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Identification of Te alloys with suitable phase change characteristics
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At present, the discovery and development of phase change materials is mainly based upon
empirical strategies and trial and error approaches. Here, we present a structural criterion that needs
to be met to enable the mandatory fast recrystallization with sufficient optical contrast that
characterizes suitable phase change materials. Comparing the behavior of AghTAgSbTe

films it is demonstrated that only the AgShTélms, which show a cubic coordination, have
sufficient density contrast, and hence, also optical contrast to allow phase change recording.
© 2003 American Institute of Physic§DOI: 10.1063/1.1608482

Rewritable optical data storage based upon reversibl&ginTe,. The properties of AgSbTewere examined using
phase transformations utilizes a focused laser to switch bewo samples, with a stoichiometry of ALp), Sh(29), Te(55),
tween an amorphous and a crystalline stét@he informa-  and Ag32), Sh22), and T&46).
tion is written by locally melting the crystalline material fol- In a first series of experiments the laser induced initial
lowed by a rapid cooling, which results in an amorphous bitcrystallization of the as-deposited amorphous films was ana-
Erasing is achieved by heating this amorphous region abowyzed. Subsequently, also, the amorphization of crystalline
the crystallization temperature. Two key attributes are cruciafilms and the recrystallization of amorphous bits were ana-
to meet the demands on phase change materials. A sufficielyzed. In these experiments a laser beam with a focus size of
optical contrast between the amorphous and crystalline stafy46 um at the sample position was utilized where the laser
is necessary to read the stored information. Furthermore, power was varied between 0 and 30 mW, and the pulse
fast recrystallization of the amorphous region is mandatoryength ranged between 10 ns and 1 s. On films of both com-
since this is the slowest process involved, which determineBositions, which had a thickness of 57 nm (Aglp)leespec-
the maximum data transfer rate. Unfortunately, no clear mitive 56 nm (AgSbTg), ablation was observed for long
croscopic criteria for suitable materials, such as a requirePulses and/or high powers. Ablative hole formation leading
ment in terms of composition or crystalline structure haveto a decrease of film reflectance was confirmed by atomic
been developed as yet. Hence, the improvement of phaderce microscopy. However, an increase of film reflectance,
change media is still mainly based on trial and error stratewhich is characteristic for crystallization was only observed
gies and empirical ruledIn this letter, on the contrary, a for the AgSbTe films, while no such reflectance change was
mandatory requirement for a successful storage materi@bserved for the AginTefilms no matter how long and/or
based upon its structure will be presented. Understandinttense the laser beam was. This either implies that crystal-
and employing this criterion should facilitate a more rapidlization was not possible or that the change in reflectance for
materials development. this material is smaller than the smallest measurable reflec-

Previously, it had been shown that alloys containing Ag,tance change of our tester, which is smaller than 0.01. To
In, Sh, and Te are particularly suitable for fast rewritableclarify this situation, measurements of the electrical resistiv-
optical data storag®Alloys of these elements frequently de- ity of the films were performed while heating the films in an
compose upon prolonged heating into AglaTeand Ar ambient. These data are displayed.in_ Eig. 1. Both films
AgSbTe.® Hence, we have prepared alloy films of these twoShOW @ pronounced decrease of resistivity upon heating,
materials and investigated their structural, optical and elec¥hich is characteristic for crystallization as confirmed by our
trical properties; analyzed their recording behavior and per¥-fay diffraction (XRD) analysis. The AginTge sample
formed band-structure calculations of the ground states usingf!OWs a sharp crystallization at 149°C, whereas AggbTe
density functional theoryDFT) to understand the measured exhibits a continuous phase transition .startlng at75 °C: It gan
properties. be, therefore, qoncluded_that Iasgr mduce_d c_rysjcalhzatlon

Both ternary compositions were prepared using therma$hould be possible also in Aginjéilms, which indicates
evaporation. Si wafers and glass slides, kept at ambient tenfat this alloy might only show weak optical contrast be-
perature, were selected as substrates, leading to ternary 4€en the amorphous and crystalline states. _
loys with an amorphous structure. A chemical analysis 'ne higher overall resistivity of the Aginjesample is,

yielded a composition of AQ3), In(27), Te(50) where the fur_thermore, evi(_jence for a different k_)and gap, which _also
numbers in brackets denote atomic %, thereafter calle&o',”ts towards'dlfferent opthal properties for both materials.
This was confirmed by optical spectroscopy and spectro-

scopic ellipsometry. The measured data were reproduced by
3Electronic mail: detemple@physik.rwth-aachen.de modeling the dielectric functions of both AglnJeand
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FIG. 1. Electrical resistivity as a function of temperature. The upper curve g 1.05 AngTe2 o 1
shows a sudden drop of the electrical resistivity at 149 °C for AginTe _—@ 1.04 4 © o o © i
whereas the Sh-containing alloy shows a more continuous phase transition. 8 1.03 ]
The transition towards the crystalline phase starts at 75 °C, which was con- E 1.02] ]
firmed by x-ray diffraction(not shown herg = e
Z 101 o ]
_ _ _ 1.004 © .
AgSbTe. The two most important results of this analysis 0.99 1 b ]
were a much higher absorption of the AgSpTiams as com- 0.98 .
pared with the AginTgfilms and a larger change of optical 0.97 ]
properties between the amorphous and crystalline states foi 0.96 1 o o 1
AgSbTe than for AginTe. This is displayed in Fig. 2 where 0.95 1 ¢ ® e ]
h lcul han f normalized refl nce for nm 0.94 y T T T
t e calcu ated change o orma ed reflectance 0 a 60 ] 0 0o 0 200 50
thin film on glass as a function of the wavelength is plotted . .
for AginTe, and AgSbTe based upon the dielectric func- Annealing temperature [°C]

tions determined for the two states of the two alloys. The

experimentally observed small reflectance change foFIG. 3. Thickness change upon crystallization for both ternary alloys as a

