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a b s t r a c t

Thin lms of Gefi 6Sn2 Sb2 Te 11 were synthesized and comp ared to the well-known unsubstituted phase
change material (PCM) Ge8 Sb2 Te11. X-ray diffraction (XRD) and temperature dependent sheetIn situ

resistance measurements evidenced a signi cant decrease of the phase change temperature from 144fi C
for Ge8 Sb2 Te 11 to 112 C for Ge6 Sn2 Sb2 Te 11. The resistance measurements also revealed an intermediate
step during the phase change. Detailed transmission el ectron microscopy (TEM) and (XRD) in-in situ

vestigations on structural ordering phenomena suggest that this intermediate step is associated with the
disorder of structu ral vacancies on the cationic sites stable up to 130C. Annealing the sample beyond
130 C leads to a subs equent ordering of vacancies and thus to the forma tion of a metastable primi tive
trigonal phase with vacancy layers. At ~240 C - ~ 3 0 0 C, a transition to the stable pha se is observed. For
the rst time, an in plane movement of bi-layer defects is observed by TEM as a result of a self-fi in situ

ordering mechanism . These ndings represent new insights into the transition process on the nanoscalefi

and sug gest that tin substituted PCMs may represent promising candidates for multi-level data storage
applications.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In 1968, S. R. Ovshinsky described a rapid and reversible“

transition between a highly resistive and a conductive state in”

amorphous semiconductors [ ]. After the identi cation of GeTe as a1 fi

promising candidate for optical data storage in 1986, studies
focused on materials on the pseudobinary section of GeTe and
Sb 2Te 3 (GST-materials), showing good optical contrast between the
high re ecting crystalline and the less re ecting amorphous phasefl fl

as well as fast recrystallization speed [ ]. As a result, Ge-Sb-Te2 9e
based alloys are used as the active material in optical data storage
devices such as compact discs (CD) and digital versatile disc (DVD)
materials as well as Blu-ray discs [ ].™ 10

These materials are characterized by two metastable phases,
usually an amorphous and a crystalline one, with signi cantlyfi

different optical and electrical properties. While the short-range
order of the atoms in the amorphous phase is still intensely dis-
cussed in literature [ ,11 12], the metastable crystalline phase crys-
tallizes in a distorted rock-salt structure with varying
concentrations of randomly distributed vacancies on the cation
sites (so called structural vacancies), depending on the chemical
composition [ ,8 13e18 ]. At elevated temperatures, these vacancies
start to order along the (111) c planes (subscript c denotes the cubic
NaCl-aristotype structure). Depending on the degree of ordering,
the formation of different phases is reported. The observed phases
can all be treated as a three dimensionally twinned version of a
trigonal phase with a rock salt stacking sequence with respect to
the Te sublattice [ , ].19 20

PCMs can also be rapidly and reversibly switched from the
conductive crystalline phase to the insulating amorphous phase.
Short and intense electrical pulses are used to switch from the
crystalline phase to the amorphous state (reset pulse), while for
recrystallization, a longer electrical pulse (set pulse) is used. Due to
the fast switching speeds and the resulting electrical contrast of ~3
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orders of magnitude between the two states, these materials can
serve as data storage materials in nonvolatile electronic memory
devices (PCRAM). Furthermore, some PCMs show a more gradual
transition from the insulating to the conductive state. Conse-
quently, materials with two or three metastable intermediate
resistance levels are promising candidates for multi-level data
storage devices [ ,10 21 e24].

Especially well investigated are the amorphous and the crys-
talline phases of GeTe [ ], Ge25 2Sb 2 Te 5 [ ] and Ge26 35e 8Sb2 Te 11

