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rature stability and exceptionally
high electrical contrast of selenium substituted
Ge2Sb2Te5 phase change materials†

Christine Koch,a Anna-Lena Hansen,a Torben Dankwort,b Gerrit Schienke,a

Melf Paulsen,a Dominik Meyer,c Martin Wimmer,c Matthias Wuttig,c Lorenz Kienleb

and Wolfgang Bensch*a

Ge2Sb2Te4Se (I) and Ge2Sb2Te2Se3 (II) thin films were synthesized and compared to the pure telluride

Ge2Sb2Te5. In situ X-ray diffraction (XRD) and in situ transmission electron microscopy (TEM)

investigations revealed a remarkably increased stability of the as-deposited amorphous phase. The

transition temperature (beginning transition) determined with in situ XRD increases from 135 �C for the

pure telluride to 165 �C for (I) and to 225 �C for (II). An identical trend for the transition temperatures

(transition complete) was observed by sheet resistance measurements with values of 153, 190 and

243 �C, respectively. Optical properties determined with Fourier-transform-infrared (FTIR) spectroscopy

and variable incident angle spectroscopic ellipsometry (VASE) exhibit a significant energy-dependent

behavior of the dielectric functions. Major changes of the maxima and intensities of the extinction

coefficients and the indices of refraction are observed with increasing Se content. These results are in

agreement with the results obtained by Rietveld refinement and TEM. The incorporation of Se into the

structure of the metastable cubic phase causes small distortions, leading to a phase transition. Electrical

sheet resistance measurements reveal an exceptionally large electrical contrast between the amorphous

and crystalline phases, which is increased by a factor of 100 for compound (II) compared to established

phase change materials.
Introduction

Today, data storage is of particular technological importance. For
the last few thousands of years information was stored, starting
with drawings and paintings, improving with letters and books,
up to computers containing data storage devices. Because of the
increasing amount of data, larger and faster memory devices of
smaller sizes are required. In case of optical data storage, long-
term stability, repeatability and reliability need to be improved,
as well as the data density and the opto-electronic contrast.
Additionally, the costs of the materials should be as low as
possible and easy fabrication is required.1,2 These criteria are met
for phase change materials (PCM).3,4 Most phase change mate-
rials are based on the pseudo-binary section of the binary
compounds GeTe and Sb2Te3 yielding compositions like
(GeTe)m(Sb2Te3)n. Another very interesting composition is AIST,
ity of Kiel, Max-Eyth-Str. 2, 24118 Kiel,

f Kiel, Kaiserstr. 2, 24143 Kiel, Germany

sity, Sommerfeldstr. 14, 52056 Aachen,

tion (ESI) available. See DOI:
a combination of the elements Ag, In, Sb and Te.5 These mate-
rials can rapidly and reversibly be switched between an amor-
phous and a crystalline state applying a laser with short pulses
and high powers. The amorphous and crystalline states have
remarkably different optical properties that are easily detected by
the laser. For erasing the bit (recrystallization) a longer lasting
pulse with lower intensity is used.

During the last decades three different generations of optical
data storage devices were developed: compact discs (CD, using
a laser wavelength of 830 nm), digital versatile discs (DVDs, 650
nm) and Blu-ray™ discs (BD, 405 nm). Further decreasing the
laser wavelength has been proven difficult due to several chal-
lenges including the lack of suitable laser diodes, but also
a decreasing contrast of phase change materials at shorter
wavelengths. Further, phase change materials have been
studied for their application potential in non-volatile electronic
memories. They can be rapidly and reversibly switched if a low
voltage pulse is applied and they have already proven excellent
scaling potential. Yet, there are still a number of issues to be
addressed in order to understand the full potential of these
novel memories. Two questions are of particular interest for
applications at elevated temperatures, such as automotive
applications, namely: at which temperature will the amorphous
phase crystallize and how high is the resistance of the
This journal is © The Royal Society of Chemistry 2017
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Table 1 Deposition temperatures of the single elements for preparing
Ge2Sb2Te2Se3