AgInTe, is in good agreement with the corresponding valyefunction of anne_aling temperature. The _thic_kness is normalized with respect
. . . to the as deposited amorphous film, which is 56 nm for Agjrdied 57 nm

calculated from the dielectric functions for both phases. It agshTe. The upper diagram shows the small density change of

can, hence, be concluded that it is the missing optical conaginTe,, which is only 29% compared to the AgShTalloy.

trast between the amorphous and crystalline states of the

AgInTe, sample which renders it useless for rewritable opti- . ) i _

cal data storage. To understand this phenomenon the densf§MmPanied by a reduction of film thickness and a corre-

and thickness change upon crystallization were determine&p%nding increase of density by 1.4% for AglpTend by
The corresponding data are displayed in Fig. 3, where aff-8% for AgSbTe. _ _
values have been normalized with respect to the density and This implies that there is a clear correlation between the

thickness of the as-deposited film. The crystallization is acSiZ€ Of the density change and the magnitude of the change
in optical properties between the amorphous and crystalline

state. This statement is corroborated by experimental results

0100 ' ' ' ] obtained from GeSbTe and AgInSbTe alloys: The density
0.075 AngTez 8 change upon crystallization scales monotonously also in this
0.050_// group of materials with the contrast between both phases,
which starts with the lowest density change of 5.286n-
0.0251 T trast: 0.3} for Ags sling sShygTe,q and ends with 9.3%con-
§ 0.000 - L PR . trast: 0.59 for Gg,Shy Tes. The intermediate case of a den-
< AgInTe sity change of 6.8% was observed for 8B, Tes, which
-0.025 27 results in a contrast of 0.372 All values for the optical
-0.050 - 4 contrast were calculated for the technologically important
0075 ] ] wavelength of 630 nm, which is used in current DVD
) ] technologies.
-0.100 r . . T To understand the different behavior of AglpTand
500 600 700 800 900

AgSbTe, we have determined the structure of the films by
Wavelength [nm] x-ray diffraction and have performed DFT calculations em-
_ _ loying the generalized gradient approximati@GA),*° us-
FIG. 2. Normalized reflectgnce change for both alloys determmeq from 50 ng the FLEUR code based on the fuII-potentiaI linearized
up to 900 nm. The dotted line denotes the contrast for a 60 nm thin AginTe Hax
film on a glass substrate as a function of the wavelength, while the sam@uQmented plane-wave methodKRD reveals that AginTg

layer stack, where AginTeis replaced by AgShTe yields the solid line.  crystallizes in the chalcopyrite structure while AgShTas
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g 025 . ] all possible combinations is shown in Fig. 4 as a function of
= e . . ] the unit cell volume. The energy axis is shifted for all curves
£ o1s] - .. .
& ool . . ] so that the minimum corresponds to 0 eV for the chalcopyrite
005 . . o "] structure. In the case of AginJ¢he chalcopyrite structure is
0.0 e 1 clearly favored, while the situation is more ambiguous for
150 200 250 300 500 600 700 800 AgSbTe. The energy differences between both structures
3 . . . . .
Volume [A’] are compiled in Table Il. Taking into account of the configu-

FIG. 4. Variation of total energy per single atom for different configurations. rational entropy, the rocksalt is preferred t.O the Cha|COpyme
On the left-hand side of both graphs the rocksalt structure is analyzed. Thetructure of AgSbTe. Hence, DFT calculations do not only
variation of the unit cell of the chalcopyrite structure is displayed on thereproduce the measured lattice constants but are also able to
right-hand side. The upper-view graph shows the dependence for thPeproduce the measured ground state structure.
AgInTe, phase, whereas AgShlean be found on the bottom. For the In summary we have shown that sufficient optical con-
AgInTe, case, the energy difference between both structures is larger than y - p .
for AgSbTe. trast between amorphous and crystalline states required for
phase change recording can only be found for materials
. where a sufficient density change accompanies crystalliza-
the rocksalt structure. Lattice constantsasf6.435 A and  tion. This required size of density change is only found for a
c=12.631 A were determined for AginJein good agree-  subset of Te alloys, which crystallize in a phase with cubic or
megtl\gvnh previously reported valuea{6.419 A,c=12.58  near-cubic coordination. These findings show that the inves-
R).*= For AgSbTe a lattice constant of 6.06 A was mea- tigated materials exhibit a correlation between the density
sured, again, in close agreement with the literature value afhange upon crystallization and the achieved optical contrast
6.08 A4 Al lattice constants are reasonably well reproducedpetween the amorphous and crystalline phase, where the
by our density functional calculations, as can be seen fromnost pronounced density change in the Ge- and the Ag-based
Table 1. Typically, GGA calculations of heavier elements glloys was observed for materials with a cubic coordination
overestimate the lattice constants by a few percent, as cqGe,ShTe; and AgSbTe). This microscopic criterion

also be seen in Table I. On the other hand, we can also usghould help identifying possible candidates for advanced
DFT to calculate the crystal structure of a hypothetical chalphase change recordifg.
copyrite structure for AgSbTeand a hypothetical low-
temperature rocksalt structure of AglnTeThese calcula- Financial support by the Fonds der chemischen Industrie
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