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Abstract—Ge–Sb–Te superlattice (GST-SL) is a newly emerging electronic material for nonvolatile phase-change memory with
ultralow energy cost. However, its switching mechanism is still unclear with intensive debates. In this work, by first-principles calculations and an electron counting model study, we study the possible
mechanism of phase change and the accompanying property transition of GST-SL. GST-SL are separated into individual layers by
van der Waals gaps. We demonstrate that both the global chemical
stoichiometry of the material and the local chemical stoichiometry
of individual layer block are required to have an insulating band
gap according to an electron counting model analysis. The electrical property can be adjusted by changing the local stoichiometry,
such as producing defects around van der Waals gaps. Inspired by
a previous experiment, we propose that a stacking-fault motion can
spontaneously alter the band gap and results in a metal–insulator
transition. This transition may provide a significant change of carrier concentration and indicate an ultralow energy-consumption
process with a low energy barrier. The present investigations reveal a picture of electrical transition in GST-SL and may guide us
to improve its device performances.
Index Terms—First-principles calculations, metal-insulator
transition, phase change memory.
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I. INTRODUCTION
HASE change memory (PCM) is a promising technology
for non-volatile information storage with fast speed and
high density which are urgently needed in the big data era [1]–
[5]. Meanwhile, PCM is also an important candidate for some
other advanced applications such as flexible display [6], thermal
emitter [7], and artificial intelligence [8]. Some performances
of present PCM devices, such as the speed and the signal contrast, are good enough for random access memory, however,
the power consumption should be further lowered to achieve
high-density integrations. For example, although Ge2 Sb2 Te5
alloy is the flagship PCM material [9]–[11], the RESET power
consumption based on Ge2 Sb2 Te5 is still too high [4], [12],
[13]. Recently, a new type of PCM material named Ge-Sb-Te
superlattice (GST-SL) has drawn many attentions due to its ultralow power consumption [14]. This excellent performance has
been attributed to a unique data-storage mechanism: crystallineto-crystalline phase change [14]–[16]. Compared with the conventional crystalline-to-amorphous phase change [17]–[20], this
mechanism has a smaller conformational-entropy difference between the two phases, and thus reduces the energy consumption
for switching.
Several mechanisms of the GST-SL switching have been proposed in previous reports. Takaura et al. suggested a carrier
injection induced flipping of two GeTe bilayers, which results
in a transition between the Petrov and the Inverted-Petrov structures [21]. Tominaga et al. suggested an electrical field induced
flipping of Ge layers, which results in a transition between the
Ferro and the Inverted-Petrov structures (flip-flop mechanism)
[15]. Yu et al. studied the phase-transition paths and the energy
barriers between the Ferro/Petrov and the Inverted Petrov structures [22], where they proposed a 2-step phase change mechanism with an energy barrier larger than 2.56 eV. The works
of Kalikka et al. [23] and Zhou et al. [24] suggested that the
strain in GST-SL makes the partial melting of GeTe layer become possible. Ohyanagi and Takaura revealed that the active
region of the GST-SL is adjacent to the electrodes [25]. Momand
et al. argued that the most stable phase of the GST-SL is similar
to the Kooi model with the rhombohedral GeSbTe layers [26].
Despite so many explanations, a widely accepted model is still
missing, which hinders the further development or optimization
of the GST-SL devices.
In fact, to achieve a PCM device with a low energy consumption, a critical way is to achieve enormous change of the electrical property but with slight variation of the structure, and the
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difficulty is to realize the phase transition with a low energy barrier. For example, the energy barrier for the flip-flop mechanism
is larger than 2.56 eV which is too high for an ultrafast (∼ns)
phase transition [22]. As such, a mechanism of the phase transition accompanying with a large electrical-property transition
as well as a low energy barrier in GST-SL is urgently needed.
In the present work, we propose a switching mechanism
based on electron counting model (ECM) analysis [27], [28],
i.e., a mechanism about metal-insulator transition (MIT) in
GST-SL. This transition is achieved by stacking-fault motions
without amorphization. We demonstrate that in GST-SL the
stacking-fault movement turns the material into a metallic state
due to breaking the local chemical stoichiometry. As such, the
transition can provide a significant electrical-property contrast
for memory. Meanwhile, this transition is an order-to-order
phase change which reduces energy consumption for switching.
