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The optical transmission spectra of amorphous As-S films of composition AsssSes prepared by thermal evaporation are mea-
sured over the 300 to 2000 nm spectral region. A straightforward method suggested by Swanepoel is successfully applied for
determining the layer thickness, refractive index and absorption coefficient; this last value is derived according to four different
formulae. Moreover, thickness measurements made by a surface-profiling stylus are also carried out to cross-check the obtained
results from the optical transmission spectrumn. The optical band gap Eg** has been determined from the absorption coefficient
values by Tauc’s procedure, i.e. from the relationship a(E) =X, (E— EP')2/E, where X, is a constant. Finally, the typical mea-
sured transmission spectrum has been compared to a simulated one.

1. Introduction

Chalcogenide glasses are well-known IR-transmit-
ting materials [1] and exhibit a wide range of pho-
toinduced effects that enable them to be used as op-
tical recording of imaging media [2]. The knowledge
of their optical constants is necessary not only for
understanding the basic mechanism of these effects,
but also for exploiting their technological potentials.

The refractive index and absorption coefficient are
usually calculated by very elaborate computer iter-
ation techniques [3,4], using both optical transmis-
sion and reflection spectra. In contrast, a simple
straightforward method for determining the optical
constants, using only the transmission spectrum has
been devised by Swanepoel [5] to calculate the film
thickness, refractive index and absorption coeffi-
cient of amorphous silicon films, attaining 1% ac-
curacy, This optical method has also been applied to
some chalcogenide glass films prepared by thermal
evaporation, and has again proved to be easy and ac-
curate [6,7]. In the present work, this novel method
will be applied for the optical characterization of
physically vapor-deposited thin films of the glass
composition As;sSes.

2. Experimental procedure

The vacuum evaporation process was carried out
in a conventional coating unit (Edwards, model
E306A) at a pressure <10~¢ Torr, from a quartz
crucible. The evaporation sources used for the prep-
aration of the a-As;sS¢s thin films were fragments of
the melt-quenched glass. The substrates (glass mi-
croscope slides) rotated during the deposition pro-
cess by means of a rotary workholder at a speed of
approximately 45 rpm, which makes it possible to
obtain deposited films of remarkably uniform thick-
ness [8]. The process was carried out at room tem-
perature. The properties of amorphous As-S films
are known to be affected by the deposition rate [9],
which in the present work was ~0.5 nm/s and was
continuously measured using the quartz crystal mi-
crobalance technique (Edwards, model FTM-5). An
electron microprobe analysis of the as-deposited
As;sS¢s films indicated that the stated chemical com-
position is correct to +0.5 at%. The lack of crystal-
linity in the films was verified by X-ray diffraction
analysis, On the other hand, the optical transmission
spectra at normal incidence were obtained by a dou-
ble-beam, ratio-recording UV/VIS/NIR computer-
controlled spectrophotometer {Perkin-Elmer, model
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Lambda-19). The wavelength range studied was from
300 up to 2000 nm. All the optical measurements
reported in this paper were made at room temper-
ature. Finally, a surface-profiling stylus (Sloan Dek-
tak IIA) was used to determine the thickness of the
films for the sake of comparison with the results de-
rived from the optical transmission spectra.

3. Theoretical considerations

The optical system under consideration is a ho-
mogeneous film with thickness d and complex re-
fractive index n,=n—ik, where n is the refractive in-
dex and k the extinction coefficient, which can be
expressed in terms of the absorption coefficient o by
the equation k=aA/4xn. The thickness of the sub-
strate is several orders of magnitude larger than & and
its refractive index is s. If the film thickness d is con-
stant, interference effects give rise to an oscillating
curve such as the one in fig. 1, which shows a typical
transmission spectrum of a AsisSgs glass film. Such
interference fringes will be used to determine the op-
tical constants of the film, as described below.

