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Structural investigation of GeSb,Te,: A high-speed phase-change material
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Pseudobinary GeTe-§be; is in wide use today as a memory material in phase-change optical disks such as
DVD-RAMs. GeShTe,, one of the intermetallic compounds used in this binary system, when in thermal
equilibrium, shows a complex cubic close-packed structure with a 21-layer period. However, when an amor-
phous thin film of this compound is heated by laser irradiation and then suddenly cooled, it crystallizes into a
simple NaCl-type structure as the metastable phase. These two structures are so different from each other that
it is difficult to imagine that they have the same chemical composition. To reveal the relationship between the
two, in this paper we examine the structures of both phases of FeSht various temperatures by x-ray
powder diffraction using synchrotron radiation facilities. The results of our investigation are as follows: the
metastable phase has a very open structure, which contains one vacancy per eight atoms. The structure
transition from the metastable to the stable phase is due to the vacancy diffusion. Contrary to what was
previously thought, the crystal structure of the stable phase is similar to that ofS%hBi
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I. INTRODUCTION randomly occupied by Ge and Sb atoms and vacancies.
When the composition of this binary system is described
In a rewritable optical disk such as a DVD-RAM, infor- as (GeTe)+ (ShTe;);_4; (0=x=1), the site occupancy of
mation is recorded using the difference in optical characterthe vacancy varies continuously according to—(d)/
istics caused by the phase change in the material. The be€3—2x).°
known phase-change material at present is GeT@esha The authors have, in recent years, carried out precise ex-
pseudobinary compound. In this compound, a reversibl@minations, using synchrotron radiation, of the crystal struc-
structural change between the crystal and amorphous phaséées of Au-Ge-Sn-TeRef. 7) and Ag-In-Sb-Te quadruple

is induced by a very brief laser irradiation lasting several ten§Ompounds,which are used for CD-RWs, etc., as well as the

of nanoseconds; this alters the optical characteristics of th§€T€-SBTe; pseudobinary compourftiand on the relation-

recording layer in the disk such as the reflectivity or trans-SNiP_between their structures and temperature. A large-

missivity. During recording, the area to be recorded is heateg""]‘metfer Debye-_Scherrer camjé)_rms_talled_ in the BLOZB?
to above the melting pointaround 900 K using a high- eam line at SPring-8 can obtain diffraction patterns with a

power laser beam; it then instantaneously cools, forming afﬂwuch higher ang;lgrlr%solutlo.n than .con\r/](_antmnal x-ray dif-
amorphous mark. On the other hand, when erasing, the mar"(ac;orggters usel_ mfa ogatfqnesz Using this Eamelrad we shuc-
is annealed up to around 700 K by using a middle-powerCee ed in revealing for the first time, to our knowledge, the
laser beam, which causes recrystallization. To play back the
recorded signal, a low-power laser beam, which does not r
affect the recording marks, is used to detect and read the ; 25001
difference in reflectivity between the amorphous and crystal@ 40000+
phases. I
It is known that the GeTe-Slhe; pseudobinary system,
when in thermal equilibrium, forms three intermetallic com-
pounds: GgSh,Tes, GeShTe,, and GeShTe,.! These three
compounds are described as cubic close-packed structures
which the Ge, Sh, and Te layers are stacked in differen
periods. GeSh,Te;, GeShTe,, and GeSple, are nine-
layer  (P3m1,4.20<16.96 A), 21-layer R3m,4.21
X 40.6 A), and 12-layer R3m1,4.21x 23.65 A) structures,
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50000 — 3000 -

