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Influence of silver concentration in Agy(Sbg 40S0.60)100-x
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Thin amorphous films from ternary system (Ag)-Sb-S were prepared as potential candidates for new phase-change memory
films. Amorphous Agy(Sb4oSs0)100.x thin films were deposited by thermal evaporation of Sbs3Se; bulk combined with optically
induced diffusion and dissolution of Ag. Prepared samples were characterized by electron microprobe (SEM-EDX),
UV-Vis-NIR and Raman spectroscopy and by differential scanning calorimetry (DSC). The phase-change recording process
in prepared films was tested via photocrystallization experiments done by Ar" ion laser. Morphology of the laser exposed
dots was observed by scanning electron microscopy (SEM) and transmission optical microscopy. Micro X-ray diffraction (u-
XRD) was used for exposed dots crystallinity study. Kinetics of the phase transition was traced by measurement of optical
transmission in dependence on laser exposure time (photocrystallization kinetic curve). The aim of this work is to study
thermal and optical properties of prepared thin films as well as their crystallization behavior. Obtained results are discussed
and confronted with the results found on thin films of the same system with different compositions and/or prepared by

different techniques.
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1. Introduction

Non volatile rewritable data storage is one of the
recent applications of chalcogenide thin films [1 - 4].
Generally, there are two phenomena utilized for non
volatile rewritable data storage based on chalcogenide thin
films. First one is reversible phase change between
amorphous and crystalline state and vice versa used in
commercially available rewritable optical discs (such as
well known CD, DVD, HD DVD or Blu-ray Discs) [5, 6]
or electrically switched chalcogenide phase change
memories (denoted as Ovonic Unified Memory (OUM) or
Phase Change Random Acces Memory/Chalcogenide
Random Acces Memory (PC-RAM, P-RAM, C-RAM))
[2, 7, 8]. Second phenomenon is electrically induced
reversible dissolution and separation of metallic Ag and
vice versa in system of Ag doped chalcogenide glass,
denoted as Programmable Metallization Cell (PMC)
Memory [9, 10, 11].

Principally, phase change is caused by laser or
electrical pulses with different power and duration.
Detection consists in reflectivity difference (optical
memories) or electrical resistance difference (PC-RAM) of
amorphous and crystalline state in case of phase change
memories. Whereas, Ag dissolution in chalcogenide
matrix or Ag separation from silver doped chalcogenide
glass takes place via migration of Ag" ions caused by DC
electrical pulses in programmable metallization cells.

Detection is based on different electrical resistance of
undoped and Ag doped chalcogenide glass.

There are some elementary considerations for material
feasibility for phase change recording. These basic
considerations [5] are namely on thermal and optical or
electrical properties due to photo-thermal or electro-
thermal origin of phase transformation as well as optical
or electrical based detection, respectively. Also some
properties given by practical application will be denoted.

Sufficient reflectivity contrast between amorphous
and crystalline phase for detection wavelength is
necessary for high Signal to Noise Ratio (SNR) which
allows high speed or multilevel data storage [5, 12]. Also,
sufficient absorption of both phases for writing/erasing
wavelength is necessary for data recording realization.
Requirements for thermal properties of recording materials
are given by disc stability and stability against self
crystallization during storage or during writing/erasing of
neighbour data domains, respectively. Due to the first
requirement, tendency to minimalize melting point T,
(typically ~ 600 °C) occurs. On the other hand, due to the
second requirement, the glass transition temperature T,
must be over 100 °C. Good stability of amorphous and
crystalline phase against separation during recording
processes or storage is also required for achieving good
cyclability (high reversibility of phase transformation) of
material as well as high crystallization rate [5].
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Widely used active recording films materials are
based on doped Sb-Te alloys [2, 6, 12, 13]. Mostly used
materials are from Ge-Sb-Te (GST) [14, 15] and
Ag-In-Sb-Te (AIST) [16, 17] system, respectively.

