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Abstract: On the basis of the interference fringes in thagparency and reflection spectra of the free filma éilm on the
substrate when the substrate and the film matddas not absorb light, can be determined by orteeobptical constants of
the material at a blank principal refractive indéthe film thickness is known.
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1] q . manner on the angle of incidence, the orientatibrthe
. Introduction vector E, the optical constantsanda. At normal incidence
(¢ = " = 0) the relationship of the reflection coefficient

The principal refractive index and the ratio of the . Con
and the optical constants is simplified:

absorptiona are directly connected with the microscopic
parameters of the crystal, so an optical methodstfodying (n-1)%+a?
the structure of the substance, it is first neagsda R=Rs=Rp=
determinen anda separately on*a ? and 2na in a wide o
range of wavelengths and at different temperatafethe However, both the definition of the constantanda of
crystal. Various methods for determining the opticathe equation is not possible.

constants can be divided into two groups: the firahda

are computed on the basis of the reflection cdefiicin the 2 Data Collection and Analysis

second - transparency.

At the boundary between two media with different In the case ofi? » a?, where the absorption coefficient is
refractive indicesr; =1 andn, = n is a division of the small compared to the main index of refraction, ¢figible
incident wave to the reflected and refracted. Timpldudes (2) takes the form
of the incident—E and reflected wavesE are associated

)

P 7 (n+1)2+a?’

2
with the angle of incidence and refractiong” Fresnel R = (:—;i) ; 3)
formulas:
} } It can be used to determine the principal refracindices,
E, = -dne-e) . _e-e) (1) taking as a basis of measurement is only one vafuie

i " s p "y D . .. ..
sin (¢+¢7) 9@ +e) reflection coefficient of the natural radiation a angle of

Where the indicep ands correspond to the plane of incidence close to normal. The ratio ofnfh> a? is
incidence and the plane of incidence and the plarierformed in a rather wide range of wavelengths 1,
perpendicular to it. In deriving these equations,was (where A, = hc¢/E;, E; - band gap for direct allowed
assumed that the magnetic permeability of the nmediuinterband transitions) for most semiconductor @igsteven
U, = U, = 1. The Fresnel formulas are valid in the case ofvith a high content of carriers charging them, scoading to
the complex refractive index as— ik = sing/sing”, in  formula (3) can be determined by n reflecting reitlight.
which case the angle of refractipn is also complex value. At infrared wavelengths, where the use of semiparent
] o E Pk mirrors impossible angle of incidence is typicafigt zero,
The reflection coefficient®; = [7*|  orR, = é »8  and 5-7". However, the magnitude of the reflection

seen from the Fresnel formulas depend in a compﬁba coefficient in the range of angles of incidencenfr® to

'
S
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10 — 15" is weakly dependent on the angle of incidence, s@st

it is usually believed that wheh at the7’ is equal taR at0’.
In the wavelength region of weak absorption of ¢hestal
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the formula
whereg = ad/2, d-thickness of

material according to
(1-R)%[1+(Aa/mn)?|
T (eP-ReP)2+4Rsin 2(§+)

refractive index can also be found from the angulall® Sample, the phase skKift= 2rnd /A (at normal incidence

dependence, or R,/R; based on the Brewster angig

wherebyR, andR,/R, reaches a minimum value. In this the conditiontg¢ = al {zn [nz +

casen = tg ¢p.
If the area is completely no absorption, refractindex
can be experimentally determined and at normaldaraie

of the interfering beams); angjeis calculated according to

2 1]}_1. Methods for

1612
and k on the interference will be

determination ofn
described below.
If the interference is not observed, the relatigmsh

(¢ = 0) based on the measurement of plane transpargftiweert. R anda is simplified:

sample test material.
If the test sample of a substance with a refradtidexn

surrounded by aifn, = 1), the transparency of the sample

can be represented by the formula

t==37L=1-R2A+R* +R +-) == (4)

1+R

Thus, on the basis of transparency obtain refleetaR,
and then taking (3), we find that the refractivdar

1R 1+[(1-t/(1+1)]/?
T1-VR T 1-[(a-t/(A+0)]1/2

()

We note in passing that the total reflection frdma sample
in this case (without interference and absorption)

1 0
Reym = Ezf Liyer =R{1+(1—R)*[1+R*+R*+
(6)

In full accordance with the law of conservatioreofrgy

—_1)2
W]y 2 2R @D

1+R  n2+1

Reum +t = 1.