[ , , ]. Since these materials have already reached the limits for6 9 36
application in current data storage devices, many new compounds
are being investigated, e.g. Ga-Sb alloys [ ], GeCu37e39 2 Te3 [ ]40 42e

and AIST [ , , ] (AIST g, n, b and e). Many studies have28 33 43 ¼A I S T

also investigated the doping or the substitution of well investigated
materials to improve properties, such as Ge-doped Sb [4 4],
Ge 15Sb 85 [ ] and GaSb [ ]. Substitution and doping of Ge45 46 2 Sb2 Te 5

and Ge 8Sb 2 Te11 have also been extensively explored, with reports of
N- [ ,47 4 8], C- [ ], In- [ ], Se- [ ] and Bi- [ ] substituted4 9 50 51 52
Ge 2Sb 2Te 5, Se- and Sn-doped [52 54e ] G e 2 Sb2 Te 5 , and Bi- [ ], Sn-55
[ ] and Se- [ ] substituted Ge56 56 8Sb 2 Te 11 [ ]. These studies57
revealed interesting variations of phase change characteristics,
such as enhanced optical and electrical properties or higher sta-
bility. Additionally, novel features such as thermoelectric properties
of GeTe-rich GST [ , ] and Se- [ ] substituted or CoGe58 59 60 2-doped
GST-materials [ ] have been reported. However, the structures of61
the doped or substituted compounds, and the relation between
doping/substitution level, crystal structure and resulting properties
are not well understood. Understanding the in uence of singlefl

element substitution on the structure and properties of GST-based
materials is crucial for the development of new PCMs.

One of the most promising candidates for future applications are
Sn substituted GST-materials. It was already reported that tin
substitution of Ge 2Sb 2 Te 5 leads to a decrease in the phase change
temperature and to a signi cant increase in the optical contrast (upfi

to 40% compared to 15% for pure Ge 2Sb 2Te 5 [ ]), which is an62
excellent feature for optical phase change memory applications.
Furthermore, ultra-fast crystallization speed and a reduced acti-
vation energy were described, as well as enhanced thermoelectric
properties for the corresponding bulk materials [ , ].60 62e6 4
Despite these improvements of the properties, the actual phase
change mechanism and the electrical properties were not investi-
gated in detail so that no structure property relations could be
established.

Because of the excellent combination of properties of tin
substituted GST, we decided to prepare Sn substituted Ge 8Sb2 Te 11

(Ge 6Sn2Sb 2 Te11 ) and focus our investigations on the phase change
process and the occurrence of metastable crystalline phase(s).
During our experiments, we discovered through a combined
approach of TEM and XRD investigations that the metastablein situ

regime consists of varying phase mixtures. At 117 Ce130 C, a
mixture of cubic and rhombohedral (a distorted rock salt) structure
was observed, which appeared as a (pseudo) cubic phase with va-
cancies disordered on the cationic sites (structural vacancies). At
130 C, an additional primitive trigonal phase with vacancies or-
dered inside the (111) c planes forming vacancy layers was observed
using TEM. For the latter phase, a subsequent increase inin situ

ordering of the vacancies was observed upon heating. In the tem-
perature range of 240 C 300e

C, the transition to the stable phase
was observed. For the stable phase, an in-plane movement of bi-
layer defects was directly observed and highlights the self-
ordering process of the vacancies in the stable phase. The meta-
stable phases and the stable phase can be clearly separated by their

stacking sequence to a hexagonal type stacking across the Te-Te
layers, and a van der Waals gap is formed [ , ]. In accordance19 20
with our TEM and XRD investigations, temperature dependent
sheet resistance measurements revealed a unique intermediate
resistance step during annealing that may be used in electrical
multi-level data storage media.

2. Experimental procedures

Ge 8Sb 2 Te11 samples were prepared by DC magnetron sputtering
using stoichiometric targets (umicore, 99.99%, 10 cm Ø) bonded to
water cooled copper plates. The argon xed at 20 sccmflow was fi

during the depositions. To ensure stable deposition rates, the base
pressure in the sputter chamber ( 2< ∙ 10 6 mbar), applied power
and temperature were monitored during the deposition process.
For TEM measurements, thin lms of ~30 nm thickness were pre-fi

pared in 276 s on nickel TEM-grids and coated with a thin amor-
phous carbon layer. Samples of ~630 nm thickness were deposited
in 7735 s on different substrates, e.g. (100) silicon single crystals
(with a size of 2 cm 2 cm) and glass substrates with and without

sputtered chromium contacts (~20 0 nm thickness) for the electrical
measurements. The sizes of the samples for the electrical sheet
resistance measurements were 1 cm 1 cm.

