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Abstract

Optical transmission spectra are very sensitive to inhomogeneities of thin
films. In particular, non-uniform film thickness leads to shrinking of the
transmission spectrum at normal incidence. This non-uniformity has to
be taken into account, because its ignorance may lead to serious errors in
the calculated values of the refractive index and the film thickness. This paper
presents a method, which transforms the optical transmission spectrum of a
wedge-shaped thin film into a spectrum of a uniform film whose thickness
is equal to the average thickness of the non-uniform film. This allows to
calculating the refractive index, the average thickness, as well as a parameter
indicating the degree of film thickness uniformity. The method is successfully
applied to wedge-shaped obliquely-deposited chalcogenide glass thin films of
chemical composition GeS,. The dispersion of the refractive index in the
subgap region is discussed in terms of the Wemple-DiDomenico single-
oscillator model. The optical-absorption edge is described using the
‘non-direct transition’ model suggested by Tauc, and the optical gap is cal-
culated by Tauc’s extrapolation. Far-infrared spectroscopy has been used
to clearly complement the results derived from the present optical
measurements.

1. Introduction

Over the last two decades, interest in the knowledge of the
optical properties of chalcogenide glasses has grown consid-
erably, owing to the wide range of phenomena exhibited by
these semiconducting materials, when certain samples are
exposed to light or other irradiation [1-3]. In general, these
phenomena are accompanied by changes in the optical
constants of the material and, in particular, shifts in the absorp-
tion edge, i.e., photo-darkening or photo-bleaching. The accu-
rate determination of the optical constants of these glassy
materials is a prerequisite, not only for complete understanding
of the basic mechanisms of the photo-induced phenomena, but
also for exploiting of their technological potential.

Existing methods for determination of the optical con-
stants, based exclusively on the optical transmission spectra
at normal incidence [4,5], have already been applied to dif-
ferent crystalline and amorphous thin films, deposited on
transparent substrates [6-8]. These relatively simple methods,
are fairly accurate, being also non-destructive, and not
requiring any previous knowledge of the thickness of the
deposited film, while the thickness and the refractive index
would be determined within an error of about 2% [5]. They
do, however, assume a uniform thickness of the film, while
the use of non-uniform films results in shrinking of the optical
transmission spectrum, leading to less accurate calculated
results and even serious errors.
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In the present paper, a physically appealing procedure for
optical characterisation of non-uniform thin films, suggested
by Swanepoel [9], has been employed. The method uses a
transformation of the transmission spectrum corresponding
to a film of non-uniform thickness to a spectrum of a uniform
film, whose thickness is equal to the average thickness of the
non-uniform film. The method is applied to calculating of
the geometrical parameters, average thickness and the
thickness variation, and the refractive index in the
subband-gap region of thermally-evaporated wedge-shaped
glass films, obliquely deposited, of chemical composition,
GeS; (i.e., germanium sulphide). The results obtained for
three representative thin-film samples, designated as FI,
F2 and F3, are presented in this work. Furthermore,
far-infrared spectroscopy is used to obtain a very useful struc-
tural information (i.e., the vibrational behaviour of the
amorphous solid) that strongly complements the results
obtained from the present optical measurements.

2. Experimental details

Thin-film samples were prepared by vacuum evaporation of
powdered melt-quenched glassy material (made by heating
of an appropriate mixture of the elements in vacuum-sealed
fused-silica ampoules, for about 4 h, at approximately
900 °C, and air-quenched) onto clean glass substrates (BDH
Superpremium) and Si wafer substrates. The thermal evapor-
ation process was carried out in a coating system (Edwards,
model E306A), at a pressure of &~ 5 x 1077 Torr, from a suit-
able quartz crucible. The samples were deposited obliquely
at various angles of incidence (20°-40°). The temperature rise
of the substrate, due to radiant heating from the crucible, was
negligible during the deposition process. The deposition rate
was A~ 0.4 nms~!, which was measured continuously by a
quartz-crystal monitor (Edwards, model FTM-5). It is known
that such a low deposition rate produces a film composition
which is very close to that of the bulk starting material, while
electron microprobe analysis indicated that the film
stoichiometry is correct within £1 at. %. Care was taken
to minimize exposure to light sources during sample
preparation, and the thin-film samples were kept in complete
darkness until their use. These measures were taken to dim-
inish the photo-bleaching, which is a light-induced effect that
occurs in Ge-based chalcogenide glasses [10], and results
in a significant decrease of the refractive index.
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Fig. 1. X-ray diffraction pattern (Cu Ko radiation) of a representative
as-evaporated germanium sulphide glass film (the data have been smoothed
by means of the Savitzky-Golay filter).

