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Thin (AgsASSs)0.6(AS,S3)0.4 Chalcogenide films were deposited upon a quartz substrate by rapid thermal
evaporation. Structural studies of the as-deposited and anneded films were performed using scanning electron
and atomic force microscopies. Surfaces of al the films were found to be covered with Ag-rich crystalline cone-
shaped micrometer sized whiskers. Thermal annealing of the films at 50°C and 100°C for 1 h in vacuum is shown
to cause a mechanical deformation of part of the whiskers and their detachment from the base film surface.
Pronounced crystalline silver and a-Ag,S peaks were observed in the XRD patterns of the as-deposited and
annealed thin films, respectively. Optical transmission spectra of the fresh and annealed films investigated at
room temperature show a considerable increase of transmittance for the last ones.
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I ntr oduction

A wide variety of conductive, semiconductor, and
insulating thin films can be prepared by physical vapour
deposition (PVD) techniques including direct vacuum
evaporation, sputtering, and ion plating. They are used as
active or passive components in various devices for
microelectronics, optics, micromechanics, and other
advanced technologies [1]. PVD thin films should be
tightly adherent to the substrate surface to ensure
performance and rdiability of devices. Usualy, PVD
thin films prepared under appropriate conditions are
firmly bonded to thick substrates. As aresult, any change
in length aong the film plane, which is not matched, will
generate a stress in the film. Excessive stresses in thin
films may cause defect formation and delamination at the
film—substrate interface, mechanical damage in the film
(film fracture), adhesion failures, and defect formation in
the substrate. Elimination and release of stress can also
cause formation of hillocks, whiskers, holes, and other
defects which affect physical properties of the films[1].

Whisker structures, discovered rather long ago [2],
can be formed on the basis of an amorphous or
crystalline material. A monocrystalline whisker is a
filament of material that is structured as a single, defect-
free crystal. Wdl-known techniques for obtaining
whiskers are vapour-liquid-solid (VLS) method [2],
plasma-assisted growth [3], therma evaporation [4],
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metal-catalyzed molecular beam  epitaxy  [5],
electrospinning [6], etc. Although the number of reports
describing the growth of novel quasi-one-dimensional
structures has increased rapidly over the lagt decade,
fundamental understanding of their formation is till
limited. One of the main applications of such whiskersis
sensing based on changes in the proximity of the active
material, which leads to changes in its eectrical or
optical properties. In most cases interaction between
adsorbed species is responsible for these effects [7]. In
the recent years biosensors, gas detectors, and devices for
various energy storage and conversion applications using
whiskers are being devel oped.

In the present paper, we report on the formation of
crystalline Ag-containing whiskers from an Ag-As-S
chalcogenide composite material using simple thermal
evaporation technique on a cold substrate. Ag-doped Ag—
As-S chalcogenide glasses and films have found many
current and potentiad applications, such as solid
electrolytes for batteries, eectrochemical sensors,
photoresists, optical waveguides, diffraction eements
Fresnd lenses, optical recording materids, surface
patterns for different applications, formed by a laser
beam, and other optical and optoelectronic eements [8].
Recently we have demongtrated high values of electrical
(mostly ionic) conductivity in superionic AgsASS;-A$S;
glasses and composites [9, 10]. This, in combination with
a strong photosensitivity, attracts a great interest towards
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Fig. 1. Tilted SEM (@) and AFM (b) images of as
deposited composite (AgzASS:).6(ASSs)o.4 thin film.

fabrication and studies of AgsAsS:—-AS,S; thin films.

|. Experimental

Synthesis  of  (AQzASS:)o6(ASSs)04  COMposite
material which consists of crystalline Ag:AsS; and
glassy As;S; [10] was carried out at a temperature of
700°C for 24 h with subsequent melt homogeni zation for

