Vg

ELSEVIER

Available online at www.sciencedirect.com

science (@horneer:

Thin Solid Films 485 (2005) 274 — 283

www.elsevier.com/locate/tsf

Optical and structural characterisation of single and
multilayer germanium/silicon monoxide systems

G. Pérez**, A.M. Bernal-Oliva®, E. Marquez’®, J.M. Gonzalez-Leal®, C. Morant®,
L. Génova®, J.F. Trigo®, J.M. Sanz®

4CIDA, Arturo Soria 289, E-28033 Madrid, Spain
bDepartamento Fisica de la Materia Condensada, Universidad de Cadiz, E-11510 Puerto Real, Cadiz, Spain
“Departamento Fisica Aplicada, Universidad Auténoma de Madrid, Cantoblanco, E-28049 Madrid, Spain
dDepartamento Energias Renovables, CIEMAT, Avda. Complutense 22, E-28040 Madrid, Spain

Received 25 June 2004; received in revised form 23 January 2005; accepted 30 March 2005
Available online 23 May 2005

Abstract

Germanium and silicon monoxide thin films prepared with different evaporation conditions are analysed. Substrate temperatures from 30
to 370 °C and deposition rates from 0.3 to 3.0 nm/s for SiO and from 0.5 to 1.5 nm/s for Ge films are considered. Optical constants in the
mid-infrared range are derived from transmission spectra and their variation with deposition conditions is related to structural and
morphological changes in the films. Taking into account the results of the single layers study, deposition conditions adequate for both SiO
and Ge thin films in multilayer optical coatings for the mid-infrared range of the spectrum are selected. The optical characterisation of a ten-
layer bandpass filter, designed considering the experimental optical constants for both materials and prepared with the selected deposition
conditions, is presented. The results indicate that the departure of experimental transmittance in the mid-infrared range from the design is

mainly due to thickness deviations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Multilayer optical coatings for the mid-infrared range,
between 3 and 5 um, are used in many devices, e.g. optical
systems for space, gas sensors, etc [1—5]. Germanium and
silicon monoxide thin films are suitable for these applica-
tions as they are both transparent in that region of the
spectrum, have significantly different refractive indices [6]
and are well known to be chemically and mechanically
compatible in multilayer stacks [1,3,7].

Germanium is frequently used as high refractive-index
material in multilayer interference coatings for the infrared
range [1,3,5,7—11]. Ge thin films were analysed in detail in
the 70’s as representative of amorphous materials [12—17]
in terms of the continuous random network model [18].
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More recent papers [19—21] report the improvement of
some film properties (e.g. adherence, density, absorption in
the infrared range, etc) when the films are obtained by more
complex and expensive ion- or laser-assisted growth
processes. The most recent studies are devoted to the
electrical characterisation of the films for applications in
infrared laser radiation detectors [22—25], in flat panels or in
solar cells [26] and to the analysis of photoluminescence
properties of Ge nanocrystals for applications in optoelec-
tronics [27,28].

Silicon monoxide is also frequently used as a low-index
material in interference coatings for mid-infrared [1,3,7] and
as protective coating for metallic mirrors [29]. Many papers
are devoted to the study of the optical and structural
properties of silicon oxides and their dependence on
deposition conditions [30—37]. Most of these papers report
on the examination of experimental optical constants and of
the absorption band related to Si—O-Si bond stretching, in
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terms of the mixture [38] or the random bonding model
[39,40]. Apart from the optical applications, SiO, layers
have been analysed for light-emission devices, using the
visible photoluminescence observed when x<1 [37] and in
microelectronics, as protective and passivation layers [31].

For the reliable preparation of multilayer optical coatings,
it is of primary importance to carry out a previous research on
the optical, and structural properties of single layers of the
materials involved. The aim of that analysis is to obtain the
best deposition conditions for each material, according to the
intended application [5,41-43], and to derive the experi-
mental optical constants of the films [44—47].