2000

30000 - 1500 1
L 0

tensity (arb. un

20000 - -,

=
in

and 15-layet structures, respectively. The GeTe, B
pseudobinary compound, however, crystallizes into a single Z-theta (deg)
metastable phase with a NaCl-type structurém@m) FIG. 1. (Color online Observed+) and calculatedgray line

after heating and instantaneous coolifegasing by laser  x-ray diffraction profiles of GeSe, metastable phase at room
irradiation over a wide range from 100 mol% to at temperaturg300 K). A difference curve(observed-calculatédap-
least 50 mol % of GeTe. In this structure, théaysite is  pears at the bottom of each figure, and, under the curve, the reflec-
fully occupied by Te atoms, whereas thdb} site is  tion markers are indicated by the vertical rods.
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TABLE I. Refined structural parameters for the GgBl meta-
stable phase at room temperature. Standard deviations are shown in
parentheses. The find factors and lattice parameter ar,,
=6.01%, R,=3.83%, R,=1.79%, R,,, expectee-2.10%, anda

~6.0430(9) A.
Atom Site X y z B(A?
Te o 4(a) 0 0 0 1.43)

GeysShhs  4(b) 1/2 1/2 1/2 3.25)

Our results show that the layer stacking of Ge, Sh, and
Te in the crystal structure of the stable phase is different

FIG. 2. (Color onling Crystal structure of laser-crystallized [TOM that previously reported; and, in addition, Ge and Sb
metastable GeSlie, shown schematically in perspective. Black 810mMs simultaneously occupy two sites rather than locate
filled circles show atomic positions for Te. Gray-painted circlesindividually at their respective sites. The atomic positions
show those for Ge or Sb. and site occupancies change very little in either the stable
or metastable phase except for simple thermal expansion
of the lattice, irrespective of temperature. We believe

radiation facilities generate intense x rays, making it possibl hls.phase transition not to be due to the shifts in atomic
position or changes in site occupancy usually seen in

to collect precise x-ray diffraction data within a reasonably™ "~ o . .
short time. This method is useful for high temperature meay‘.'jg.'lmi.s pha;stehtransm?cp rgat/esrlgllls, but to ansz fgom the an-
surements on materials containing elements that oxidize eag%ﬁhiifnn ot the specilic € ayers caused by vacancy
ily, such as Sb and Te. :

Of the intermetallic compounds with stable phases seen in
the GeTe-SpTe; pseudobinary system, Gede, has the [l. EXPERIMENT

most complex structure. On the other hand, its metastable The specimen for diffraction measurement was made us-
phase crystallizes into a NaCl-type simple structure. In this P

study, each crystal structure of these two phases was anid the following method. First, a thin film of Gegte, with

lyzed in detail, and the dependence of the crystal structure of thickness of approximately 5000 A was formed by sputter-

temperature was examined in detail to reveal the structur@rgoornhiglsa.su Sstdzlj‘re\r/vilttg f?)rcrjr;?i?()er:e[rﬁfelfi?r% vmv;ns ;hgtg:"rg;
transition mechanism from the metastable to the stabl&°'P J i ysta X
phase. into the metastable crystal phase by means of laser irradia-

tion and was then scraped off with a spatula to create a

crystal structure of the Ag-In-Sb-Te compound. Synchrotro
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FIG. 3. Temperature dependence of thparameter at the(8) FIG. 4. Temperature dependence of the mean volume per single

site of the metastable phase and at tfe@ 3ite of the stable phase. atom. Black filled squares and open circles show the metastable and

Black filled squares and open circles show the metastable and staltlee stable phases, respectively. The estimated errors are smaller than
phases, respectively. The errors estimated about the latter atke marks. Two lines in the figure were obtained by the least squares

smaller than the marks. method for each phase.
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powder. The specimens for diffraction experiments using thend a double crystal monochromator were used to ensure that
synchrotron radiation were made by packing the powder intdhe incident beam used for the diffraction experiments was
quartz capillary tubes with an external diameter of 0.2 mmextremely monochromatic and parallel. The camera radius
To insulate the specimen from the atmosphere, the capillariesas 278 mm and the pixel area of the imaging plate was 100
were sealed at both ends by melting with an oxyacetylengum?, corresponding to an angular resolution of 0.02°. The
flame. crystal structure was precisely determined using the Rietveld
The diffraction experiments were carried out using themethod!* The program used wasieTan.? To improve the