Thin lm samples of Gefi 6Sn 2Sb 2Te 11 were synthesized by co-
evaporation of the elements in a high vacuum chamber at pres-
sures 2<  106 mbar. Ge and Sn were deposited using electron
beam guns while Sb and Te were evaporated by effusion cells. The
resulting deposition rates were monitored by quartz crystal mi-
crobalances and are listed in in the supplementary mate-Table S1
rial. Thin lms of ~35 nm thickness and thicker samples offi

50 0 600 nm thickness were prepared in 450 s and 6750 s,e

respectively, using the same substrates as for the unsubstituted
materials.

A Cameca SX 100 electron probe microanalysis system (EPMA)
was used to determine the sample compositions by investigating
the L lines of the elements with acceleration voltages of 10, 16 and
22 kV. Film thicknesses were obtained with a Bruker DektakXT
pro lometer.fi

For X-Ray diffraction (XRD), an X'Pert Pro MPD diffractometer
(PANalytical, Cu Ka radiation) equipped with a G €obel mirror and a
PIXcel detector was used. The measurements were carried out in q -
q geometry. XRD measurements were performed with anIn situ

Anton Paar HTK 1200 N high temperature chamber with helium
(99.999%) atmosphere to prevent oxidation of the samples. The
temperature was increased stepwise with a heating rate of 5 C/min
from 28 C to 360 C in steps of 5 C (or 1 C in the temperature
region of the phase transition). Each pattern was collected within
1 h at constant temperature covering a 2 q range of 15 65e

 .
For the structural re nements, samples of Gefi 6 Sn2 Sb 2Te 11 were

annealed in helium atmosphere for 3 h in the Anton Paar HTK
120 0 N high temperature chamber at 117 C, 160 C and 320 C,
respectively. The scans for the re nements were carried out on afi

flat stage (z-tilt-phi) in a range of 15e110  2q with a step size of
0.03 . Pawley re nements were applied using Topas Academicfi

Version 6 [ ]. For the determination of the coherently scattering65
domains in the samples, the contribution of the instrument was
modeled using the fundamental parameter approach [ ].6 6

For temperature dependent nanostructure investigations, a
transmission electron microscope Tecnai F30 STwin was used. In

situ heating experiments were performed in a Gatan 652 tantalum
furnace double tilt heating holder. The heating rate was set to 5 C/
min. For image processing, Digital Micrograph and scripts [67] wer e
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differences in stacking sequences of Te layers. For the metastable
phases, face-centered cubic (fcc) stacking is observed while the
stable phase exhibits relaxation along the vacancy layers, alters the

used. Sheet resistance measurements were taken on samples
deposited on special glass substrates with sputtered chromium
contacts using a four-point-probe setup [ ] according to van der6 8

Pauw [ , ] with argon (99.996%) as protective gas. The samples69 70
were heated up to 360 C with a heating rate of 5 C/min. This
temperature was held constant for 30 min before the samples were
cooled down to room temperature. Since the in uence of thefl

thickness and density contrast upon the phase change could not be
determined and corrected with this setup, the sheet-resistance is
reported instead of the resistivity.

Fig. 1. In situ XRD patterns of Ge 8Sb 2 Te11 (left) and Ge 6Sn 2 Sb 2Te 11 (right). Phase changes can be seen by the appearance and disappearance of re ections.fl
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Fig. 2. a): Powder diffraction patterns of Ge 6 Sn 2 Sb2 Te 11 heated for 3 h at 117 C, 160 C and 320  C (thermodynamically stable phase). Black circles depict the measured data, red
lines the re ned patterns and the blue lines display the difference between them. Re ection positions are marked by vertical bars. b) Top: full width at half maximum (FWHM) offi fl

re ections in the enlarged section below (20 60fl e

 2 Theta region). The anisotropic broadening of the (hhh) and (hh0) re ections is clearly visible. The broad intensity at ~27.5fl
 stems

from a residual amorphous background.

