient fromthefilmtothe substrate.
After the second reflection insidethefilm, theampli-
tude of the reflected waveisEtr,r, wherer, isthe
Fresnd reflection coefficient from thefilmto theinci-
dent medium. Thiswaveisthen transmitted to the sub-
stratewith amplitude E t,r.r.t,. Thus, theamplitude of
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Figure 1: Sketch of the multiplereflectionsinsideathin-
film layer9,

To analysistherelative phase of each of thetrans-
mitted waves, itisnecessary to taketwo referencepoints
intwo consecutivetransmitted wavesand thethesetwo
points are placed on the same plane perpendicular to
the propagation direction of thewaves, asindicatedin
Figure?2.
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Figure2: Optical path differ encebetween two consecutive

transmitted waves.

Theoptical path difference between two consecu-
tivetransmitted wavesis.

A=n{AB+BC)-n'AD = 2ndcose’ @)
The phase corresponding to thisoptical pathis:
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Thus, the complex amplitude of the m-*"transmitted
wave can beexpressed as:

En =ity (rr )" exp(im[@+arg(n ) +

arg(r, j]) = Egtyta (1 " exp (i [+ 8])
Themodulusand phase of the Fresnel reflection coeffi-
cientsr, i r, have been written separately. The phases
arg(r,) and arg(r,) canbedifferent from Qinthosecases
whentherefractiveindex of thesubstrateisgreater than
therefractiveindex of thefilm (arg(r,)=r) or whenthe
extinction coefficient of the film is not zero (k=0,
arg(r)=0and arg(r,)=0).

Thetotd resultingamplitudeisthesum of thecom-
plex amplitudesof dl thetransmitted waves:

E= i Egtaty (1o )" exp(im[@+8]) =

m=0

(4)

5
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Theresulting transmitted intengty isproportiond tothe
squaremodulusof thetota transmitted complex ampli-
tude, i.e.
| = |EDt1t2|2 -~ |E0t1t2 |2

1+(r1r2)2 - Iy cos(p+8) (144 )2 - 4nr, cos” ([p+8]/2) (©)
wheretherelation cos(¢)=2cos*(¢/2)-1 has been ap-
plied. Andyzing thepreviousexpression, theconditions
amaximum or minimum of transmitted light canbede-
duced. For instance, for adielectric film (with k=0)

these conditions can be summarized on thefollowing
table

Eqlytz

(m=0,1,2,...) n<n' n>n'
Maximum transmitted N 2ndcos(e’)=
intensity 2ndcos(z”)=mh o2
Minimum transmitted 2ndcos(e’)= N
intensity (@mij2  2ndcos(e’)=mi

Concerning thereflectance, itsbehavior isthe op-
positeto thetransmittance: wheretheformer ismaxi-
mum thelatter isminimum and vice-versa. Inthecase
whenthefilmisdightly absorbing (extinction coefficient
different from Q) the conditionsfor havingamaximum
or aminimum in thetransmittance are more complex
sincethey haveto takeinto account the phase . The

e, P pterioly Science

Hn Tndéan g%wumé



194

Javaoptics simulations: Open-source physics (OSP) library for teaching (or Learning) thin-film optics

MSAIJ, 9(5) 2013

Full Poper =

final Reflectanceand Transmittance of thesamplede-
pend aswell on the Reflectance and Transmittance of
the second face of the substrate. Sincethelatter do not
depend on the characteristics of thefilm, this second
facedoesnot affect thedistribution of Rand T maxima
andminima.

RESULT AND DISCUSSION

Very short user guide

We first present avery short user guide and the
structure of theimplementation of Javaoptics.All the
functionsof Javaopticsareaccessiblethroughagraghica
user interface (GUI) whichisdesigned so that thevast
maority of theinformationispresentedinasinglemain
window, showninFigure3.

Figure3: Applet showsmultiplebeaminterferencesfroma
parallél thin film®.,

(&) Window ‘Transmission and Reflection’

Thiswindow showsasketch of thesamplewiththe
substratein blueand thefilmonitstopinyellow. Inci-
dent light isrepresented by aset of beamsingreenwhile
light reflected i srepresented in aset of magentabeams.
Transmitted light isrepresented in cyan. The sketch of
the sampleincludesa so the valuesof transmittance(T)
and reflectance (R) of the sample. It isworth noting
that thelight isassumed to bemonochromatic and with
natura polarization (auniform superposition of dl pos-
gblepolarization sates).