Element Germanium Antimony Tellurium Selenium
Temperature/�C 1100 348 233 140
Deposition time 9 h (700 nm); 30 min (�35 nm)
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amorphous phase. While the stability of the amorphous phase
is crucial for applications at elevated temperatures, a high
resistance of the amorphous state could facilitate realizing
a multi-level memory.6,7

In recent years, two major research approaches were fol-
lowed for further improvement of phase change materials. One
research direction is focused on unravelling the atomistic origin
of the high switching speeds, the aging of the amorphous state
and the pronounced property contrast between the two states.8

The structure of the crystalline phase is in most cases a dis-
torted rock salt structure with different vacancy concentrations
in the cation sublattice depending on the chemical composi-
tion.9–12 From a chemical point of view it is not easy to explain
that Ge and Sb in Ge2Sb2Te5 each are in an octahedral envi-
ronment of Te2� anions. One approach to rationalize this
bonding situation is called resonant bonding where sharing of
electrons (covalent bonds) leads to stabilization of highly
symmetric coordination. To avoid confusion with the term
resonant bonding used in organic chemistry to describe the
bonding situation in high symmetric materials like benzene or
graphite, resonant bonding in PCMs has a different
meaning.6,13–15

The local atomic structures of the different phases were also
intensively investigated.16–22 Despite many efforts, the short-
range coordination of the different atoms in the amorphous
structure are still under debate in literature.16,23–26 These prob-
lems demonstrate that it is not trivial to investigate and
understand the reactions on atomic scale of the phase change,
yet being the essential issue for designing new materials.
Hence, in a second approach, scientists have tried to identify
new compounds, which also exhibit the characteristic proper-
ties of phase change materials.

So far, many studies have focused on Ge2Sb2Te5.27–30 Due to its
excellent properties it was used as the DVD-RW material. Other
well investigated compounds are GeCu2Te3 (ref. 31–33) and Ge8-
Sb2Te11 being the active material in BD-RW discs or binaries such
as Ge15Sb85,34 GeTe35 and GaSb,36–39 respectively. Several studies
deal with the substitution or doping of established phase change
materials.40–45 Samples with compositions (Ge2Sb2Te5)1�xSex
(x ¼ 0–0.5) were recently investigated, showing a signicantly
different crystallization behavior. For x$ 0.1 the stable hexagonal
structure is directly formed at T $ 150 �C, while the metastable
cubic phase could only be observed for x# 0.02. With increasing
Se content the optical band gap becomes larger. In addition, the
resistance, threshold voltage and thermal stability increased with
x. For the Se substituted materials a relatively low crystallinity of
the crystalline phases was observed.46,47 Compared to Ge2Sb2Te5
no signicant improvement in properties could be observed and
a relationship of properties with structural changes could not be
established.

In our ongoing work the impact of the substitution of Te in
Ge2Sb2Te5 by Se on the material properties was investigated.
The substitution in the anion substructure of the metastable
cubic rock salt structure should lead to local distortions,
a decreased metallic character and a larger electronegativity
difference, which increases at the same time hybridization and
ionicity. As a result of these pronounced changes of the physico-
This journal is © The Royal Society of Chemistry 2017
chemical properties signicant alterations of the optical and
electrical behavior are expected. Additionally, the bond strength
and therefore the phase change transition temperatures should
be altered. The nal goal of the present investigation is to
establish a relationship between the change in the chemical
bonding by chemical substitution of Te by Se and the resulting
properties. The results of these experiments and the observed
trends concerning the opto-electronic properties and the
bonding characteristics are reported.
Experimental section

Thin lm samples of Ge2Sb2Te5 and Ge2Sb2Te4Se (I) were
prepared by DC magnetron sputtering using stoichiometric
targets (Umicore, 99.99%) bonded to water cooled copper
plates. The base pressure in the sputter chamber was <2 � 10�6

mbar, the argon current was xed at 20 sccm for all deposition
runs. Ge2Sb2Te5 was deposited by using a single target of 10 cm
diameter at 20W. (I) was prepared via co-sputtering of GeSb2Te4
(5 cm diameter) at 30 W and GeSe (10 cm diameter) at 25 W.

