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Phase change memory has been considered as the next generation in non-volatile electronic data
storage. The property modulation of such materials by the doping of rare-earth elements has drawn a
lot of attention, which motivates us to search for the optimal dopants and reveal the underlying
mechanisms. Here, we investigate the role of Gd as a dopant in Ge2Sb2Te5, which exhibits higher
crystalline resistance and better thermal stability and antioxidant capacity than the undoped counter-
part. Moreover, Gd dopants suppress both the processes of phase transition and grain growth. The
crystalline structure remains unchanged with Gd dopants and vacancies are randomly distributed.
Furthermore, the bonding mechanism was theoretically investigated. In the amorphous state, Gd
atoms modify the local structures around Ge, Sb, and Te atoms. The large coordination number of
Gd and the “Gd–Te distorted pentagonal bipyramidal-like” structure can be attributed to the good
thermal stability. These microscopic findings figure out some of the key issues about the bonding
mechanism, electrical properties, and crystallization behaviors of Gd doped phase change memory
materials, which could be useful for storage devices. Published by AIP Publishing.
https://doi.org/10.1063/1.5040988

I. INTRODUCTION

Phase-change memory materials (PCMs) have drawn
significant attention for non-volatile optical and electronic
data storage due to large optical or electrical contrast
between different phases with rapid and reversible switch-
ing.1,2 These unique properties also render PCMs suitable for
brain-inspired computing, flexible displays, and logic
devices.3–5 In the PCMs, the quasi-binary GeTe-Sb2Te3
alloys, e.g., Ge2Sb2Te5 (GST), are superior to other chalco-
genide alloys in many aspects, but there still remains some
room for improving their performances. Considerable efforts
have been devoted to improve the thermal stability and crys-
tallization speed using the element doping techniques.6–15

The modulation of the PCM properties via the doping of
rare-earth element has drawn much attention. Very recently,
Rao et al. found that Sc0.2Sb2Te3 compound can boost the
writing speed up to hundreds of picoseconds.16 Ce doped
Ge2Sb2Te5 and Sm doped Sn15Sb85 films have been reported
to improve the crystallization temperature and data retention
ability.10,17 Ab initio calculations show that as a promising
dopant for Sb2Te3-based phase change memory, yttrium (Y)
may improve amorphous thermal stability.18,19 Although

these experimental and theoretical results have shown the
influence of some rare-earth elements on PCMs, the potential
applications and their physical nature motivate us to further
search for the optimal rare-earth dopants and uncover the
underlying mechanisms in more detail.

Crystallization speed, non-volatile feature, resistivity
contrast, and power consumption are indeed the crucial indi-
cators for PCMs, wherein Sc seems to be the optimal dopant
so far.16 On the other hand, avoiding phase separation,
increasing the electrical resistivity of crystalline state, and
improving the thermal stability of amorphous state would
also be other design rules to discover an optimal dopant. If
the crystal structure after doping remains unchanged, it may
show a tendency of phase-separation suppression and higher
cyclability. Compared to the elements in GST, rare-earth
element Gd has smaller electronegativity [(Gd (1.20); Ge
(2.01); Sb (2.05); and Te (2.10)] but larger atom size [atomic
radius: rGd = 0.180 nm; rGe = 0.125 nm; rSb = 0.145 nm;
rTe = 0.140 nm]. Moreover, the binary compound GdTe pos-
sesses a rocksalt (NaCl) structure (Fm�3m) similar to Ge2Sb2Te5
with a lattice constant of 6.13 Å20 close to that of Ge2Sb2Te5
(6.01 Å).21 Geometrical conformability might provide guide-
lines for developing new phase change materials with
improved qualities. Here, we screen out Gd to be a promising
dopant to enhance the performances of GST. It is a prerequi-
site to characterize the amorphous (a-) and crystalline (c-)
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phases to optimize Gd-GST quaternary materials for various
applications. It is also necessary to carry out studies on the
phase transition properties and the roles of Gd in these
processes.

