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AgInShTe films have recently attracted considerable interest as advanced materials for phase change
recording. For this application the determination of crystallization kinetics is of crucial importance.

In this work the temperature dependence of structural and electrical properties of sputtered
AgInSbTe films has been determined. Temperature dependent measurements of the electrical
resistance have been employed to study the kinetics of structural changes of these films. Upon
annealing a major resistivity drop is observed at around 160 °C which can be attributed to a
structural change as corroborated by x-ray diffraction. X-ray diffraction shows an amorphous phase
for as-deposited films, while crystalline films with hexagonal structare 4283 A,c=16 995 A

are obtained upon annealing above 160 °C. By applying Kissinger’s method, an activation energy
of 3.03+0.17 eV is obtained for the crystallization. X-ray reflection measurements reveal a density
increase of 5.2% 0.2% and a thickness decrease of 55%2% upon crystallization. €001
American Institute of Physics[DOI: 10.1063/1.1405141

I. INTRODUCTION changes of Agodng 135y 49T€030- Structural properties of

vanadium doped AgInSbTe films have also been reported by
Materials which can be stabilized in two different physi- pyc et al* and Tominagat al1>*°

cal states that exhibit significantly different optical properties  The determination of crystallization kinetics and the un-
have attracted much interest in recent years due to their peterlying mechanisms is of crucial importance for the perfor-
tential application in phase change media technology. Thesgance of the material. In addition, it provides useful infor-
materials are used as the memory device in rewritable phasfiation to improve the switching behavior and enables a
change optical disk.* The key attributes for promising re- higher rate of data transfer and the development of new ma-
writable storage media include high-speed writing and erasterials with superior properties. In this work we report on the
ing, adequate number of overwrite cycles, stable marks, sutemperature dependence of structural and electrical proper-
ficiently high signal-to-noise ratio, and good recordingties of sputtered AginSbTe films. Temperature dependent
sensitivity’ Currently applied phase change media aremeasurements of the electrical resistance have been em-
mainly based on two families of phase change materialsployed to study the kinetics of structural changes of these
namely ternary Ge:Sb:Te alloys or quaternary Ag:In:Sh:Tefiims. X-ray reflectivity measurement&RR) are used to
alloys. Several ternary stoichiometric alloys formed with determine the temperature dependence of thickness, rough-
compositions along the GeTe—Sle; line® have been iden- ness and the density of the films. The temperature depen-
tified as possible candidates for use in erasable disks. Amongence of the film structure is determined by x-ray diffraction
these alloys are Gegbe;, GeShTe, and GgSh,Tes. Most  (XRD). In the next section, the experimental procedures are
studies have been focused on,SkTe;° % due to its ex-  discussed while the results are presented and discussed in the
cellent properties regarding the reflectivity change betweetthird section. A short summary is presented in Sec. IV.

the amorphous and crystalline state, its cyclability of record-

ing and erasing, and also its durability at room temperature.

Recently, in order to improve the stability of amorphous!!- EXPERIMENTAL PROCEDURES

marks at high temperature and also to increase the density of AgInSbTe films with thickness between 40 and 200 nm

the marki a new alloy has been developed based Ofere deposited on glass or silicon substrates at room tem-
AgInSbTe:" A high density of 12 GB capacity and a high e ratre by dc magnetron sputtering. The composition of the
data-transfer rate of 30 Mbps corresponding to that of &y tered film was determined by energy dispersive x-ray
DVD-ROM have been reported using an AgInSbTe phasena|ysis to AgingShysTeso. The background pressure of the
change materidf Despite the technological use of this ma- sputter system was 2107 mbar. An Ar pressure of 7.5
terial, very little information has been reported on its prop-y 1493 mbar and a power of 100 Wwere used to deposi:[ the
erties. Ilwasakietal”® have reported on the structural fiy,s The resulting growth rate was determined to be 0.5
nm/s. XRR measurements were performed to determine the
dElectronic mail: wuttig@physik.rwth-aachen.de thickness, roughness and the density of the films while XRD
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FIG. 1. Temperature dependence of the sheet resisRyfoe a 100 nm thin
film (heating rate ¢ T/dt) =3 K/min). The dotted line denotes the transition
temperaturel . .

measurements were used to determine the structure. These
measurements were carried out using a Philips X'pert mate-
rials research diffractometdMRD) system. The system is
equipped with a knife edge which is placed above the sample
surface when measuring XRR of films deposited on slightly 29(%.%5)
curved substrates. The divergence of the x-ray beam was set
to 1/64° and a detector slit of 0.1 mm was used for XRRFIG. 2. X-ray diffraction scans of 200 nm AgInSbTe films on a glass sub-
measurements. A grazing angle geometty=0.75°) was strate after annealing at different temperatures. All measurements were per-
preferred for XRD measurement since this arrangement jmfemed under a grazing angte of 0.75° (a) as-deposited sampléb) An-
. . . .. . nealed at 200 °C for 5 Hc) Annealed at 250 °C for 5 Hd) Annealed at

proves the signal-to-noise ratio for very thin films. Films of ;0 5, 5 1.
45 and 200 nm were used for XRR and XRD characteriza-
tion, respectively. All measurements were performed at room
temperature. due to a transformation in physical state, the structure of