Thewindow “Transmisson and Reflection” dlows
changing thethickness of thelayer (d), thewavelength
of theincident light (1), and the angleof incidence ().
Furthermore, thevauesof therefractiveindex (n) and
extinction coefficient (k) can be changed by means of
thebuttons““Changen” and “Changek”. These buttons
open two windowswith the names “Refractiveindex

parameters” and “Extinction coefficient parameters”
respectively. These parameterscorrespond to amath-
ematical mode for therefractiveindex and theextinc-
tion coefficient that followstheexpression:

B,K6C.
n[h]=A+?+F.

k(h)=kyexp(Din) @)

Thesewindowsallow changingthevauesof A, B, C,
k,and D and show aplot of theseindexes against the
wavelength as shown in Figure (4-7) for normal and
obliqueincident of light when did ectric and absorbing

materialswereused.
(b) Window ‘PhaseDifference’

Thiswindow showsadiagram of the path followed
by abeaminsidethethinfilm. For the se ected wave-
lengthit showsthevalueof therefractiveindex and of
theextinction coefficient of thefilm (nandk onthedia-
gram), aswell astherefractiveindex of the substrate.
Thewindow alows changing thethicknessof thefilm
(d), thewavelength (1) theangle of incidence (g). In
addition, the values of therefractiveindex and of the
extinction coefficient can be changed with the buttons
“Changen” and “Changek”. Figure 7 and 8 illustrate
thiswindowsfor normal and obliqueincidence.

(c) Window “Spectrum’

Thiswindow showsthe Reflectanceand Transmit-
tance spectrafor the samplewith the current configu-
ration. It hasto be kept in mind that these valuesare
theresult of thetransmission and reflection on thefilm
and also on the second face of the substrate. By plac-
ing the cursor on the plot, thevalues corresponding to
the position with respect to the coordinate axeson the
graph can be read on the lower part of the window.
Thebutton “Configure Plot” alows defining the way
theplotispresentedin Figure4 and 6. Thelower and
upper limitsof thewavel ength represented on the plot
can bedefined aswell asthelower and upper limits of
the reflectance and transmittance represented on the
plot. Theselast two val ues can be assigned automati-
caly with the buttonson thelower part of thewindow.
Thus, the button “R/T Range 0/1” assignsthevalue 0
tothe“Initial T and R value” and 1 tothe“Fina T and
Rvaue”. Thebutton “Auto Range” assigns automati-
caly theminimum R/T rangethat permitsrepresenting
simultaneously the two spectra. The buttons “Auto
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Interferences in n-Film Coatings
|" Transmission and Reflection Phase Difference Spectrum | T Maxima and Minima
Spectrum Initial Wavelength (... I;i[n:l
Spectrum Final Wavelength (n... [BEID
Initial T and R value o
Final T and R value |1
R/T Range 0-1 Auto Range
Thickness a C} 3000 ‘El l nm
Auto Range R Auto Range T
Wravelength 400 :D.: =00 ‘:'-‘SD| | i
Angle cnfincidermeD O an ‘EI | o ! Ok
n-> A=2.71E0 B=2.64E4 C=1.3E8B [ Change n
K-> KO=0ED D=2253 i Change k
& Substrate: Glass ) Substrate: Air
Experiment i Help I About Exit

B3 Interferences in Thi Im Coatings

" Transmission and Reflection | Phase Difference Spectrum T Maxima and Minima

T{550.0)=0.92

hicknass o Ny sooo o nm
i avelength a00 i { \;! =00 EE@E' s
Angle of incidence C‘ i o . Wavelength: 530.69 nm
b ‘ RIT: 0.03
] Configure Graph
n-> A=2.71E0 B=2.64E4 C=1.3E8 1 Change n ‘ .
k -> k0D=0E0 D=2253 ] Change k
@ Substrate: Glass ) Substrate: Air
Experiment |  Help About q Exit

Figure4: Main JOPTICSwindowsshowing; (A) Thespectrumwindow, (B) Transmission and reflection window for glass
substrate of index n=152at A,=550nm.(nor mal incidence).
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Figure5: Jopticswindowsshowing the T and R spectrum (nor mal incidence) of M gF,on glassof geometrical thickness
d=99.637 nmat A, =550nm; (A) Therefractiveindex n window, (B) Theextinction coefficient k window.
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Figure6: Jopticswindowsshowing T and R spectrum of absorbing material at normal incidence; (A) Therefractiveindex
n window, (B) Theextinction coefficient k window.
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B Interferences in Thin-Film Coatings
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T{549.9)=0.12
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Longitud
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7 Configure Graph |
n-> A=2.368E0 B=3.157TE4 C=0EO Change n | :
k -> k0=1.605E-2 D=1842 Change k :
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B3 interferences in Thin-Film Coatings
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- R/T: 0.1
] Configure Graph |
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Figure7: Jopticswindowsshowing; (A) T and R spectrum of absor bing material at obliqueincident of light, (B) phase
differenceof light from absor bing material at obliqueincident of light.
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Figure8: Jopticswindowsshowing thethephasediffer ence (normal incidence); (A) glasssubstrate, (B) M gF,on glass of
geometrical thicknessd=99.637 nm at A, =550nm.