large-diameter Debye-Scherrer camera with an imaging plataccuracy of the Rietveld analysis, intensity data in steps of
on the BL0O2B2 beam line at the Japan Synchrotron Radia®.01° were obtained by reading the imaging plate at a pixel
tion Research InstitutéSPring-8. A pre-collimator mirror  area of 50um?.
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Se Te
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Se Te
Pb,Bi,; Ge,;Sb,, FIG. 6. (Color online The crystal structures
Se Te of (a) the GeSbhTe, _stable phase analyzed by
Se Te Agaev et al, (b) PbBiLSe,, and(c) derived by
Pb,,Bi,, Ge,.Sh,, our ir_1vestigation, shown schematically in per-
Se Te spective.
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TABLE II. Structural parameters fofa) GeShTe, shown by Temperature (°C)

Agaev and Talybov(Ref. 3, (b) GeBi,Te,, and (c) PbBiLSe 0 100 200 300 400 500 600 700
shovin by Agaev and SemiletdRefs. 15 and 16 The space group ™ n ' T T n T
is R3m (Ref. 13, (@) a=4.21A, c=40.6 A, (b) a=4.28A, ¢ amorphous | stable | liquid
=39.2 A, and(c) a=4.16 A, c=39.2 A. PbBj}Se, has the same metastable i
Pb/Bi ratio at the 3¢) and 6() sites. i

)
(a) Atom Site X y z §

=
Ge 3@) 0 0 0 g
Sb 6() 0 0 0.144 -
Te(1) 6(c) 0 0 0.290 .
Te(2) 6(c) 0 0 0.432 &

~N)
(b) Atom Site X y z E )
Ge 3@) 0 0 0
Te(1) 6(c) 0 0 0.136
Te(2) 6(c) 0 0 0.289
Bi 6(c) 0 0 0.425 Heating rate 10K/min
(c) Atom Site X y z

1 | | | 1 | 1 |

(Pb, 2Bj) 3(a) 0 0 0 300 400 500 600 700 800 900 1000
Sdl) G(C) 0 0 0.139 Temperature (K)
Se?2) 6(c) 0 0 0.286
(Pb, 2B) 6(c) 0 0 0.428 FIG. 7. DSC curve when heating an amorphous G&&ppow-

dered specimen measured by Yamadal. (Ref. 17.

The energy of the incident x-ray beam was 30.039 keVgins at around 500 K. Once the structure had changed, the
(A=0.4127 A), which was confirmed by recording the dif- stable phase maintained a uniform structure up to around the
fraction pattern of a CeQstandard powder specimem ( melting point. In addition, the structure remained unchanged
=5.4111 A) at room temperature under the same condition@hen the temperature was subsequently reduced to 90 K.
as the reference sample. The experiments at low and highhe crystal structure and its relation to temperature revealed
temperatures were conducted while blowing ddis at a pre- by the synchrotron radiation experiments are described be-
determined temperature over the capillary. Temperature callow.
bration was carried out by using a thermocouple placed at
the specimen position. This established the accuracy of the A. Crystal structure of the metastable phase
temperature withint=10 K over a range of 90-1000 K. In- .
ductively coupled plasma atomic emission spectrometry con- The results of our structure analysis of the metastable

firmed that the composition of the specimen was close t&hase are shown in Table | and Fig. 1. This phase belongs to
GeShTe,. the space groupm3m.® Of the three elements, Te atoms

occupied 100% of the(d) site, and Ge and Sb occupied the
4(b) site at random, showing a NaCl-type structifey. 2).

The 4b) sites were not completely filled with atoms, and
The GeSbTe, film was amorphous just after formation contained about 25-at. % vacancies. To confirm that the 4
and was then crystallized in advance into a metastable NaCsite definitely contained such a large number of vacancies,
type structure by laser irradiation. When this metastablghat is, whether Te atoms invaded thé)site® we carried
phase is heated, structural transition to the stable phase beut the Rietveld analysis under the condition where ghe

Ill. RESULTS

TABLE lll. Refined structural parameters for the Ge®y, stable structure at 873 K. The space group is

R3m. Standard deviations are shown in parentheses. The Rrfactors and lattice parameters aRg,
=3.93%, R,=2.53%, R, = 1.22%, R,,, expectee- 2.12% anda=4.2721(3) A,c=41.686(2) A.