In this work, we provided a valuable insight into the
phase change properties, the microscopic structure, and the
bonding mechanism of Gd incorporated GST through experi-
mental investigations and theoretical calculations.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Preparation and characterization

Gd-doped Ge2Sb2Te5 (GGST) films were grown by the
magnetron co-sputtering method using separate pure Gd
(99.99%) and stoichiometric Ge2Sb2Te5 alloy targets. Thin
film samples of (GST)1-xGdx (x = 0 at. %, 0.30 at. %, 3.14 at. %,
4.00 at. %, 6.14 at. %, and 8.52 at. %) were denoted by GST,
GGST (0.30%), GGST (3.14%), GGST (4.00%), GGST
(6.14%), and GGST (8.52%). The compositions of these
as-deposited films were measured by X-Ray Fluorescence
(XRF) [Netherlands, PANalytical, Magix (PW2403)].
200-nm-thick films were fabricated on Si substrates (covered
by a 300 nm thick amorphous SiO2 layer) for X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS), and
electrical resistance measurements, while ∼20 nm-thick
GGST (6.14%) film was directly deposited on transmission
electron microscope (TEM) grids which were covered by an
ultrathin (∼5 nm) amorphous carbon film as substrate. The sheet
resistance of the as-deposited films as a function of tempera-
ture (non-isothermal) was measured by four-point probe in a
vacuum chamber. Both the as-deposited and annealed films
were examined by XRD using a Bruker D8 advance diffrac-
tion system (Cu Kα radiation with λ = 0.15418 nm). The
chemical bonding states of GST and GGST were verified by
customized XPS. The high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) and the
energy-dispersive X-ray (EDX) mapping were performed
on a probe-corrected transmission electron microscope
(TEM, FEI Titan G2 equipped with a Super EDX system) at

300 kV. The GGST (6.14%) film was annealed at 250 °C for
10 min, with a heating rate of 30 °C/min using an in situ
TEM thermal holder (Gatan 652 double-tilt heating holder)
and then cooled to room temperature (RT) before carrying
out the STEM and EDX analyses.

B. Density functional theory calculations

Calculations are based on the density functional theory
(DFT) with projected augmented plane waves (PAW)22

pseudo-potential and Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional,23 as implemented in the
VASP code.24,25 In the adopted pseudo-potentials, the Ge
[4s24p2], Sb [5s25p3], Te [5s25p4], and Gd [5p66s25d1] elec-
trons are considered as valence electrons. Generally, Gd
often shows a valence of +3, which is the same as that of Sb.
To maintain the stoichiometry, we build the model by substi-
tuting Sb atoms in the prototypical Ge2Sb2Te5. The initial
GGST model is a rocksalt cell with 42 Ge, 32 Sb, 108 Te,
and 12 Gd atoms, which corresponds to a 6.2 at. % doped
Gd-GST. The density of the initial model after full relaxation
is about 5.97 g/cm3. Then, the amorphous model was real-
ized by the calculated melt-quench technique. First, by NVT
ab initio molecular dynamics (AIMD), the initial model is
melted at a high temperature of 3000 K for 15 ps to eliminate
the initial setup. Then, a 15-ps-NVT AIMD at 1100 K (close
to the melting point) is run to get a reasonable liquid phase.
Next, the liquid is quenched to 300 K with a rate of 15 K/ps.
Finally, the amorphous phase after quenching is further
annealed at 300 K for 15 ps. Before calculating the electrical
properties, the final amorphous model from AIMD is fully
relaxed. The density of the final amorphous model after
relaxation is 5.64 g/cm3. The energy cutoff is 300 eV for
AIMD simulation and 350 eV for relaxation and property cal-
culations. The K-points are 1� 1� 1 Monkhorst-Pack mesh
for AIMD or relaxation and 2� 2� 2 Monkhorst-Pack mesh
for property calculations. The cut-off distances for CN
(coordination number) and BAD (bond angle distribu-
tion) are 1.15 times the sum of the covalent radius of two
bonded atoms.