Density Functional Theory (DFT) calculations carried
out on chalcogenide materials of AgSbCh, compound
[18], where Ch is S, Se or Te, suggest them to be
promising materials for application as the active recording
films.

Hence, there is sufficient research effort concerned
about improvement current materials and research and
development of new ones. Commercially used materials as
GST or AIST are studied intensively due to elucidation of
phase change principle at nanoscale [4, 18 - 25] or
materials improving [26 - 28], while new materials e.g.
from system Ag-Sb-Ch [18] where Ch is S [29 - 31] or Se
[32 - 35] or Te [36 - 38]) are studied mainly in terms of
thermal, optical and electrical properties and their
engineering towards data storage application.

2. Experimental

Starting Sb;3S¢7 bulk was synthesized in an evacuated
quartz ampoule from elements of 5N purity in electric
rocking furnace. Preliminary pressure in the ampoule was
~ 107 Pa, synthesis temperature was T ~ 750 °C during
time t=24 hours. Polycrystalline bulk was obtained by
cooling of the ampoule with the melt in water (T ~ 10 °C).
Composition and homogeneity of prepared bulk was
checked by SEM-EDX technique proved on apparatus
Jeol JSM -5500LV equipped with analyser IXRF
Systems and Gresham Sirius 10 detector. Accelerating
voltage was U =20 kV.

Prepared bulk was used as a source for thermal
evaporation (TE) of Sb-S thin films. Thin films were
prepared in thermal evaporator Tesla UP 858 from silica
glass crucible heated by molybdenum spiral. Background
pressure was p ~ 10* Pa and the deposition rate ~ 2 nm*s’
! Deposition rate and thickness were controlled by quartz
crystal monitor. The homogeneity of prepared thin films
was guaranteed by planetary rotation of substrates
(microscope slides). Thickness of prepared thin films was
~ 720 nm.

Thin Agy(Sbo40So60)100x films were prepared from
host SbsS¢y films by optically induced diffusion and
dissolution (OIDD) [39, 40] of Ag. Silver was step-by-
step added in two steps as thermally evaporated thin
(d ~ 5 nm) films on top of SbsS¢ host matrix. TE of Ag
was carried out directly from molybdenum boat in the
same system, at preliminary pressure p~ 10* Pa and
deposition rate ~0.3 nm*s'. The bilayer system
(SbaoSeo/Ag in first step or Ag; 1(Sbo4Se.6)eso/Ag in second
step) was illuminated from chalcogenide glass side by a
tungsten lamp focused by large Fresnel lens with IR cut-

off filter (I~80 mW+*cm®) which results in homogeneous
amorphous Ag,(Sbo40S0.60)100x thin films.

The composition, composition homogeneity and
surface quality of prepared films were checked by SEM-
EDX technique proved on the same apparatus and under
the same conditions as written above. Back-scattered
electron (BSE) signal in low vacuum mode was used for
projection.

The structure of prepared bulk and thin films was
studied by Raman spectroscopy on FT Raman
spectrometer Bruker IFS/FRA 55 equipped with Nd-YAG
laser (A = 1064 nm) and N, (1) cooled Ge detector. There
were realized 100 scans with laser output P =50 mW and
resolution 4 cm™.

Thermal properties of prepared thin films were
studied by differential scanning calorimetry (DSC). DSC
measurements were carried out via TA Instruments

DSC-2910 apparatus when temperature gradient
5 °C*min™ was applied.
Optical transmission spectra were recorded on

UV-Vis-NIR dispersive spectrophotometer Jasco V-570.
The resolution was 2nm and scan speed 400 nm*s™.
Spectral data were evaluated by Swanepoel method [41] to
acquire the film thickness d and refractive index n. Optical
band gap energy (Eg"pt) was evaluated from intercept on
the energy axis of linear fit of high absorbing region (o >
10* cm™) in plot (athw)"?
coefficient and ho is energy of incident photons) known
as Tauc extrapolation [42]. Software WinSwan ver. 1.01
developed at University of Pardubice was used for both
these evaluations.

