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Measurement of optical properties

Welcome to my course Non-Metallic Materials and today we are in module number 10,
Measurement of the mechanical, electrical, thermal, magnetic and optical properties of
non - metallic materials and this is lecture number 53 where | will be describing the

Measurement of optical properties.
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CONCEPTS COVERED

» Procedure to estimate optical constants from a single
transmittance and reflectance spectra.

» The envelop method

» Evaluation of the refractive indices

» Determination of film thickness, absorption coefficient and
extinction coefficient

» Band gap estimation

» Estimation of packing fraction

You know in my earlier lectures we talked about the basic optical properties of
nonmetallic materials. In a subsequent lecture | also introduced the UV visible
spectrophotometer and the principle of UV visible spectroscopy. Now, utilizing the data
that you get out of this spectrometer, you can basically estimate a variety of optical

constant from a single set of data, single set of transmittance and reflectance spectra..

And the process that | will be describing today is known as envelope method.



And this is a bit empirical in nature, but you will find it useful to determine the refractive
index of a transparent thin film as a function of the values of lambda in the visible range.
Then we can determine the film thickness, absorption coefficient and also extinction
coefficient out of this single set data.
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Optical constant evaluation
Envelope method
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This data is also useful to estimate the band gap of the transparent dielectric thin film and
finally, some idea about the microstructure in terms of the porosity inside the film can
also be estimated by this powerful tool. Now, if you consider a substrate which is

transparent in nature.

And on top of it a single layer of insulating film is deposited by the techniques that 1
have already introduced. You can use pulse laser deposition, you can use chemical vapor

deposition, sol gel to make this kind of dielectric film coated on a transparent substrate..

And eventually using a spectrometer you measure the transmittance and the reflectance,
the spectra you record in the spectrometer. And by a single set of data of this
measurement whatever you have done you can estimate the refractive index, extinction

coefficient as a function of lambda.

You can also estimate very precisely the film thickness. And in order to do this you will

have to assume that refractive index of the substrate is known, the substrate that you are



using you know the refractive index and it variation with optical range lambda and also

the substrate is fully transparent to the incident light.
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Envelop method Optical constant evaluation
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So, if this configuration is satisfied then one can estimate a variety of optical constant
using this envelop method. So, the typical spectra that usually you get is something
similar to this whatever has been shown. So, the substrate is fully transparent in the
optical wave range, which is basically from 400 to about 700 nanometer and the
substrate is transparent in the visible region as you can see almost 90 percent

transmittance one can achieve.

And you get the interference fringes both in case of the transmittance spectra or percent
transmission as well as the reflected spectra. And one difference you can see that the
peak of this percent T matches with the crest of the percent R and this transmission

spectrum you can subdivide it into three distinct region.

First one is a weak absorption region where the transmittance is more than 60 percent
then you have a medium transmittance region where the transmittance is in between 40
percent to 60 percent and then there is a strong absorption region, where the
transmittance is typically less than 40 percent or lower.

So, the envelop method that | am going to describe this is applicable only in the weak

and medium absorption region. So, in this case | am assuming that | have deposited a



dielectric film on a transparent sapphire substrate and sapphire is single crystalline in
nature and the orientation is along with its basal plane that is 0001, it is a hexagonal

system.
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Envelope method Optical constant evaluation

The transmittance of a homogeneous film with uniform thickness and deposited on a transparent substrate
is given by

where x = exp (-o..d); « is the absorption coefficient of the film and « = 4nnd/A.
d is the film thickness, k is the extinction coefficient and n, n,, n, are the
refractive indices of the film, air and the substrate respectively

T= Ax
(B-Cx-Dx*)

A=16nn,(n’ +K°)
B=[(n, +n)’ +K*][(n +n )’ +K*]

C=2(n*-n2+ k) (n’- nf+k"|-4k:n‘ cos(y) - llll\n‘lni -n +k%)

+2k(n*- >+ k?)] sin(y)

D=[(n-n,)'+k*][(n-n,)* +k*]

So, four indices index is required for this. So, if | assume that it is a homogeneous film
and thickness is uniform. So, all this thin film deposition technique will lead you to a
uniform film thickness and it is deposited on a single crystalline transparent sapphire

substrate.