FIG. 1. Temperature-dependence sheet resistance and 10-year retention for GST and GGST films. (a) Sheet resistance as a function of annealing temperature for
GST and GGST films. (b) The Arrhenius extrapolation for working temperature at 10 years of data retention for GGST films with different Gd concentrations.
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III. RESULTS AND DISCUSSION

First, the analyses on electrical properties and thermal
stability were carried out to characterize the performances of
these materials. Figure 1(a) shows the sheet resistance as a
function of temperature (R-T) for GST and GGST films. The
initial states of the as-deposited films are amorphous phases
[see Fig. 3(a)] with high resistance. In general, the additional
Gd increases the resistance of the as-deposited samples. In
the early stage, the sheet resistance presents a slightly
decreasing tendency with the increase of annealing tempera-
ture. However, when the temperature reaches a certain value
(crystallization temperature Tc, which is determined by a tem-
perature corresponding to the minimum of the first derivative
of the R-T curve), the resistance displays a sudden drop to a
much lower level, indicating the transition from amorphous
to crystalline phases. In addition, the crystalline resistances
increase dramatically after doping and exhibit a Gd-concen-
tration dependent effect, which is favorable to lower the
RESET power consumption for GGST based phase change
memory. The resistance contrast of 4–5 orders of magnitude
between the amorphous and crystalline states of GGST is a
benefit to achieve a high ON/OFF ratio (signal contrast).26

Figure 1(b) shows the thermal stability of amorphous
GGST (a-GGST) films, which can be estimated by calcu-
lating the data retention from extrapolation of the isother-
mal Arrhenius plots according to the Arrhenius equation

t = τ exp (Ea/kBT), where t is the failure time, τ is a propor-
tional time coefficient, and Ea is the crystallization activity
energy. The failure time is defined as the time when the cell
resistance drops to half of its initial value at the specific tem-
perature T. From the slope of lnt versus 1/kBT, the values of
activation energy for the GGST (0.30%), GGST (3.14%), and
GGST (6.14%) films are figured out as 2.45 eV, 2.88 eV, and
3.98 eV, respectively, whereas the Ea of GST is only 2.24 eV,
and the higher Ea of GGST films signifies larger energy bar-
riers that should be overcome to achieve the crystalline states,
which indicates that a-GGST is more thermally stable than
a-GST. In addition, the temperature for 10-year data retention
of GGST (0.30%), GGST (3.14%), and GGST (6.14%) could
also be deduced to be about 87 °C, 94 °C, and 115 °C,
respectively. Therefore, Gd doping is an excellent approach
for improving the thermal stability of GST and is helpful to
satisfy the requirements of automotive systems for long-term
data storage.

XPS is further applied to investigate the binding states of
as-deposited amorphous GST and GGST. The core level
spectra of Te 3d, Ge 3d, Sb 4d, and Gd 3d are shown for the
amorphous phases in Fig. 2. Surface charge compensation
and spectral calibration were achieved by assigning a binding
energy (BE) of 284.8 eV to the adventitious carbon 1s photo-
electron line. As illustrated in Fig. 2(a), the peaks of Te–O
(∼575.9 eV and ∼586.3 eV) appear in GST but vanished

FIG. 2. XPS spectrums for GST and GGST films. (a) Te 3d, (b) Ge 3d, Sb 4d, (c) Gd 3d. Backgrounds were subtracted by the Shirley method.

FIG. 3. XRD patterns for GST and GGST films. (a) XRD for as-deposited films and after 10-min-annealing at (b) 200 °C, (c) 250 °C, and (d) 300 °C, respec-
tively. The vertical black and red dotted lines indicate the cubic and hexagonal phases, respectively. The secondary phase Gd2Te3 occurs when the dopants
increase to 8.52 at. % at 300 °C.
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after Gd doping, indicating that the Gd dopants can signifi-
cantly prevent oxidation. The binding energy of Te 3d shifts
toward the lower direction as Gd dopants increasing, which
suggests that Gd–Te bond could be formed. Previous results
demonstrated that vacancies and voids, which are surrounded
by Te atoms in amorphous GST, play important roles in fast
reversible phase transition process.27 It is reasonable that Gd
changes the local structures around Te due to its relatively
small electronegativity and large atomic size; thus, Gd
dopants disturb the crystallization behaviors of pristine GST.