The lack of crystallinity in the film was verified by X-ray
diffraction (XRD) analysis. Figure 1 shows a typical XRD-
pattern, using the Cu Ku line, for as-deposited germanium
sulphide films. The first sharp diffraction peak (FSDP), which
is observed at an angle of 20 ~ 14°, is associated with the
medium-range order of the amorphous structure [11,12].

The optical transmission spectra were obtained over the
spectral region 400-2500 nm by a double-beam, UV/Vis/NIR
computer-controlled  spectrophotometer  (Perkin-Elmer,
model Lambda-19). The area of illumination over which
the transmission spectra were obtained, was approximately
1 x 10 mm?. It should be emphasized that the transmission
spectra show unambiguously that the o-GeS, films have
non-uniform thickness. This was confirmed by mechanical
measurements of the film thickness, using a stylus-based sur-
face profilometer (Sloan, model Dektak 3030). The IR-
transmission spectra were obtained in the 800-30 cm™!
range by a computer-controlled FTIR spectrometer
(Perkin-Elmer, model 2000). All optical and IR measure-
ments reported in this paper were made at room temperature.
Finally, the film thickness studied was in the range of approxi-
mately 1000-2200 nm.

3. Derivation of analytical expressions for the envelopes of
the transmission spectra of non-uniform films

A thin homogeneous film with uniform thickness, d, and
complex refractive index, n.=n—1ik, and absorption
coefficient, o, is considered initially. The film is deposited
on a transparent substrate with refractive index, s. This system
is surrounded by air with refractive index ny= 1. The
expression for the transmittance, 7, at normal incidence is
[5,9.13]:

_ Ax
" B— Cxcosq+ Dx2’

T ()

while all multiple reflections are taken into account, and, on
the otherhand, k2 <« n% A=16ns, B=n+1)>n+ s,
C=2* - =5, D=m—-1)1>n—-s), ¢=4nnd/),
x = exp(—oad) and, finally, k = a4/4n. The envelopes around

© Physica Scripta 1999

Optical Constants in the Subgap Region 91

the interference maxima, Ty, and minima, 71,0, are continu-
ous functions of 4, and:

Ax
Tyvo=——"—— 2
MO = B O+ D (22)
Ax
Tho=———"——. 2b
M0 =B Cx + DX2 (2b)
The case considered in this paper is illustrated

schematically in Fig. 2. It is assumed that the thickness of
the film varies linearly over the illuminated area, and can
be expressed as: d =d + Ad. Ad is the linear variation of
the thickness around the average thickness d as shown in Fig.
2, and Ad is not the standard deviation of calculated values or
the r.m.s. deviation used elsewhere [14]. The transmittance
measurements are performed in such a way that the same area
is illuminated for all wavelengths.

The theory developed in this paper refers to a linear vari-
ation of d over a macroscopic scale of typically a few
millimetres; it is, however, also valid in the cases of triangular,
rectangular and sinusoidal surface roughness. The effect of
thickness variation on a typical transmission spectrum is
shown in Fig. 3. It is seen that the interference pattern shrinks
notably if the thickness is not uniform. This effect is further
investigated next.

For non-uniform films the transmittance, 7, at a specific
wavelength, 4, can be obtained by integrating Eq. (1) over both
Ad and x. This is prohibitively difficult analytically, and an
approximation is to use the average value of x,
X = exp(—ad) over the integration range Ad. This approxi-
mation is precise provided that Ad <« d. Correspondingly
the expression for the transmittance 7" becomes [9]:

Ax

1 (5]
T = = =
o2 _(/’ILI B — Cxcos ¢ + Dx

5do, A3)

where ¢, = 4nn(d — Ad)/). and ¢, = 4nn(d + Ad)/). The
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Fig. 2. Schematic drawing of a weakly absorbing thin film with a linear vari-
ation in thickness on a thick transparent substrate.
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Fig. 3. Transmission spectrum of a representative wedge-shaped thin film of
GeS; chalcogenide glass, deposited onto thick transparent substrate. The aver-
age thickness of this sample is 1494 + 11 nm. Ty, T}, Twmo and Ty are intro-
duced in the text and Ty is the transmission of the substrate alone.

integral solution gives [9]:

T A a
 AnnAd (1 — b2)'/?