In the field of high transparency material mostuaate
method for determining the refractive index of gresm is a
method in which the sample is made in the form agm,
wherein the sample is made in the form of a prisith &
refractive anglef . Paralleny light beam with a wavelength
after passing through the lens is deflected byrayea, and
the highest measurement accuracy is obtained fegual to
the angle of incidence entering the prism and thgleaof
refraction at the exit of the prism. The anglen the case
minimal and the method is sometimes called prisnthote
smallest deviation and the refractive index is deieed by

si A+Spmin
the formulan = —4—
sm;

By this method refractive index can be measureditioin
0.01% for the most common semiconductor chip [1].

In real semiconductor crystals wavelength regioreneh
absorption can be neglected in most cases is smallthe

_ (1-R)?[1+(Aa/mn)?]
- ead_p2o—ad .

t (7)

Since n? » k? , e, ('1—“)<1, then change the
4mn

transparency ofl — R)/(1+ R) to 10% of the absorption
coefficient can be calculated from the formula
. (1_R)Ze—ad

t= 1—R2¢—2ad"

©)

Even this simplified formula requires cumbersome
calculations, so it is usually for the determinataf @ make
tables or nomograms buited depending on the transparency
of t for different reflection coefficientR.

When transparency < 10% to calculate the absorption
coefficient formula (8) takes the form

(1-Rr)*

1
a==In .
d t

9)

In the calculation of the absorption coefficientmfs
deposited on a substrate material which has actefeaindex
different from the refractive index material filmnd a
vacuum, it is necessary to take into account reflecfrom
the boundaries of the film substrate, a substratenm. In
the simplest case, a strong absorption in the filaterial and
negligible free from the substrate of the sample t(9 be
applied formula

a

_ 1y G-R(-R)(~Fiz)
d t

(10)

where R,,, R,, R, — reflection coefficients borders film -
substrate vacuum, the film-vacuum.

Experimental procedure for measuring the absorption
coefficient according BiTe-BiSe to the reflectionnda
transmission usually consists of the followingtildly, only
one plane is polished sample, wherein the conditibr> 1,
and measure the reflection coefficidRtin all the possible
range of wavelengths. The sample is then madeethdugh

(ad < 1lor g >t>10% in the most transparent), in

conditionn? > k2 is performed in a much greater range obrder to be able to reliably measure the intenpigsing

wavelengths, so the determination of the refraciiaiEx on
the basis of the magnitude of the reflection coedfit of
unpolarized radiation (at an angle of incidenceseldo
normal) by the formula (3) often provides a suéiuly
reliable value of the refractive index n in a widnge of
photon energies.

The absorption coefficiemt when this conditiom? > x?
can be found by measuring the transparency ofilineof the

there through beam in the wavelength region ofrésie The
absorption coefficient is determined by the form(ia for
t < 10%.

To determine the absorption coefficient, it is ploles
merely to measure one only transparency, butrieessary
to prepare two samples of different thicknessesfoima the
same material. Iftd; > 1 andad, > 1, the transparency of
both the sample the absorption coefficient of #s material
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can be calculated by the formula

1 ty 1 I

a = = ,
dz—dy tz dz—d; Iz

(11)
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_ 1
Amin = E'

(14)

which corresponds,,,, = 16%. The absorption coefficient
a <1/d will be determined with less accuracy thay,.

Where I, and I, — intensity of the beam transmitted For example, the accuracy af= 0,2/d will da = 6d +

through the sample thicknedg andd, respectively. In that

5(8R + 6t), whereine = 35%, transparency, therefore the

case, when the experimenter is the only examplengiv ghsorption coefficient of not calculated accordity the
composition from which the two samples preparegormula (9), and formula (8) .

impossible because of its small size, it is possiblmeasure
the opacity of the same sample, ground- it to dager
thicknessd; andd,.

Thus, if in the test area is changed by the abgwrpt
coefficienta = 10cm™! to a = 10*cm™?, needed in the
worst case for sample thickness¢sandd, >d,. d;

Sometimes the method of approximate determination @njckness is determined from the formula (8), wiéeevalue

the absorption coefficienty; in variable j, where the
reflection coefficientR = const, or changes only slightly
compared with the change in transparency. Here

to

a;p — ]
tj

j— @ ~=In (12)

1-R; .
If (—2)% « 2. In the case wher > a,, obtained
1-Rg tj

a; ~—In—

d g

This formula implies that the more precisely dedirtbe
absorption coefficient;, the weaker the dependerk€;).