Possibility of application as an active material for
rewritable optical data storage was tested via dot laser
exposures. Dot laser exposures were carried out by Ar"

versus ho (where o is absorption

ion laser Coherent Innova 300C (A =514.5 nm) of output
power P =845.5 mW and beam diameter d = 1.1 mm (i.e.
intensity I = 89 W*cm™). Exposition time was scaled from
1sto20s.

Dot laser exposures were characterized by several
techniques, i.e. by transmission optical microscopy,
scanning electron microscopy (SEM), micro X-ray
(u-XRD) and by measurement of
photocrystallization kinetic curves (i.e. measurement of
optical transmission in dependence on laser exposure
time).

Transmission optical microscopy was realized via
standard microscope Carl Zeiss Jena equipped with digital
camera Nikon Coolpix 990. SEM-EDX study was carried
out on the same apparatus and under the identical
conditions as in case of thin films.

Micro-XRD was measured by diffractometer
PANalytical X’PertPRO with Co Ka X-ray tube
(U=30kV, I=45mA) and Fe P filter. Primary optics

diffraction
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was silica monocapillary (diameter d=0.1 mm),
secondary optics was Soller slits (0.04 rad). Multichannel
semiconductor detector PANalytical X’celerator with anti-
scatter shield was used for detection. Qualitative analysis
was performed with HighScore software package
(PANalytical, The Netherlands, version 1.0d), Diffrac-
Plus software package (Bruker AXS, Germany, version
8.0) and JCPDS PDF-2 database [43].

Photorystallization kinetic curves (dependence of
optical transmission on
collected by Schnellphotometer Carl Zeiss Jena with
photomultiplier and optical system Opton. Polychromatic
light with circular beam of diameter d = 120 pm was used
for measurement.

laser exposure time) were

3. Results

Composition (SEM-EDX) of prepared thin
Ag(Sbo40S060)100x films is listed together with film
thickness d obtained by Swanepoel method [41] and
optical band gap energy E,”™ determined by Tauc
extrapolation [42] in Table 1. Maximum obtained silver
concentration in thin films is 3.5 at. % .

Table 1. Composition (SEM-EDX), thickness d and
optical band gap energy E,* of prepared thin films.

Sample | Composition [at %] | d [nm] E’{;]t
b2-0 Sb4oSeo 722 1.67
b2-5 Agi1(SbsoSe0)es o 730 1.61

b2-10 Ag5 4(SbyoSe0)e7.6 744 1.58

]Structure of prepared bulk and thin films was proved
by Raman spectroscopy, spectra are presented in Fig. 1.
Raman bands maxima which belong to amorphous phase
(thin films) are marked above spectra, vibration
frequencies which belong to crystalline phase (bulk) are
summarized under spectra, respectively. Raman spectra

were interpreted following [44, 45]: broad band with
maximum at 292 cm™ (thin films) and bands with maxima
at 282 cm™ and 311 cm™ (bulk) are assigned [44, 45] to
vibrations of SbS;,; units. Band with maximum at 170 cm”
Uis assigned to Sb-Sb vibrations in S,Sb-SbS, units and
bands with maxima at 140 cm™ and 475 cm™ to vibration
of S-rings fragments [44]. Bands with maxima at 241 cm’
1 195cm™, 155cm™, 128 cm™ could be assigned to
vibrations of crystalline Sb,S; [45].
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Fig. 1. Raman spectra of prepared bulk and thin films.

Vibration frequencies which belong to amorphous phase

are summarized above spectra, vibration frequencies

which belong to crystalline phase are summarized under
spectra, respectively.

DSC curves of prepared thin films were measured,
characteristic temperatures (glass transition temperature
T,, crystallization temperature T, and melting temperature
T,) are summarized in Table 2. DSC curves (depicted at
Fig. 2) are evaluated on basis of known chemical
composition of prepared samples (Table 1), identification
of photocrystallized products established by p-XRD (see
below Fig. 6) and phase diagrams [46, 47]. Our previous
results [30, 31, 48] were taken into account as well.