Then the transmittance that is given by this empirical relation and you will be noting that
I will be using lot of empirical relations and assumption that will reduce this empirical
relations into a analytical form. So, eventually you can do the necessary calculations
repeatedly using a software like Excel or Origin or any other software of this type which
can do the calculation part and you can extract the optical constant data. So, this will be

illustrated in this lecture.

And if required | can give you the transmittance and reflectance as a function of lambda
data which actually we get from a UV visible spectrophotometer. For you to
independently do all this series of calculations and the results that I will be showing in
this lecture, you can exactly repeat it to see how it works to have a fill how it works.
Otherwise, just looking at this equations it may not be apparent that how things are

actually being calculated.



So, it is required for you to do it yourself so that you can have a fill and this process is
quite generic in nature. It is applicable for any transparent film and it is a powerful tool
and | will show you at the end that people have taken advantage of this and they have
come up with a commercial equipment, where all these equations are fed already fed and
you just press a button and you get the data estimated or calculated for you in a very

convenient way.

So, how is it done, that | will explain in this lecture. So, this transmittance that is given
by this simple relation where x is defined as you know that film thickness is involved

and the absorption coefficient is involved.

And the absorption coefficient is again related to the refractive index in with the film
thickness as well as the wavelength in whatever you are considering. So, this A, that is
given by this relation which uses the refractive index of substrate refractive index of air

this medium | have considered is air.

So, n 0 is practically 1 and n and k are the refractive index of the sample and the
extinction coefficient of the sample that we are studying. Similarly, you have an
empirical relation for B and you have the empirical relation for C as well as D given by
this equations and this is given in the reference | have cited one book and this equations
are illustrated in that particular book chapter. Now, in order to do the so called envelope

method,
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In case of film with weak absorption, one can make the following valid assumptions
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S0 C=2((n*-n?) (n~ng2)] cos(y)

andD=(n-n)?(n-n)?




We will have to make certain assumption ah. So, first assumption that | will make is the
film is weakly absorbing. So, either it transmit the light radiation, part of it is getting
reflected as you can see in the view graph that | have already shown and it is

homogeneous in nature and quite transparent. So, scattering is marginal or almost nil.

So, light is not scattered and absorption is also considered to be quite low in the visible
region. But, as you know if you change the wavelength down to a region where it is very
close to its band gap then of course, absorption will take place and | have already talked
about it when | was talking about the optical properties of material you know the electron
transition takes place. It goes from valence band to a conduction band higher level

crossing the band gap and this is applicable here also.

So, 1st we consider that this value of n this is much larger than the extinction coefficient
and 2nd is we are considering air as a medium. So, n minus n square that is also much
larger than the extinction coefficient square. It is a small number and you are squaring it.

So, the value will be really very small.

And the same thing applies for the substrate and the film this difference in in in the
refractive index that square is also much much larger than the extinction coefficient. So,
if you apply this assumption then you are a, the A constant which | just described that is

reduced to this and B is reduced to this..

So, near a maxima or minima the gamma term we can neglect and also in the most
practical case the refractive index is larger than the air refractive index which is 1 and it
is also larger than the substrate in question the sapphire we have used. So, we can have
this assumption if you fulfill then this is valid, this expression is valid and if you take the
assumption 2 then this equations are also valid. You can work it on and taking this

simplified assumption which is practically possible.

You can derive the constant C in a much smaller less complicated term as well as the
constant D whatever | described in my earlier slide. So, this value will be reduced to the
red marked equation as compared to relatively larger equation that we had in the earlier
slide.
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Envelope method Optical constant evaluation
Taking n, =1, the expression for transmission is

16 n,n°x

[(140)’(m+n,)" -2x[(n* - 1)(n*- n?)] cos(y) + (n -1)(n-n’)x’]
alternatively T can also be written as

T 16 n°n,n x
[C} + Clexp(-8kd/A) - 2C,C,xcos(dmnd/A)]

Where x = exp(-4nnd/A); C, = [(n +n,)(n, +n)]; C, = [(n=n,)(n=n)]
Film absorption coefficient « is related to k (extinction coefficient) and wavelength A
o = 4r k/A; the cosine in the denominator oscillates between +1 and -1 so

_ 160,00’ _ l6nnn’x . N\

mx 2 min 2 @
=(C-Cx) (C, +Cx) V’

Now, we can safely put that air is from air the light is incident on the thin film. So, the
value of n is equal to 1 and then we can have the transmittance expression the percent
transmission by this big relation. And also by putting I mean just simplifying this you
will eventually come up with this relation, where this x part is given by this relation C

and C: is dependent on the refractive index of air substrate as well as the thin film.