The expression for the optical transmission at nor-
mal incidence [10] for the abovementioned optical
system can be simplified significantly by neglecting
the extinction coefficient of the film, an approxi-
mation that is certainly valid over most of the spec-
trum (fig. la shows that the a-AsisSgs film is rea-
sonably transparent over a wide range of the
spectrum). So that, with k=0, the transmission T
then becomes

Ax
B—Cxcos p+Dx?’

where A=16n%, B=(n+1)*(n+s)% C=2(n%*-~
1)(n2~5?), D= (n-1)*(n—s*), p=4nnd/A and the
absorbance, X, is given by x=exp (—ad). Moreover,
the values of the transmission at the extremes of the
interference fringes can be obtained from eq. (1) by
setting the interference conditions cos =1 and
cos p=—~1 for maxima and minima,respectively.
Many of the equations that provide the basis for the
present method are easily derived from these con-
siderations [5].

T(A, s, n,d k)=

(1)
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Fig. 1. (a) Experimental optical transmission spectrum corre-
sponding to a As3sSss glass film. The simulated transmission
spectrum obtained from the calculated value of the film thick-
ness, 4=799 nm, and the obtained optical constants is also shown,
The arrows mark the main difference between the experimental
and simulated transmission spectra. Curve T, is the transmission
spectrum of the substrate alone. (b) Curves Ty and T, are the
maximum and minimum envelopes, respectively. T} is the curve
passing through the inflection points of the interference fringes
and T, is the so-called interference-free transmission curve.

4, Results and discussion

4.1. Calculation of the refractive index and film
thickness

According to Swanepoel’s method, which is based
on the idea of Manifacier et al. [11] of creating the
envelopes of interference maxima and minima (fig.
1b), a first, approximate value of the refractive in-
dex of the film », in the spectral region of medium
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and weak absorption, can be calculated by the
expression

n1=[N1+(N%—Sz) 112]1/2, (2)
where

TM—Tm 52+1
N]—ZS TMTm + )

Here Ty, and Ty, are the transmission maximum and
the corresponding minimum at a certain wavelength
A. Alternatively, one of these values is an experi-
mental interference extreme and the other one is de-
rived from the corresponding envelope; both envel-
opes were computer-generated using a specific
program devised by McClain et al. [12].

On the other hand, the necessary values of the re-
fractive index of the substrate are obtained from the
transmission spectrum of the substrate, T, using the
well-known equation

1/2
1 1
s"i*(n“) . (3)
The values of the refractive index », as calculated
from eq. (2) are shown in table 1. The accuracy of
this initial estimation of the refractive index is im-
proved after calculating d, as will be explained be-

low. Now, it is necessary to take into account the ba-
sic equation for interference fringes

2nd=ml, 4)

Table |
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where the order number m is integer for maxima and
half integer for minima. Moreover, if 7., and n,; are
the refractive indices at two adjacent maxima (or
minima) at A, and A,, it follows that the film thick-
ness is given by the expression

Allz
= e 5
2(A 2~ A3 he) )

The values of d determined by this equation are listed
as d, in table 1. The last values usually deviate con-
siderably from the other values and must conse-
quently be rejected. The average value of d, (ignor-
ing the last two values), d;, is 822 nm.This value can
now be used, along with n,, to calculate the “order
number” m, for the different extremes using eq. (4).
The accuracy of d can now be significantly increased
by taking the corresponding exact integer or half in-
teger values of m associated to each extreme (see also
fig. 1b) and deriving a new thickness, d,, from eq.
(4), again using the values of n,. The values of d
found in this way have a smaller dispersion (g,> )
and the average value of d, 4;, is 799 nm. It should
be emphasized that the accuracy of the final thick-
ness is better than 1%. In addition, the film thickness
determined by mechanical measurements of the same
film area was =785 nm. With the exact value of m
and the very accurate value of 4, eq. (4) can then be
solved for » at each A and, thus, the final values of
the refractive index n, are obtained (see table 1).
Furthermore, a simple complementary graphical

d

Values of 5, 4, Ty and T, for the typical transmission spectrum of fig, 1, Calculation of n and d