Table 2. Thermal properties (glass transition temperature T, crystallization temperature T. and melting temperature
T of prepared thin films obtained by DSC technique. NA denotes, that value has not been obtained, dash denotes, that
particular product is not present in the sample.

T, Sb,S; [°C] T, Ag;SbS; [°C] Ty Sb,S; [°C] T AgsSbS; [°C]
Sample | T, [°C]
onset peak onset peak onset peak onset peak
b2-0 221 257.8 | 2654 - - NA NA - -
b2-5 175 234.7 | 239.8 219.7 227.3 4458 | 448.0 NA NA
b2-10 180 230.5 | 236.5 218.6 223.4 440.3 | 4429 373.6 375.7
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Fig. 2. DSC curves of prepared thin films.

Optical transmission spectra of prepared samples are
plotted in Fig. 3. Spectral dependence of refractive index n
(obtained by spectra evaluation as described by Swanepoel
[41]) fitted by Cauchy dispersion function is presented in
Fig. 4.
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Fig. 3. UV-Vis-NIR spectra of prepared thin films.
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Fig. 4. Spectral dependence of refractive index of
prepared thin films. Experimentally obtained points are
fitted by Cauchy dispersion function.

Transmission  optical microscopy and SEM
photographs of Ar” ion laser exposed dots with exposure
time tgxp=20s are plotted in Fig. 5 for all prepared
samples. Left upper insert in SEM photographs is
unexposed film for comparison; scale is the same.
Diffraction patterns of unexposed film and laser exposed
dot (exposure time tgxp=20s) for all samples are
presented in Fig. 6. Photocrystallization kinetic curves are
plotted in Fig. 7.

4, Discussion

From EDX analysis (Table 1) could be concluded,
that melt-quench process produces macroscopically
homogeneous Sb33Se7 bulks. Character
(amorphous/crystalline) studied by Raman spectroscopy
depends on quenching conditions and it is in interval from
amorphous (intensive quenching of small batches in
water/ice mixture) to polycrystalline (quenching on air or
in water). Sometimes phase separation of sulfur can occur
during quenching.

Thin films with composition SbgSe (i.c.
stoichiometric Sb,S;) can be thermally evaporated from
bulk of Sb;3S¢; composition if evaporation rate is low [29,
48]. Thickness of amorphous film increase monotonously
during silver doping (as seen in Table 1) in contrast to
films prepared by OIDD of Ag into thin Sb;;S¢; films
(further marked as Ag,(Sbs;S¢7)100x Samples) where
significant thickness decrease occurs after first silver
introduction [29, 31, 48].

Structure of bulk and prepared films was studied by
Raman spectroscopy; spectra (presented in Fig. 1) are
evaluated on basis of [44, 45]. From desintegration and
sharpening of the broad band with maximum at 292 cm™
to the bands with maxima at 282 cm™ and 311 cm™ is
deduced, that while films are amorphous, bulk contains
crystalline portion. S-ring fragments vibration band (with
maximum at 475 cm™) which disappears in b2-0 sample
spectrum in comparison to bulk spectrum clearly indicates
sulfur depletion during evaporation. With increasing silver
content is visible increasing intensity of band with
maximum 170 cm™ (Sb-Sb bonds vibrations). From this,
preferential bonding between silver and sulfur atoms can
be deduced. This is also supported by fact, that larger
amount of Ag was photodissolved in system Sbs;S47 [29,
31, 48].

Thermal properties (T,, T, and T,,) studied by DSC
are presented in Table 2. It is clear, that with increasing
silver  concentration  decrease all  characteristic
temperatures except T, (Ag;SbS;) where data are
insufficient and T,, where significant decreasing of T,
after first silver doping followed by T, increasing in next
step occur. Observed characteristic temperatures are
higher, than in case of Ag,(Sbs3S¢7)100x Samples [29, 31].
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Fig. 5. Transmission optical microscopy and SEM photographs of laser exposed dots (exposure time texp = 20 s) for all
prepared samples. Insert in SEM photographs is unexposed film for comparison.