All substrates had a size of 2 � 2 cm. Thin lm samples of
�700 nm thickness were prepared on (1 0 0) silicon single
crystal substrates, glass substrates, glass substrates with previ-
ously sputtered chromium contacts in the corners (for electrical
measurements) and silicon substrates coated with �200 nm
aluminum layers (for optical measurements). Thin samples of
�35 nm were deposited on nickel TEM-grids, coated with a thin
amorphous carbon layer. The deposition times of the thick and
thin lms were 3688 s (�700 nm) and 132 s (�35 nm) for Ge2-
Sb2Te5 and 2000 s (�700 nm) and 75 s (�35 nm) for Ge2Sb2-
Te4Se (I).

Ge2Sb2Te2Se3 (II) was prepared by thermal co-evaporation of
single elements in an ultra-high vacuum chamber (Omicron
NanoTechnology), using single element Knudsen cells con-
taining the utilized elements (Chempur 99.999%) at different
temperatures, listed in Table 1. The base pressure in the
chamber was p < 1 � 10�8 mbar. A beam ux monitor was used
to ensure stable evaporation rates.

It should be noted that it is very important to nd a reliable
method to determine the compositions, because the signals of
the elements partly overlap in most common analytic techniques
due to their similar electronic structure. We found that electron
probe micro-analysis (EPMA) is the most promising and precise
method for investigating the X-ray emission L-series of the
elements, using an acceleration voltage of 10, 16 and 22 kV. The
EPMAmeasurements were taken with a Cameca SX 100, yielding
composition values close to the required stoichiometries. A
Bruker DektaktXT prolometer was used to determine the lm
thicknesses.
RSC Adv., 2017, 7, 17164–17172 | 17165
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X-Ray diffraction (XRD) was performed in q–q geometry using
an X'Pert Pro MPD diffractometer (PANalytical; Cu Ka1,2 radia-
tion), equipped with a Göbel mirror and a PIXcel detector.
Temperature dependent in situ diffraction was performed in an
Anton Paar HTK 1200N high temperature chamber in helium
(99.999%) atmosphere to prevent oxidation of the samples. The
temperature was increased stepwise with a heating rate of 5 K
min�1 from 28 �C up to 360 �C. The patterns were collected
within one hour over a range of 15–65� 2q at constant temper-
ature. The scans for the Rietveld renements were performed
on a at stage using the same setup in a range of 10–100� 2q
(step size 0.05�).

Rietveld renements were carried out using the Program
TOPAS Academic (Version 6).48 In order to calculate crystallite
sizes the fundamental parameter approach was employed.49,50

To rene the anisotropic peak broadening caused by strain we
used a spherical harmonics to calculate the Lorentz width as
a function of tan(q). To correct texture effects, which are typical
for thin lm analysis, a spherical harmonics was employed.

In situ heating TEM experiments were performed by a FEI
Tecnai F30 G2 using a GATAN double tilt heating holder 652.
The heating rate was set to 10 K min�1. Aer the desired
temperature was reached, a holding time was utilized until
minimum sample dri and temperature equilibrium were
achieved. Subsequently electron diffraction patterns were
recorded at the rim of the grid, close to the measuring and
heating device to ensure high accuracy of the actual tempera-
ture of the sample. For HRTEM and bright eld imaging the
heating was interrupted to ensure no sample dri.

To investigate the optical properties FTIR and ellipsometry
measurements were done. FTIR spectra have been collected
using a Bruker IFS 66n/s with a resolution of 0.12 meV. To
exclude dri effects the samples and a gold reference were
measured alternately. The measured spectra were renormalized
by a gold reference to obtain the nal spectrum. For ellipsom-
etry measurements a J. A. Woollam M-2000UI equipped with
deuterium and halogen lamps as light sources was used. The
incidence angles were 65�, 70� and 75�. The examined energy
ranges were 0.05–1 eV for FTIR and 0.7–5.2 eV for ellipsometry.
All measurements were performed with the as-deposited
amorphous samples as well as the metastable crystalline
samples each on aluminum coated silicon substrates at room
temperature. These substrates were prepared by sputter depo-
sition of an aluminum target with the same process as
described above. The values for the dielectric constants as well
as the index of refraction n and the extinction coefficient k were
obtained by tting the spectra using SCOUT soware.51 There-
fore the same assumptions as in ref. 42 were made.