Figure 2(b) displays the XPS spectra of the Ge 3d and
Sb 4d. No peaks at 29–30 eV (related to the Ge–Ge homopo-
lar bonds)28 are present in sputtered amorphous GST, while
the Ge–O peak (at ∼35 eV) is easily discernible. Notably, the
Ge–Ge and Ge–M (metal) peaks are apparent in GGSTs and
gradually become stronger as the Gd concentration increases,
concomitant with the weakening of Ge–O peaks, which once
again indicates that oxidation is suppressed after Gd doping.
It is also noteworthy that Sb 4d levels show noticeable
change as Gd dopants increase, displaying variations of local
structures around Sb.

In Fig. 2(c), the Gd 3d signals are dominated by the two
main spin orbit components Gd 3d5/2 and Gd 3d3/2, in good
agreement with some other Gd-containing compounds.29

Basically, in GGST samples, the XPS spectra of Gd seem to
be similar, while the binding energies and full width half
maximum (FWHM) are quite different. The binding energies
of Gd are higher than that of Gd pure metal,30 which indicate
that they (in GGST) are no longer related to metallic bonds
(Gd–Gd). With increasing of Gd content, the intensities of
the Gd 3d5/2 peaks increase gradually. The Gd 3d5/2 main
peak position shifts from 1189.4 eV to 1187.5 eV, and the
Gd 3d3/2 signal shifts from 1221.9 eV to 1220.3 eV. The
value of the exchange splitting is 32.8 eV for the 3d level.
Clear chemical shifts can be owed to the change of Gd chem-
ical environment. In addition, two weak satellites that entered
between the main Gd 3d5/2 and Gd 3d3/2 components could
be observed, which are very different from that of Gd
metal.30 Energy-loss phenomena are suggested to be the pos-
sible effects for the satellites peaks.31

Figure 3 shows the XRD patterns of the GST and GGST
films with various doping levels and annealing temperatures.
No characteristic peaks are observed in Fig. 3(a), which indi-
cates the amorphous nature of the as-deposited films. Some
diffraction peaks corresponding to the cubic rocksalt structure
(RS) phase appear in the GST film and GGST (3.14%) after
annealing at 200 °C as shown in Fig. 3(b). However, GGST
(6.14%) and GGST (8.52%) films (annealed at 200 °C)
remain amorphous phase, which are consistent with the
results of R-T in Fig. 1(a). It can be concluded that the

FIG. 4. Chemical and structural identifications of GGST (6.14%) by TEM.
(a) HAADF-STEM images and the corresponding individual EDX mappings
of Ge, Sb, Te and Gd, respectively. [(b1)–(d1)] HAADF-STEM images,
[(b2)–(d2)] the corresponding FFT patterns of the 250 °C-annealed (for 10min)
film, [(b3)–(d3)] the enlarged HAADF-STEM images with atomic resolu-
tion. The lattice spacing [guided by the white lines in (b3)–(d3)] are 3.00 Å
(200), 2.14 Å (220), and 2.14 Å (220), respectively. The atomic arrange-
ments are depicted by the colored spheres, and the arrows indicate the vacan-
cies of GGST in (c3). (e) The schematics of GST and GdTe atomic
structures.

FIG. 5. Pair correlation function (PCF) of amorphous GST and GGST (6.2 at. %). (a) The total PCFs of amorphous GST and GGST. (b) The partial PCFs for
various atomic connections.
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crystallization process of GST is delayed by Gd doping.
Thus, the increase of Tc suggests the improved thermal stabil-
ity and will contribute to enhance the data retention for phase
change memories. In Fig. 3(c), the peaks of hexagonal
(HEX) phase in GST annealed at 250 °C are formed.
However, the RS phases are observed in GGST (3.14%),
GGST (6.14%), and GGST (8.52%) at the same annealing
temperature. Figure 3(d) shows that the undoped GST film is
dominated by HEX phase at 300 °C, while the GGST
(3.14%) and GGST (6.14%) films still maintain as RS phase.
Thus, the transition process from RS to HEX phase is sup-
pressed by the Gd doping. By further increase of doping
level to 8.52%, the phase segregation of Gd2Te3 occurs. In
the practice, phase separations will cause device failure, so
the appropriate concentration of dopant for GGST is neces-
sary for the reliability of PCM devices.