And film absorption coefficient is related to the extinction coefficient and wavelength by

this relation.

So, the cosine part of this denominator that will oscillate between plus 1 and minus 1
giving the T max value, which already | showed in the in the view graph that the
interference fringe the T max and T min you can have an analytical expression involving
the refractive index the value of x and the constant C; and C has been derived. So, you

can also derive this relation based on this assumption and work it out.
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Light waves from air - film and film substrate interfaces interfere giving rise to interference fringes. A
satisfactory free hand envelope curve is drawn through the maxima and minima points of interference fringes
(see the plot presented earlier). The curve drawn is digitized and the polynomial best fits (shown earlier) T,
(%) and T, (1) are obtained. In other words the transmittance spectrum is enveloped by T,.., (A) and T, (%)
best fitted curves. Recall %T, %R, spectra along with the best fitted T_,,( 2) and T,;, () curves. From the earlier
equations of « and T, one can solve:

max

X = exp(-ad)

=[(n+ D +n)[(T/T,)" - DY (- D)(n-n [T, /T, )" +1)]
and

n=[N+N-n)""
where

N =051 +05) + [ 20,[(T T/ T Ty

Now, what is happening? That light wave from air film and the film substrate. This
interface they are interfering and giving rise to the interference fringe that you know that
the optical path difference that will be either an even multiple or odd multiple of lambda.
Depending on that you will get maxima and minima from the basic fundamentals of the
interference pattern. So, then we will draw satisfactorily a line which covers through the

maxima as well as the minima point.

That already | have shown if you remember the first slide that it is a hand drawn hand
drawn kind of envelope which is covering the maxima and minima, just look at the

curve.

And this drawn curve is digitized and then you fit it with a polynomial. So, a polynomial
fit can be made out of those point which is covering the maxima and covering the
minima forming this envelope. So, the equation that | had derived this x was given by

this and this in turn is also related to the refractive index.

So, this T max and T min is included in this relation, where the refractive index that is
given by this simple relation N prime and it is related to substrate refractive index
because n 0 | have put already 1 and this N prime that is defined by this relation. So, you

can work it out the value of n how exactly it is varying with the wavelength.
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The refractive index (n,) of the substrate sapphire as a function of photon wavelength (i) can be calculated
using the following empirical relation

ni=l+ (ALY (W-A))] + [BAY (M- A3)] +[C A (A*-A5)]

Where, A=1.023798, B=1 058264, C=5.280792, 4,=0.00377588, A,=0.0122544,
43=321.3616 and A is it Km

Hence using values of maxima and minima in the transmittance spectrum one can
obtain the refractive index of the film as a function of .

So, the refractive index of the substrate as a function of lambda that also is needed for
this calculation and the empirical relation for the substrate which is sapphire is this. So,
you can see the substrate refractive index that is a function of lambda and all these
constants they are fixed for sapphire.
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Envelope method Optical constant evaluation

Evaluation of the refractive index (n) of the film

The refractive index (n) of the film as a function of the incident photon wavelength (1) is calculate using the
relevant Eqn. derived earlier. The data of the refractive index n (1) as a function of wavelength (1) can be
fitted to a Sellmeier type dispersion equation, assuming that the material is composed of individual dipole
oscillators which are set to forces vibration by the incident light. The dispersion relation can be expressed as:
n(h)}-1= VI—S‘L‘ .
T-( )

Where S, is the strength of the individual dipole oscillator and 4, is the oscillator wavelength.
For pure material the wavelength dependence of optical constants was treated by Lorentz.
The theory assumes that the material is composed of a series of independent oscillators
which are set to forced vibrations by the incident radiation. It was proposed that for
semiconducting and insulating materials the lowest energy oscillator as the largest
contributor to ‘n’ and a single term Sellmeier relation could adequately describe the
wavelength dispersion of refractive index.