— P plericly Science
;4%7%4(44?0%5



200

Javaoptics simulations: Open-source physics (OSP) library for teaching (or Learning) thin-film optics

MSAIJ, 9(5) 2013

Full Poper =

B Interferences in Thin-Film Coatings

Transmission and Reflection | Phase Difference

| Spectrum | T Maxima and Minima

Thickness

2000 [150 | nm

tavelength

Angle of incidence o Q a0 0 5

n-> A=2.368E0 B=3.157E4 C=3.948E8 Change n

k -> kD=1.605E-2 D=1842 Change K

(@ Substrate; Glass ) Substrate: Air

A=728nm, Kk =2, Max.
A =500 nm, Kk =3, Min.

(@ Variable: Wavelength

(_ Variable: Angle

Experiment

Figure9: Jopticswindowsshowing T

max and min

RangeR” and “Auto Range T assign autométicaly the
minimum R/T rangethat permitsrepresenting the spec-
traof Ror T respectively asshownin Figure4-a.
(d) Window ‘T Maximaand Minima’
Thiswindow shows alist of the Transmittance
maximaand minimathat can be seenin the spectrum
plot. Theoption“‘Variable Wave ength” liststhemaxima
and minimaasafunction of thewavelength. Thislistis
calculated for thevauesof n(L), k(1) and thickness of
thefilm and for the sel ected angle of incidence. The
option“Variable: Angle’ theligt iscalculated asafunc-
tion of theangle of incidence for the wavelength se-
lected ontheleft window, shownin Figure9.

(e) Thevirtual experiment: the button ‘Experi-
ment’

Thebutton “Experiment’ s mul ates an experimen-
tal situation where asample composed of asubstrate

| z
I Help ‘

About ‘ Exit

window of absorbing material at normal incidence.

with atransparent (k=0) thin-film coating on top of it.
Thethicknessand refractiveindex of thethin-filmare
unknown and they haveto be deduced from theanaly-
sisof aspectrum taken witn aspectrometer. Thewin-
dow “Spectrum” shows two spectra (in blueand in
yellow, R exp and T exp) that correspond to the un-
known sampleand two spectracorresponding to the
model with the current selected values. Thevirtual ex-
periment cons stsof finding out thevauesof thickness
d and of thevariablesA and B which characterizethe
spectra behavior of therefractiveindex. To changethe
values of A and B the button “Change n” should be
used. The procedureto find the correct valuesisthat of
trial and error: 1) try to changetheva ue of oneof these
parameters, 2) check whether the theoretical spectra
fit better or not the experimental onesand 3) decideif
thechangein the parameter isin theright senseor not.
ThiscanbeshowninFigure 10.
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Figure10: JopticswindowsEXPERIMENTAL window of absorbing material at normal incidence.
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Examples

Toillustrate Joptics gpplets, normal and obliquein-

cident of light onthinfilm materia wereconsder asan
examplestaking into account thefollowings:

Choosing glassas substancewith index n=1.52 at
A, =550nm.shown Figure 4

Choosing MgF, asdielectric material withindex
n=1.38 at A, =550nm, with optical thickness of
quarter-wavelength (geometrical thicknessd=99.64
nm).asin Figureb

Absorbing material takingin to account digpersion
of nandk.Figure®6.

Phaseshift duetoreflection. showninFigure7 and
8.

R@(p and Tap of unknown thicknessand refractive
index inlaboratory.shownin Figure 10.

CONCLUSION

Thereareat |east many waysthat Javaappletscan

beused in education:

1.

4.

teacherscan perform classroom demondtrationsin-
volving real-timecomputations, bringingmorere-
alismto the subject matter.

Can encourage asynchronousdistancelearningand
thus help overcomethelimitations (involving both
timeand space) inherent intraditional instructiona
techniques.

when used inaclassroom, can bring astronger in-
tegration between (already existing) theoretical and
practica aspectsof the subject.

Thisappletsmay be consider as:

e informational appletswhicharesimilar tothe

5.

[1]
[2]
[3]

[4]
[5]
[6]
[7]

[8]
[9]

Help filesin Windows-based programswhere
by clickingonatab or choosinganitemfroma
pull-down menu, the user can obtain morein-
formation onthetopic.

e conceptillustrating applets.

e Computationa Applets, can serveasexamples
of conceptsbeing learnt aswdll asillustratinga
phenomena. They can havethe capability of
user-interactivevisualization of resultsand with
abuilt-ingraphical user interface (GUI) tofa-
cilitateexperimentation by manipul ating various
parameterswhich can be“hard-wired”.

Theapplet canbe used either inan ordinary course

assupport materia or asthemainworkingtool in

anon-linelnternet course.
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