Figure 4 shows the chemical and structural identifica-
tions of GGST (6.14%) film annealed at 250 °C for 10 min
by TEM analysis. The elemental mappings within the scope
of different scales in Fig. 4(a) demonstrate the presence of
Gd, Ge, Sb, and Te elements with uniformly spatial distribu-
tions, which are beneficial to data retention. Furthermore, the
HAADF-STEM images display the atomic arrangements
along the [100], [110], and [111] directions, as displayed in
Figs. 4(b) and 4(c). Both the STEM images and the corre-
sponding fast Fourier transformation (FFT) patterns confirm
the cubic crystal structure of GGST. Figures 4(b3)–4(d3)
show the enlarged HAADF-STEM images with atomic reso-
lution, and the corresponding atomic arrangements are
depicted by spheres in the right hand side. Each atomic
column along the [100] and [111] directions is uniformly

constituted of all these three elements, while the cation and
anion atoms reside on different sublattices along the [110]
direction. The brightness of the spots appears to be rather
uniform in Figs. 4(b3) and 4(d3), in contrast to the two dis-
tinguishable sublattices in Fig. 4(c3). The white lines show
that the lattice spacing of (200) and (220) planes are 3.00 Å
[Fig. 4(b3)] and 2.14 Å [Figs. 4(c3) and 4(d3)], respectively,
which are similar to those of GST.32–34 No obvious distortion
is presented in the crystalline structure, which implies that
Gd distributes uniformly and may replace the original cations
lattice in the GST cubic structure. Normally, vacancies would
have ordering effects in GST during the transition from the
RS to the HEX structure.32,35,36 However, the vacancies still
randomly distribute in GGST [Fig. 4(c3)] rather than being
ordered onto specific (111) planes in GST.32,36 Figure 4(e)
shows the atomic structure of the Ge2Sb2Te5 and GdTe,
where both have a RS structure (Fm�3m) with close lattice
constants (as discussed before). This should be the main
reason for the single cubic phase after suitable doping.
Obviously, the geometrical conformability and the small
lattice mismatch (∼2%) would contribute positive impacts on
the SET and RESET processes. As a result, Gd doping effec-
tively inhibits the structure transition from RS phase to HEX
phase, in contrast to the case of GST.32

To further comprehend the origin of the high thermal
stability of a-GGST, we investigated the detailed bonding
mechanism by first-principles calculations based on the density
functional theory (DFT) with projected augmented plane waves
(PAW) pseudopotential22 and Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional,23 as implemented in the
VASP code.24,25 The model of a-GST is obtained by the melt-
quench technique, see the details of Sec. II B. The pair corre-
lation function (PCF) is a useful structure analysis method for
the local structure of amorphous states.37,38 Figure 5 shows
the total [Fig. 5(a)] and partial [Fig. 5(b)] atomic pair correla-
tions of a-GST and a-GGST. The convergence of the PCFs to
1 at large distance demonstrates the disorder of the present
models. A shoulder peak at about 3.1 Å in the total PCF of
a-GGST compared with that of a-GST clearly displays the

TABLE I. The partial coordination numbers (CN) of a-GST and a-GGST.

NGe NSb NTe NGd Total

GST 3.03 3.45 2.40 … 2.77
GGST 3.29 3.55 2.78 7.25 3.31

FIG. 6. The bond angle distributions (BADs) in a-GST and a-GGST. (a) The partial BADs in a-GST around Ge, Sb, and Te, respectively. (b) The partial BADs
in a-GGST around Ge, Sb, Te, and Gd, respectively.
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different bonding tendency. In Table I, the average coordi-
nation number (CN) for all elements of a-GGST is 3.31,
which is larger than that of a-GST (2.77) at the same condi-
tion of bond-length cutoff. The CNs of each element in
a-GGST display an increasing tendency compared with
those of a-GST. Notably, Gd has a max CN of 7.25, far
beyond the CNs of Ge, Sb, and Te. The high CN of Gd
may result from its especially low electronegativity as easy
to form Cd–Te bonds. Figure S1 in the supplementary
material shows all the atomic pair correlations and reveals a
very strong Gd–Te bonding tendency but a relatively weak
Gd–Gd bonding tendency.