The aim of this paper is to perform an optical and
structural characterisation of germanium and silicon mon-
oxide thin films and to use these results to select the
deposition conditions of multilayer coatings involving both
materials, as well as to analyse the multilayers’ optical
properties.

2. Experimental details
2.1. Sample preparation

Single germanium and silicon monoxide films with
nominal thickness of 1800 nm were deposited on polished
sapphire substrates by electron beam and thermal evapo-
ration, respectively. Deposition conditions of the films are
included in Table | for Ge samples and in Table 2 for SiO
samples. Substrate temperature was varied from room
temperature to 370 °C for films grown at 0.9 nm/s. In
addition, some samples were deposited at different rates for
a fixed substrate temperature of 200 °C. The films were
thick enough to enable several interference extrema in the
transmission spectrum and, therefore, to allow a reliable
determination of the optical constants.

Ten-layer coatings alternating Ge and SiO were also
deposited on sapphire substrates at 200 °C with a base
pressure of 2x10~* Pa. The deposition rate and final
thickness of the layers (around 600 nm for SiO films and

Table 1
Deposition conditions and optical properties of germanium thin films
Sample T, (°C) v (nm/s) Maum dexp  Eg B2
mm) (V) (eV'Zem %)
1 30 0.9 421 1662 0.71 445
2 140 0.9 423 1592 075 463
3 200 0.5 425 1689 082 537
4 200 0.9 424 1579 082 543
5 200 1.5 426 1617 082 551
6 300 0.9 420 1598 090 609
7 370 0.9 4.06 1595 0.77 402

T is the substrate temperature and v the deposition rate. deyp, and 74y, are
the experimental thickness and refractive index at 2 =4 um, respectively. £,
and B'/? are the parameters of the Tauc model for the absorption coefficient
[17].

Table 2

Deposition conditions and optical properties of silicon monoxide thin films
Sample T, (°C) v (nm/s) N4 um dexp (NM)
1 30 0.9 1.872 1675

2 140 0.9 1.875 1652

3 200 0.3 1.854 1611

4 200 0.9 1.880 1308

5 200 3.0 1.886 1492

6 300 0.9 1.865 1854

7 370 0.9 1.876 1518

Ty is the substrate temperature and v the deposition rate. dey, and n4 , are
the experimental thickness and refractive index at =4 pm, respectively.

from 250 to 500 nm for Ge films) were controlled by a
quartz-crystal monitor.

2.2. Sample characterisation

Transmission spectra of germanium samples at normal
incidence were measured with two different double-beam
dispersive equipments (Perkin-Elmer Lambda 9 and 781), in
order to cover the whole wavelength range from 0.9 to 5
pum. For the silicon monoxide films and multilayer systems,
the transmittance was measured between 1.25 and 5 pm
using a Fourier Transform Infrared system with a modified
optical system to improve its photometric accuracy (Perkin-
Elmer Spectrum GX).

Optical-constant determination for all the samples was
performed by the reverse synthesis of the transmission
spectra [44,48]. For the sapphire substrates, optical con-
stants from Ref. [49] were used. The analysis in the
transparent region of both Ge and SiO films was carried
out in terms of the dispersion function proposed by
Wemple-DiDoménico [50] for the refractive index, on the
basis of the single-oscillator approach:

) EoEy
n(E)_1+E§—E2 (1)
where E( and E4 are the oscillator and dispersion energies,
respectively, and an exponential function [51] for the
extinction coefficient:

k() = Ce 7"

(2)
where C, D and E are constants. Germanium thin films were

also studied in the region of the absorption edge, from 0.9 to
1.4 um, considering the function proposed by Tauc [17]:

(E _EEg) (3)

where E, is the optical band gap and B is a parameter
related to the semiconductor structural order. The main
results obtained from the optical characterisation are
included in Table 1 for Ge and Table 2 for SiO films.

