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Optical constants of thermally evaporated 
amorphous GeSe3 thin films 
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The optical transmission spectra of amorphous Ge-Se films of chemical composition GeSea, 
prepared by thermal evaporation, are measured over the 300 n m to 2500 nm spectral region. 
A simple, straightforward procedure suggested by Swanepoel, which is based on the use of 
interference fringes, has been applied in order to derive the real and imaginary parts of the 
complex refractive index, and also the fi lm thickness. Furthermore, thickness measurements 
made by a surface-profiling stylus are also carried out to cross-checkthe results obtained by 
the present optical method, employing only T(X). The dispersion of n is discussed in terms 

~.opt has of the single-oscillator Wemple and DiDomenico model, and the optical band gap ~Q 
been determined from the absorption coefficient values, using the Tauc procedure. 

1. Introduction 
The excellent transmittance of chalcogenide glassy 
semiconductors [1], reaching up to the far-infrared 
spectral region, and the wide range of photo-induced 
effects that they exhibit (such as photocrystallization, 
photopolymerization, photodecomposition, photo- 
vaporization and photodissolution of certain metals), 
generally accompanied by changes in the optical con- 
stants and, particularly, shifts in the absorption edge 
(i.e. photodarkening or photobleaching), allow their 
use as absorption filters and other optical elements 
[2, 3]. Of these effects, metal-photodissolution (parti- 
cularly, Ag-photodissolution) is probably the most 
useful one as far as technological applications are 
concerned, because it produces the largest change in 
the optical properties of chalcogenide glasses [4]. 
Therefore, a knowledge of the optical constants of 
chalcogenide amorphous semiconductors is, indeed, 
necessary for exploiting their very interesting techno- 
logical potentials. 

The present paper is mainly concerned with the 
optical characterization of as-deposited a-GeS% thin 
films prepared by thermal evaporation, using a very 
accurate data-processing method, based only on their 
optical transmission spectra [5, 6]. 

2. Experimental details 
The bulk glasses were prepared by direct synthesis 
from the corresponding elements in evacuated quartz 
ampoules at about 950 ~ for 24 h. After the synthesis 
the ampoules were air-quenched. Thin-film samples 
were deposited by vacuum evaporation of powdered 
glassy material onto clean glass substrates (BDH 
microscope slides). The thermal evaporation process 

was carried out in a coating system (Edwards, model 
E306A) at a pressure of ~ 10 .4 Pa from a suitable 
quartz crucible. The substrates were conveniently ro- 
tated at a speed of approximately 50 r.p.m., during the 
deposition process, by means of a very efficient rotary 
workholder, which makes it possible to obtain depos- 
ited thin films of remarkably uniform thickness [7]. 
The average deposition rate was ~0 .6nms -1, and 
was continuously measured by a quartz crystal moni- 
tor (Edwards, model FTM-5). Such a very low depos- 
ition rate produces a film composition which is very 
close to that of the bulk starting material [8] (EDAX- 
analysis has indicated that the film stoichiometry is 
correct to +_ 1 at %). On the other hand, the lack of 
crystallinity in the thin films was verified by X-ray 
diffraction analysis. The thickness of the as-deposited 
a-GeS% films studied ranged mostly between around 
800 nm and 1000 nm, although some thicker films 
were also prepared. 

The optical transmission spectra at normal inci- 
dence were obtained by a double-beam UV-VIS-NIR 
spectrophotometer (Perkin-Elmer, model Lambda- 
19), and the wavelength range analysed was from 
300 nm up to 2500 nm. Finally, a surface-profiling 
stylus (Sloan, model Dektak IIA) was used to cross- 
check the film thickness (the difference between the 
optically determined thickness and the mechanically 
determined thickness was found to be ,~ 1%). All the 
optical measurements reported in this paper were 
made at room temperature. 

3. Results and discussion 
The optical system under consideration corresponds 
to amorphous, homogeneous and uniform thin films 
of chemical composition GeS%, deposited onto thick, 
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Figure 1 Experimental optical transmission spectrum correspond- 
ing to an a-GeSe3 thin film. Curves TM and T~. are the maximum 
and minimum envelopes, respectively. Ti is the curve passing 
through the inflection points of the interference fringes and T~ is the 
so-called interference-free transmission curve. (0) Experimental 
values, (ll) calculated values. 

finite, transparent substrates. The films have thickness 
d and complex refractive index nc -- n - ik, where n is the 
refractive index and k the extinction coefficient, which can 
be expressed in terms of the absorption coefficient a by 
the equation k = aX/4rc. The thickness of the substrates is 
several orders of magnitude larger than d, and their 
refractive index is symbolized by s. Interference effects give 
rise to oscillating curves like that in Fig. 1. Such interfer- 
ence fringes will be used to determine the optical constants 
of the thin films under study. 