If @j = ay ora; < a; then (12) can be used to determine

the difference a; — a, = Aa(j) , which allows us to

calculate «; , if you have previously been measuredth

is substitutedr,,,, = 10*cm™?! andt,,;,. For example, when
tmin = 0,01% and R = 35%, d, = 8,3 mkm. Thickness
d, is determined from the formula (8), where the vaisie
substitutedy,,,,,, = 10*cm™! andt,,;,,. For example, when
tmin = 0,01% and R = 35%, d, = 8,3 mkm. Thickness
d, is calculated on the basis of (14) and the vaiyg,; for
Amin = 10cm™, d, = 1 mm. This pattern allows to study
the absorption region of 10 &tsm™1, and the first sample
from 240 to10*cm™1. To cover the intervad4 — 240 cm™?!

is required third sample with a thickness= 200 mkm.

When measuring small absorption coefficients of the
condition of minimum error of measurement of the
absorption coefficiented = 1 requires the use of thick
pecimens. In modern solid-state lasers are usedriaia
with an absorption coefficient reaching=5cm .

From formula (13) implies that the measurementreofo
e absorption coefficierda increases with decreasidg

absorption coefficient, the initial conditions. This method hyperbolically, and the relative errdi ~ 81, ~ 1% for

is particularly suitable for measuring the depegeofa ()
to the wavelength region wheRex~ const. Then, instead of

samples havingad = 1072, 8a =~ 1408 =~ 140% . This
limits the measurement values @f ~0,05, and due to a

transparency,/t; in the formula (12) is substituted inte”SitYSignificant distortion of the light beam in the sales longer

ratiol,/I; rays passing through the sample during the initighan 5cm real measurable quantityriz 10~2cm™2.
and intermediate conditions. Valag is defined as the sum To measure less than the value of the absorption

or differencex, andA «;. The convenience of this method iscoefficient proposed a number of methods [2-5]. [Bh
associated with a fixed sample. In the study of thdescribes how to install, allowing to measure in a

temperature dependence of absorptiofl) is fixedly

monochromatic laser beam with a wavelength of m@ion

mounted on the thermal conductivity sample has @hmu absorption coefficient up th0~3cm™" of the active elements

more stable and reliable temperature-controlledparthan
sliding on curtain.
The analysis of formula (9) to calculate the absorp

of a neodymium glass at length sample of 80 mm \aith
relative error of not more than 30% at the limitsehsitivity.
In this setting, use a relative method, however suesl

coefficient @ and R = 35% indicates that the change in values are nal, and I, and combinations of these variables

transparencyl03timesa corresponds to a change only 6

times, so the absorption studies in a wide rangeaties
requires a set of samples of the same material aiitbrent
thickness.

For
coefficient a,,,, determined from
maximum permissible error, the relative magnituéievbich

da = Aa/a for the formula (9) takes the form

2R
1-R

_ 1-r)?17 L
Sa = &d +( SR + 5t) [ln T] (13)

Therefore, if it is supposed to measuarwith an error not
exceeding the amount of error amoufdR + &d + 6t),

whereR = 35%.

each thicknessl of the maximum absorption
the minimum of
transparency,in ; @min Value estimate for reasons of the

A0=IO_I andB0=Io+I. (15)

The calculation formula for the absorption coeéiti «,
obtained from [6] in this case is

_ 1 2 Bo+A0
a= Eln [(1 —R) _Bo—Ao]

(16)

When evaluating a random relative error in deteimgin
the absorption coefficient of variation must be sidered a
value of g =1,/I, , which characterizes the degree of
compensation of the light beams in the measurirmgiél in
the absence of samplgand in the channel comparisfyy
which is due to the finite accuracy of the compé&nsawill
be somewhat differ from one randomly. Then, insteb( 5)
should be more correct to write
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A=L[p—(1—R)?e™],B =Ll + (1 - R)?e™],

To calculate the random relative error of measurgnoé
the absorption coefficient will expressionda =
D~'\/CZsh?D + C}, where D = ad; CE =6A%+
8B?%; CZ = 6B2. Analysis functionrsa(D) shows that it has
at leastsh D(Dch D — sh D) = C2/CZ. Optimal ad, where

the accuracy of determining the maximuam Wheng—zz

1
0,1 Dy, = 0,45, and & = C; = VA% + §B%. . If set the

value ofD = 0,01, in which the degree of compensation is

0.1%, then with the same respégyC, =~ 0,1 valueda =
10C; . WhendA = 6B = 1% valueda =~ 20%.