3. Results and discussion

3.1. Structural characterization by in situ XRD and in situ TEM

measurements

In situ XRD was used to investigate the crystallization behavior
and the in uence of Sn on the phase change temperatures ( ).fl Fig. 1
The studies revealed that the as deposited lms of Gefi 8Sb 2Te 11 and
Ge 6Sn2 Sb2Te 11 were in the amorphous state. For Ge 8 Sb2Te 11,
seemingly only one crystalline phase was observed during in situ

heating experiments as the metastable and thermodynamically
stable crystalline phases can hardly be distinguished due to their
structural similarity. The rst phase change temperature associatedfi

with the phase transition from the amorphous to a crystalline
phase decreases signi cantly from 14 4fi C (Ge 8Sb 2Te 11 ) to 112 C
(Ge 6Sn2Sb 2 Te11 ) which is consistent with data reported in literature
for Sn substituted Ge 2 Sb2Te 5 [ ] and lower than previously re-63
ported for Ge 8Sb 2Te11 [ ]. Pawley re nement was used on the57 fi

metastable phase of Ge 6Sn 2Sb 2Te11 annealed at two different

deviation from the cubic symmetry. For the sample heated to
160 C, an anisotropic broadening of the re ections, particularly thefl

( ) and ( 0) re ections (see b), and a decreased deviationhhh hh fl Fig. 2
from the cubic symmetry (~0.7% compared to ~2% for the sample
heated at 117  C) is observed. Both observations indicate that the
structural distortion at 117 C is more of random nature, while it
gets localized at 160 C, indicated by a less distorted structure, but
broadened ( ) and ( 0) re ections. The phase change from thehhh hh fl

metastable phase to the thermodynamically stable state appears to
be continuous over a relatively large temperature region
(~240 ~300e

C). For both the Ge8 Sb 2Te 11 and Ge 6 Sn2 Sb 2Te 11 sam-
ples, no decomposition or additional structural transitions were
observed up to 360 C ( Fig. 1). Compared to the values reported for
Ge 8Sb 2 Te 11, the metastable phases of the Sn-substituted samples
exhibit a slight increase in the lattice parameters [ ], which can be9
explained by the larger radius of Sn compared to Ge. The coherently
scattering domain sizes of the cubic and rhombohedral phases are
32 nm and 17 nm for samples heated to 117 C, 33 nm and 11 nm for
the samples heated to 160 C, and 21 nm for samples heated to

Table 1

Pawley re nement data from room temperature XRD-measurements of Gefi 8Sb2Te 11 from Ref. [ ] and Ge9 6 Sn 2Sb 2Te 11 (annealed at 117  C, 160 C and 320 C). Estimated standard
deviations are given in parentheses.

Chemical Formula Ge 8Sb 2Te 11 [9] Ge 6Sn 2 Sb2Te11 at 117 C G e 6Sn2 Sb 2Te11 at 160 C Ge 6 Sn2 Sb2Te 11 at 320 C

Space Group 3 (160)R m Fm 3 (225) 3 (160) 3 (225) 3 (160) 3 (225) 3 1 (164)m R m Fm m R m Fm m P m

Cell Parameters (Å) 4.2099(6) 5.950(3) 4.284(1) 6.082(1) 4.303(9) 6.060(1) 4.340(4)a

c 10.247(4) 10.229(5) 10.44(6) 42.06(5)e e e

Crystallite size (nm) 17(1) 32(1) 11(1) 33(1) 21(1)e e

deviation from cubic
symmetry

2% 0.7%

R wp 8.5 6.7 6.7 8.6

Fig. 3. TEM bright eld images for an isothermal crystallization process at 125fi
 C for Ge 6 Sn 2 Sb2 Te 11. The yellow numbers mark the heating time in minutes. After 4 min, two

crystallites have formed which rapidly grow. The sample is fully crystalline after ~30 min. (For interpretation of the references to colour in this gure legend, the reader is referred tofi

the Web version of this article.)
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temperatures (117


C and 160


C, 3 h) and on the thermodynami-
cally stable phase annealed at 320


C (Fig. 2 Table 1and ) to deter-

mine structural differences between the phases. Structural analysis
of the XRD patterns at 117 C and 160 C revealed the existence of a
mixture of a cubic ( 3 ) and a trigonal ( 3 ) phase, rather than aFm m R m

single one [ , ]. The trigonal phase can be described as a slightly9 57
distorted rock salt structure. Because of the structural similarity of
both phases, we hypothesize that instead of two separate phases,
the sample consists of small domains with varying degrees of