The sheet resistance was measured with a four-pointarious films has been analyzed after annealing them at dif-
probe setup following the procedure proposed by van deferent temperatures in argon ambient.
Pauw!® The setup allows us to monitor the sheet resistance
upon annealing in argon ambient. The sample temperaturg, Film structure dependence on temperature
was measured by a NiCr—Ni thermocouple.

Figure 2 shows XRD scans performed on samples an-
nealed isothermally at different temperatures. In each case, a

IIl. RESULTS AND DISCUSSION 200 nm thin film was annealed for 5 h. Figur@2shows the
A Resist d d ¢ f XRD pattern of the as-deposited sample. The two broad
- Resistance dependence on temperature peaks confirm a disordered phase for the as-deposited

Figure 1 displays a typical dependence of the sheet reAgIinSbTe films. Figures ®)—2(d) show XRD patterns of
sistanceR; upon the temperature of a 100 nm thin film ob- samples annealed at 200, 250 and 300 °C, respectively. Dif-
tained using a heating rate of 3 K/min. As-deposited filmsfraction peaks, indicative for a crystalline phase, are ob-
have a sheet resistance of @I which corresponds to a served in all three patterns. This confirms that the resistivity
resistivity p of 60 {0 cm. A continuous decrease in sheet re-drop atT, is caused by the phase transition from an amor-
sistance upon annealing is observed below a temperature phous to a crystalline phase. The three diffraction patterns
where a sudden drop occurs. It drops to a value of @00 are very similar implying that there is no further structural
(p=10"2 Qcm). Further annealing only reduces the sheetchange in the temperature range from 200 to 300°C.
resistance slightly. On cooling to room temperature a further  XRD scans(not shown hergperformed on samples an-
slight reduction in sheet resistance is noted. The sudden dropealed at temperatures between 170 and 380°C all show
in sheet resistance @t can only be explained by a change in very similar spectra. The only notable differences are the
the physical state which is accompanied by a pronouncegeak intensities for small diffraction angles and the develop-
change in electronic structure. To confirm that this change isnent of the peak width. The peaks become slightly sharper
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TABLE I. The observed and calculated peak positions for the spectra shown

10°

in Figs. 2b)-2(d). The lattice parameters deduced from these values are dT/dt (k/min)
(a=4.283:0.001 A, c=16.995-0.018 A, (a=4.288-0.001 A, ¢ ; —a— 0%
=17.085-0.004 A) and (@=4.289-0.001 A,c=17.162+0.018 A for the ] —e— 051
samples annealed at 200, 250 and 300 °C, respectively. 5 —a—0.80
10° 5 —o— 156
ObservedOb.) and CalculatedCal) Peak positions (2°) @ 3 —%x—22
N’

200°C 200°C 250°C 250°C 300°C 300°C - 22‘(5)
Peak(hk) ~ Ob.  Cal.  Ob.  Cal.  Ob.  Cal g 10* - s
100 24.090 23.970 24.087 23.940 24.068 24.005 % ]
101 24.770 24540 24.876 2451 24.853  24.557 b
005 25914 26.190 25.850 26.060 25.768 25.707 W .3
103 28.756  28.745 28.677 28.676 28.662 28.613 g 10”3
106 40.096 40.019 39.862 39.864 39.748 39.558
110 42,181 42.163 42112 42.115 42.230 42.224 1
203 51.885 51.829 51.736 51.746 51.797 51.801 5 \
206 59.425 59.531 59.393 59.378 59.207 59.236 10 E T T e T
119 65.911 65.894 65.638 65.639 65.178 65.175 ] T T T T T
213 68.941 68946 68.827 68.841 68.974 68.966 100 120 140 160 180 200 220
216 75.617 75.622 75449 75453 75.269  75.402 Temperature (°C)
300 77.086 77.072 76.985 76.985 77.276 77.199

FIG. 3. Temperature dependence of the sheet resistBgder 100 nm
AgInSbTe films measured with different heating ratd3/dt). The heating
rates are shown in the inset.

as the annealing temperature increases. This can be eg- Kinetics of the structural transformation
plained as a result of grain growth and explains the slight
reduction in sheet resistance after the transition. The spectr

can be identified with a hexagonal structure similar to that o(?:

ShyTel with lat i 4.283+0.001 A and e activation barrier for crystallization. In Fig. 3 the tem-
byTe™ with lattice parameters oh=4. ) an perature dependence of sheet resistance obtained using dif-
c=16.995+-0.018 A for the sample annealed at 200°C. The

ferent heating ratesd(T/dt) is shown. The heating rates are

observed and calculated peak positions for the spectra shoWhyicated in the inset for each curve. The sudden drop in the
in Figs. 2b)-2(d) are tabulated in Table I. A slight increase gpeet resistance is observed in the range from 155 to 170 °C.
in the lattice parameters is observed with increasing anneak gpift in the position of the steep decline in the sheet resis-

ing temperature, l‘roma=4.288t 0.001 A andc=17.085  {ance and therefore a shift in the phase transformation to
+0.004 A at 250°C ta=4.289+0.001 A andc=17.162 higher temperatures with increasing heating rate is clearly

+0.018 A at 300°C. Itis interesting to note that tfgese valyisible. Such measurements allow the determination of the
ues are similar to the va_lues reported by Friedecll> and  activation energyE, of the transformation. We apply
Petrov, Imamov, and Pinskérfor the hexagonal phase of issinger'd® analysis which relates the transition tempera-

Ge,Sh,Tes. They reported values ai=4.22+0.008 A,c  tyre T_, the rate of heatingdT/dt), and the activation en-
=17.18:0.04 A anda=4.2+0.02 A, c=16.96+0.06 A, ergy Ea by the formula

respectively. Unfortunately, it is impossible to determine the 5
precise atomic positions within the unit cell since the atomic In[(dT/dt)/Tc]=C+ (EalkgTe) 1)

form factors of the four atomic speci€&g, In, Sb, Te only  whereC is a constant an#tg is the Boltzmann constant. A
differ by a very small amount. Nevertheless, it is reasonablgjot of In[(dT/dt)/Tg] against 1T, will yield a straight line
to assume that nine atoms occupy the unit cell. Taking intqvith slopeE,/Kg.
account the measured film stoichiomet®gsIngShsgTesg), From the sheet resistance measurements we determine
this leads to an x-ray density of 6.7 g/tm T, for different heating rated T/dt by locating the minimum
Earlier studies of the structure of AginSbTe films havein the first derivative §R;/dT). The activation energy is
often reported a mixture of phasts.*lwasakiet al**inves-  determined from the corresponding Kissinger plot, shown in
tigated the structural changes of A@ing 135y 49T€ 30 films  Fig. 4 to be 3.030.17 eV. The activation energy is higher
prepared by conventional rf sputtering using an Aginfeg-  than the value obtained by other grofip&° for the crystal-
get cosputtered with Sb chips. Crystalline AglaTdus crys-  lization of GeSh,Tes films, implying a higher stability
talline Sb was obtained for low-power laser annealing whileagainst recrystallization. However, it should be noted that the
crystalline AgSbTe plus amorphous In—Sb resulted from activation energy depends to some extent on the method of
higher power laser annealing. Det al** have shown that analysis employed. It has been shown that a nonisothermal
there exist at least three crystalline phases for vanadiurmethod usually yields higher activation energies as com-
doped AgInSbTe alloys with Sb and AgShTeing the main  pared to the isothermal methét?? In the case of the iso-
phases. Tominaget al!* have also investigated vanadium thermal method, the samples are initially heated at a very
doped AgInSbTe films and found a single crystalline phaséiigh rate to reach the desired annealing temperature. It is
which they identified as AgSbJewith an excess of Sb. likely that a small but finite number of nuclei are precipitated

Now that XRD has established the irreversible structural
ange afl ., we use resistance measurements to determine
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FIG. 5. X-ray reflection measurement of an as-deposited saiisplid
circles and x-ray reflection measurement of the same sample after anneal-
ing at 300 °C for 10 mir{open circles The inset shows the area around the
total reflection edge.

FIG. 4. Kissinger plot from which the activation enerfy of the amor-
phous to crystalline transition &, is determined100 nm AgInSbTe films
were useg

on the surface and in the sample. This results in lowering of

h barri . h bl d creasing roughness, a faster decay in the oscillation ampli-
the energy barriers separating the metaSta € an stal§de is expected. Hence this is an indication for an increase
phases. Thus, on the average, the barriers experienced by

e :
e o i roughness upon annealing.
diffusing atoms are reduced and this is reflected in the cal- Figure 6 shows the spectra displayed in Fig. 5 plus the