72 h. Thin (AgsASS3)0.6(AS:S5)0.4 films were prepared by
rapid therma evaporation from the corresponding
composite material at near 1350°C in vacuum (3x10° Pa)
usng a VU-2M setup. The composite material was
initially placed in a perforated tantalum evaporator for
preventing the materia falling out onto a glass substrate
kept at room temperature. The film thickness was
measured using an Ambios Stylus Profiler XP-1
profilometer. X-ray studies were performed using a
DRON-3 diffractometer (conventional ¢ - 20 scanning
technique, Bragg angle 2 ranging from 10 to 60°, Cu
K, Ni filtered radiation). Structural properties of the thin
films under investigation were studied using scanning
electron microscopy (SEM: Hitachi S-4300) and atomic
force microscopy (AFM: Nanoscope Dimension 3100).
Energy-dispersive X-ray spectroscopy (EDX) was used
to ensure the film chemical composition. Annealing was
performed for 1 h at 50°C and 100°C in vacuum. Optical
tranamission spectra T(I ) of the thin films were studied
at room temperature usng a MDR-3 grating
monochromator.

1. Resultsand discussion

Anayzed by SEM and AFM, a characteristic surface
view of (AgsASS:)os(ASS3)o4 thin films is given in
Fig. 1. Microscopy studies revealed the presence of cone-
shaped whiskers on the top of a fresh evaporated film
surface. The average height of the whiskers is found to
be 2,5 um which is well seen from the AFM image in

Fig. 2. Scaled SEM images of as-deposited composite (AgzASS:)o.6(ASS3)o.4 thin films: top (a)
and tilted (b) view of the surface.
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Fig. 3. X-ray diffraction patterns of as-deposited and 100°C 1 h annealed composite
(AgzASSs)06(AS:S5)0.4 thin films.

Fig. 1, b, and is also confirmed by the profilometer. As
estimated by the profilometer, the thickness of the base
film layer is about 0.5 um. Meanwhile, the average base
diameter of the cones is about 2 um. This value isin a
good agreement with the detailed SEM study of the film
under investigation. The average aspect ratio (height over
diameter) of the whiskers was estimated from the Fig. 1
and found to be 1.2. This fact obvioudly prejudices the
cone-like structures obtained at the (Ag:sASS3)06(ASS:)04
thin film surface to be called whickersin a strict way of
its definition, asfar as generally whiskers have the aspect
ratio of the order of hundreds. Nevertheless, we call the
obtained cones as whiskers in order to point out the
similarity between them, as wdl as to simplify the
description of the thin film properties. The images of the
fresh as-deposited film obtained by SEM at different
scalesare shown in Fig. 2. Top (Fig. 2, @) and tilted (Fig.
2,b) views of the film surface give a better
understanding of the (AQ:ASS:)os(ASS3)o4 thin film
surface formed from the composite material at the above
evaporation conditions. Top view image (Fig. 2, @)
helped to estimate the average density of the cones at the
surface of the film which equals approximately 14000
per mm? (0.014 per um?).

Recently we reported on the nanocrystalline layer
which appeared on the bulk (Ag:ASS:)os(ASSs)04
composite surface after it had been heated to 450 K [9].
Simultaneoudly, this materiadl was found to be phase
separated, or, more exactly, having smithite (AgASS,)
crystalline inclusions in the amorphous As,S; matrix
[10]. Hence, it is obvious that quick high temperature
evaporation of the (AQgsASS:)os(ASSs)os COMpoSite
resultsin the phase segregation.

