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Abstract

The full expression for the minima of transmissioand reflection
spectra of a thin absorbing film are unwieldy traosndental functions of
wavelength. Exact solutions of these equations foptical constants are,
therefore, not single valued but can be uniquelytelenined at the extrema of
the spectra instead. The solutions require elab®racomputer iteration
procedures. For ease of computation, we derivee thquation for the
transmission minima and reflection maxima With Magimatica™. film
constants N and K of a GgAs;,Ss thin film were then calculated by solving
the non linear equations simultaneously. the sotut converged forl.5 < N <
24 and 0.0 < K <0.5. Calculated values are at variance with publishegbults
by minkov [7] even with the same transmission and reflection aat The
discrepancy arose from the,rspectra. Interestingly, published values are in
excellent agreement with straightforward calculatiousing another closed
form equation by Swanepo€1983) with only transmission data.
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1.0 I ntroduction

Optical constants of a semiconductor film point to its optdelac device application. Models
for derivation of optical constants of evaporatedygrystalline thin flms abound in scientific literagu
These constants can be determined from reflectivity measmte using the KRAMERS-KRONIG
dispersion relation. One advantage of this technique is thiatspatimens are suitable for reflectivity
measurements. The method avoids the influence of the largeenwhimperfections, which can be
present in thin films prepared by vacuum deposition techniques. Howevels césbke measurement are
largely dependent on both the history and state of the suHaeeens [1] gave a detailed review of the
various methods used in the determination of optical constants. Ta@pati techniques are used for
determination; intensity measurements using unpolarized light Ifusat normal incidence) and
measurements using polarized light. The first method is normediierred because it is insensitive to
polarization effects in the optical system and also, becawesgularities of the surface do not produce
large errors in the results. In principle, it is posstolebtain information on band structure from both
reflectivity and transmission measurements.
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Data obtained from optical measurements are studasdly to determine film properties using some
of the widely accepted models. Optical parametémsiterest include absorption coefficieat refractive
index, n, and extinction coefficient, k. The dietianalysis of experimental data stems from the tfat
these properties as reported are subtly dependermxperimental conditions. This makes difficult to
compare published data in the literature [2]. On the othet, ls@mcurate experimental data is a good test for
existing models that based on idealized structiigetiain film as shown in Figure 1.

The figure depicts a thin film deposited on a thick transpandpdgtrate. The refractive index of
the surrounding aim,, is 1 while g is a constant depending on the substrate material. The filla has
complex index of refractions =n+ik , where n is the refractive index akithe extinction coefficient.

air | + R Na=
film dT | | g =n —ika
V
substrate 4 ng, 0s=0
air \4 n=1
T

Figure 1. Thin film evaporated on a thick non-absorbingstrdie

Optical constants of thin films are determined by solution ef dlmultaneous equation using either
transmission or reflection spectra only and sometimes theycambined. Since the equations are
transcendental functions of the wavelengtfA) rand k) are therefore not single valued. The solution
require elaborate computer iteration procedures Lyashenko and awdkis|[3]. Manifacier [4],
Swanepoel [5] and Halindintwali [6] have uniquely determined n andtkeaéxtrema by using only
envelopes of transmission spectra. The straightforward exgmesderived for calculations using this
technique are sensitive to inevitable errors arising fr@uirtg the envelopes. Minkov [7] have used
transmission minima and reflection maxima instead to minintiee errors. However, unwieldy
expressions involved in Minkov's method make it less elegant. Neverthilessimbersome algebra can
be handled with relative ease in Mathematica

A brief discussion of typical transmission speatfathin films is given followed by theoretical
models of the absorption spectra from which oppicaperties are derived. Calculated optical prigeare
then compared with published data on evaporatgghG&gSs, films [7].

