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CHALCOGENIDE THIN FILMS DEPOSITED BY RADIO-FREQUENCY
SPUTTERING
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Université Montpdllier |1, Place Eugéne Bataillon, 34095 Montpellier cedex 5, France

Several properties of chalcogenide glasses make these materids attractive candidates for
integrated optics. These properties include infrared transparency, high refractive index,
photosensitivity, low phonon energy and ease in preparation of thin film. We report on the
radiofrequency sputtering deposition of thin columnar films of chalcogenide glasses
(GessAs2Sess and GexsShy,Sesp) and on the influence of their thickness and morphology on
their optical characteristics (optical band gap and refractive index). It is shown that the
higher the thickness, the larger the gathering of the columns in clusters, leading to an
increase in the porosity (from 18 % for 0.2 um thick films to 33 % for 5 pm thick ones), and
to adecrease in the optical band gap and refracti ve index (about 10 %).
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1. Introduction

Due to ther transparency in the infrared, their high refractive index, their wel-known
photosensitivity properties and their ease in preparation of thin film, interest in chal cogenide glasses
for integrated optics and technological applications related to detection in the IR spectra domain
(environmental metrology [1-3] and spatia interferometry [4,5] for example) has been growing over
the past few years. Moreover, because of their very low phonon energies ranging between 200 and
470 cm™* depending on the composition, chal cogeni de glasses are also good potential candidates for
efficient rare-earth doped optical amplifiers and emitters[6].

Integrated optica components require thin films of large size desired thickness and
composition, good homogeneity and adherence to the substrate and controlled optical properties.
Many techniques have been proposed to deposit chal cogenide glasses, undoped or doped by rare
earth ions: thermal evaporation [7-9], pulsed laser deposition [6], CVD [10-12], spin coating [13-
16], RF sputtering [17,18]. It is known that the optica properties of thin films are not always the
same as those of corresponding bulk glasses, due to the depaosition processes which organise glasses
in different ways. Some recent works dea with the influence of the film composition on the
refractive index [19,20], but none deas with the influence of the morphology on the optical
properties.

The present work deals with the characterisation of Ge;AsSess and GexsShirSeso
chal cogenide thin films. The films are good candidates for the realisation of opto-chemica sensors
[2]: in addition to their large transparency domain and high refractive index, the GessAs;2Sess and
GexsSh;,Ses compositions were chosen for their good chemica and therma stabilities (Tg = 362 °C
and 278 °C, respectivdy). In thiswork, particular attention is paid to the study of the homogeneity of
the films deposited by radio-frequency sputtering and the influence of their morphology on the
optica properties (optical band gap and refractive index).
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2. Experimental procedures

The GepAs;,Sess and GexShi,Ses films were deposited by RF-sputtering from 5 cm-
diameter 1G2 and IG5 VITRON commercid targets, respectively, using an Alcatel Dion 300 device
equipped with a PFG 300 RF Huttinger, 13.56 MHz, 300 W generator. Before the deposition, the
chamber was evacuated down to approximately 10* Pa to avoid ambient contamination. An
operating argon pressure comprised between 1 and 10 Pa was used. A low RF power, 25 W, was
imposed because of the didectric character of the chalcogenide glasses [21]. As an example, the
deposition rate under an argon pressure of 5 Pawas 0.25 um.h™. Microscope slides (7.6 x 2.6 cn)
were mainly used as substrates. Before be ng introduced in the vacuum chamber, they were cleaned
with a commercial DECON detergent in an ultrasonic bath, rinsed in acohol and dried with dry air.
In order to check the influence of the substrate on the morphology of the layers, we also deposited
few layers on silicon substrates. These were deaned one minute in HF (40%) before being dried
with dry air. The substrate holder was neither rotated nor heated, but cooled down by water
circulation. The targets were polished systematically previous to deposition in order to ensure
reproducibility.