Figure 3 shows X-ray diffraction patterns of the fresh
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and annealed (AQsASS:)os(ASSs)04 thin films. The
presence of local maxima at the patterns shows that both
studied thin films very likely have crystalline inclusions
in their structures. Comparing the crystalline patterns of
silver, high-temperature a-Ag,S, and smithite (AgAsS;)
crystals with the obtained XRD patterns of thin films
under investigation gives us the possibility to find out the
nature of those inclusions,

From the Fig. 3 one can see broad amorphous
maxima in the 15-27° 20-region in both investigated
samples. The presence of crystalline peaks was revealed
in both thin film patterns The X-ray diffraction
experiment for the as-deposited thin film enable us to
treat a pronounced peak at 20~38.2°, and a small
maximum at 20~44.2° as Ag crystalline peaks. Figure 3
also reveals signatures of smithite (in the vicinity of
20=29°) and o-AQ,S (20=34°) crystals in the X-ray
diffraction pattern of the fresh (AgsASS3)0.6(ASS3)04 thin
film. Opposite to the as-deposited (AgsASSs)o.6(A$S3)0.4

Tablel
The elemental content (in at.%) of as-deposited
(AQ3ASS3)0.6(ASS3)0.4 thin films and corresponding
initial bulk composite. The composition in atomic
percentageis given for the whiskers formed on the
fresh thin film surface as well

Flements 'Crg;iot;ﬂ”g depﬁ;ited obtaed
' thin film whiskers
Ag 29 29 62,8
As 22,6 32 18
s 48,4 39 19,2
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thin film, the diffraction pattern of the annealed at 100°C
for 1 h thin film exhibits a clearly pronounced narrow
peak of high-temperature o-Ag,S crystalline phase
(206=37.9°) which is very close to that of pure silver, and
a broader maxima at 20~34°. Somewhat less pronounced
smithite (AgASS;) maxima in the vicinity of 26~29° and
26~31.5° enable us to consider the annealed film or even
the fresh one to have the smithite crystalline inclusonsin
its dructure, as it was proved for the bulk
(AQ3ASS3)0.6(AS:S3)0.4 COMpositein [10].

EDX combined with SEM technique enabled us to
ensure that the films formed are As-enriched and have a
deficiency of sulphur percentage in comparison with the
initial bulk composite, as follows in the Table 1.
Simultaneoudly, local EDX analysis estimated an excess
of silver in the atomic composition of the whiskers. The
presence of small amounts of arsenic and sulphur in the
whiskers shown by the EDX can be explained by the fact
that the minimum estimation area covers not only the
whisker itself, but some part of the base film aswell. An
excess of glver in the EDX results on whiskers and the
corresponding peaks in XRD pattern of the fresh
(AgsASS:)06(ASS:)04 thin film enable us to ascribe the
whiskers, obtained in the present work, to silver crystals
or crystalline Ag-rich structures.

Figure 4 presents

SEM of

images

(AgsASS:)06(ASS:)04 thin films thermaly annealed in
vacuum at 50°C and 100°C for 1 h. The thermd
annealing process can be seen to result in the cone
destruction and detachment from the base film surface
which is enhanced at the annealing temperature increase
(Fig. 4). On the other hand, the film surface and the
whiskers of the film annedled at 50°C for 1 h are covered
with new formations, whereas for the film annealed at
100°C for 1 h only the whiskers and areas in their
vicinity are changed while the base surface remains flat.
The detachment of the cones is most likely caused by the
presence of additional thermal grain due to the film
temperature increase related to the annealing process.
The second reason is an arising of new outgoing
formations which changes the surface of the film, an
intrinsic energy distribution in thin film volume, and,
probably, reorients local bonds between constituent
molecules and aoms in the material. For the
(AgsASS)06(ASS:)04 thin film annealed at 100°C one
can observe formations (Fig. 4) which, as follows from
the XRD data (Fig. 3), can be ascribed to o-Ag,S
crystals. Moreover, as we can see from small scale
pictures in Fig. 4, the whiskers are embedded with their
basements into the base film which can be the additiona
reason for the presence of arsenic and sulfur in the EDX
compositional spectra of the whiskers (Table 1).

Fig. 4. Scaled SEM images of annealed composite (AgsASS:)o.6(A$S3)0.4 thin films: 50°C 1 h (a)
and 100°C 1 h (b) annedling in vacuum.
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Fig. 5. Optical transmittance of as-deposited (1) and annealed during 1 h at 50°C (2) and 100°C (3) composite
(AQzASS5)06(ASS5)0.4 thin films.