320


C.
In situ TEM heating experiments were conducted on as depos-

ited lms of Gefi 6Sn 2Sb 2 Te11 using a heating rate of 5 C/min. To
determine the phase change temperatures, the samples were
monitored during the heating process by electron diffraction (ED)
and high-resolution transmission electron microscopy (HRTEM).
The temperature was kept constant during the ED and HRTEM
measurements. ED patterns and HRTEM micrographs were taken
from varying positions to minimize electron beam induced changes

[ ]. The as deposited Ge34 6Sn 2Sb 2 Te11 films were completely
amorphous. Grain growth and nucleation started at ~121 C, which
is consistent with the ndings from XRD. shows a seriesfi in situ Fig. 3
of bright eld images of Gefi 6Sn2 Sb 2Te 11 films taken during
isothermally heating at 125 C, and shows the growth process of
the crystallites. After 30 min at 125 C, the sample was completely
crystalline. The nucleation rate appears to be relatively low
compared to observations on other PCMs [ ], indicating that the51

Pawley re nements where the presence of a cubic and a rhombo-fi

hedral or pseudo cubic phase was observed, as small deviations
from the cubic symmetry were not resolvable by TEM. In the
following text, we will refer to this presumed phase mixture as .I
The absence of diffuse scattering in the zone axis [110] c indicates
that structural vacancies are all randomly distributed on the
cationic sites as observed for Ge 2 Sb2 Te5 [ ,18 19]. Between 130 and
145 C, structural vacancies start ordering in the (111) c planes
forming vacancy layers. This leads to a phase transition from va-
cancy disordered to a primitive trigonal phase at 145I II C. Thus, in
this intermediate temperature range, a phase mixture of and isI II

present. The trigonal phase can be identi ed by the presence ofII fi

diffuse streaks along the <111> c directions and superstructure re-
fl flections that violate the fcc re ection conditions (yellow circles
and arrows in ). These ndings explain the re ection broad-Fig. 4 fi fl

ening above 160 C in the XRD patterns as this likely re ects thefl

formation of (111) c vacancy layers. According to the re ectionfl

conditions, the observed superstructure re ections indicatefl

trigonal symmetry and exclude the formation of a trigonalP R

phase.
HRTEM micrographs recorded at 150 C in zone axis [111] c

( a)) depict the initial stage of the transition from to theFig. 5 I

primitive trigonal phase through ordering of the vacancies. This isII

evidenced by the formation of superlattice peaks in the Fourier
transform (FFT) and suggests that a phase mixture of and phaseI II

is present. b) represents an inverse FFT ltered image based onFig. 5 fi

the superstructure peaks (cf. d)). For inverse FFT ltering,Fig. 5 fi

regions with enhanced contrast appear if the superstructure peaks
contribute to the HRTEM contrast. The inverse FFT ltering showsfi

that the transition starts with the formation of coherent nanoscale
domains that are 1e15 nm in size. The detailed view in c)Fig. 5
depicts a ~15 nm large coherent domain with a characteristic
honeycomb contrast due to the contributions of superlattice re-
flections. For Ge 2Sb2Te5, a similar phase is referred to as a vacancy-
ordered cubic phase [ ], emphasizing that the Te-layer stacking19
sequence is identical to the cubic disordered phase. Furthermore,
extended electron beam irradiation of phase leads to a dis-II

ordering of the vacancies and consequently the diffuse scattering
vanishes ( in the supplementary material). Due to the elec-Fig. S1
tron beam irradiation, the primitive trigonal phase can be re-II

transformed into disordered , which is a common feature of GSTsI

[ ] and other PCMs [ ]. In recently observed cases, the samples72 73
can be selectively modi ed by an electron probe [ ]. It can befi 74
speculated that the vacancy ordering phenomenon is a purely
diffusion dominated process for the transition between the
different phases, but annealing for two hours at 150in situ C of the
metastable phase mixture of and did not yield a signi cant in-I II fi

crease in ordering of the vacancies (see , left).Fig. 6
Increasing the temperature leads to increased ordering of the

vacancies as observed by TEM micrographs and ED patterns shown
in (all along zone axis [110]Fig. 6 c ). For TEM micrographs, the linear
arrays of bright and dark contrast stem from vacancy layers parallel