The adherence of the films on the substrates was checked by the classical adhesive tapetest.
The thickness was estimated by profilometry (using a DEKTAK 3 Veeco). The film surface aspect
and roughness were inspected using a DIGITAL INSTRUMENTS D3100 Atomic Force
Microscopy. The film structure was investigated thanks to an HITACHI Scanning Electron
Microscopy. Chemica composition was estimated using a CAMECA 100SX Waveength
Dispersive Spectrometer. The optical transmittance was recorded with an UV-visible
spectrophotometer (CARY 50 from VARIAN). The transmittance spectra were used to obtain the
band gap energy (E,) of the films and to estimate the Urbach parameter (Eg) which is a characteristic
of the disorder. Refractive indices were estimated by dlipsometry (using a UVISEL HR46 from
JOBIN-YVON).

3. Results
Thickness measured at different points of the deposited films was shown to be maximum at
the centre and to decrease as the point moves away from it (Fig. 1), following the Knudsen's
cosinusoidal law (1):
d/dy = 1/(1+(I/h)?)? 1)
where d, is the thickness at the film centre, | the distance between the target and the substrate (i.e.

5.5 ¢cm) and h the distance between the centre of the layer and its extremity (i.e. 3.5 cm). Thisisa
classical result for films deposited by RF sputtering when the substrates are not rotated.
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Fig. 1. Thickness versus the distance from the film centre for GeShSe films (filled circles)

and for GeAsSe fil ms (empty squares). d, represents the thickness at the centre. The black
line corresponds to the Knudsen' s theoretical sinusoidal variation.
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Films deposited under the same conditions were characterised by the same thickness at the
centre. Depending upon the deposition time, films with thickness in the range 0.05 to 5 microns
were obtai ned.

All the films adhered to the microscope slides as verified by a simple adhesive tape test.
They were amorphous whatever the chal cogenide composition.

The reproducibility in composition was checked: several films (GexSbhi,Se, and
GessAsSess) were prepared while maintaining the same deposition conditions. The compositions
were proved to be reproducible even though they were different from those of the corresponding
targets. The actual compositions of the films were Gexp079122:0756518:06 aNd
GeE29:08AS812.2:045658,3:07. They will bereferred as GeShSe and GeAsSe, respectivdy.

The compositions were shown to be independent of the film thickness, with variations in
composition lower than 2% when the thickness was varied from 0.05 to 5 microns.

3.1.Morphological properties

Fig. 2aand Fig. 2b show AFM images of two 2 um-thick GeAsSe films deposited under a5
Pa argon pressure on a microscope slide and on a silicon substrate, respectivdy.

Fig. 2. AFM images of two 4-um thick GeAsSe films deposited simultaneously under a5 Pa
argon pressure on: d amicroscope dide; b) a silicon substrate.

A columnar structure can be observed, whatever the substrate. The average column size and
the root mean square (rms) roughness estimated from AFM images measured over an area of 1 um x
1 um were appreciably the same for the two films, that is to say about 20 nanometers and 6.5
nanometers, respectivey. It is to be noted that the roughness of the cleaned microscope slide and
silicon substrates are 0.5 nm and 0.2 nm, respectivdy. Fig. 3 compares AFM images of 2 um-thick
GeShSe and GeAsSe films deposited under a 5 Pa argon pressure on microscope slides. A similar
structure is observed for the two compaositions. Note that whatever the argon pressure used between
1 and 10 Pa, asimilar columnar structure was observed whatever the composition and the substrate.
Images obtained by Scanning Electron Microscopy then confirmed the column-like structure within
the layers. As an example, Fig. 4a and Fig. 4b show the SEM images of the cross-sections of two 4
pm-thick GeAsSe films deposited on a microscope slide and a silicon substrate, respectivey.
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Fig. 3. AFM images of 2-pum thick chalcogenide films depaosited in the same conditions of
RF power and argon pressure: a) GeSbSe film: the roughness was estimated to be of
6.3 nm; b) GeA sSe film: the roughness was obtained to be of 6.9.

Fig. 4. SEM images of the cross-sections of two 4-um thick GeAsSe films deposited
simultaneoudly under a5 Paargon pressure on: &) amicroscope dide; b) asilicon substrate.

The reproducibility of the morphologica properties was checked: severd films of each
composition were prepared while maintaining the same deposition conditions. Only the centres of
the layers were investigated. Average column size and roughness were shown to be reproducible.