1
|:tan_1 ((1—22[;1/2 tan (p22> — tan

4)
where

AXx
“=p e (42)
and

Cx
b= (40)

Furthermore, the expressions for the envelopes around the
interference maxima and minima of the transmission

spectrum are [9]:
A a o4 1406 2nnAd
! [(1 ") tan( R ﬂ ®

TM = 7271'}1Ad7(1 _b2)1/2 ta

A a a 1-5 2nnAd
Tm_iZnnAdi(l_M)l/ztan [(1_b2)1/2tan< 7 >] (6)

The substitution of Egs. (4a) and (4b) into Egs. (5) and (6),
and the use of Egs. (2a) and (2b) gives the following
expressions for the experimental envelopes, Ty, and 77, of
the non-uniform film as functions of the envelopes Ty
and Ty of the corresponding uniform film, with a thickness
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equal to the average thickness of the non-uniform film:

1/2 1/2
Ty = TwoTwo) - |:<TMO> tan ;{], (7
X TmO
12 1/2
T, = o Two) 7 (-1 <Tm0> tany |, (®)
x Two
where:
¥ =2nnAd/ A, )
and
0 < y < m/2 (or equivalently,0 < Ad < A/4n). (10)

4. Calculation of Tygo and Ty,

4.1. Theoretical considerations for calculation of Ty and T,

Equations (7) and (8) are two independent transcendental
equations for Ty, Tmo and y. In the transparent region,
Twmo = Ts (see Fig. 3), and Egs. (7) and (8) can be solved
for Tmo and y in this spectral region, using a rapidly con-
verging algorithm (Newton-Raphson iteration). In this trans-
parent region, n is determined from the following expression:

4n2s

Two = .
mo = Ay n?(s2 4+ 1) + 52

(11)

Ad can be obtained from Eq. (9), but a more useful proce-
dure in most cases, from the standpoint of unambiguously
evaluating the uniformity parameter Ad, will now be pre-
sented.

It was shown in previous works [5,9] that the equation for
the order numbers of the extrema of the interference fringes
is:

¢=0,1,2,3,... (12)
for the successive extrema, starting from the long-wavelength
end, where m; is the order number of the first (£ =0)
extremum considered, and while m; is an integer for a maxi-
mum or a half-integer for a minimum. The substitution of
Eq. (9) in Eq. (12) gives:

e_(d\ _
2~ \zaa )F M

A plot of £/2 as a function of y in the transparent region
allows to determining the slope and m;, based on Eq. (13),
which is illustrated in Fig. 4. Equation (13) can be used next
for calculation of y for the extrema in the absorption region,
and Ty and Ty can be calculated then from Egs. (7)
and (8), as discussed below in detail.

(13)

4.2. An example of calculation of Ty and T,

The experimental transmission spectrum shown in Fig. 3, cor-
responds to the representative wedge-shaped thin-film sample
F1. The transmission of the substrate alone is also included as
T;. The envelopes, T}, and T7,, are drawn around the extrema
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Fig. 4. Plot of ¢/2 as a function of y; in order to determine m; for the rep-
resentative GeS, film, F1.

of each transmission spectrum and the values obtained from
these envelopes are used in the following calculations. It is
noteworthy to mention that the iterative method for
determining the envelope curves of a given set of oscillatory
data, proposed by McClain et al. [15], was used for obtaining
of the envelope functions in numerical form. The results of
the calculations for the transmission spectrum from Fig. 3
are given in Table I as a representative example.

Tmo and y are calculated initially from Egs. (7) and (8),
using the values of Ty, and 77, for the extrema listed in Table
I, and substituting Tyo(4) = T5(4). The values of y are shown
as y; in Table 1. Fig. 4 shows the plot of £/2 as a function
of y; according to Eq. (13), while the best straight line fit
for the points of the transparent region is also drawn. The
points for larger jy,, which deviate from this straight line, indi-
cate the onset of absorption and these points have to be
ignored when the straight line is drawn. The following
expression:

/2 = 8.43y — 3.40, (13a)
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is correspondingly obtained for the representative thin-film
sample F1, based on Fig. 4 and Eq. (13).