In addition, reflection ellipsometric measurements of Ge
thin films were used to determine the optical constants in
the wavelength range from 0.28 to 0.83 um (1.5<hv<4.5

o(E) =B
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eV). These data were analysed in terms of the Maxwell—
Garnett EMA model, including a surface layer of different
characteristics.

Structural characterisation of the Ge films was performed
by X-ray diffraction, using Cu K, radiation (A=1.542 A).
Atomic force microscopy, AFM, was used for morpholog-
ical characterisation. The AFM images were obtained in
contact mode, under ambient conditions using silicon nitride
cantilevers. From the topographic images, the surface
roughness was estimated in terms of the root mean square
(rms) of the peak-valley statistical distribution in the images.
The mean size of the observed features was derived from the
analysis of different line-profiles along the sample surface.

3. Results and discussion
3.1. Ge thin films

Several germanium thin films, grown at different sub-
strate temperatures and deposition rates, have been studied.
Table 1 summarises the deposition conditions and the results
of their optical characterisation.

Fig. 1 shows the X-ray diffraction pattern of samples 4, 6
and 7 (cf. Table 1). Samples 4 and 6, grown at temperatures
of 200 and 300 °C, show almost featureless patterns as a
clear indication of the amorphous structure of these films.
On the contrary, sample 7 (grown at 370 °C) shows a pattern
with three sharp peaks at angles 260 equal to 25.86°, 45.46°
and 53.80°, which correspond to the Bragg planes (111),
(220) and (331), respectively, as indicated in the figure. The
most intense peak corresponds to the (220) planes, in
agreement with the results reported by other authors [22,23]
for germanium thin films grown at similar substrate
temperatures.

Representative AFM images of samples 1, 4 and 6 are
shown in Fig. 2. The analysis of these images shows that
increasing the substrate temperature, T, from 30 up to 200 °C
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Fig. 1. XRD diffraction patterns of Ge thin films deposited on sapphire
substrates at different temperatures.

0.00 nm

Fig. 2. AFM topographic images (1 x 1 pm?) of the surfaces of Ge thin
films deposited on sapphire substrates at different temperatures. a) 30 °C,
sample 1; b) 200 °C, sample 4; ¢) 300 °C, sample 6 (cf. Table 1).

results in a clear increase of the mean grain size from 60 nm
for sample 1 (Fig. 2a) to 125 nm for sample 4 (Fig. 2b), while
the rms roughness remains around 1.1 nm for both samples. A
further increase of 7 up to 300 °C does not seem to affect the
mean grain size (i.e. 115 nm), but gives rise to the formation
of grooves in the film surface (cf. Fig. 2¢) and a subsequent
increase of the rms roughness up to 1.5 nm. It is important to
note that AFM images of sample 7, grown at 370 °C, could
not be obtained due to its high surface roughness.

Table 1 indicates that the refractive index of germanium
thin films at 4 pm (n4 ,m) ranges between 4.20 and 4.26,
except for the sample deposited at 370 °C (sample 7) for
which n4 |, reduces to 4.06. This index value is in fact
close to the value of 4.0 reported for crystalline germanium
[6]. Refractive index and extinction coefficient as a
function of the wavelength in the transparent region (2—5
um) are depicted in Fig. 3. The refractive index for
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Fig. 3. Optical constants of Ge thin films deposited on sapphire substrates at
different temperatures (cf. Table 1), estimated by reverse synthesis of
transmission spectra.

crystalline germanium (as published by Palik [6]) is also
included. The extinction coefficient is always lower than
10> for the wavelength range considered in Fig. 3. The
results suggest that, whereas changes in the deposition rate
have a negligible effect, at least within the range of
variation studied here, the substrate temperature has a
significant influence on the optical constants of the
germanium films.

The analysis of transmission spectra in the region of high
absorption, according to the model developed by Tauc [17],
results in an optical gap (£,) of 0.71 eV for the sample
grown at room temperature (sample 1). This value of E, is
in agreement with the results reported by Connell et al. [16]
for germanium films deposited by sputtering. Increasing the
substrate temperature up to 300 °C leads to a more abrupt
absorption edge, as indicated by the value of B'/? in Table
1, and to a shift of the edge to higher energies.