The dependence of the roughness and the average column size on the thickness was then
investigated. AFM images were scanned for films of different thickness. As an example, Fig.5
shows three images for GeSbSe films deposited on microscope slides under the same conditions of
RF-power and argon pressure, but for different deposition times. Films with 0.2 um (@), 1.36 um (b)
and 2.18 pm (¢) in thickness were obtained. The rms values of the films were 1.1 nm, 1.9 nm and
6.3 nm, respectivey. A detailed study of the AFM images revea ed that the average column size was
approximatd y the same whatever the thickness, but that the columns gathered to form clusters when
the thickness increased. The clusters were approxi matdy 250 nanometers in diameter for 4 micron-
thick films. Similar results were obtained for GeAsSe films.

Fig. 5. AFM images of three GeShSethin films deposited for different times, resulting in
different thickness. @) e=0.2 um, roughness of 1.1 nm; b) e=1.36 pum, roughness of
1.9 nm and ¢) e = 2.18 pm, roughness of 6.3 nm.
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The change in morphology over the surface of columnar GeSbSe and GeAsSe films
deposited on microscope slides was studied by measuring the roughness at different points of the
films by AFM. As an example, Fig. 6 shows the change in roughness at different points for a
GeSbhSe film which is 3.5 micron-thick at the centre It can be noted that the roughness is different
from one point of the film to ancther. It is maximum at the centre of the layer (point 0) and
decreases as the point moves away from the centre. Such a variation was expected taking into
account the change in the thickness at different points of the films, and the previously discussed
dependence between roughness and thickness.
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Fig. 6. Roughness messured on 7 different aress of a GeShSe film. Point O corresponds to the
centre of the layer.

3.2. Optical properties

The analysis of the transmission spectra allowed us to determine the band gap energy Eg and

the Urbach parameter E. using Tauc relations [22]. The band gap energy was estimated using 2,

considering the high absorption (absorption coefficent o > 10" cm™) part of the transmission
spectra. In thisregion:

a(w) = B(hw-Eg?hw 2)

where 8 is a constant which depends on the transition probability.

The E. parameter rd ated to the disorder in the vitreous structure was obtained from EQ.3,
considering the low energy (absorption coefficient between 1 and 10* cm™) exponential part of the
transmission spectra:

a(w) = doexp(hw/Ee) ©)
where 0, is a constant.

The refractive indices of the GeShSeand GeAsSe films deposited on mi croscope slides were
obtained by dlipsometric measurements.

Firstly, the three parameters caculated a the centre of the layers were shown to be
reproducible for films deposited under the same conditions (argon pressure of 5 Pa) and
characterised by the same thickness.

It was then shown that the three parameters depend on the thickness of the films. Fig. 7
gives the va ues of the band gap energy, the E. parameter and the refractive index at 1.55 microns,
obtained for four GeShSe films of different thickness. The energy band gap and the refractive index
decrease while the Ee parameter increases with thickness.

The homogeneity of the films in terms of energy band gap and E. parameter was then
investigated for the GeSbSe and GeAsSe films. Measurements of the two parameters were done at
different points of the films, as shown in Fig. 8. The band gap energy is maximum and the E.
parameter minimum at the centre of the layers (point O on the picture).



880 V. Bdan, C. Vigreux, A. Pradel

1.9 T T T T T T T
—HE—Ge-sb-se
—®@—Ge-As-Se
1.85F [ N
Thickness (upm S
0.16 . - (m) i 3
g
1.8F b
a)
L L L L L L L L
175 4 3 2 1 0 1 2 3
Distance from the film centre (cm)
0.21 T T T T T T T
E —HE—Ge-Sh-Se
0.2F —®—Ge-As-Se
0.1 L L ' ' 0.19F E
0 1 2 3 4 5 ~ 3
Thickness (um) @ 0'18>
2.4 T T T T S 017F 3
. 0.16f M E
' 0.15F E
: 0 145 1 b) 1 1 1 1 ! 1 1
' 4 3 2 1 0 1 2 3
Distance from the film centre (cm)
2 L L L L

0 1 2 3 4 5
Thickness (um)

Fig. 7. 8 Band gap energy Egy, b) Urbach parameter Fig. 8. @ Band gap energy Ey; and b) Urbach
E. and c) refractive index measured at 1.55pm parameter E. of two GeSbSe and GeAsSe films

versus the GeSbhSelayer thickness. versus the analysed area, point O corresponding to
the centre of the layers.