In [4] to measure even smaller values of the alignrp
coefficient, the method of integrating cavities eTéssence of
this method is that the receiver does not detextraliation
transmitted through the sample, and the light soadtin the
integrating cavity model. By setting [4] were abdemeasure
the absorption coefficient d@f- 10~3cm™~1 with an accuracy
of 20% for a sample of35cm3. It is concluded that the
possibility of measuring the absorption coefficieup to
5-10"°cm™! in a sample of no more th&0ca®.

3. Results and Discussion

When passing of light through the semiconductoelay
coplanar with a thickness comparable to the wayglteof
light, the interference fringes occur, and for nakincidence
mathematically dependent on the wavelength traesgsr
refractive index and thickness is expressed instédd) the
formula

_ (1-R12)?
1+R?,—2Rq,c0s8’

(17)

41 n—-1\2
whered = Tnd andR,, = (ﬁ) .

Reflection from the film can be found from the emer
conservation law

R=1-t (18)

It follows from (17) that in the spectra of transgacy at
wavelengths

4nd

Amax = m

m=24,6.. (19)

Maxima are observed, and at wavelengths
_ 4nd

min ’
m

m=1,3,5..

Minimum is observed.
In the reflection spectra of thin films free conmalils take
the form of maxima

Amax

2nd = m==, m= 13,5, ..., (20)

and the minimum
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A
anzmﬂ,

m=2,4,6, ...

If the indexn (1) depends on the wavelength, then the
interference fringes can not be determingd= const, then
based on the wavelengih, and 4,,_;, corresponding to
neighboring extreme in the spectrum of transparexay be
determined by the product afl the equatiorznd = mi,,, =
(m — 1)A,—1, Where

AmAm—
nd = =,
2(Am-1~4m)

With the known thickness of the layer (21) is cédoed
refractive index

(21)

AmAm—
n= m/m-—1
2d(Am-1—2m)

(22)

In the case where the nonlinear refractive indexq a
weakly depends on the wavelength determined by this
method in some middle range of wavelengths; — 1,,
refractive index. If the refractive index is lingadependent
on the wavelength:

n(d) =n(0) + al,

then the formula (22) calculating a refractive xae(0),
corresponding td — 0.

From formulas (17) and (18) with (19) and (20)alidws
that the maximum transparency of the free filip,, = 1 and

. . . 4R
a maximum reflection from the film Rmax=m=
(ﬁ)z while ¢,,;,, = (ﬂ)z = ( 2n )2 Transparency in
n2+1) 7 min = \1+r/) T \n2+1/) p. y
the minimum and maximum can be determined by the

formula
1-R\? 2n
=) =(Fn)=4
where t, — transparency film, according to (14) in the
wavelength rangel > 4nd , when the interference does not
occur.

For a system of film - substrate spectrum transpare
laws remain the same as for the free filmp,if< n, > n,
and k; =k, =k; =0. The film and the substrate are
completely transparent.nif < n, < n;, when the substrate
material is optically denser material film, thenfilmaterial,
the maxima and minima in the spectra of transparshifted
A/2 with respect to the case, < n, >n;, due to the
difference of phase discontinuities at the intezfaenedia.
Thus, on the basis of the interference fringes he t
transparency and reflection spectra of the frea & a film
on the substrate when the substrate and the filtarfrahdoes
not absorb light, can be determined by one of thtcal
constants of the material at a blank principalaetive index,
if the film thickness is known.

When the film thickneséd > 1), then the transparency
and reflection of its refractive index associatedhwthe
formulas (4) and (6), of which the refractive indean be
determination for each wavelength.

In the case of the absorbing layer and the sulestoatthe

tmin

— Ymin

(23)

tmax
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light incident from the environment; on film, the
relationship of reflection from the film and the tiogal
constants is [7]:

g2+h2)eY2+(g3+h3)e Y244 c056,+B siné;
_ git+hy 2th;
T eY24(g2+h?)(g2+hZ)e~Y2+C cosSy+D sind, ’

(24)

1

Where
A =2(g192 + hyhy),
C =2(919, — hihy),

n? —n — k2
T (g +np)? + k2

B = 2(g1h, — g2h0),
D = 2(gq1h; + g2h4),

2n, k2

o T ) A kE

’ 1

ni —nZ + k2 —k?

= , h
927ty )+ Gy + )2
_ 2(nyk; — nsky)
(ny +1n3)? + (ky + k3)?’
4mk,d, 41
Y2 = 1 62=7n2d2.