culated activation energy. corresponding theoretical simulations. A spectrum of the
same sample annealed at 180 °C has also been added. Den-
sities of 6.27-0.05, 6.57-0.05 and 6.5% 0.05 g/cri are
obtained for the as-deposited sample, annealed at 180 and
Besides the activation energy, another quantity which ipp °c, respectively. The corresponding roughness values
important for the application of chalcogenide films in optical gre 0.01, 0.15 and 0.34 nm, respectively. These values show
storage media is the film density. The density changes upogn increase in roughness upon crystallization as expected.
crystallization and this leads to considerable stresses whichowever, the highest value is still below 5 A. Therefore we
can limit the lifetime of storage media. This density changecan conclude that thermal annealing will not degrade the
can be determined from x-ray reflection measurements. Fignterface quality when these films are applied as active layers
ure 5 depicts x-ray reflection measurements of an asp phase change media. The increase in density and rough-
deposited sample and an XRR measurement of the sam@ss upon annealing is therefore confirmed by the values
sample after annealing at 300 °C for 10 min. The inset showgerived from the simulation. The film density measured by
the area around the total reflection edge. One observes a SWRR for films annealed aboVE, closely resembles the crys-
in the total reflection edge towards higher angles. Hence ifg|line density measured by XRDS¢rp=6.7 g/cni). This
can be concluded that the as-deposited sample has a lowgfplies that the films are nearly void free. More XRR mea-
density than the annealed sample since the dengllyi€  surementgnot shown herewere performed for samples an-
directly proportional to the square of the critical anglg)(  nealed at different temperatures and the results are displayed

D. Temperature dependence of density

as it can be derived from the following equation: in Fig. 7. The density remains constant with an average value
o © of 6.26+0.05 g/cni up to T, where an abrupt increase to
0.= \/ K(f°+f,)’ (2 6.59+0.05 g/cni is observed. This corresponds to an in-

crease of 5.2% in the density. There is no evidence of any
whereNa,rg,\,A and (fo+f’) are the Avogadro constant, density change at higher temperatures up to 320°C. This
Bohr radius, wavelength of the used x rays, atomic mass awednfirms that the material stabilizes in one crystalline struc-
the atomic form factor, respectively. ture only. This is an advantage over S5&Te; which has

Another notable feature is the decay of the oscillationtwo different crystalline structures with different density.

amplitude, especially at higher angles. The oscillations of thé&igure 8 shows the normalized thickness versus temperature.
as-deposited sample are clearly visible in the whole angulafwo segments with constant value are clearly visible. Upon
range while the oscillations of the annealed sample tend tannealing above 150 °C a decrease of 5.5% in the thickness
decrease more strongly for larger angles. The decay in this measured. This correlates very well with the increase in
oscillations is related to the roughness of the sample. Witlthe density of 5.2% illustrated by Fig. 7, implying that there
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FIG. 8. Normalized thickness variation with temperature for AginSbTe films
obtained from XRR measurements.

increase of 6.2%: 0.8% and reduction of 6.0%40.6%, re-
spectively. Therefore, the stresses which accompany the
phase transformation should be smaller for AginSbTe than
for Ge,Sh,Te;. As a consequence, AginSbTe could allow a
higher number of overwrite cycles than £&,Tes if me-
chanical stresses determine the cyclability.

FIG. 6. X-ray reflection measurements plus the corresponding theoretical

simulation of a sampléa) as-depositedb) after annealing at 180 °C for 10

min and(c) after annealing at 300 °C for 10 min.

IV. CONCLUSION

We have investigated the temperature dependence of

is no loss of material during the phase transformation. Thetructural and electrical properties of sputtered AginShTe

density change and the corresponding thickn@ggume

films. The as-deposited state is amorphous with a resistivity

change are slightly lower than the values reported byf p=60 (2 cm and a density of 6.260.02 g/cni. Upon
Weidenhofet al® for the GgSh,Tes material which are an annealing above 150°C, the films rapidly crystallize in a

6.94

6.8-
6.7-
667
E 651
gm
6.3
6.2
6.1-
6.0-

dens

-

9] amorphous crystalline

0 50 100 150 200 250 300 350 400

Temperature(°C)

hexagonal structure similar to that of Jke. The lattice pa-
rameters increase slightly upon annealing at higher tempera-
tures. Values of §=4.283+0.001 A, c=16.995+0.018 A),
(a=4.288+0.001 A, c=17.085-0.004 A and @=4.289
+0.001 A, c=17.162-0.018 A are obtained for samples
annealed at 200, 250 and 300 °C, respectively. The density
and resistivity of the crystalline state are 6:59.02 g/cni

and 10 3 Q cm, respectively. A thicknessolume decrease

of 5.5%+0.2% is calculated for the phase transition
(amorphous-crystallinewhich agrees quite well with the
density increase which is 5.2%90.2%. By applying Kiss-
inger’'s method, the activation energy for the phase transfor-
mation is determined to be 3.63.17 eV.
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