Compared with previous reports, the phase transition barrier of
this mechanism can be as low as 0.6 eV. The present work reveals
a feasible mechanism of electrical switching in GST-SL which
may help to improve devices with low energy consumption.
II. METHOD
Calculations are carried out based on density functional
theory (DFT) as implemented in VASP code [29], [30]. The
projector augmented wave (PAW) pseudopotential [31] and
the Perdew–Burke–Ernzerhof (PBE) exchange-correlation
functional [32] are used in the calculations. In GeTe/Sb2 Te3
superlattice, the interaction between layered GeTe and Sb2 Te3
is a weak van der Waals (vdW) interaction which is described
by the London dispersion interaction [33]. While popular
density functionals are successful in the description of strong
chemical bonds (such as the covalent, the ionic and the
metallic bonds), they are insufficient to describe correctly
vdW interactions. So, corrections of the DFT-D2 method of
Grimme scheme [34] is used to add a semi-empirical dispersion
potential to the conventional Kohn-Sham DFT energy [35]:
E = ED F T −K S + Edisp ersion . Parameters used in this work
follow those of Grimme [34]. The structural models can be divided into three categories with different sizes (144, 192 and 384
atoms, respectively) to illustrate different issues (The reason is
explained in the following section). All models have been fully
relaxed until the total energy and atomic forces are converged to
less than 1 × 10−5 eV and 0.01 eV/Å, respectively. The energy
cutoff for plane-wave expansion is 240 eV. The K-point grids
for the models with 144 and 192 atoms are 2 × 2 × 2 while the
K-point grids for the models with 384 atoms are 1 × 2 × 2. The
electronic spin is considered in our calculations. But there are no
net magnetic moments in all of our models. The energy barrier is
calculated using the Nudged Elastic Band (NEB) method [36]–
[38]. The structural models are shown with VESTA software
package [39].
III. RESULTS AND DISCUSSIONS
GST-SL possesses layered structures. Until now, there are
four popular models with different layer sequences for the superlattice (Here, we take the composition of Ge2 Sb2 Te5 as an
example. They are named Ferro, Petrov, Inverted-Petrov and
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Fig. 1. The four popular models of GST-SL. The green, purple and orange
balls are Ge, Sb and Te atoms, respectively.

Kooi models [Fig. 1(a)–(d)]. According to previous reports [15],
[26], [40], the Kooi model is most stable at low temperatures
and also has been observed in experiments by TEM. The atomic
coordination and chemical bonds in the Kooi model are easy to
be identified. As such, it is convenient to carry out the electron
counting analysis in the Kooi model. In fact, the electron counting model has been successful to explain the link between the
structure and properties, such as surface reconstruction problem for semiconductors [28]. According to this analysis, the net
charge transfer within a formula unit of a material should be
zero in order to hold a band gap [27]. For example, in the Kooi
model (Ge2 Sb2 Te5 ), a Ge or Sb atom can be considered to donate two (+2) or three (+3) p electrons while a Te atom accepts
two electrons (−2). Here, the electron counting is as follows:
2 × 2 + 2 × 3 − 5 × 2 = 0. Therefore, a perfect stoichiometric Kooi model [Fig. 2(a) left] can be a semiconductor with
a well-defined band gap. This is demonstrated by the density
of states (DOS) in Fig. 2(b). If the chemical composition is
non-stoichiometric, the electron counting will not be zero. For
example, when a part of Sb atoms in the Kooi model are substituted by some Ge atoms [Fig. 2(a) right], the electrons in the
system are deficient. Then, the DOS shows that the Fermi-level
shifts down into the valence band which indicates becoming
metallic [Fig. 2(b)]. Here, we find that a 3% such substitution is
enough to change the original semiconductor to a metal.
As discussed above, breaking the global chemical stoichiometry is an easy way to change property. However, the global
composition of a material is nearly constant after it has been
synthesized. An alternative way proposed here is to break the local stoichiometry by manipulating local defects while the global
composition is retained. For instance, it has been reported that
Ge and Sb atoms are easily intermixed during the growth of
GST-SL [41]. This result has been confirmed by TEM [26],
EXAFS [42], and first-principles calculations [40]. According
to previous reports, the intermixing has several influences on
material properties. First, it influences the stability of GST-SL
[40], [42]. In the Kooi model, theoretical calculations have
demonstrated that a structure with Ge/Sb intermixing less than
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Fig. 2. (a) The structures of perfect (left, the Kooi model), 25% Ge/Sb intermixed (middle, 25% Sb atoms are intermixed with Ge atoms), and 25%
GeS b substituted (right, 25% Sb atoms are substituted by Ge atoms) GST-SL.