For wavelengths below the absorption edge, the optical
constants of germanium films have been obtained from
ellipsometric measurements. Fig. 4 shows the refractive
index and extinction coefficient of samples prepared at
different temperatures for photon energies between 1.5
and 4.5 eV (0.28<1<0.83 pm). The values published by
Palik [6] for crystalline germanium are also included.
Films deposited at temperatures up to 300 °C show a
smooth dependence of both optical constants with photon
energy, indicating that the structure of the films is
amorphous [15]. On the contrary, the behaviour of sample
7, grown at 370 °C, is similar to that of crystalline

germanium, indicating rather clearly the polycrystalline
structure of the film [15].

The analysis of ellipsometric measurements of the Ge
thin films, assuming the Maxwell—Garnett effective
medium model and including a surface layer, confirms that
the samples prepared at substrate temperatures up to 300 °C
are amorphous, while sample 7 contains both crystalline
and amorphous components in an approximate proportion
of 80% and 20%, respectively. Furthermore, all the four
samples studied by ellipsometry have a surface layer with
thickness increasing from 4 to 8 nm when the substrate
temperature varies from room temperature to 370 °C. This
surface layer is characterised by a lower refractive index
that can be caused by the presence of roughness (i.e. 70%
of voids and 30% of amorphous Ge) and/or germanium
oxide. The formation of a thin GeO, layer on the surface of
Ge films deposited by evaporation or sputtering has been
reported by other authors [21,46,52].

The results indicate that the substrate temperature during
deposition has a significant effect on the optical and structural
properties of germanium films. An increase of 7 from room
temperature up to 300 °C, results in a clear increase of the
optical gap energy (from 0.71 up to 0.90 eV) and the B'/?
parameter (from 445 up to 609 eV~ '/? cm™ '/, that should
be related to an improvement of the structural order in the film
[14,16]. As the temperature increases up to 200 °C, it is
observed that a higher refractive index and a lower extinction
coefficient in the mid-infrared range, suggest that the film
structure becomes denser and with fewer defects. The
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Fig. 4. Optical constants of Ge thin films deposited on sapphire substrates at
different temperatures (cf. Table 1), estimated by ellipsometry.
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7.02 nm

0.00 nm

Fig. 5. AFM topographic images (1 x 1 pm?) of the surfaces of SiO thin
films deposited on sapphire substrates at 200 °C and with different
deposition rates. a) 0.3 nm/s, sample 3; b) 3.0 nm/s, sample 5 (cf.
Table 2).

increase in the mean grain size obtained by AFM in this
temperature range is consistent with these results. A further
increase of 7 up to 300 °C reduces the refractive index, due to
the thickening of the low-index surface layer and probably to
the formation of grooves observed by AFM.

The films grown at 370 °C are polycrystalline, in good
agreement with the results of other authors, that report
crystallisation temperatures in germanium thin films
between 250 and 400 °C [14—16,22,23,25]. The presence
of a crystalline phase explains the decrease of the refractive
index, reaching values close to that expected of crystalline
germanium. Nevertheless, the observed decrease of the
optical gap and the B'/? parameter when 7} increases up to
370 °C, indicates a significant structural disorder, which
must be related to the presence of both crystalline and
amorphous phases, as indicated by ellipsometry. Finally, the
high value of the extinction coefficient in the mid-infrared
range obtained for sample 7 might be due to scattering losses
[53], related to the high surface roughness deduced from the
AFM images.

3.2. SiO thin films

Silicon monoxide thin films grown on sapphire sub-
strates at different temperatures and with different deposi-
tion rates have been analysed. Table 2 summarises the
deposition parameters of the samples and includes the
values for the refractive index at 4 um (n4 ,m) and for the

layer physical thickness (dcy,), as determined from their
optical characterisation.