Atom Site g X y z B(A?
Ge/Shb 36) 0.493/0.5078) 0 0 0 4.089)
Te(1) 6(c) 1.0 0 0 0.1328®B) 3.406)
Te(2) 6(c) 1.0 0 0 0.290061) 2.944)
Ge/Sh 6€) 0.253/0.747 0 0 0.42700 5.238)
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Temperature (°C) than the former R =2.81%). However, especially with
200 -100 O 100 200 300 400 500 600 700 weaker diffraction peaks, a difference between the measured
0.45 —r-———rfrrrrfrrrtrrrp e (I,) and calculated I() intensities still remained. We then
S ——— Ge/Sh L0 & carried out further analysis under the assumption that Ge
0.40 (Pb) and Sh(Bi) occupy the &) and Gc) sites at random, as
in PbBiL,Se, (Ref. 16 [Table Il(c) and Fig. §b)], and ob-
0.35 tained an even better resuR(=1.34%). According to this
model, the Ge/Sb ratio should be equal at both sites. The
03015 Te(2) s layer stacking is, however, expressed as
N 025
Gel/Sb T Ge/Sh Te.T Gel/Sb T
0.20 3(a) . e~6(c) -le- e'm' e
SRR o TN o W o W o W o Yo W o Wil'o W o X As noticed from this expres Si on, the Ge/Sb | ayers at thﬁi 3
0.10 f f i f f f — t and Gc) sites are sandwiched by the different stacking struc-
0 100 200 300 400 500 600 700 800 900 1000 05 of the upper and lower layers, which affects the Ge/Sb
temperature (K) ratio. To confirm the occupation rates of these two atoms at
FIG. 8. Temperature dependence of the atomic positianfof gg:ll 2lltses we set the following conditions for the Rietveld
Te(1), Te(2), and Ge/Sb at each(d site. ysIs:
parameter of the(®) site, which indicates the site occupancy g3@=1—-g3a = g%9=g3a2 and g&%°=1-gd?/2,
of Gg) »,sShy 5, was variable, and concluded that the value of )

g was unity within its standard deviation. Even with changes

in temperature, this value remained almost constant at unity ) - 30 )
(Fig. 3. This result indicates that the metastable phase ha&nd resumed our analysis, takigg{’ as an independent
only seven atoms per unit cell, rather than eight, regardleséariable. Heregg{?) represents the occupation rate of Sb at
of temperature. The temperature dependence of the medhe @) site. As shown in Table Ill and Fig. 5, this assump-
volume per single atom is shown in Fig. 4. From this figuretion showed a more satisfactory result. Although there re-
it can be seen that the coefficient of volume expansion afained some variance attributable to temperature changes,
room temperature of the metastable phase is 1.6%1e value ofgd® was close to 0.5Fig. 3. It is consequently
X 107 °/K. We can see an obvious broadening of the peaks ininderstood that the(8) and Gc) sites are occupied approxi-
Fig. 1. This suggests that, immediately after sputtering, thenately in the ratios of Ge:Sbh1:1 and 1:3 regardless of
film consists of comparatively small crystallites and shows aemperature. The determined crystal structure of GéSlis
large strain. The Wilson pldf, which was performed using shown in Fig. 6c).
all of the reflections in the figure, shows that the mean crys- As seen in Table lll, the thermal vibrations of the Ge/Sb
tallite size and random strain were about 190 A and 0.23%atoms at the @) and Gc) sites are greater than those of the
respectively. Te atoms and are different from each other. We attribute
these findings to the Ge atom being lighter than the other
elements as well as to the difference in potent@mhding
energy at both sites. The temperature dependence of the
The diffraction peaks obtained at 873(Rig. 5 became mean volume per single atom indicates the coefficient of
considerably sharp compared with those of the metastabolume expansion for the stable phase to be .02 °/K at
phase at 300 K. This is assumed to be due to the crystabom temperaturdsee Fig. 4. Our measurements showed
growth and strain relief during the high-temperature meathat the stable phase was maintained up to 973 K. Differen-
surements. The mean crystallite size and random strain wet&@l scanning calorimetry(DSC) measurements on amor-
about 300 A and 0.07%, respectively. phous GeSjre, have already been conducted by Yamada,
Agaev etal. analyzed the crystal structure of the one of the authorset all’ (Fig. 7). The temperature of the
GeShTe, stable phase. To our knowledge, we are the first taASC was calibrated by using a series of ICTA/NBSter-
attempt a Rietveld analysis according to their structurenational Confederation for Thermal Analysis/National
model[Table i@ and Fig. 6a)] using the diffraction inten- Bureau of StandardsStandard Reference Materidlsto
sity data obtained at 873 K. The result, however, was noachieve an accuracy withit10 K at a heating rate of 10
satisfactory R,=5.35%). It is known that, while GeBle,  K/min over a range of 300—1000 K. The temperature of 973
(Ref. 15 has a 21-layer cubic close-packed structure likeK is higher than the melting point, at around 890 K, obtained
GeShTe, shown by Agaewet al, the site occupation of the by DSC measurement or as seen in the phase diagram shown
three elements is different from each othesmparea) with by Abrikosovet al! This difference is attributed to the pres-
(b) in Table II]. Next, adopting this structure as an initial sure rise in the sealed capillary caused by the increase in
model, we performed an analysis to obtain a better resultemperature.