Bond angle distributions (BADs) are also useful to
detect the local structure features.37 Generally, a 90o angle
often implies a p-bonding octahedral motif which is very
popular in PCMs, such as the case of GST [Fig. 6(a)].39 It is
noted that Ge, Sb, and Te have broad BAD peaks at 95°, 87°,
and 85° in a-GGST [Fig. 6(b)], respectively, which are close
to those of a-GST as shown in Fig. 6(a). In general, a-GGST
keeps the main octahedral local environment just as a-GST
does. However, there is a striking contrast by an obvious
BAD peak of Gd at about 77°, indicating a Gd-related Gd–Te
bonding environment. From CNs, BADs, and strong bonding
tendency of Gd (with Te) in a-GGST, the Gd-centered atomic
motifs are shown in Fig. 7. Figure 7(a) displays an amor-
phous structure model of GGST. Instead of the standard octa-
hedral motif in the cubic GdTe compound [Fig. 7(b)], the
atoms are arranged with BADs of 72° and 90° in the normal
pentagonal bipyramidal (PB) atomic model in Fig. 7(c). The
Gd–Te local motif in a-GGST can be viewed as a severe dis-
tortion in PB-type model with 77° bond angles displayed in
Fig. 7(d). This (the distorted PB-like structure) is the most
distinct local structures for a-GGST compared to those of
a-GST, thereby resulting in a high thermal stability of

a-GGST. Meanwhile, the normal octahedral motif and the
distorted PB-like structure are similar to some extent, which
should benefit the phase change process. In fact, the increase
in total average CN suggests that more electrons are required
in a-GGST for bonding compared to that of a-GST, espe-
cially for the Gd–Te distorted PB-like structure. There are
only two electrons in 6s shell and one electron in 5d shell of
Gd, yet the CN is beyond 7. Here, the atomic orbital hybridi-
zation should occur to make up for the lack of electrons. The
partial density of states (PDOS) of a-GST and a-GGST are
shown in Figs. 7(e) and 7(f ), respectively. The distributions
of d and p electrons in a-GGST in PDOS [Fig. 7(g)] indicate
that they are involved in the bonding (which is also exited in
GGST crystalline model; see Fig. S2 of the supplementary
material). The sp3d3-like hybridization is a possible explana-
tion for the Gd–Te distorted PB-like structure.40,41

IV. CONCLUSION

In summary, the electrical properties, crystallization
behaviors, and structure of the GGST films were studied sys-
tematically. The higher crystallization temperature, activation
energy, and better 10-year data-retention temperature eluci-
date the improved thermal stability of the Gd doped GST
alloys. The dramatically increased crystalline resistance is
favorable to lower the RESET power consumption for GGST
based phase change memory. In the amorphous state, Gd
dopants change the local structures and disturb the crystalli-
zation behaviors through suppressing the transition from RS
phase to HEX phase, which could be helpful to improve the
data retention performance. The EDX mappings and
HAADF-STEM observations demonstrate the homogeneous
distribution of all elements in GGST films. No obvious dis-
tortion of crystal structure after the Gd doping occurs and

FIG. 7. Structural snapshots and the partial density of states (PDOS) of a-GST and a-GGST. (a) A structural model of a-GGST. [(b)–(d)] The schematics of the
Gd-centered local motifs of octahedral atomic structure (b) in c-GdTe, the pentagonal bipyramidal (c), the distorted pentagonal bipyramidal atomic structure (d)
of a-GGST. [(e) and (f )] The PDOS of a-GST and a-GGST, respectively. (g) The PDOS of Gd element in a-GGST.
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vacancies are also randomly distributed. These properties are
mainly owing to the geometrical conformability and less
lattice mismatch between GST and GdTe. The AIMD calcula-
tions reveal the detailed bonding mechanism in a-GGST that
Gd-centered sp3d3-like hybridization results in a large coordi-
nation for Gd, possibly in the form of distorted pentagonal
bipyramidal structures. The present phase-change material
incorporated with rare-earth element Gd should be applicable
in non-volatile memory, especially for high-data retention
and low-power consumption applications.42

SUPPLEMENTARY MATERIAL

Both the pair correlation function (PCF) of amorphous
GST and GGST (6%) for every kind of atomic connection
and the partial density of states (PDOS) of crystalline GGST
(6%) are available in the supplementary material.
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