(b) Density of states of the perfect, 25% Ge/Sb intermixed (Ge/Sb 25%) and
X% GeS b substituted (GeS b X%, X% Sb atoms are substituted by Ge atoms. X
= 3.125, 6.25 and 25) structures. The green, purple and orange balls are Ge, Sb
and Te atoms, respectively. Here, models with 144 atoms are used to describe
the intermixing in a single layer block.

50% can further lower the total energy. [40]. Second, the intermixing can introduce Peierls distortion in GST-SL that may
provide a meta-stable phase [40]. Third, the intermixing leads
to a formation of GST-alloy layer which may increase the band
gap and thereby decrease the electrical conductance [26], [43].
However, according to our study, the intermixing alone in
a single layer block of GST-SL cannot change the electronic
DOS significantly. According to a former report, the structure
of the Kooi model with 25% Ge/Sb intermixing (i.e., 25% Sb
atoms are intermixed with Ge atoms) is most stable among
various intermixing situations [40]. Therefore, we calculate the
DOS in a GST-SL with such an intermixing ratio in a single
layer block [Fig. 2(a) middle]. Fig. 2(b) shows that the band
gap just changes slightly (from 0.6 to 0.4 eV) and indeed it is
still a semiconductor. In fact, this is also backed by the electron
counting model because the net charge transfer in the same
block is still zero. In other words, although the intermixing can
induce local chemical disorders in GST-SL, it is not enough to
change the electronic properties significantly.
Next, in order to change the electrical property, we may have
to find another way to control local chemical disorders in GSTSL. It is known that a large amount of vdW gaps split the
GST-SL into many layer blocks. Each block is locally stoichiometric. Fig. 3(a) shows a GST-SL model that is composed of
two layer blocks per unit. The upper one is a layer block of
Ge1 Sb2 Te4 that is similar to the Kooi model and the lower one
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Fig. 3. (a) The stoichiometric and (b) the non-stoichiometric models.
(c) DOS of the two models. The green, purple and orange balls are Ge, Sb
and Te atoms, respectively. Here, models with 192 atoms are used to describe
the local stoichiometry which needs at least two vdW gaps.

is a quintuple layer of Sb2 Te3 . Both of the two blocks have been
definitely observed in GST-SL by TEM [26]. According to the
electron counting model, both of the blocks are chemically stoichiometric and Fig. 3(c) indeed shows a well-defined band gap
of about 0.4 eV. Fig. 3(b) shows another model with the same
global composition but the different local composition: the upper block has a composition of GeSbTe3 while the lower block
has a composition of Sb3 Te4 . This new model can be achieved
by flipping a Sb layer in the first model. Here, we do the electron
counting analysis for the upper block: 1 × 2 + 1 × 3 – 3 × 2
= −1 (electrons are deficient) and the lower block: 3 × 3 – 4 ×
2 = 1 (electrons are surplus). In other words, both of the layer
blocks are non-stoichiometric. Indeed, Fig. 3(c) demonstrates
that the material turns into a metallic phase without a band gap.
In sum, not only the global chemical composition but also the
local composition for every layer block should be stoichiometric
to hold a band gap. With the vdW gaps between layer blocks,
we may adjust electrical properties for GST-SL by changing the
local compositions.
Naturally, a key issue is to find a concrete route to change
local composition and then control electrical property of GSTSL. In fact, the energy barrier for flipping Sb atomic layer is
about 3.3 eV [22] that is large enough to prevent the event even
at its melting point. According to the Arrhenius equation, the
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Fig. 4. (a)-(e) The movements of a stacking fault lead to the change of the
electrical property. The movements are achieved by Sb atom flipping. (f) The
DOS of these structures. The two arrows in f indicate the variation tendency of
band gaps along with the movements of stacking faults. The green, purple and
orange balls are Ge, Sb and Te atoms, respectively. Here, models with 384 atoms
are used to describe the stacking-fault motion, which should be large enough
to contain a stacking fault. The sizes of our models are close to the limit of the
current DFT calculations. Although these sizes are relatively small comparing
to the sizes of the real devices, they should be enough to quantitatively illustrate
the electron counting model analysis in the present study, i.e., the change of
the local chemical stoichiometry induced by the stacking-fault motion is clearly
demonstrated to lead to the electrical property transitions.