20 Theory

A typical spectrum of a supported thin film on sparent substrate is shown in Figure 2. In thengtr
absorption regiony is sufficiently high to stop multiple reflection ide the film hence the spectra is damped
and transmission decreases as with increasing fitkrtbss. In the weakly absorbing region, transioiss
weakly dependent on film thickness and is independgthickness in the transparent region. Interfeee
effects in the film give rise to the transmission)T@nd reflection RX), spectra.
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Figure 2: Typical transmission and reflection spectra oc€ds& thin film evaporated on a glass substraté (ful
curves) and their envelopes (dashed curves).
Expressions for W) and RA) of thin film semiconductors are derived by summing the complex
amplitudes of the individual waves arising from multiple eefiions at the air, film and substrate
interfaces. These expressions are outlined following the methidd. imhe transmission and reflection
equations, using signal flow graph are

T=_fasab (2.1)
1- psaloab

2
nst
S aspszb (2.2)
1- psapab
wheret; andp; are the amplitude coefficients of transmission and reflection betlveerdpective

media. As shown in Figure 1, the subscripts a and b refer to air; f is fdnitentl s for the substrate.
The respective phase shifts as light crosses from air to film antbfimbstrate, are

R=pas+

2.3a
O_af = AI‘CTa{#} + 77 ( )
O¢, = ArcTa " Zdék_l
fs n2 4 k2 _ ng (23b)
The coefficients are further expressed as 2 92
_ TatT'fs (2.4)
Tas=" 7. 5 > >
AT+ o5 PrsA+ 204 P1sC049,]
_ ,ng A_l + p%sA"' 2/0af pfscoidl]
as — —
A+ pg P A+ 2051 P1sCO$ 3] (25)
_ Pat A+ PRAT 420, pisCO4O ] 26)

a~ " _
A ! + ,ng IO%SA+ 2loaf ,OfSCOE{O-z]
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2mnd

Where,5;=-0, + O + 20, 0= - O + 25, 8y = Vgt + O + 25, O = and A=eg %
Similarly, the transmission coefficients are afofes;
o= 2
af — 2.7a
1+n)? +k? (2.72)
| n?+k? (2.7b)
TfS - 2 2
(n+ng)? +Kk
L 2.70)
while reflection coefficients are > ng +1
. EETS
- (n _ ns)2 +k?
Prs = IR (2.8b)
(n+ng)* +k
o=tsl (2.8¢)
ng +1
For the envelopes,Jand R, in the weak absorption and transparent regions, k<<n so that
Cospy]= Cosp ]= cosfe28] = 1. (2.9)
Thus, equations (2.4), (2.5) and (2.6) subject to (2.9) give
2.2
ro= Tailts
as— 1., .2 2
A-+ Pat pfsA+ 2loaf ,OfSCOE{O_zl] (2'10)
2 A1 2
O = pafA +/0fsA+2/0af/0fs (2.11)
as~ 1, 2 2 '
AT+ Pat pfsA+ 2:Oaf pfsC0§t521]
2 2 A1
A+ ps A" +2
e Paf Pits Paf Pts (2.12)

A+ Pl PR A+ 204 p1sC0$0,1]

whered,; = 4 -TH 8,1 Equations (2.1) to (2.3) and (2.7) to (2.11) give rise to the fullessmns for |

and R, as presented appendices 1 and 2 respectively. Non linear eqfatibpsand R, were solved
simultaneously to determine n and k with Mathematiter apparent ease of calculation. The issue of
singularity of the solution and convergence using Newton’s iteratiethod has been fully discussed
elsewhere [7] The routine used in this work converged for initial choice of 1.24ngnd k=0.0.

Swanepoel’'s method [5] was also used to compute optical constargsenselopes for f and T, for
comparison.
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3.0 Resultsand discussions

The results are presented in Table 1. The column labeled orfggires the calculated optical
constants usingy and T, with MS Excel™ . Results with Jand R, for the constants in [7] is denoted
as (b) and the calculated values in the present work a@estingly, the result in (a) is agrees well
with those in (b). However, below 493nm in (a), n does not increagejrded out in [7], but appears to
decrease to a value of 1.458 at 438nm. The value of 2.452 at 450hntdikee an exception due to
scanning error since a 0.1% decrease \jnbfings it lower than the corresponding value of 2.429 in
column (b). Besides, n = 1.458 at 438nm in (a) is far less than 2.421ais r@)orted. These facts raise a
guestion about the remark that Swanepoel’'s method is less acbacaiuse it gives higher values of n at
lower wavelengths.