The value of y at each extremum is calculated using a new
expression derived by modifying the above equation, in such
a way that the value of m; is appropriately rounded. The
new values of y are also included in Table I. Ty and Ty
are calculated from Egs. (7) and (8), using these values of
x and Ty, and 77 . The values of Ty and Tr are also included
in Table L.

The calculated values of Tyvo and Tiy are finally used to
calculate d, Ad, n(1), a(2) and k(4), using the method for uni-
form films, discussed in detail in [5,8,16]. A brief discussion
of this method follows.

5. Calculation of d, Ad, n(2), a(2) and k(1)

The essence of the calculation procedure is the determination
of the exact order numbers of the extrema of the transmission
spectrum, and the accurate calculation of the thickness of the
layer, based on approximate values of the refractive index, n;,
and the thickness of the layer, d;. The expression for n; is:

ni =[N+ (N? — 5?72, (14)
where

Tmo — T 241
N =25iM0 = fmo &+ 2

TvoTmo 2

The refractive index of the substrate at each wavelength is
derived from T,(4), using the well-known equation:

1 N 1 . 172
T, \1? '

Moreover, the first approximate value of the layer thickness
is given by the expression:

A2
2(ner 1 — Net A2

S =

(15)

dy (16)

Table L. Values of A, T, and T,, for the typical optical transmission spectrum of the representative thin-film sample, FI. The

m

underlined transmittance values are those calculated by the iterative method proposed by McClain et al. [15] (see Fig. 3).
Tuo and T,y were calculated from Ty, and T,, and the envelope method for uniform films was used next. It is worth noting that
the exact values of my derived from Eq. (13) are usually the same as the values obtained from the procedure for uniform films.

Sample A (nm) s Ty T, 11 b4 Twmo Tmo n dy (nm) my m d; (nm) n

Fl 1847 1.513 0.908 0.725 048 0.40 0.921 0.721 2.141 — 327 35 1510 2.140
1621 1.513 0.902 0.728 0.49 0.46 0914 0.720 2.140 — 372 40 1515 2.145
1444 1.529  0.898 0.729 0.54 0.52 0914 0.718 2.160 1475 4.22 45 1504 2.149
1305 1.529  0.893 0.729 0.60 0.58 0914 0.715 2.168 1464 4.68 50 1505 2.158
1185 1.535 0.887 0.730 0.67 0.64 0912 0.713 2.178 1457 5.18 55 1496 2.156
1088 1.535 0.881 0.733 0.69 0.70 0911 0.712 2.179 1466 5.64 6.0 1498 2.159
1011 1.543 0878 0.736 0.73 0.76 0915 0.711 2.195 1503 6.12 6.5 1497 2.174
941 1.533 0.876 0.737 0.78 0.82 0.919 0.707 2.204 1469 6.60 70 1494 2.179
881 1.531 0.871 0.739 0.85 0.88 0.922 0.703 2.220 1433 710 75 1488 2.186
829 1.517 0.866 0.739 0.89 0.94 0.925 0.698 2.230 1441 7.58 80 1487 2.193
784 1.518 0.861 0.741 0.94 1.00 0.930 0.692 2.236 1390 8.04 8.5 1490 2.204
742 1515 0.855 0.745 1.02 1.06 0.933 0.689 2.256 1362 8.57 90 1480 2.209
707 1512 0.846 0.747 1.09 1.12 0.932 0.684 2.278 1461 9.08 95 1474 2.221
674 1511 0.834 0.744 116 1.17 0.929 0.674 2.269 1367 949 100 1485 2.229
647 1.510 0.820 0.739 1.24 1.23 0.927 0.660 2.274 1238 9.90 10.5 1494 2.247
617 1.509 0797 0.726 1.32 1.29 0.918 0.635 2.285 1200 10.40 1.0 1485 2.255

dy = 1409 £ 90 nm (6.4%);
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where n.; and n., are the refractive indices for two adjacent
maxima (or minima) at A; and /,. On the other hand, the
‘order number’ of a given extremum, m, is estimated from
the basic equation for interference fringes, 2nd = mA4, using
the average value of d, c_ll, and the corresponding n;. The
orders m of the neighbouring extrema are, in fact, consecutive
integers for the maxima and half-integers for the minima - the
m-values are obtained by appropriately rounding of the
mg-values. The calculation of the next thickness
approximation, d,, is carried out via the interference con-
dition, while n; and m are now used. The average value of
d>, d, , represents the final calculated thickness of the layer.
Next, substituting ¢, and m again into the interference con-
dition, the final calculated refractive index, n,, is obtained
for each extremum.