B. Crystal structure of the stable phase
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IV. DISCUSSION around 500 K. Figure 7 shows an exothermic peak at this
A. Metastable phase transition_ point, whiph means that this structure transforma-
o tion requires an activation energy.
Since the metastable phase belongs toRh&m space
group in which atoms occupy(@), 0, 0, 0, and &), 3,3, 3 ,
the relative atomic position remains constant even if the tem- )
perature changes. The number of vacancies in thg ite The stable phase of Gedie, has a 21-layer cubic close-
also altered only slightlyFig. 3). The only observed change packed structure, in which each layer is shifted by one-third
was thermal expansion of the lattideig. 4). This metastable of aH+bH According to Agaevet al, the layer stacking
phase, however, suddenly transforms into a stable phase tatkes the following form:

B. Stable phase

GeTeTeSbSbTeTeGeTeTeSbSbTe Te GeTe Te SbSbTe Te

abcabcabcabcabcabecabec

-]
A =
E 00 mmmm—m——
m e /) @ o = @, O ¢ ©
© 9 O © © © :O o :O o FIG. 10. (Color online Structural phase tran-
1 O 20 @) @ ©O 1 o e, @ sition caused by vacancy diffusion. The three
‘0 f O4 o! @® (:) P ¢ ) types of atomic displacements shown in the
4/ ‘f\s A ) ) drawing on the left form the atomic arrangement
1 -0 O O- -O 1 O- .
| 3 LIAN B o o 1o of the stable phase in the area surrounded by the
O 40 J o ©)c o | dashed line in the drawing on the right.
I e *Be @ o, ® 0! o
o @) @ @ ¢) o O € © o

[101,—
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with Ge and Sb occupying 100% ofs and 6(c), respec- C. Phase transition mechanism
tively. In our analysis, however, the layer stacking coincides
more closely with GeBiTe, and PbBjSe,. In addition, Ge We now compare the crystal structures of the metastable