Sheet resistance measurements were performed using
a four-point-probe setup according to van-der-Pauw52–55 with
argon (99.996%) as protective gas. �700 nm thick samples on
glass substrates with chromium contacts in each corner were
heated with a heating rate of 5 K min�1 up to 360 �C. This
temperature was held constant for 30 min and then the samples
were cooled down to room temperature. Because of the large
density change of up to 10% between the amorphous and
crystalline phases which unfortunately cannot be investigated
17166 | RSC Adv., 2017, 7, 17164–17172
and corrected during the resistivity measurements the resis-
tance of the lms instead of the resistivity was investigated.

Results and discussion
Structural characterization by in situ XRD and TEM heating
experiments

In situ X-ray diffraction and TEM investigations were performed
to independently investigate the structure and crystallization of
the lms. Both methods conrm that all as deposited lms are
amorphous. Thin lms of Ge2Sb2Te5 crystallize in the meta-
stable cubic (Fm�3m) and the stable primitive trigonal (P�3m1)
phase, respectively.56

For the accurate determination of the transition tempera-
tures the intensities of the (002) reection of the cubic and the
(103) reection of the primitive trigonal phase were analyzed as
function of temperature (Fig. 1 and 2). While the 1st transition
temperature increases with higher selenium content the
temperature of the 2nd transition to the thermodynamically
stable phase remains quite constant at around 270–290 �C. All
three samples are stable until 360 �C.

In situ TEM heating experiments were performed by moni-
toring the formation of diffraction spots in the Selected Area
Electron Diffraction (SAED) pattern. A representative tempera-
ture resolved image of this process is depicted in Fig. 3 for
Ge2Sb2Te2Se3. Crystallization started at 132 �C, 160 �C and
222 �C, for Ge2Sb2Te5, Ge2Sb2Te4Se and Ge2Sb2Te2Se3, respec-
tively (for details see Fig. S1 and S2†). Further, diffuse streaks in
the ED pattern were found for Ge2Sb2Te2Se3 aer reaching the
temperature of 250 �C (Fig. 3). These diffuse streaks indicate the
formation of planar defects which can be attributed to vacancy
layers forming along the (111) planes with respect to the cubic
symmetry.9,57,58

A comparison of the transformation temperatures deter-
mined by in situ XRD and in situ TEM are displayed in Table 2.
Phase change temperatures exhibit convincing agreement and
conrm the monotonous increase of the crystallization
temperature with increasing Se content. The values of Ge2Sb2-
Te5 correspond well to those reported in literature.27,59,60

Further, the substitution of Te by Se leads to a signicant
stabilization of the amorphous phase and therefore to a stabi-
lization of amorphous areas/bits in data storage applications.
Similar effects were also observed for other Ge–Sb–Te phases
upon Se substitution.40

Bright eld (BF) and high resolution TEM (HRTEM) images
of Ge2Sb2Te5 aer the heating process revealed a mixture of
larger grains with 100 nm size and nanocrystals marked by red
and blue arrows in Fig. 4a, respectively. In comparison Se
substituted lms showed signicantly smaller crystallites, cf.
Fig. 4b and c displaying exclusively nanosized crystallites for (I)
and (II).

Room temperature XRD data was analyzed via Rietveld
renement of the metastable phase revealing the same
tendency for the crystallite size as found in TEM measurements
(see Table 3 and Fig. 5).

The renement indicated a symmetry reduction due to the
incorporation of Se and a resulting distortion of the lattice
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 In situ XRD patterns of Ge2Sb2Te5 (left), Ge2Sb2Te4Se (middle) and Ge2Sb2Te2Se3 (right). Transitions from amorphous to cubic (rhom-
bohedral trigonal) to primitive trigonal phases are seen by the appearance and disappearance of reflections.
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along [111]. The latter caused a shi of the (220) reection and
anisotropic strain broadening. In the diffraction pattern of
Ge2Sb2Te2Se3 we nally observe a splitting of the cubic (111)
reection, typically for a reduced symmetry (inset of Fig. 5).