The calculation of the average thickness and refractive
index corresponding to the typical transmission spectrum
of the thin-film sample F1, using the envelope method for
uniform films, is clearly illustrated in Table I. On the other
hand, the values of & for Fl, F2 and F3 are
1494 + 11 nm, 1663 £ 3 nm, 1794 + 15 nm, respectively.
The corresponding errors of these final values of the average
thickness are 0.9%, 0.3% and 0.7%, respectively. In addition,
the substitution of the values of @, into Eq. (13) gives the
values for Ad listed in Table II. It is generally observed that
the larger average thickness leads to larger thickness
variation. Alternatively, the film thicknesses were measured
directly by the already mentioned Dektak 3030 mechanical
profilometer. These measured values are usually very close,
indeed, to those calculated by the present envelope-curve
procedure. The differences between the directly measured
values of the thickness, dy,, and the corresponding calculated
values, d, are +1.4%, +0.8% and —1.6% for the samples FI,
F2 and F3, respectively (see Table II). The final values of
the refractive index for the three amorphous germanium
sulphide films are shown in Fig. 5, as a function of the
wavelength.

Concerning to the procedure for the determination of the
absorption and extinction coefficients, Swanepoel [5]
recommends that, in the case of uniform films, the Tyo-curve
has to be used over the whole range of the spectrum, namely in
the regions of strong, medium and weak absorption. The
derivation of absorbance, x, in the strong-absorption region
is based on the expression for the optical dispersion that will
be presented later. The corresponding expression for
calculation of x is:

B = [Bg = (2 = 102 =] , (17)
(n—1y(n—s?)

REFRACTIVE INDEX

1200 1600 2000

WAVELENGTH, nm

400 806G

Fig. 5. Refractive index vs. wavelength for the as-deposited a-GeS, films, FI1,
F2 and F3.The inset is a plot of (#* —_1)’1 vs. (/iw)? in the subband-gap region
(the average value of the Tauc gap, E;P‘, is 2.34 +£0.01 eV).

where
8 2

Ewvo = 2 4 (2 — 1) — $).
Tmo

The absorption coefficient, (), is then calculated, using the
expression o = —(1/d)Inx. Once «(4) is known, k(1) can
be easily determined from the above-mentioned expression,
k = a4/4n, which completes the derivation of the optical con-
stants. The optical-absorption spectrum obtained by using
Eq. (17) is displayed in Fig. 6, for the representative thin-film
sample Fl.

The optical band gap is derived from the obtained values of
. The absorption coefficient of amorphous semiconductors
in the high-absorption region (where « = 10* cm™") is given,
according to the ‘non-direct transition’ model suggested by
Tauc [17], by the following relationship:

B(heo - Egpt)2

a(hw) = o ,

(18)
where EQP' is the Tauc gap and B'/? is the Tauc slope. Such
spectral dependence of the absorption coefficient can be
associated to interband electronic transitions, and, in this
case:

hiw
(o) ~ o | (=Bt = ENIE. (19)

where M is the transition matrix element, and g, and g, are
the densities of states in the valence and conduction bands

Table I1. Thickness variation, Ad, film thickness measured by the stylus-based surface profiler, d,, average thickness, d
Wemple-DiDomenico dispersion parameters, Ey and E4, Tauc gap, E;p’, gap ratio, EO/EZ,p’, Ge coordination number, N, and
refractive index extrapolated at hico = 0, n(0), for the three specimens Fl, F2 and F3.