Fig. 4. Electron diffraction patterns recorded at 130 C (lef t) and 160 C (right) for
different zone axes. Comparing both columns, a phase change is visible and can be
attributed to ordering of vacancies along the (111) planes. Due to this ordering,
superlattice re ections and diffuse intensities are observed (highlighted in yellow).fl

(For interpretation of the references to colour in this gure legend, the reader isfi

referred to the Web version of this article.)
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crystallization process for Ge 6Sn 2 Sb2Te 11 is growth-driven and not
nucleation-driven. A nucleation-driven process would also lead to
the formation of nanocrystallites [ ], but larger single crystalline33
areas with bending contours are observed for the Ge 6 Sn2Sb 2 Te11

films. While the growth processes are similar to what was observed
in other chalcogenides during heating [ , ], there is strongin situ 34 71
anisotropic growth in the Ge 6 Sn2 Sb2 Te 11 films, which is a notable
difference to what was observed for Ge 2 Sb 2Te 5 [ ].34

Electron diffraction patterns and bright- eld TEM images werefi

recorded at elevated temperatures to monitor the phase changes
(heating rate 5 C/min). The rst crystalline phase appearing uponfi

heating ( , left, recorded at 130Fig. 4 C) exhibited a cubic or at least
a pseudo cubic crystal structure. These results agree with XRD

to both {111} c planes. At 180 C, partial, unevenly distributed and
intersecting vacancy layers are observed forming a parquet-like
structure [ , , ]. The degree of ordering increases with each58 75 76
temperature step and at 240 C, few overlapping vacancy layers are
observed, and domains with twin-like interfaces form. The vacancy
layers are also more homogenously distributed with a distinctly
even spacing between each vacancy layer. Consequently, the su-
perstructure re ections along the [111]fl c directions (marked with
blue arrows) are getting less diffuse and higher order superstruc-
ture re ections can be observed. At 280fl C, the samples transform
into the thermodynamically stable phase and the vacancies are
highly ordered along a single set of (111) c planes. As described
above, the stable phase, in comparison to and , exhibits aI II

Fig. 5. HRTEM micrograph (a) and c)) and corresponding FFT (d)) recorded at 150 C with viewing direction along the [111] zone axis. In Figure a, the red encircled regions mark
domains formed during a phase transition due to ordering of vacancies. The inset of Figure c) represents an enlarged region of a domain showing a typical honeycomb arrangement
of bright spots. The yellow circles in Figure d) highlight superstructure re ections used for inverse FFT ltering (Figure b)). The bright contrast in the upper right image highlightsfl fi

regions with signi cant contribution from the marked re ections. (For interpretation of the references to colour in this gure legend, the reader is referred to the Web version of thisfi fl fi

article.)
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Fig. 6. Representative TEM micrographs (top) and electron diffraction patterns (bottom) taken at different temperatures. With increasing temperature, the ordering of the vacancies
increases. At 280 C, vacancies are highly ordered along one (111)c direction, and a transtition to the thermodynamically stable phase is observed. The enlarged sections of the
regions marked in red hightlight the sharpening and increasing number of re ections as a result of increased vacancy ordering. Superstructure re ections are marked with bluefl fl

arrows. (For interpretation of the references to colour in this gure legend, the reader is referred to the Web version of this article.)fi

Fig. 7. HRTEM micrographs and corresponding FFTs of different Ge 6Sn 2Sb 2 Te11 structures. a) HRTEM micrograph of I with randomly distributed vacancies. The red dotted line
highlights the cubic stacking sequence. b) Vacancies order inside the (111)c planes, forming vacancy layers and thus characteristic diffuse streaks in the FFT (II). Again, the red dotted
line highlights the cubic like stacking sequence. Inset: TEM contrast simulation using a cell with similar stacking sequence as the one reported in Ref. [ ] (defocus: 10 0 nm,20
thickness: 17.98 nm) c) Thermodynamically stable phase with van der Waals gaps. The stacking sequence across the van der Waals gaps is altered as indicated by yellow and red
dotted lines. For HRTEM contrast simulations (inset), a cell with similar stacking sequence as reported in Refs. [ , ] was applied. (defocus: 14 nm, thickness: 11.47 nm). (For9 77 79e

interpretation of the references to colour in this gure legend, the reader is referred to the Web version of this article.)fi