To account for the lower symmetry, the cubic cell was
transformed into the trigonal subgroup R�3m (hexagonal axes).
Due to the small crystallite size and the additional strain
broadening, a splitting of the (220) reection could not be
observed, but its shi to lower scattering angle clearly repre-
sents a reduction of cubic symmetry even if the distortion itself
is small. When compared to the transformed undistorted cell, it
is apparent that the deviation from the cubic aristotype is more
Fig. 2 Left: Determination of the phase change temperatures of
Ge2Sb2Te5 bottom, (I) middle and (II) top obtained by comparison of
the diffraction intensities of the cubic (002)/rhombohedral (012)
reflections (black circles) and primitive trigonal (103) reflection (white
circles). Blue: phase change from amorphous to cubic (rhombohe-
dral). Red: phase change from cubic to primitive trigonal. Right:
Observation of the temperature induced phase transitions by evalua-
tion of the reflection intensities.

This journal is © The Royal Society of Chemistry 2017
pronounced for the higher Se content. Calculated d-values
based on the Rietveld renements match closely with measured
d-values of ED patterns (Tables S1–S3†).
Optical properties

It was already pointed out that resonant bonding is an indis-
pensable property for high optical contrast of PCMs. As a result
of the distortion in the substituted samples the octahedral
environment of the atoms is distorted which leads to
a misalignment of the p-orbitals and therefore to a signicant
reduction of the resonant bonding in the metastable phase.
This corresponds well with the so called “treasure map” for
PCM (Fig. 6).14
Fig. 3 SAED pattern of Ge2Sb2Te2Se3 (a) at room temperature; (b)
crystallization starts at 222 �C (diffraction spots marked with red
arrow); (c) growth of larger grains at 240 �C; (d) C diffuse streaks along
[111] (rhombohedral cell) indicate formation of vacancy layers at 250�.
Measured d-values fit to the calculated data can be found in Table S3.†

RSC Adv., 2017, 7, 17164–17172 | 17167
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Table 2 Phase change temperatures of the synthesized samples
determined by in situ XRD and TEM measurements. (1) 1st phase
change temperature from amorphous to cubic (rhombohedral); (2) 2nd

phase change temperature from cubic (rhombohedral) to primitive
trigonal phase

Temperatures
determined for

Via in situ XRD
measurements

Via in situ
TEM measurements

1 2 1

Ge2Sb2Te5 130 �C 290 �C 132 �C
Ge2Sb2Te4Se (I) 165 �C 270 �C 160 �C
Ge2Sb2Te2Se3 (II) 220 �C 280 �C 222 �C
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All established PCMs for optical data storage devices are
located in a well-dened area in the map. It seems that the limit
of this area for successful optical data storage materials is
reached by the values given by the hybridization of Ge2Sb2Te2-
Se3. This assumption is conrmed by investigations of the
optical properties.

The dielectric function 3 contains the two dielectric
constants 31 (real part) and 32 (imaginary part).

3 ¼ 31 + i32 (1)

A conversion of the dielectric function leads to the index of
refraction n (2) and the extinction coefficient k (3):
Fig. 4 (a) Bright field image of Ge2Sb2Te5. The red and the blue arrow m
and corresponding FFT recorded on Ge2Sb2Te4Se and Ge2Sb2Te2Se3 (c)

Table 3 Rietveld refinement data of the metastable phase. * ¼ transform
cell (R�3m) are given according to the hexagonal setting of the space gro

Chemical formula 225
Space group Fm�3m (225)
Cell parameter (Å) a 6.0251

c —
c/a
Crystallite size (nm) 52
RBragg 1.78

17168 | RSC Adv., 2017, 7, 17164–17172
31 ¼ n2 � k2 (2)

32 ¼ 2nk (3)

Fig. 7 displays the real and the imaginary part of the
dielectric functions of the materials. A signicant decrease of
the maximum intensity and a shi to higher energies depend-
ing on the selenium content is observed. This can be explained
by the structural distortions leading to a decrease of resonant
bonding, which reduces 31 of the crystalline samples of (I) and
(II) and explains the behavior.