4. Discussion

The films deposited by RF sputtering were shown not to be homogeneous in thickness,
which is expected in the absence of substrate rotation.

The columnar structure of GeShSe and GeAsSe thin films deposited by RF sputtering was
highlighted by AFM measurements. The results in term of morphology were similar for the two
compositions and whatever the substrate (microscope slide or silicon). The column-like structure can
be explained taking into account the Thornton Zone Diagram [23], the high glass transition
temperatures of the chalcogenide materials (278 and 362 °C, respectively) and the deposition
conditions (pressure between 1 and 10 Pa, not-heated substrates). Indeed, three-dimensional
nucleation is expected to be the dominant mechanism of film formation in the absence of substrate
heating. Therefore, the film grown on the glass susbtrate most likdy forms by the coal escence of
islands from nucleation [24].

The columnar structure of GeSbSe and GeAsSe thin films was then shown to evolve with
the thickness of the layer. For thick films, the columns of 20 nanometers in diameter gather to form
clusters of approximately 250 nanometers. The consequence is an increase in roughness with the
thickness of the layers.

If the composition of the films was shown to be independent of the thickness of the layers,
the optical properties were shown to be intimatdy related to it. The refractive index of the films
decreases with the thickness of the films. It can be explained by the change in the morphol ogy of the
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films with thickness. Indeed, the clusters formed by columns gathering induces an increase in empty
zones and a decrease in the average refractive index is then expected. Kinoshita et d. [25] proposed
an empirical relationship between the effective refractive index and the materia porosity (4):

n=(1-p)ns + pny (4)

where n is the effective refractive index, n, the refractive index of the empty aress, ns the one of the
material, and p the porosity.

This rdationship alowed us to estimate the change in the porosity of the layers with the
thickness (Fig. 9). It can be seen that porosity increases up to 33 % for a5 microns thick film.

The decrease in the optical band gap and the increase in the E. parameter with the thickness
areintimately related to the increase in the disorder. It is clear that one can expect an increase in the
disorder when the thickness of the layer increases, especially in the case of columnar films. The
effect of the disorder on the Eg and E. parameters has already been reported in thin films deposited
by themal obliqual evaporation [26-28]. The authors showed that columnar films were then
obtained and their annealing led to an increase in the optical band gap and in a decrease in E. dueto
densification.
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Fig. 9. Porosity of GeSbSe and GeAsSe films depending on their thickness,

5. Conclusion

The am of the study was to evaluate the influence of the column-like structure of sputtered
films on their optical properties. It was shown that in the absence of annealing, the layers are
characterised by a morphology intimately reated to their thickness. The larger the thickness, the
larger the gathering of the columns in dusters. The size of the clusters increases up to 250
nanometers for the 5 micron-thick layers. This induces an increase in the roughness from 1.1 to 6.3
nanometers when the thickness increases from 0.2 to 2.2 microns. At the same time, the porosity of
the layers increases (up to 33 % for the 5 micron thick films). Theincrease in the porosity leads to a
decrease in the average refractive index: for thick films with 33 % porosity, the refractive index is
10 % lower than that of the thin layers with a porosity of less than 20 %.

The resulting increase in the disorder with the thickness leads to a decrease in the optical
band gap E4 and an incresse in the Urbach parameter E.. Investigations on the influence of the
annealing on the film morphology and optical properties are currently in progress. One can expect a
densification of the layers, resulting in the disappearance of the column-like structure, an increasein
Ey and adecreasein E..

Up to now, only an average value of the refractive index of the films has been estimated.
However, a smooth evolution with depth (interesting for applications such as antireflection coating)
could be expected. Therefore, investigations on the depth profile of the refractive index are to be
considered.
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