B A T T n dy (nm) Mg m d, (nm) n,

1,517 1209 0.922 0.679 2,284 - 311 3.0 794 2,270
1.521 1042 0.923 0.675 2.302 - 3.63 35 792 2.282
1.50% 917 0.923 0.66% 2.309 795 4.14 4.0 794 2.295
1.500 823 0.923 0.663 2.320 821 4.63 4.5 7598 2.317
1.504 745 0.922 0.657 2.342 800 517 5.0 795 2.331
1.499 684 0.922 0.651 2.355 801 5.66 5.5 799 2.354
1.497 633 0.921 0.645 2.373 826 6.11 6.0 800 2.377
1,499 591 0.917 0.636 2,396 818 6.66 6.5 802 2.404
1.497 555 0.907 0.624 2,421 815 717 7.0 802 2.431
1.498 524 0.859 0.602 2416 898 7.58 7.5 813 2.459
1.501 498 0.770 0.520 - ~ - - - -

1.501 468 0.435 0.336 - - - - - -

d;=822nm; ¢=33mm (4.0%); &=799nm; o,=6nm (0.8%)
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method for deriving the values of m and d, based on
eq. (4), was also used. This expression can be re-
written for that purpose as

lj2=2dnfd-m,, (6)

where /=0, 1, 2, ..., and m, is the first extreme.
Therefore, plotting //2 against /A yields a straight
line with slope 24 and cut-off on the vertical axis of
—m,. Fig. 2 displays this plot, in which the values
obtained for 4 and m, are 794 nm and 2.99
respectively.

Now, the values of »n, are fitted by the Wemple~
DiDomenico dispersion relationship [13]

EyEq
2 =
n(E)=1+ g2 —ps. (7)

there E, is the single-oscillator energy and E4 the
ispersion energy. By plotting (n*—1)~! against E?
nd fitting a straight line as shown in fig. 3, £y and
E4 can be determined directly from the slope,
(EoE )1, and the intercept, Eo/E4, on the vertical
axis. Thus, (n2—1)~1=0.251-0.009 E?, the cor-
relation coefficient associated to the least-squares fit
being 0.997. The corresponding values of Eg and Ey,
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Fig. 2, Plot of //2 versus n/2 to determine the order number and
film thickness,
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Fig. 3. Refractive index versus wavelength and, in the inset, a
plot of the factor (#2—1)~"! versus E2 (n, value is the refractive
index extrapolated at E=0).

and the dispersion curve derived from the last
expression, are shown in fig, 3.

4.2. Determination of the absorption coefficient and
optical band gap

Once the values of the refractive index are already
known over the whole spectral region from the op-
tical dispersion equation, the absorbance x is cal-
culated in four different ways, which are respectively
based on the maximum envelope Ty, on the mini-
mum envelope Ty, on the curve 7 and finally, on
the carve T,. The curves T; and T, are displayed in
fig. 1b. T; represents a curve passing through the in-
flection points of the interference fringes and is ob-
tained from T;= T3T o/ (Ty+ T ), whereas T, is the
interference-free transmission and is calculated by
T,= (TuTx)''* For very large values of ¢, the four
curves, Tw, T, T; and T, converge to a single curve,
such as is seen in fig. 1b. The formulae used in each
case are described in the appendix. Once the absor-
bance x is known, the relation x=exp ( —ad) can be
solved for «, = — (1/d) In x, and thus, the values
of the absorption coefficient are derived. The values
of & calculated following all the abovementioned
procedures are shown in fig. 4. In the Urbach region
(1em—'<ra<~10*cm™!), it can be seen that the
o values are smoothly connected, except those which
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10°® - - . (E-Eg™)?
- F e m- Urbach region o-T. Ol(E) =K2 ——”-E'_g”—_ ’ (9)
. M 7
S 0° __ E:;?:r? abserption & Trm i where E, ES™ and K are the photon energy, optical
s m-Ty 3 gap and a constant, respectively. This constant Xj is
& a-Ti almost independent of the chemical compositions of
= 104k o _ 4 the chalcogenide semiconductor films and the av-
o E L 009 ] erage value has been found to be ~5.8X10° eV~!
© - sl A cm™!; most of the X, values being within a range of
5 10°k >5~ 4 1 10% of this mean value [16,17]. Moreover, the
5 3 L200 E optical gap E;P* is formally defined as the intercept
x N g 2.46 eV} ] of the plot of (aE)!/? versus E. In this way, as shown
Bio*E } 100+ 4 in fig, 4, the values K;=75.92x10° eV~! cm~" and
< §/, x E E2™ =2.46 eV are obtained. The value of X; is in ex-