According to formula (1) and (2) the same trend of the energy
dependence of n and k is observed (Fig. 7). For typical amor-
phous phase change materials the index of refraction is �50%
larger in the crystalline state (e.g. Ge2Sb2Te5).15 The substitution
of Te by Se leads to a drastic decrease of the difference between
the amorphous and crystalline indices of refraction. It is
remarkable that the optical constants of the crystalline Ge2-
Sb2Te2Se3 sample are below amorphous Ge2Sb2Te5. This
observation implies that the ability of crystalline Ge2Sb2Te2Se3
to reect light in the appropriate energy range is even worse
compared to amorphous Ge2Sb2Te5.

Table 4 summarizes the values for the optical constant 3N
and the optical bandgap Eg. The values of the amorphous and
crystalline phases of Ge2Sb2Te5 correspond well with the values
reported in literature.15,62,63
ark a larger grain of about 100 nm and nanocrystals. (b) HRTEM images
after heating to 150 �C, 190 �C and 250 �C, respectively.

ed undistorted cell. The cell parameters of the rhombohedral trigonal
up. Further information is given in Table S4

* I II
R�3m (166) R�3m (166) R�3m (166)
4.2624 4.1976 4.125
10.4408 10.4456 10.4364
2.4495 2.4885 (+0.0390) 2.5300 (+0.0805)
— 18 25
— 1.01 1.92

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Calculated values of ionicity and degree of hybridization for
some established phase change materials and the substituted
compounds.14 Used radii according to ref. 61.

Fig. 5 Powder diffraction pattern of the cubic/rhombohedral trigonal
phase after annealing the samples at 180 �C (Ge2Sb2Te5), 230 �C (I) and
245 �C (II). Black circles depict the measured data, the red line the
refined pattern and the blue line displays the difference of both.
Reflection positions are marked by |.
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With increasing selenium content 3N decreases while Eg
increases due to the reduced metallic behavior as a result of the
substitution of Te by Se. Applying eqn (4) the contribution of
This journal is © The Royal Society of Chemistry 2017
resonance bonding can be estimated which is basically the
value of the increase of 3N in %.15

3crystallineN /3amorphous
N � 1 (4)

The resonance bonding decreases with increasing Se content
which can be explained (just like the extraordinary low optical
constant of the crystalline phase of (II)) via the decrease of
resonant bonding in the samples (I) and especially (II). The
knowledge of all optical constants allows calculation of the
absolute reectivity of the amorphous and crystalline samples.
Fig. 8 displays absolute reectivity and total contrast calculated
according to (5).42

Rtotal ¼ Rcrystalline � Ramorphous

Ramorphous

(5)

Due to the pronounced decrease of the absolute reectivity
of the substituted crystalline samples the optical contrast
decreases from �20% for Ge2Sb2Te5 to �17% for (I) and �8%
for (II).

Although a slight shi of the maxima of the dielectric
constants to higher energies e.g. smaller wavelengths is
observed, the Se substituted samples seem to be not suitable for
optical phase change data storage. The optical properties
conrm the assumption that the limit of the hybridization for
materials used in optical data storage devices is reached by
values around 2.24.

Sheet resistance measurements

Temperature dependent sheet resistance measurements are
shown in Fig. 9. It can be safely assumed that the inuence of
the slightly different lm thicknesses onto resistance data is
negligible. The sheet resistances for the amorphous lms at
room temperature are �13 MU for Ge2Sb2Te5, �73 MU for
Ge2Sb2Te4Se and �11 GU for Ge2Sb2Te2Se3.