Representative AFM images of samples 3 and 5 are shown
in Fig. 5. This figure shows that increasing the deposition rate
from 0.3 up to 3.0 nm/s results in a clear decrease of the rms
roughness from 0.9 nm for sample 3 (Fig. 5a) down to 0.4 nm
for sample 5 (Fig. 5b). The calculated mean grain size
diminishes slightly, from 107 down to 90 nm.

Fig. 6 shows the refractive index and extinction coefficient
of representative samples, as derived from the analysis of the
transmission spectra in the wavelength range from 1.25 to 5
pum. Fig. 6 indicates a significant effect of deposition rate,
with a higher refractive index for higher rates, and a weaker
influence of substrate temperature. All the samples are
transparent in the mid-infrared range but sample 3, grown
with the lowest deposition rate (i.e. 0.3 nm/s), shows a higher
extinction coefficient.

Fig. 7 shows the experimental transmission spectrum of
sample 7 and that corresponding to the sapphire substrate.
The spectrum calculated using the optical constants and
thickness obtained for this sample by reverse synthesis is also
included. An absorption band is clearly observed in the
experimental curve at around 3 pm, which is usually assigned
to OH groups from water adsorbed in structural voids [54—
56]. Apart from this absorption region, the agreement
between experimental and calculated curves is excellent.

In the case of porous films with low refractive index and
low absorption, Laux et al. [54] have proposed a method to
estimate the packing density from the analysis of the OH-
related absorption band. Considering that all the voids in the
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Fig. 6. Optical constants of SiO thin films grown on sapphire substrates
with different deposition conditions (cf. Table 2), estimated by reverse
synthesis of transmission spectra.
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Fig. 7. Measured transmission spectra of a representative SiO sample
(sample 7 in Table 2) and the corresponding sapphire substrate. Also
included is the transmittance calculated using the optical constants and
thickness estimated for sample 7 by reverse synthesis.

film are filled with water, the packing density, p, may be
estimated by:

Ny
p=1——=~1—y
Ny

T (4)
where Ny* and Ny are the hydrogen atom density in water
and in the film studied respectively. y is a parameter involving
water refractive index at 2.9 um, the dielectric constant of
vacuum, the speed of light, the hydrogen atomic mass and the
so-called Szigeti charge (zy;). This Szigeti charge is related to
the distortion of the electric charge distribution associated
with the chemical bond and depends on the layer material
[54]. The second term of Eq. (4) also includes the thickness
(d) and refractive index at a wavelength of 2.9 pm () of the
film. Finally, 4 is the OH-related absorption band area as
obtained from the ratio between the experimental trans-
mission spectrum and the simulated one (cf. Fig. 7).
The parameter I', defined as:

A
I'=———— (5)
dn*+2)
has been calculated from the respective transmission spectra
of the samples listed in Table 2 and the corresponding

thickness and refractive index at 2.9 um. The minimum
value of this parameter (i.e. I ), Which corresponds to the
densest film, has been obtained for sample 5 grown at 200
°C with the highest deposition rate (3.0 nm/s). Fig. 8 shows
the variation of I',;,/I" for different substrate temperatures
(a) and deposition rates (b) of the films in Table 2. This
ratio, and subsequently the layer density, is observed to
increase slightly as 7§ increases and more significantly as
the deposition rate increases. The presence of a higher
amount of voids in the SiO film grown at 0.3 nm/s is in
agreement with its higher surface roughness (cf. Fig. 5) and
would account for its higher extinction coefficient, as
observed in Fig. 6 [53].