So, the relation of n s is also known as a function of various lambda in question. Now,

you can estimate the variation of the refractive index as a function of the wavelength in a



series of wavelength in the optical region, where the transmittance is either in the middle

range or in a high transmission range. It is not applicable to the absorbing range.

So, you can calculate the value of n from this empirical relation as a function of lambda.
So, the refractive index of the film as a function of the incident photon wavelength is
calculated using the relevant relation that already | have shown. So, this data can be
fitted to a dispersion relation, which is basically worked out by Sellmeier and he
assumed that the material is composed of individual dipole because it is basically a
dielectric material that we are considering and which can oscillate ah.

So, when the light waves come, you know that this is a electromagnetic wave. So, this
oscillator is set as a forced vibration. So, the dispersion relation of this n refractive index
as a function of lambda that is given by this equation, where you can see it is a

summation.

So, if there are many individual dipole number of dipoles present with each of having a
separate wavelength then this is just a summation of all the dipoles. Now, if you are
considering a pure material the wavelength dependence of the optical constants that
basically was treated by Lorentz.

And this according to the theory developed by him he assumes that the material is
composed of a series of independent oscillators which are all forced to vibrate by the
incident radiation. So, for semiconducting or insulating material the lowest energy
oscillator is the largest contributor to n.
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Therefore, the last Eqn. can be written as
- SA

n"(A)-l=——
[1=(A, /)]

Where S, is an average oscillator strength and 1., is an average oscillator wavelength. A
plot of (n? = 1) vs (1/)?yields a straight line and the parameter S, and %, can be obtained
from the slope (1/5,) and intercept (1/S,12) of the line.

Knowing the values of S, and 4, , the energy of the oscillator E, = hc/A, (where h = Planck’s
constant, c is the velocity of light) and the refractive index dispersion parameter (E,/S,)
can be determined.

So, a single term of Sellmeier relation is possible and that could describe the wavelength
dispersion of the refractive index. So, if you consider only one oscillator then this
relation is valid. So, here S 0 is the average oscillator strength and lambda O is average
oscillator wavelength. So, if you plot this n square minus 1 inverse versus 1 by lambda
square that should give a straight line and from this straight line this is E 0 and lambda 0

of that oscillator you can obtain.

So, the slope is 1 by S 0 and the intercept is 1 by S 0 into lambda square from the straight
line. So, if you know the value of this S 0 and lambda 0, the energy of the oscillator you
can calculate. You know that energy is hc by lambda and c is the velocity of the light and
refractive index dispersion parameter, so, variation of n versus lambda that is given by E
0 by S 0 that also can be determined from your n versus lambda plot following the
Sellmeier types of dispersion.
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Optical constant evaluation
Evaluation of the refractive index (n) of the film P

To determine the thickness of the film, first a trial value of thickness d' is calculated using the relation

AA,

- 1
(2[n(A A, =n(h,)A,])

Where n(A,) and n(1,) are the refractive indices at two adjacent maxima (or minima) at 4, and %,.
A number of d' values are thus obtained. The average d' is calculated. Now the well known
formula for interference fringes is

2nd =mA

Here m' is an integer for maxima and half integer for minima. Using d', m' is obtained

from the above relation. It is rounded off to the nearest integer for maxima or half

integer for minima to get the modified m. Using these m, % and n, a set of accurate dis 8
obtained. The thickness of the film is the average of d i.e d;

Next we can also determine the thickness of the thin film if you know the refractive
index of the film. So, the relation is something similar to this, where you can know the 2
refractive index of either adjacent maxima corresponding n or adjacent minima the

corresponding n.

So, you can get basically a number of d prime value and average of this d prime is first
calculated. Now, you know that the interference fringe is actually related by this relation.
So, it is refractive index that is the average of this d whatever you have calculated that is
basically a multiple of lambda ah. So, this m prime is an integer for maxima and a half
integer for minima. So, we will use this d prime and m prime we will obtain from this

relation.