Fig. 5 shows the optical transmittance of the as-
deposited (AQzASS:)o6(ASS3)04 thin film as well as
those annealed at both 50°C and 100°C. One can observe
a considerable increase of transmittance by almost 30 %
in the annealed films spectra. This fact is characteristic
for a structura ordering, which occurs in the film
structure as a consequence of therma annealing. One
should note that annealing a 50°C for 1 h causes the
transmission onset (measured for the transmission
coefficient T=0.1) to shift towards shorter wavelengths
by 60 nm. On the other hand, annedling at the increased
to 100°C temperature involves an opposite reaction, i.e.
causes the transmission onset to dightly shift towards
longer wavelengths by 20 nm (at T = 0.1). The spectra of
the annealed films at the onset of transmission are seen to
be less smeared or, in the other words, the sopes of the
plots are seen to be sharper. Although a reduction of
smearing is observed for the annealed at 100°C film, this
film remains still more ordered comparing to the as
deposited fresh one. The increase of the optica
transmittance can be caused by the detachment of the
whiskers as well, which ether involves the decrease of
the average thin film thickness or creates holes in places
whereinitially the cones were located.

Conclusions

(AQ3ASS;)06(ASS3)04 chalcogenide thin films were
prepared by rapid thermal evaporation in vacuum.
Subsequently, the films were annedled at 50 °C and
100 °C for 1 hin vacuum. SEM and AFM imaging of the
as-deposited and annedled films revealed numerous
cone-shaped micrometer-sized whiskers on ther
surfaces. The presence of crystalline peaks was revealed

in the XRD patterns of both fresh and annealed thin
films. The EDX analysis showed an excess of silver in
the obtained whiskers which, together with the
pronounced peak of Ag in the XRD pattern, enabled usto
ascribe the last one to the whiskers. Annedling a 50°C
and 100°C was shown to result in a mechanical
deformation of part of the whiskers and their detachment
from the base film surface. Another result of annealing is
probable appearance of crystalline a-Ag,S on the surface
of the whiskers and the base film. The optica
transmission spectra of the annealed films have shown an
increase of transmission for both annealed samples,
whereas the largest change of transmittance almost by
30 % was observed after annealing at 50 °C.
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Touki mwriBkd (AQsASS:)o6(AS:S3)04 Oy HaHeceHI Ha KBapLOBY MiJKIAZAKY METOIOM TEPMIiYHOTO
HamwieHHs. CTPYKTypHI IOCHI/XKEHHS HAalWICHMX Ta BINAJCHUX IUIBOK MPOBOIMINCA 3a JIOHOMOIOO
METOAMKH IU(paKiii PeHTTeHiBCbKUX POMEHIB, CKAaHYIUOi €JIEeKTPOHHOI Ta aTOMHO-CHIIOBOI Mikpockomii. Ha
noBepxHi amMophHuX IHBOK (AQASS:)os(AS:S3)0.4 BHABICHO 30aradeHi cpibioM  MiKpOKpHCTaNivHi
KOHYCOIOZIIOHI YTBOpPEHHS, T.3. Bickepu. BHacnizok Bifnaiy crioctepiraerbes Aesika MexaHiuHa edopmaliis ta
BiZIpMBAHHA YaCTHHHM BicKepiB Bij moBepxHi IuiiBku. Kpim Toro, y pes3ynbrari BiJnany BiCKEpH MOKPHUBAIOTHCS
PEYOBHHOIO 31 CTPYKTyporo 0-Ag,S. JlocmimkeHO Npu KiIMHATHIH TeMmmeparypi Ta IMpOaHali30BaHO CHEKTPH
OITUYHOrO MPOITYCKaHHs HAIIWJICHUX Ta BiJIMAJICHUX IUTIBOK.
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