A detailed characterisation of similar SiO films has been
published recently [57]. The analysis of the IR absorption
band related to the oxygen stretching mode of Si—O-Si
bond indicates that the structure of these SiO films is formed
by tetrahedral units Si—O,,_Si; _,, (y=1—4), according to
the random bonding model (RBM) [39,40]. Nevertheless, a
deviation from the pure RBM structure is found both in the
relative concentration of the different tetrahedra and in the
presence of an additional contribution of Si—Q, tetrahedra.
No significant variation is observed in the concentration of
the oxygen-containing tetrahedra as the deposition rate
varies from 0.3 to 3 nm/s, for films grown on substrates at
200 °C. On the other hand, a slight increase of the oxygen
content in the films is confirmed as the substrate temper-
ature is raised from room temperature up to 370 °C.

According to the results presented above, an increase in
the substrate temperature during deposition leads to a slight
increase of the SiO layer density (cf. Fig. 8), and
consequently of the refractive index, as well as to a slight
increase of the oxygen content [57] that tends to decrease
the refractive index. The net effect is an almost constant
value of the refractive index (n4 ,m=1.87-1.88) for
substrate temperature increasing from 30 up to 370 °C.
On the other hand, the observed increase in refractive index
with deposition rate must be related to the formation of a
denser film, as suggested by the analysis of packing density
(cf. Fig. 8). Further measurements should be performed to
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Fig. 8. Packing density of SiO thin films as a function of substrate temperature (a) and deposition rate (b), represented by the normalised value of parameter I”

as defined by equation Eq. (5) in the text.
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define any variation of film stoichiometry with the
deposition rate. In any case, as the oxygen-containing
tetrahedra concentration must be fairly constant for depo-
sition rates between 0.3 and 3 nm/s [57], only variations in
Si,4 tetrahedra concentration may occur.
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3.3. Multilayer systems

Taking into account that thin films in multilayer
interference coatings must be dense and have low absorp-
tion in the wavelength range defined for the intended
application, the appropriate deposition conditions for silicon
monoxide and germanium in multilayer systems for the
mid-infrared range of the spectrum may be selected.

According to the previous analysis of single Ge and SiO
layers, a substrate temperature of 200 °C would be adequate
for the preparation of multilayer systems. A lower temper-
ature results in less dense silicon monoxide films and a
higher value of 7 gives rise to a rougher surface in
germanium films. A deposition rate of 0.9 nm/s may be
selected for Ge films, to avoid problems with source
stability at higher rates in long processes, while a value of
3 nm/s is the best choice for SiO films in order to obtain
denser films.

A ten-layer bandpass filter for the mid-infrared range
has been designed and prepared using the parameter
setting, as already described for SiO and Ge single layers.
The coating design corresponds to a Fabry—Perot cavity
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Fig. 10. Transmission spectrum measured for a representative ten-layer filter and calculated with the results of reverse synthesis varying only layer thicknesses
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with a high refractive-index spacer, centered at a wave-
length of 4.49 pm. The measured transmittance curve of a
representative filter in the wavelength range from 1.25 to 6
um is compared with that corresponding to the design in
Fig. 9. The measured spectrum is consistent with the
design, but a significant shift to lower wavelengths is
observed.

In order to obtain the experimental thickness of the ten
layers, the filter has been analysed, using the reverse
synthesis of the transmission spectrum. In the reverse
synthesis procedure, the dispersion functions are set con-
stant and equal for all layers of each material within the
coating. The mean optical constants obtained from three
samples grown under the same conditions as in the
multilayer, but with a nominal thickness of around 1800
nm, have been considered for each material.

The result of the filter characterisation indicates that the
experimental thicknesses are lower than those correspond-
ing to the design for both SiO and Ge. The mean deviation
of the thickness for SiO layers is 2%, while that for Ge
layers is 1%. The transmission spectrum calculated using
the results of this characterisation, labelled as “Calculated
17, is compared with the measured curve in Fig. 10. A fairly
good agreement between the two curves is observed.
Indeed, although some slight discrepancies between the
calculated and experimental spectra are observed in the
near-infrared range (Fig. 10b), the calculated spectrum
consistently reproduces the filter response in the mid-
infrared range (Fig. 10a).