In line with the expected enlargement of the band gap the
substitution of Te by Se leads to a giant increase of the sheet
resistance of the amorphous phase. The large values of the
resistance slightly decrease with increasing temperature until
an abrupt drop of 2–4 orders of magnitude is observed at the 1st

transition temperatures at about 153 �C for Ge2Sb2Te5, 190 �C
for (I) and 243 �C for (II). These temperatures correspond well
with the temperatures revealed by in situ XRD measurements,
representing a thoroughly crystallized lm (Fig. 2). The elec-
trical contrast between the amorphous and the metastable
cubic phase increases signicantly from 2 orders of magnitude
(Ge2Sb2Te5) to 2.5 orders of magnitude (I), and 4 orders of
magnitude for (II), referring on the sudden drop of the resis-
tance in Fig. 9. Hence, the electrical contrast of Ge2Sb2Te2Se3 is
increased by factor of 100 compared to Ge2Sb2Te5. This is an
excellent behavior for electrical data storage applications:
combining enhanced stability of the amorphous state as well as
increasing the readability of the data.

A smooth second drop of the resistivity is caused by the
phase change from the cubic into the primitive trigonal phase,
which correlates with the slow preformation of the hexagonal
RSC Adv., 2017, 7, 17164–17172 | 17169
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Fig. 7 Left: Dielectric functions 31 (top) and 32 (bottom) of the amorphous (a-) and crystalline (c-) samples. 31 becomes constant for energies
below the optical band gap. Functions of 32 are depicted without the Drude term. Functions of 32 with the Drude term are seen in Fig. S3.† The
crystalline samples were annealed at 160 �C (225), 210 �C (I) and 260 �C (II). Right: Index of refraction n (top) and extinction coefficients k
(bottom) of the a- and c-samples. k turns out to be zero at energies below the band gaps.
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phase observed by the XRD measurements. This phase transi-
tion is visible for Ge2Sb2Te5 (327 �C) and for (I) at 315 �C, while
(II) only shows a slight change in the resistance. Due to the
different heating rates the phase change temperatures
measured by in situ XRD and in situ TEM are smaller than the
phase change temperatures determined with the sheet resis-
tance measurements. Thus, the second phase change is not
complete at 360 �C, which can be seen as the drop in the
resistance at 360 �C. This temperature was held constant for
30 min to complete the second phase change. Aer annealing
the resistances remain quite constant at about 25 U for Ge2-
Sb2Te5, 40U for (I) and 68U for (II), respectively, which is typical
for degenerated semiconductors with high levels of disorder.64
Table 4 Dielectric function 3N (degree of polarization) and optical
bandgap Eg of the amorphous (a) and crystalline (c) samples. The
optical constants were set at energies of 0.05 eV for 31 while the Drude
contribution was subtracted for the crystalline samples. The optical
bandgaps were determined via a-10 000 method which is exactly the
energy where the absorption reaches 10 000 cm�1 (ref. 62)

Optical constant 3N Optical bandgap Eg

a c %increase a c %decrease

225 15.6 37.1 138 0.77 0.53 31
I 13.4 28.1 110 0.88 0.59 33
II 8.2 13.9 70 1.23 0.70 43

Fig. 8 Calculated absolute reflectivity (top) of the amorphous and
crystalline films and total contrast (bottom) of the materials.
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Fig. 9 Sheet resistance measurements of Ge2Sb2Te5 (black), Ge2-
Sb2Te4Se (blue) and Ge2Sb2Te2Se3 (red). The phase change is indi-
cated by a large drop of the sheet resistance. With increasing
selenium content the 1st phase change temperature increases as well
as the electrical contrast. The 2nd phase change is depicted in the
inset.
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Conclusion and summary

Two new phase change materials were prepared via sputter and
physical vapor deposition.

The stability of the amorphous phase and the distortion of
the metastable cubic phase signicantly increased with
increasing selenium content.

The optical constants as well as the optical bandgaps for all
the presented materials were determined.

The optical contrast decreased with increasing selenium
content due to larger structural distortions in selenium rich
crystalline phases and therefore the decrease of resonant
bonding. The results suggest that the limit of the area for
successful optical data storage materials in the treasure map
is reached at high ionicity and hybridization of chemical
bonds.

The electrical contrast is signicantly improved by selenium
substitution and is two orders of magnitudes higher than in the
unsubstituted material.

Substitution leads to compositions with exceptional good
electrical properties for phase change memory devices at the
expense of the optical properties.
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