and Sb reciprocally occupy both théaBand Gc) sites. The and stable phases. The NaCl type can be described in hex-
Pb/Bi ratio is equal regardless of the sites in PI#8j; on  agonal notation as a six-layer structufég. 9. The Ge/Sb
the other hand, the Ge/Sb ratio varies depending on the sitésyer in the metastable phase includes vacancies up to 25
in the GeSbTe, we analyzed. at. %. It is logical to assume that the atomic diffusion of Ge
As shown in Fig. 8, the atomic positianof each variable and Sb towards the vacancies, as shown in Fig. 9, triggers
site is almost constant regardless of temperature, and thfle structural transformation from the former to the latter.
Ge/Sb ratio is also invariant. This means that in the StrUCtUFMicroscopica”y, the fo||owing three processes are assumed
of the stable phase the relative positions of atoms alter veryy take place during transformatiofi) As shown in Fig.
little regardless of temperature changes, as did the structufgya), mainly Ge atoms in the Il layer move to the vacancies
of the metastable phase. Even when heated up to around thf,) in the 11l layer. (i) As shown in Fig. 1(8), Ge or Sbh
melting point, the structure did not change into metastable 0L, ms in the | layer move to the vacanci@sin the Il layer.

dolhermio peak at about 300 K, orresponing (0 the trangy ) AS shown in Fig. 100), Te atoms shifttoward the row
tion from the solid to the liquid phase. This peak is not aof point defects(a prismatic dislocation logpn the I layer

single peak: it has a shoulder on the low temperature sid which is created by the above atomic movements. Due to

This might suggest that the stable phase first changes imgese_ vacancy diffusions and shifts of atoms, the fOHO\.N'n.g
another crystal, which could be the NaCl-type metastablg'2°King structure for the stable phase can be formed inside
structure, and then into the liquid. This is a future subject forIhe dotted line in the figure:

study.

Te Ge/Sb Te Te Ge/Sb Te Ge/Sb
...... 7 . b . T . 7 . b . T . P

C A B C

Here, if A is assumed to be one block, the whole structurespatially isotropic structure in which the constituent atoms
can be described as a three-layer structurBE (see Fig. randomly occupy lattice sit€s.Laser-annealed GeSte,
9). B andC are obtained by shifting\ in the[ 110] direction  crystallizes into a cubic NaCl-type structure in which Ge and
by % and 3, respectively. We therefore conclude that theSb atoms randomly occupy théb# site. This structure con-
metastable phase transits to the stable phase as a resulttains so many vacanci¢sp to 25 at. % for the @) site] that
vacancy diffusion. DSC measurements revealed the activahe mean volume per single atom is greater than that in the
tion energy necessary for this phase transition by atomic difstable phase.
fusion to be approximately 4.0 eV. The metastable phase retains its structure up to around
As seen in Fig. 4, when the structure changes from th&oo K. Above this temperature, however, Ge or Sbh atoms
metastable phase to the stable phase, a discontinuity in Volass through the Te layers to fill the vacancies, and the crys-
ume is observed. In addition, the space group of the stablgy structure transforms into a complicated cubic close-
phase R3m) is not a subgroup of the symmetry of the meta-packed structure with a 21-layer period. Once changed into
stable phaseF(m?m).19 This fact also proves that this struc- the stable phase, the structure remains stable over a wide
ture transformation is a first-order phase transition. temperature range of 90 K to around the melting point, with
no transformation to the metastable phase observed. We have
found, however, a shoulder on the low temperature side of
the endothermic peak showing a transition from the solid to
The materials suitable for high-speed phase-change optihe liquid phase. This shoulder suggests the existence of an
cal memories, GeTe-SBe; and pseudobinary intermediate phase in the transition process. There are many
Au,sGe, Sy Tey, and Ag; 4ing ;Shys Tes s quadruple com-  kinds of compounds with low symmetry and complicated
pounds, crystallize, as a result of instantaneous laser anneatructures, such as GeBe, and PbBjSg, mentioned
ing, into cubic or slightly deformed cubic structures in which above. It is likely that these compounds, including
two or more elements tend to occupy one lattice site at ranGeShTe,, transform via intermediate structures with ran-
dom. This is because when an amorphous solid is given thedom atomic arrangements or high symmetry from the solid
mal energy by laser irradiation and then rapidly cooled, thephase to the amorphous/liquid phase, and vice Vér&ane
atomic migration length is so short that it crystallizes into awill proceed with studies to clarify the phase transition

V. CONCLUSIONS
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