A second reverse synthesis analysis of the filter spectrum
has been carried out, allowing for optical constant varia-
tions. The parameters of dispersion functions for » and k of
both SiO and Ge, as well as the thickness of the ten layers,
were varied to obtain the best fit to the experimental
transmittance. The results of the previous characterisation
were used as starting point, in order to reduce the inherent
inaccuracy of the optimisation procedure when many
variables are considered [44,47,58].

As in the first analysis, the resulting thicknesses are
lower than those corresponding to the design, but in this
case the mean deviation of the thickness is 1% for both SiO
and Ge layers. Fig. 11 shows the refractive index and
extinction coefficient estimated for SiO and Ge films in the
ten-layer filter, as compared to the initial values. It must be
noted that the mean extinction coefficient of single SiO
layers is negligible in the scale considered in this figure.
The optical constants depicted in Fig. 11 indicate that Ge
thin films have similar optical constants in multilayer and
single layer configurations. On the contrary, SiO thin films
show slightly lower refractive index, as well as higher
extinction coefficient in the low wavelength range, in the
multilayer system as compared with single layers. These
slight variations of the silicon monoxide layer properties
account for the better agreement between the spectrum
labelled as “Calculated 2” in Fig. 10 and the experimental
one, especially in the near-infrared range.
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Fig. 11. Optical constants of Ge and SiO as estimated by reverse synthesis
from the transmission spectrum of the ten-layer filter depicted in Fig. 9
(crosses), compared to the design values (solid curves).

The optical characterisation of the representative ten-
layer filter indicates that the departure of experimental
transmittance from design is mainly due to thickness
deviations, which must be related to inadequate quartz-
crystal monitor calibration. Only for fine adjustment of the
filter response in the near-infrared range, some deviations of
the silicon monoxide optical constants in the multilayer
system must be considered.

To account for the different properties of SiO thin films
in single and multilayer configurations, several effects
should be considered, such as contamination between
different materials [42], interface layer formation [41,59],
variations in porosity [42] or interface roughness [60]. An
effect of layer thickness on the optical constants may exist
as well [41].

4. Conclusions

Structural, morphological and optical properties of Ge
and SiO thin films prepared in different evaporation
conditions are studied using XRD, AFM, ellipsometry and
spectrophotometry.

The results of Ge thin films characterisation indicate that
the substrate temperature during deposition has a significant
effect on their optical and structural properties. An increase
of T, from room temperature up to 200 °C, gives rise to a
higher refractive index and a lower extinction coefficient in
the mid-infrared range, mainly caused by the formation of
denser films with less defects. A further increase of 7 up to
300 °C results in a reduction of the refractive index, due to
an increase of the surface layer thickness. Finally, for T
equal to 370 °C the film is, in fact, a mixture of crystalline
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and amorphous phases, with a high structural disorder and
surface roughness. Related to these structural properties, the
refractive index approaches the value of crystalline germa-
nium and the extinction coefficient in the mid-infrared range
increases significantly.

The study of silicon monoxide single layers indicates a
porous structure in all the evaporation conditions consid-
ered. According to the results, an increase in the substrate
temperature during film deposition gives rise to a slight
increase of both the layer density and the oxygen content
[57], so that the refractive index in the mid-infrared remains
almost constant for substrate temperature between 30 and
370 °C. On the other hand, an increase in refractive index
with deposition rate is observed, related to the formation of
denser films.

Taking into account the results of the single layers
analysis, deposition conditions adequate for both SiO and
Ge thin films in multilayer systems for the mid-infrared
range of the spectrum are selected. A ten-layer bandpass
filter, centered at a wavelength of 4.49 pm with a single
cavity Fabry—Perot configuration was designed considering
experimental optical constants for both materials. The
optical characterisation of a representative filter, prepared
with the selected deposition conditions, indicates that the
departure of experimental transmittance in the mid-infrared
range from the design is mainly due to thickness
deviations.
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