T T L
IPHOTON ENE]RGY. L1
4.0

10,5 7.5

3.0 3.5
PHOTON ENERGY, eV

Fig. 4. Optical-absorption edge for the glass composition AsssSgs
and, in the inset, the associated Tauc plot.

have been calculated from T,,; from these results it
is deduced that the formulae corresponding to 7'y
are more sensitive to inaccuracies in the parameters
n, s, Ty and T, so they must be rejected. Moreover,
error bars associated to realistic absolute changes of
Tyv10.01 and T,,£0.01 are also displayed. From fig.
4, it is evident that « can be calculated very accu-

rately from ~10* cm~!, but for « smaller than this -

value, the accuracy decreases sharply, Additionally,
in this spectral region, the absorption coefficient de-
pends exponentially on photon energy according to
the Urbach rule [14]

a(E)=oap exp(E/K,) , (3)

where K] is a slope parameter, If the values of « are
fitted to this relation, it is obtained that X,
=0.0910.01.

On the other hand, continuing with the analysis of
the optical-absorption edge, in the strong absorption
region (a> ~10* em—!), the results obtained from
the four formulae are in excellent agreement. In this
region, it should be pointed out that the absorption
coefficient of amorphous semiconductors, assuming
parabolic band edges and energy-independent ma-
trix elements for interband transitions, is given ac-
cording to Tauc [15] by the following equation

cellent agreement with the above considerations,
whereas the obtained value of the optical band gap
agrees with the trend of Eg™ to increase as the sul-
phur content increases, observed in the As-S glass
system (for the glass compositions AssSe and
As20850, EgF* is found to be 2.39 and 2.58 eV re-
spectively [18]). According to Yamaguchi's ap-
proach [17], by adding S to the stoichiometric com-
pound As,;Seo, the S-S chemical bonds increase, and
as the bond strength of these S-S bonds is higher than
those of the As-S and As—As bonds, then the average
bond strength of the compound increases and so, the -
band gap increases also.

5. Concluding remarks

The procedures reported in this paper for calcu-
lating the thickness and optical constants of ther-
mally evaporated a-As;sS¢s films have been success-
fully applied to layers with thicknesses ranging
between around 500 and 1500 nm. The accuracy of
the obtained results is also proved by comparing the
experimental transmission spectrum shown in fig. 1a
to the simulated transmission spectrum obtained by
substituting the calculated thickness and optical con-
stants in the exact expression for the optical trans-
mission at normal incidence [10] (see fig. 1a). The
excellent agreement between both spectra is ob-
viously worth noting, and is a consequence of the re-
markably uniform thickness of the film, attained by

"using the very efficient rotary workholder (the vari-

ation in thickness over the area of illumination, mea-
sured by the mechanical stylus, was found to be lower
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than ~ 10 nm). Finally, it should be pointed out that
a lack of homogeneity in the composition or of uni-
formity in the thickness of the films have a large in-
fluence on the optical transmission spectrum. If either
of these drawbacks is present, the method described
loses accuracy and can even lead to serious errors,
and therefore cannot be applied. A method which
would be adequate in such a case [19] has been ap-
plied, by the authors of this work, to the study of Ag-
photodoped amorphous As—S films [20], and also to
other chalcogenide glass systems [21].

Appendix

Determination of the absorbance x from Ty, Tp,

T; and T,.

(a):

Ey—[E}— (n?=1)3(n’=s*) ]!

x= (n—1)3(n—s2) ’ A
where
Ey=8n%/Ty+ (n?>=1)(n%~s2) .

(b):

_En—[Eh—(n*=1)(n*-s*)]'/?
= (n—1)*(n—s?) > (A2)
where
E.=8n%/T,— (n*—1)(n%-s5?) .

(c):

_F— [F2_(n2_1)3(n2_s4)]1/2
x= (n—1)3(n—s?) ’ (A-3)
where
F=8n2s/Ti .

(d):
. {G_[G2_(n2_1)6(n2__s4)2]1/2}1/2 (AA)

(n—1)*(n—s?) ’
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where
G=128n%?/Ti+n?*(n*—1)%(s?—1)2
+(n2=1)2(n2—s2)2.
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