Fig. 8. HRTEM micrographs recorded sequentially (~4 s between each image) at 280 C. The yellow rectangles mark so-called bilayer defects. Due to the temperature treatment,

th d f t hibit i l t i di t d b th bl k (F i t t ti f th f t l i thi l d th d i f d t th W bfi
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stacking variance of Te-layers forming a van der Waals gap and can
thus be distinguished by HRTEM micrographs in e.g. zone axis
[110] c (see Fig. 7) [ 19, ].20

Comparing the ndings of , it can be seen that thefi Figs. 5 and 6
observed contrast changes in the TEM micrographs and electron
diffraction patterns in are the result of a domain growthFig. 6
process. As shown in , the formation of domains is observedFig. 5
along [111] c zone axis, tilting these domains by ~35 , which is
approximately the tilting angle between (111) c and (110) c (cf. ).Fig. 4
This leads to overlapping of different domains and consequently to
a superposition contrast including intersecting vacancy layers. This
resembles the situation at 180 C i n Fig. 6 (center left). As the do-
mains grow further and start to coalesce, domains with sizes of
approximately the thickness of the lm form and no superpositionfi

contrast is observed. These domains overlap only partly but are
highly ordered with respect to the vacancy layer distance as

indicated by the contrast at 240 C (cf. , center right). DuringFig. 6
the coalescence process, smaller domains vanish by forming larger
domains which tend to be more stable, representing the transition
observed between 240  C and 30 0 C.

Assuming that the coalescing domains exhibit a stacking
disorder along the direction (e.g. by different sizes of the<111>
distorted rock-salt like building blocks or simply by a stacking
sequence mismatch), the diffuse streaks observed at 280 C ( Fig. 6,
right) might re ect the lack of ordering at this stage. The HRTEMfl

micrograph shown in strengthens this interpretation, as aFig. 8
signi cant number of step-like defects are observed. In , rowsfi Fig. 8
of bright spots represent the van der Waals gaps between the
distorted rock salt like building blocks. Bilayer defects [ ], which74
appear as steps in the HRTEM micrographs (yellow rectangles in
Fig. 8) separate regions with evenly and unevenly sized rock-salt
type building blocks, which are highlighted by blue and red lines,

these defec ts exhibit an in-plane movement as indicated by the black arrows. (For interpretation of the references to colour in this gure legend, the reader is referred to the Webfi
version of this article.)

respectively. After several seconds, the vacancies rearrange, thus
reducing the sizes of the domains with unevenly sized building
blocks (red lines) in favor of the domains with evenly sized building
blocks (blue lines). Thus, the structure becomes increasingly or-
dered upon heating. This mechanism was recently proposed but
could not be proven directly by means of observation [ ].in situ 80
Here, the observations allow a near atomistic look at thein situ

ordering process and the direct observation of the proposed
mechanism for the rst time. The atomistic processes accompa-fi

nying the observed structural ordering still have to be determined,
which provides a challenging question for future research [81, ].82

3.2. Sheet resistance measurements

Results of the temperature dependent sheet resistance mea-
surements are shown in . The sheet resistance of the amor-Fig. 9

contrast, the resistance of Ge 6Sn 2 Sb 2Te 11 remains quite constant at
30 , suggesting that this compound is a small band gap semi-
conductor with pronounced disorder [ ].83

4. Conclusion and summary

In summary, our approach of combining XRD and TEMin situ

observation along with physical property measurements gave new
insights into the phase change mechanisms of tin substituted
Ge 8Sb 2 Te 11. Ge 6Sn 2Sb 2 Te 11 shows an extra intermediate state be-
tween the amorphous and metastable crystalline phases, veri edfi

firstly by the combined approach of sheet resistance measurements
and TEM observations. It may be used in the switchingin situ

process of electrical phase change memory devices as an additional
distinguishable electrical state. As a result, tin substituted PCMs
could be highly promising candidates for multi-level data storage
applications.
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