Sample Ad (nm) dy, (nm) d (nm) Ey (V) Eq (eV) EgP (eV) Ey/E™ N, n(0)

Fl1 52+5 1514 £ 30 1494 + 11 5.47 £0.05 19.92+0.20 2.364+0.01 2.314+0.03 32+£0.3 2.154 £0.001
F2 57+3 1676 + 34 1663 £3 5.44 £0.02 19.45+£0.07 2.324+0.01 2.344+0.02 334+04 2.139 £ 0.001
F3 61+7 1765 £ 35 1794 £ 15 5.45£0.07 19.76 £0.30  2.3540.01 2.324+0.04 34+04 2.151 £0.002
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gap.

of the amorphous semiconducting material. Assuming that
these densities of states are parabolic functions, that is,
g(—E)~ E'? and g(E) ~ (E — Egp‘)l/z, and M is constant
in the energy range under study, Eq. (19) takes on the form
expressed by Eq. (18). Additionally, the Tauc gap can be deter-
mined by extrapolating (ahw)"? towards zero (see the inset
in Fig. 6). The values obtained for the optical gap for FI,
F2 and F3 thin-film samples, are presented in Table II. These
values are in very good agreement with those reported by
other authors for thin films of the same glassy composition
[18,19]. It should be mentioned that the band gap in the films
is always lower than that of the bulk material (3.15 eV) [2].

6. Analysis of the optical dispersion based on the
Wemple-DiDomenico single-oscillator framework

The refractive-index dispersion, n(w), of crystalline and
amorphous materials can be fitted by the Wemple-
DiDomenico single-oscillator relation [20,21]:

EqEy

61((,0)_ 1 :nz(U))_ 1 :m,

(20)

where Ey and Ey4 are single-oscillator fitting constants which
measure the oscillator energy and strength, respectively. By
plotting (n* — 1)~! as a function of (/w)* and fitting a straight
line as shown in Fig. 5, £y and E4 can be determined directly
from the slope, (E Ed)_l, and the intercept, Ey/E4, on the
vertical axis, respectively. The oscillator energy, Eyp, is an
‘average’energy gap, and it scales with the Tauc gap, Egp‘, while
Ey~2x Egp‘, as it was found by Tanaka [22] investigating
well-annealed As-S glass films. Furthermore, E; obeys a
simple empirical relationship:

Ey = .BNcZaNe (BV), (21)

where f=0.37£0.04 eV for covalent crystalline and
amorphous materials (f = 0.26 £ 0.03 eV for ionic materials),
N, is the coordination number of the cation nearest neighbour
to the anion, Z, is the formal chemical valency of the anion,
and N, is the total number of valence electrons (cores
excluded) per anion. The average values of Ey and Ej4
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(obtained from the values belonging to the samples F1, F2
and F3) are: Ey=5.45 ¢V and E4 = 19.51 éV. Moreover,
the consideration that for this particular chalcogenide glassy
composition, Z, =2 and N = (4 x 14+ 6 x 2)/2 =8, gives
an average value of the coordination number of the cation,
N, ~ 3.3 4 0.4 (see also Table II). The very striking fact that
N, has a lower value than the expected value for GeS, thin
films (N. = 4), could be explained considering, on the one
hand, that a ‘shadowing’ effect of the material deposited on
the substrate with respect to the incoming evaporated atoms,
incident at an oblique angle, leads to the formation of a
columnar-growth morphology. Consequently, the mass den-
sity and the corresponding dispersion energy decrease
substantially [21]. On the other hand, according to Pauling’s
electronegativities, the ionicity of Ge-S bonds is approxi-
mately 12%, which would account for a lower value of beta.
Additionally, in ionic materials the more pronounced s-p
splitting leads to s-like bands well below p-like bands, thus
decreasing Ne.

In addition, the values of the gap ratio, Eo/Egp‘, for the
thin-film samples F1, F2 and F3 are 2.31, 2.34 and 2.32,
respectively. Therefore, the present values of the Wemple-
DiDomenico dispersion parameter, Ey, are reasonably con-
sistent with the aforementioned relationship, Ey ~ 2 x Egpt.