A more serious concern is that the values in columns (b) and é&llierent results regardless of the
fact that both calculations follow a similar procedure. The tesulcolumn (b) were calculated via Newton’s
iteration while that in the present work for column (c) wereutated with Mathematica™. Considering the
fact that the same transmission and reflection data werefas#ite calculations, the results from these two
methods are not expected to differ. Furthermore, our recalculated vith@ot quite agree with simulated
reflection spectra in [7]. As spot checks, we recompuig@tRrs39nm, 581nm and 683nm with the equation in
appendix 2. This gave 0.2365, 0.1474 and 0.1537 instead of published values of 0.396, 0.542 and 0.564
respectively. However, the published results fgrig consistent with the equation in appendix 1. Computed
values for T, were 0.1141, 0.3182 and 0.4260 which tallied with the published values of 0.111, 0.319 and
0.426 respectively. Meanwhile, efforts are being made to codeiltregfiations for [, and R, in Fortran to
repeat the calculations via Newton’s iteration method.

Tablel. Calculated values of the refractive index andnexibn coefficient for GgAs;,Ssq film* using methods
proposed by Swanepoel [5] and Minkov [7].

@) (b) (c)
Aexir Twm Tm Rwu n k n k n k
.nm Tv,Tm MS Excel™ T,, Ry published in [7] T, Ry present work
766 0.93 0.667 0.331 2.278 1.050E-04 2.278 9.930E-5 1.839 8.650E-03
729 0.93 0.663  0.335 2290  9.963E-05 2.290 9.937E-5 1.855  8.220E-03
697 0.928 0.657  0.340  2.306 1.607E-04 2.307 1.434E-4 1.876  7.890E-03
668 0.926  0.651 0.344 2.322 2.164E-04 2.321 2.303E-4 1.894 7.640E-03
641 0.922 0645  0.347 2335  3279E-04 2.334 3.555E-4 1.910  7.440E-03
617 0.916  0.638 0.351 2.348 4.898E-04 2.349 4.736E-4 1.927 7.270E-03
596 0.907 0.629 0.354 2364  7.266E-04 2.364 7.128E-4 1.948 7.240E-03
575 0.892 0617 0.356  2.380 1.113E-03 2.381 1.104E-3 1.968  7.350E-03
557 0.87 0.602 0.356 2.396 1.677E-03 2.395 1.685E-3 1.987 7.860E-03
540 0.836 0582  0.354 2409  2555E-03 2411 2.533E-3 2.006  8.220E-03
524 0.783 0552  0.348 2425  3.966E-03 2.427 3.942E-3 2.028  9.290E-03
509 0.704 0508 0.336 2.442 6.222E-03 2.443 6.217E-3 2.051 1.115E-02
493 0573 0436  0.308 2443  0.01060 2444 0.01059 2.066  0.01487
477 0.372 0318 0.265 2.322 0.02035  2.439 0.01986 2.103 0.02243
463 0.198  0.179 0.221 2427  0.03372 2436 0.03364 2.192 0.03562
450 0.061 0059  0.188 2452  0.05969 2429 0.05986 2326  0.06054
438 0.007  0.007 0.175 1.458 0.11281 2421 0.10782 2.407 0.1079
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(a)
(b)
(c)

4.0

Reference [7]

calculated: §y and T, — Eq. (5f, 11&12) [5] with MS Excel™
reported: F and R, - Eq. (1-8) [7]
calculated: Jand R, - Eq. (1-3,7-11) with Mathematica

Conclusion
An exact calculation of nf and k) for GegAs;»Sso film thin film was carried out with

Mathematica™ following Minkov [7]. The calculated opticahstants with the same data set are at
variance with published results in spite of the seeminglylaaimrocedure. The discrepancy may have
stemmed from the jRspectra as calculations at three different wavelen§88nm, 581nm and 683nm,
gave 0.2365, 0.1474 and 0.1537 instead of published values of 0.396, 0.542 and 0.564 rgspectivel
However, results for J are quite consistent. As expected, straightforward calenfatusing only
transmission maxima and minima by Swanepoel’'s method agree well withhedblialues.
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