So, the value of m prime is rounded to the nearest integer for maxima or half integer for
minima and we will get a modified m value. So, this modified m, lambda and n, using
this a set of accurate d value is obtained and then we will average that d value to get the

precise thickness of the film that you are considering.
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Optical constant evaluation

Evaluation of the absorption coefficient (o) and extinction coefficient (k) of the film

We can estimate x and d is also estimated, hence « is calculated along with k

x = exp(-ad)

=[(n+ D) +n)[(T /T )" - DY [(n-1)mn-n)[(T /T, )" +1)]

mu’ “min max’ " min

o= 4nk/A

So, absorption coefficient and extinction coefficient also can be evaluated or estimated
by this relation. So, these two relations are given. So, that will help you to get the value
of alpha and knowing the lambda you can also get the value of extinction coefficient

from this two simple relation.
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Calculation of optical constants near optical band gap Optical constant evaluation

Near the absorption edge, the refractive index can be calculated using the following relation

(14R"™)
“= 0s
(I-R™)

The transmittance value is less than 40%. The absorption coefficient (c) can be calculated using the relation

a=1/d, In{(1-R)[1-(n=n,)* An+n ' ]x[1-(n,=1) /(n, +1)'}/ T}

Rand T are the reflectance and transmittance at %, d is the film thickness. For a direct band gap
material the absorption coefficient as a function of photon energy can be estimated

(the/ h)* =constant. {(he)/(A- E,))
Where « is the absorption coefficient, hc/J is the incident photon energy and E, is the

band gap energy. By plotting (ahc/A)? vs (hc/A), E, can be estimated from the
extrapolated linear portion of the plot.

Now, when the absorption takes place, so, near the absorption edge the refractive index

is estimated by this relation. Actually, this relation | also described in one of my earlier



lectures. So, here the transmittance value is less than 40 percent and the value of alpha

can be calculated by this relation.

So, here R and T they are the reflectance and transmittance at each lambda, d is the film
thickness and you know that if it is a direct band gap material the absorption coefficient
as a function of photon energy you can estimate by this relation. And you know alpha, h

is known, c is known lambda is varying ah.

So, you can calculate the band gap by plotting this alpha hc by lambda whole square
versus hc by lambda. So, E g the band gap of the film can also be estimated from the

extrapolated linear portion of the plot.
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Optical constant evaluation
Evaluation of the packing fraction

The packing fraction (f) of a dielectric film can be estimated using the effective medium approximation
(EMA). In a heterogeneous medium, the effective dielectric constant is related to the dielectric
constant of each component according to EMA. The packing fraction (f) can be calculated considering a
single phase dielectric material containing some amount of porosity as the second phase. Hence,

n-n (1-nh)
f—= +(1-f) =

= —=(
n, +2n° C o (1+2n)

Where ny is the refractive index of the bulk material and f is the fractional porosity

For ferroelectric - magnetostrictive (PLT - CFO) composite films typical estimated
results are shown in the slides follows: The method is generic in nature and applicable
to any transparent dielectric film (thickness > 400 nm) on a transparent substrate.

Finally, the packing fraction that means, that how much porosity is there inside the film
that also can be estimated by this simple relation and here we have assumed a effective
media approximation. So, in a heterogeneous medium the effective dielectric constant is
related to the dielectric constant of each component according to this EMA and the
packing fraction can be estimated. So, here you know the bulk refractive index of the

film material, n already you have calculated.

So, you can have you can calculate the fraction of f from this relation. So, this basics we

have used to calculate this optical constant for a complicated film that was deposited and



it is a ferroelectric and magnetostrictive kind of composite film for a particular

application.
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PLT 15 film on Sapphire (0001)
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Transmittance and reflectance spectra and T,,,, and T,,;, envelopes for the dielectric
film on sapphire (0001) substrate.
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Refractive index and refractive index dispersion parameter  Optical constant evaluation
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Refractive indices as a function of wavelength for PLT - CFO composite films having
different CFO contents. Linear plot of [n3(A) - 1] vs 1/A2 plots yielding straight lines
(except one )

So, we got the transmittance pattern like this and then we made this envelope as already |
have described. And then we estimated the refractive index as a function of wavelength.
You can see for a variety of composition how the value of n is changing. So, then using

the Sellmeier kind of dispersion relation we plot it.



And you can see for some of the composition we get in indeed a linear plot to estimate
the refractive index dispersion and the other parameters which | talked about, but for
certain other composition because it is a complicated dielectric film, it does not match.
So, it is having its own reason, but that is beyond the scope of this lecture.
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Estimated dispersion parameters from the linear fit

Optical constant evaluation

Composition

Sy (10 m?)