7. IR-transmission measurements

IR-transmission measurements of amorphous germanium
sulphide films, deposited onto Si wafer substrates, are dis-
cussed in detail next. It has been reported that the infrared
spectra of the corresponding bulk glass could be interpreted
in terms of a structural model based on a chemically-ordered
phase [23]. The element of local order is a tetrahedral arrange-
ment of S atoms around a central Ge atom. According to this
local order, the above-mentioned value of N, = 4 would be
obviously expected. The tetrahedra are connected into a
network through the twofold coordinated S atoms. The exist-
ence of such amorphous structure is also confirmed by
RDF studies [24]. For an isolated tetrahedral molecule, there
are four vibrational modes to be considered, which can be
estimated from the reported frequencies of molecules, with
similar structure and mass ratio. In this way, the frequencies
of a GeS4-molecule were calculated from the reported Raman
frequencies of the GeCls-molecule [25]. Using this particular
approach, the dominant IR and Raman modes occur at dif-
ferent frequencies, v3(F2) at 388 cm ™! and v;(Al) at 342 cm ™!,
corresponding to the asymmetric and symmetric stretching
modes of the tetrahedral molecules, respectively. In addition
to the two previous bond-stretching modes, an XY ;-molecule
has also two others bond-bending modes, a v;-mode of E
symmetry, which is only Raman active, and a v4-mode of
F, symmetry, which is both IR and Raman active. The fre-
quency of the v4-mode of a GeSs-molecule is calculated to
147 cm~!,

The far-infrared spectrum of an amorphous germanium
sulphide film, deposited on a silicon substrate, is presented
in Fig. 7, and a schematic representation of the proposed local
order in the a-GeS, thin film is also included. The main
feature of the IR spectrum at ~ 370 cm~! is due to
bond-stretching vibrations of GeSs molecular units, while
the absorption band at ~ 150 cm~! is due to bond-bending
modes. In addition, an absorption band at around 740
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Fig. 7. IR-transmission spectrum of an amorphous germanium sulphide thin
film, deposited onto a Si wafer substrate. The inset shows a schematic rep-
resentation of the chemically-ordered network of four-coordinated Ge atoms
and two-coordinated S atoms.

cm~! could be associated with second-order processes

(transverse optical modes &~ 2 x 370 cm™!).

8. Concluding remarks

The accurate method proposed in this paper for calculation of
the geometrical parameters, average thickness and thickness
variation, and the optical constants in the subgap region
(0.5 - 2.3 eV) of wedge-shaped obliquely-evaporated amorph-
ous germanium sulphide films, have been successfully applied
to layers whose thickness ranges between approximately
1000 nm and 2200 nm. The lack of uniformity of the film
thickness found under the present deposition conditions,
leads to the strong shrinking of the interference fringes of
the optical transmission spectrum at normal incidence. Con-
sequently, inaccuracies and even very serious errors occur
if n(w), d and o(w) are calculated directly from such a shrunk
transmission spectrum, assuming the layer to be uniform.
Moreover, the simulated transmission spectrum correspond-
ing to the case of a layer with constant thickness equal to
the average thickness and with the same optical constants
obtained for the thin-film sample F1 (see for all the corre-
sponding details Ref. [13]), is also included in Fig. 3. The
optical procedure used makes it possible to derive both the
refractive index and the average thickness within an error
of ~ 1%. These results have been clearly corroborated by
mechanical film thickness measurements, and also (and very
significantly) using an independent optical characterization
method for non-uniform thickness thin films, also proposed
by Swanepoel [9,26]. The subsequent fitting of the obtained
values of the refractive index to the Wemple-DiDomenico
single-oscillator model, results in optical dispersion par-
ameters directly related to the disordered structure of the
chalcogenide material.

On the other hand, regarding the vibrational behaviour of
the amorphous solid, we have presented the far-infrared
spectrum of GeS; thin films and depicted a structural model
based on a GeS4-tetrahedrom. This model clearly explains
the dominant features of the far-infrared spectrum which
appears at ~370 cm~! (bond-stretching vibrations), at
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~ 150 cm~! (bond-bending modes) and at ~ 740 cm~!
(transverse optical modes).

Finally, several as-deposited amorphous germanium
sulphide thin films were illuminated by a Hg arc lamp,
through an IR-cut filter, with a light intensity of
~ 30 mWem 2. As it has been previously reported [10], illumi-
nation of the present GeS, films produces a very strong blue
shift of their optical transmission spectra. This indicates that
a significant photo-bleaching process occurs in these particu-
lar Ge-based chalcogenide samples, which is in excellent
agreement with the results obtained in [18,27,28].
Furthermore, the IR spectrum of the illuminated glass films
shows vibrational bands at ~ 670 cm~! and at ~ 825 cm™!,
due to the presence of Ge - O chemical bonds.
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