Optical transmission T(X, s, n, d, k) is a very com- 
plex function which can be simplified by neglecting the 
extinction coefficient k, an approximat ion  that  is cer- 
tainly valid over most  of the spectrum (Fig. 1 shows 
that  a-GeSe3 thin films are reasonably t ransparent  
over a wide range of the spectrum), so that, with k = 0, 
the expression for T then becomes 

A x  
r ( X , s , n , d , k ) = B _ C x c o s ~ + D x 2  (1) 

where A = 16nZs, B = (n + 1)3(n + s) 2, C = 2(n 2 - 1) x 
(n 2 - sZ), D = (n - 1)3(n - sZ), ~ = 4rcnd/X and x, the 
absorbance,  is given by the formula x(X) = exp( - 0~d). 
Moreover ,  the values of the transmission at the 

extrema of the interference fringes can be obtained 
from Equat ion  1 by setting the interference condit ions 
cos~ = 1 and cos~ = - 1 for maxima and minima, 
respectively. The transmission values at the extrema of 
the interference fringes can then be written as follows: 

A x  
TM = B - Cx  + D x  2 (2) 

A x  
T m =  B x  + Cx  + Dx  2 (3) 

where TM and Tm are the transmission max imum and 
the corresponding minimum, respectively (Fig. 1). 

In addition, according to Swanepoel 's  method,  
which is based on the idea of Manifacier et al. E9] of 
creating the envelopes of interference maxima and 
minima, a first, approximate  value of the refractive 
index of the film, nt, in the spectral region of medium 
and weak absorption,  can be calculated by the follow- 
ing expression: 

n l  = EN1 + (N~ - s2)1/2] 1/2 (4) 

where 
TM -- Tm S 2 + 1 

N1 = 2 s - -  + 
TM Tm 2 

Fur thermore,  the refractive index of the substrate at 
each Z was derived by independently measuring the 
t ransmit tance of the substrate alone, Ts, and using the 
following equation: 

s = ~ + - 1 (5) 

The values of the refractive index nl, as calculated 
from Equat ion  4, are listed in Table I. The accuracy of 
this initial determination of the refractive index is 
improved after calculating d, taking into account  the 
basic equat ion for interference fringes: 

2nd = m X  (6) 

where the order number  m is an integer for maxima 
and half integer for minima. The first, approximate  
value of the layer thickness is given by the following 
expression: 

X1 X2 
d 1 = 2(nezXZ _ netX2) (7) 

TABLE I Values of X, s, T M and Tm for the a-GeSe3 transmission spectrum of Fig. 1; calculation of n and d 

X s TM Tm rtl d~ rn o rn dz n2 
(nm) (nm) (nm) 

1753 1.530 0.921 0.637 2.430 - 2.65 2.5 902 2.419 
1465 1.543 0.920 0.630 2.466 3.22 3.0 891 2.426 
1261 1.550 0.918 0.625 2.486 855 3.77 3.5 888 2.436 
1110 1.562 0.917 0.620 2.512 862 4.33 4.0 884 2.451 
993 1.549 0.918 0.619 2.508 903 4.83 4.5 891 2.467 
901 1.549 0.920 0.620 2.505 967 5.32 5.0 899 2.487 
826 1.528 0.923 0.621 2.484 1037 5.75 5.5 914 2.508 
765 1.526 0.924 0.615 2.504 1015 6.26 6.0 917 2.534 
715 1.516 0.918 0.604 2.524 957 6.75 6.5 921 2.566 
672 1.513 0.905 0.588 2.557 940 7.27 7.0 920 2.597 
637 1.512 0.842 0.563 2.547 1066 7.64 7.5 938 2.637 

dl = 956 nm, cr I = 75 nm (7.8%); d2 = 906 nm, cr 2 = 17 nm (1.9%). 
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where n~ and n~2 are the refractive indices at two 
adjacent maxima (or minima) at X1 and X2. The aver- 
age value of dr, dr, can now be used, along with n~, to 
calculate the 'order number' m0 for the different ex- 
trema, using Equation 6. The accuracy ofd can now be 
significantly increased by taking the corresponding 
exact integer or half integer values of m associated 
with each interference extreme, and deriving a new 
thickness, d2, from Equation 6, again using the values 
of nv With the very accurate value of d, Equation 6 
can now be solved for n at each X, and thus the final 
values of the refractive index, n2, are obtained, and 
listed in Table I. 