Red shift (decrease of E,™) with increasing silver
content was observed. This fact is visible from spectral
dependence of transmission (Fig. 3) and E,* values listed
in Table 1. Refractive index n increases with increasing
silver content as visible in Fig. 4. Good quality and
homogeneity of prepared (Ag)-Sb-S thin films were

confirmed by optical transmission spectra where no
shrinkage of interference fringes was observed [49].
Photoinduced crystallization of prepared thin films
was tested by Ar’ ion laser exposures. Transmission
optical microscopy and SEM photographs of exposed dot
(tgxp = 20 s) of all prepared samples are shown in Fig. 5.
Insert in left upper cormner of SEM images is SEM
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photography of unexposed thin film. These photographs
together with micro-XRD patterns presented in Figure 6.
clearly show amorphous origin of unexposed thin films
and crystalline origin of exposed dots. There were no hallo
effect observed, except narrow ring, in contrast to
Ag,(Sb33S¢7)100x samples [30, 31]. Origin of the narrow
hallo ring observed by transmission optical microscopy
could be seen due to thermal distribution which is
influenced by Gaussian laser beam profile and thermal
conductivity of thin film. No compositional deviation in
this hallo ring was observed. u-XRD was used not only
for determination of crystallinity of dot laser exposures,
but also for identification of crystalline phases. All
samples contain orthorhombic Sb,S; as main crystalline
phase; Ag doped samples contain also rhombohedral
Ag;SbS; as a minor crystalline phase.
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Fig. 6. #-XRD pattern of laser exposed dot (exposure
time texp = 20 s) and unexposed film for all prepared
samples.
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Fig. 7. Photocrystallization kinetic curves (dependence of
optical transmission on Ar* ion laser exposure time)
of prepared samples. Lines are added for eye-guiding.

The fact, that Ag influences only induction period of
crystallization, while the total time of crystallization (i.e. ~
8 s) doesn’t change, could be seen in photocrystallization
kinetic curves (Fig. 7). This result is in contrast to results
obtained on Ag,(Sb33Se7)100x samples, where silver
influenced not only initial stage, but also strongly reduce
total time of the crystallization [31]. Also, while curve
profiles of Agy(Sbs3Se7)100.x Samples are simple sigmoidal
[31], profiles presented at Fig. 7 are more complicated, so
different and probably more complex mechanism of laser
induced crystallization could be expected.

5. Conclusion

Thin amorphous Ag,(Sbo.40S0.60)100x films up to silver
concentration ca, = 3.5 at. % were prepared by thermal
evaporation of Sb;3S¢; bulk and optically induced
diffusion and dissolution of Ag. Amorphous character and
homogeneity of prepared films were proved by several
techniques (u-XRD, SEM-EDX and UV-Vis-NIR
spectrometry). Some parameters as optical band gap
energy E,”™ , spectral dependence of refractive index n
and characteristic = temperatures (glass  transition
temperature T,, crystallization temperature T, and melting
temperature T,,) and their evolution with silver doping
were presented and compared with samples prepared by
OIDD of Ag into Sb;3S¢; host matrix [31].

Photocrystallization experiments were successfully
carried out. Crystallization products were clarified as
orthorhombic Sb,S; and rhombohedral Ag;SbS; in case of
Ag doped samples, respectively. Crystallization kinetic
was traced. Nevertheless, total time of crystallization of
prepared samples, which was found to be independent on
Ag concentration, is higher in comparison with
Ag,(Sb33Se7)100x samples [31]. Also, Ag.(Sbs3Se7)i100x
samples are preferred [18] due to their tendency to
crystallize as cubic AgSbS, in contrast to rhobohedral
Ag3SbS3
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