J.g (um)

Eo (eV)

Ey/Sy (10" ¢Vm? )

PLTIS

98.82 PLTI5-1.18 CFO
96.42 PLT15-3.58 CFO
94.06 PLT15-5.94 CFO
91.74 PLT15-8.26 CFO
88.26 PLT15-11.7 CFO

1.47832E14
1.45024E14
1.39277E14
1.1543E14
6.84051E13
Not fitted

0.166376
0.167248
0.169517
0.184578E
0.2.30237

Not fitted

7.45598
741711
131787
6.72073
5.38793

Not fitted

5.04355
5.11439
5.25419
5.84192
7.87651
Not fitted
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Extinction coefficient (k) and band gap (E,)
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And we can estimate all this parameter S 0, lambda O, E 0, E 0 by S 0, where it is fitted
linearly, where it is not fitted you cannot do this. Then we calculated the extinction

coefficient as a function of wavelength as well and in the absorption edge we also



calculate the band gap. You can see the band gap of this composite film that also is
insulator for a pure film, but as you keep on increasing the magnetostrictive component

which is CFO then the band gap is progressively reduced.
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Optical constant evaluation

Compo-  Wave n d'om)  d'y mom diom) diy Ao
sition length (nm) (nm)
(nm)
WIP) 249 43637 42508 541 5 30257 4215 460.65
450(P) 235 442 443 4 g
PLTIS  549P) 230 38083 3156 4 4N
slp) 233 4 2 W&
406(V) 242 40018 506 45 N4
490(V) 231 429 401 45 42
654(V) 231 301 35 49545

This is the example of the calculation of thickness which | was talking about. So, first
you calculate the d prime, then you make it an average, then you have the m prime value
and nearest integer or half integer you take and then you calculate the value of d r which

is varying little bit. So, you average it out and this you get around 421.5.

And using a commercial equipment which also apply the same principle we got it is
about 460. So, there is slight mismatch, but still it is a close. Now, all these parameters
this n value, k value etcetera you can put in the transmittance equation and you can

reconstruct the experimental plot.

So, as you can see the experimental and the reconstructed plot they are exactly identical
for different composition of the thin film. So, that tells that our estimation by this
envelope method to calculate the value of n, k etcetera to construct the transmittance and

also the reflectance spectra that is quite accurate.
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The optical constant evaluation procedure has been adopted commercially
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And this phenomena is quite interesting. So, commercially people have made this kind of
equipment where they first calculate sorry measured the reflectance and transmittance

and then using all this equation whatever | described in the earlier I mean in the lecture.

So, they can calculate this and what you get is a through the software you just put the
sample it measure the transmittance and reflectance spectra do the internal calculation to
get you the value of n, value of k, E g extinction coefficient and accurate film thickness.

So, this is already been commercialized. So, it is a good thing for you to do it yourself.
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*  0.5. Heavens Optical properties of thin solid films, Dover, New York, Chapter 4 (study material)

* J.C. Manifacier, J. Gasiot, J.P. Fillard, A simple method for the determination of the optical
constants n,k, and the thickness of a weakly absorbing thin film, Journal of Physics E: Science
Instrument, 9, pp 1002 - 1004 (1976) (study material)
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+ The refractive index, extinction coefficient, and thickness of the dielectric film are

+  Average oscillator strength and wavelength are estimated using Sellmeir type

So, there are 2 good reference ah. One is a book by Heavens and the envelop method is
described in this research paper. So, you can just use it as a reference. So, | have
described a simple envelop method to and it is used for determining the optical constant.
The refractive index, extinction coefficient, thickness of the dielectric film are

determined from the measured transmission spectra. Packing fraction of the material the

A simple envelop method has been demonstrated for its use to determine the
optical constants of transparent dielectric thin film on sapphire single crystalline
substrate,

determined from the measured transmission spectra.

The packing fraction of the film is calculated from its refractive index using effective
medium approximation.

dispersion relation.

Absorption coefficient and the band gap energy of the dielectric film are also
estimated

thin film can also be evaluated.

Average oscillator strength and wavelength are estimated using a Sellmeier type
dispersion relation. And absorption coefficient in the band gap of the dielectric film are

also estimated.

Thank you for your attention.