Furthermore, a simple, complementary graphical 
method for deriving the values of m and d, based on 
the basic equation for interference fringes, was also 
used [-5, 6]. Equation 6 

1 

2 

can be rewritten as: 

2d n _ /T/1 Z (8) 

where l = 0, 1, 2, . . . ,  and m~ corresponds to the or- 
der number of the first interference extreme of the 
transmission spectrum. Therefore, plotting I/2 against 
n/X yields a straight line with gradient 2d and intercept 
on the vertical axis of - rn~. Figure 2 shows this plot, 
which gives the values d = 955.5 nm and m~ = 2.75, in 
excellent agreement with those shown in Table I. 

Now, the values of n2 are fitted to the Wemple- 
DiDomenico dispersion relationship [10, 11]: 

EoEd 
n Z ( E ) = I + E 2  E - -  ~ (9) 

where Eo is the single-oscillator energy and Ea the 
dispersion energy. By plotting (n 2 -  i) -~ against 
E 2 and fitting a straight line as shown in Fig. 3, E0 and 
Ea are determined directly from the gradient, 
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Figure 2 Plot of 1/2 versus n/2 to determine the order number  and 
film thickness; rn~ = 2.75, 2d = t911 nm. 
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Figure 3 Plot of refractive-index factor (n 2 - 1) -1 versus E 2 (n(0)- 
value is the refractive index extrapolated at E = 0). Eo = 4.21 eV, 
Ea = 19.43 eV. 

3.00 . . . . . . .  0.20 

2,80 
X 
O3 

c- 

o3 
._ 2,60 

O3 

t r  2.40 

E 
0.15 o3 

._o 

O3 
@ 

0.10 o t-  
O 

t'- 

o.o5 # 
LIJ 

\ 

J =  r I f [ I 

700 1000 1300 1600 

W a v e l e n g t h  ( nm ) 

2.20 0.00 
40o 

Figure 4 Refractive indices of thermally evaporated a-GeSe3 thin 
films against wavelength, and the fit to the Wemple-DiDomenico  
relationship. Dashed line corresponds to the Wemple-DiDomenico  
fit for a-GeSe2 films. Also shown is extinction coefficient k against 
wavelength. ( ) GeSe3, (- -) GeSe2 [13]. 

(EoEd)- 1, and the intercept, Eo/Ed, on the vertical axis 
[12]. Moreover, Fig. 4 shows the values of the refrac- 
tive index for five of the GeSe3 glass films studied, 
together with the curve corresponding to their least- 
squares fit to the Wemple-DiDomenico dispersion 
relationship (Eo = 4.21 eV and E d = 19.43 eV), as well 
as the dispersion curve of a-GeSe2 films (from the 
values Eo = 4.60 eV and Ed = 23.2 eV obtained by 
Theye et aL [133). Additionally, Wemple and 
DiDomenico have proved that the dispersion para- 
meter Ed obeys the simple empirical relationship, 
Ed = 13N~ZaNe, where 13 is a constant, Arc the number 
of nearest neighbour cations to the anion, Za the 
formal chemical valency of the anion and Ne the 
effective number of valence electrons per anion [11]. 
Therefore, in order to account for the compositional 
trend of Ed, it is suggested that the observed increase 
in Ed with increasing Ge-content is primarily a coord- 
ination number effect [-14]. 

Since the values of the refractive index are already 
known over the studied spectral region from the 
above-mentioned optical dispersion relationship, the 
absorbance x(X) is next calculated in four different 
ways [-5, 12], which are respectively based on the 
maximum envelope, Tin,  the minimum envelope, Tm, 
the T~-curve, and finally, on the Ti-curve (T~ is the 

4135 



interference-free t ransmiss ion curve, calculated by the 
expression T~ = (TMTm) 1/2, whereas Ti represents 
a curve passing through the inflection points  of the 
interference fringes, and it is obta ined  f rom the expres- 
sion T~ = 2TMT~/(TM + Tin)). In the region of s t rong 
absorpt ion,  the interference fringes disappear,  and for 
very large values of a the four curves TM, Tm, T~ and 
Ti, converge to a single curve. According to the TM- 
based procedure,  the absorbance  is calculated f rom 
the equat ion 

E M -- [E 2 -- (n 2 -- 1)3(n 2 -- $4)]1/2 

(n - 1)3(n - s 2) (10) 
x(~)  - 

where 

8n2S 
EM = - ~ M  + (n2 - 1)(n2 - s2) 

The T~-based  procedure  is more  sensitive to experi- 
menta l  inaccuracies (at energy values under  approx-  
imately 2.2 eV, its results diverge clearly f rom those 
obta ined  th rough  the other  methods).  The  absorbance  
expression, according to this method,  is given by 

Em -- [E2m -- (n 2 - 1)3(n 2 -- S4)'] 1/2 
(n -- 1)3(n -- s 2) (11) x ( ) 4  - 

where 

8 / ~ 2 S  
Em - (n 2 -- 1)(n 2 - -  S 2 )  