Note that in contrast to the transparent film ahg t
substrate, for which the reflection of light incidefrom the
airn,, is represented by the light incident from thestidie

Gurban Axmedov: Methods for Determinationhaf Optical Constants of the Substance BiTe-BiSe

transparency of the system extremumrfoeven,

2n
lext = n%+31 =1y (28)
If mis odd,
0 ___ d4njns
text = (nZ+1)(nZ+n2) (29)

On the basis of formula (29) can be calculated and
constructed a nomogram, which allow to defing of
transparency in the odd extremum andtransparency of
one substrate, as the envelope of the family ofvesur
corresponds, = ns.

The ratio of extreme values (28) and (29)

_ the(m—odd)  2ni(ni+1)
T t0,(m—even) (n?+1)(n}+nd)

May be less or greater than unity depending onrdlie
betweenn, andn;. Whenn, >n; » <1, and forn, <
ng » > 1. In other words, fon, =n, <n, <n; evenm
corresponds to the minimum of transparency, whie f
n, =ny >n, >ng; even m corresponds to the maximum.
This is connected with boundary conditions: at rarm
incidence to the interface with optical media paiore phase

siden;, for absorbing film and the substrate, these wlueof the reflected wave at, and the reflection from the

reflect different, and for light incident on thesalbing film
absorbing medium, in contrast to the formula (2#dje
reflection can be expressed as [7]

g3+h3)eY2+(g?+h2)e Y244 c056,+B siné;
_ \ga+h; 1thy
T eY24(g2+h3)(g2+h2)e~Y2+C cosSy+D sind,’

(25)

3

Thus, whenn; #n; and R; # R, ; obviously when
n3 = nl R3 = Rl'

interface with the less dense medium phase losg®.cc

4. Conclusion

Since the formula (26) includes two unknowns questi
n, and k, (yz = 47"k2d2>, then the method of determining

n, and k, on the interference fringes is reduced to the
method of successive approximations. First, findfirat

Transparency of the film - substrate in this case Oypproximationn, substituting the value of transparency in

absorbing media, as before, can be found from ¢hation

the odd extremum in the formula (26). Interferencderm

t =1— R, which follows from the law of conservation of jg caiculated from the ratio o2nd = A,,m = 4,,_,(m — 1),

energy.

As can be seen from the expressions (24) and (86),
relationship between the optical constantsandk, film on
an absorbing substrate is very complicated.

The expression for the transparency of the system f

normal incidence of extreme points is [8]

Y
lext = 16”5”3 X [(nz + 1)3(71% +ny)° 2 - (n, — 1)3(71% -

)¢ + (D)™2(nd — D)(nF —nd)] (26)

Where m — order of interference, which is determined

from the formula

6= 47”(712 —ik,)d, = mm, (27)

ask, « 1. If k, = 0, then (27) has acquired the appearance

of § =96, = 4T’Tnzd2 = mmn. For absorbing film BiTe-BiSe
extremes in the spectrum of transparency and taffeof
the greater offset relative extremakat= 0, than morek, [9-
10].

It follows from (26) it follows that fora, = 0 in the

which is believedh (1) = const. If the film is not free, the
pre-determinedi; of a transparent substrate according to the
formula (28), then a first approximatiom, values into the
formula (26) for even m and determining a first
approximation of the valug,. Valuesns, n, and y, into the
formula

B
exe = t3 [1 = Ayz + (42 = D)3 (30)

where

_ (n3 + ny)(n, + 1) + (n§ — ny)(n, — 1)3
B 4(n + 1)(nZ +nd)

)

_ (n +np)(ny + 1)° — (0§ —ny)(n, — 1°
h 4(n3 + 1)(n% +n3)

)

texsper — the experimental value of transparency in the odd
extremes.
Equation (30) is obtained from (26) for
decompositione + y, in a row to second order 5.
Calculated transparency in the odd extremufy, again

ochoh
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substituted into the formula (29) and determine skeond
approximationy, etc. This cycle is repeated as long as the
following approximate valueg, and y, will be a little
different from the previous one. [4]
Whenn, andy, finally found,k, calculated using (24)

and (27), by the formula
A n, [5]

k = = — ,
2= 4nd, Y2 mn)’z

Where the order of interfereneeis determined from (19) (g
according to the values of wavelength for the two
neighbouring extreme. For non-absorbing layeare based

ontl,, (m- odd), and immediately get the final value. 7]
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