Tm 

According to the T~- and T r b a s e d  procedures,  the 
absorbance  is given by the following equations:  

{F -- [F  2 - (n 2 - 1)6(n 2 - s4)231/2} 1/2 (12) 
(n - 1)3(n - s 2) 

x(~)  = 

where 

F -  

and 

x(~)  = 

where 

128n4s 2 

T ~  
+ n2(n 2 -- 1)2(S 2 - -  1) 2 

+ (n 2 -- 1):(n 2 - s=) 2 

G - [G z - (n 2 - 1)3(n 2 -- s4)] 1/2 

(n - 1)3(n - s 2) 
(13) 

8 t / 2 S  

G -  
Zi 

Once the absorbance  x(X) is known,  the relat ionship 
x = exp( - czd) can be solved for a, since a = - (l/d) x 
lnx, and  thus, the values of the absorp t ion  coefficient 
are finally derived (Fig. 5).  

On  the other  hand,  in the Urbach  region 
(1 c m -  1 < ~ 0t < ~ 104 c m -  i) it can be seen that  the 
cz-values are smooth ly  connected,  except those that  
have been calculated f rom the Tin-curve. In this spec- 
tral region, the absorp t ion  coefficient depends expo- 
nentially upon  pho ton  energy, according to the rela- 
t ionship [12, 14]: 

cz(E) = cz0exp (14) 
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Figure 5 Optical absorption coefficient in the a-GeSea thin film as 
a function of photon energy. ( ) Strong absorption region, ( - -Q 
Urbach region. ([3) TM, (�9 Tin, (~) T~, (~) Ti. 
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Figure 6 Dependence of (czhv) 1/= on photon energy hv in an 
a-GeSe3 thin film from which the optical band gap, Eg pt, is derived 
(Tauc's extrapolation). 

where K1 is a slope parameter .  If  the values of a are 
fitted to this par t icular  relationship,  it is found that  
K1 ~ 0.08 eV. 

Fur thermore ,  the optical  band  gap will be obta ined 
f rom the calculated values of e in the s t rong-absorp-  
t ion region (cz > ~ 104 c m -  1). To  that  end, it should 
be poin ted  out that  the absorp t ion  coefficient, in tha t  
spectral  region, is given according to Tauc  [2, 12] by 
the following equation: 

K z ( E  - EgPt) 2 (15) 
~ ( e )  = E 

where E, F~ and K2 denote  the pho ton  energy, op- ~ g  

tical band  gap and an energy- independent  constant ,  
respectively. The  optical  gap, E~ pt, is formally defined 
as the intercept of the plot  of (0~E) 1/2 against  E, as 
shown in Fig. 6. Fo r  the glass compos i t ion  under  



study, GeSe3, the value of Eg pt is found to be 2.03 eV. 
On the other hand, according to the a-values derived 
by Theye et al. [13] for the glass composition GeSe2, 
the value of E~ vt was found to be 1.99 eV (a lower 
atomic percentage of Ge in the Ge-Se glassy system 
yields a higher value for the optical gap). Moreover, 
the average value of the constant K2 has been found to 
be 6.5 x l0 s cm- 1 eV- 

Finally, in order to complete the calculation of the 
optical constants, the extinction coefficient is deter- 
mined from the values of a and X, using the above- 
mentioned formula k = ~)~/4rc. Figure 4 also illustrates 
the dependence of k upon wavelength. 

4. Concluding remarks 
The optical characterization of amorphous semicon- 
ducting thin films prepared by thermal evaporation, 
using only the optical transmission spectrum at nor- 
mal incidence, should take into consideration the pos- 
sible lack of film thickness uniformity, since this 
feature of the film gives rise to a clear shrinking of the 
interference fringes of the transmission spectrum [12]. 
However, in the present work, the very good agree- 
ment between the optically- and mechanically-deter- 
mined thicknesses of the studied a-GeSe3 thin films, 
and the excellent results obtained from our systematic 
study of the optical properties, are a clear consequence 
of the remarkably uniform thickness of the thin films 
under study, attained by using the very efficient rotary 
workholder. 

In addition, it should be pointed out that several 
as-deposited a-GeS% thin films were illuminated by 
a Hg arc lamp (through an IR-cut filter) and the effect 
of illumination was the blue-shift of their optical 
transmission spectra, that is to say, a photo-bleaching 
process has taken place in the glassy sample [3]. 

Similarly, after annealing (at 175~ for 24 h), the 
as-deposited a-GeSe3 films showed a thermal-bleach- 
ing process. A detailed report on these particular 
experiments currently underway will be published 
elsewhere. 
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