flipping rate coefficient k can be expressed as:
k = Ae−E a /K B T
where A is the frequency factor, Ea is the activation energy
(per molecule or atom), KB is the Boltzmann constant and
T is the absolute temperature. For the flipping behavior, A is
the vibration frequency of the atoms. In GST-SL, the dominant
phonon frequency is around 3.48 THz [44]. Here, taking A =
3.48 THz (3.48 × 1012 s−1 ), Ea = 3.3 eV (per atom) and T =
900 K (close to the melting point), we get an estimated flipping
rate coefficient of 1.5 × 10−6 s−1 . This rate coefficient means
that the time of flipping is about 666667 s, which means it is quite
difficult for PCM devices to realize fast data storage. Moreover,
if the flipping of Sb layer is a collective behavior, the frequency
factor A should be much smaller and the total activation energy
Ea should be much larger. As such, the collective flipping of Sb
layer is nearly impossible.
However, the flipping of Sb layer could be realized with aids
of defects around the vdW gaps. For example, some experiments
have reported the existences of stacking faults in GST-SL [26].
Using TEM analysis, the Kooi model has been observed by a
400 °C annealing, where the cation layers adjacent to the vdW
gaps are the Sb layers rather than the Ge layers. Fig. 4(a) shows
a model of global stoichiometric GST-SL (with a composition
of Ge1 Sb4 Te7 ) containing a stacking fault. Here, the block with
5 atomic layers is the Sb2 Te3 quintuple layer while the block
with 7 atomic layers is the Kooi model of Ge1 Sb2 Te4 . It is
obvious that the local chemical composition is stoichiometric
both in the right side and the left side of the stacking fault. The
calculated DOS demonstrates that it is a semiconductor with a
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Fig. 5. The schematic for the mechanism of vacancy-assisted stacking fault
movement as reported by Yu et al. [35]. (a) The structure displays the stacking
fault in GST-SL. The two rows of Sb-Te atoms in the red circle locate at the
boundary of the stacking fault. (b) A zoom of for the two Sb-Te rows in form of
a zigzag chain as displayed in the red square. There is a Sb vacancy (indicated
by the dashed circles) in the chain (step 1). The vacancy can move along this
chain through the one-by-one movement of Sb and Te atoms (from step 1 to
8). As a result, the positions of Sb and Te atoms are exchanged (step 8), which
leads to the motion of the stacking fault. The green, purple and orange spheres
are Ge, Sb and Te atoms, respectively.

well-defined band gap [Fig. 4(f)], which is consistent with the
electron counting model analysis.
Experimental observations have demonstrated that the stacking faults in GST-SL can move during annealing [45]. In fact,
the flipping of Sb layer between the two layer blocks can be
realized by the movement of the stacking fault [Fig. 4(b)–
(e)]. During this process, the Sb and Te atoms at the boundary of the stacking fault exchange their positions. Yu et al.,
have investigated the movements of stacking faults in GSTSL [40]. They calculated the energy barriers of three mechanisms. The barriers for the direct atom exchange mechanism,
the snake-like collective motion mechanism and the vacancy assisted one-by-one movement mechanism are 3.3 eV, 1.6 eV and
0.5–0.7 eV, respectively. According to the Arrhenius equation, the time of the flipping in the three mechanisms (under
900 K) are 6.7 × 105 s, 2.3 × 10−4 s, and 175 − 2269 ×
10−12 s, respectively. Fig. 5 illustrates the atomic picture for the
last mechanism which is most energy favorable. Fig. 5(a) shows
the GST-SL structure with a stacking fault. Fig. 5(b) highlights
the Sb-Te atom chains at the boundary of the stacking fault.
This mechanism supposes the existence of Sb vacancy [10]. As
displayed in Fig. 5(b), with the help of the vacancy, Sb and Te
atoms move one-by-one along the chain and finally result in
the exchange of positions of Sb and Te atoms, see from step 1
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to step 8. We also calculate the energy barrier for the first-step
flipping [Fig. 5(c)]. The energy barrier is about 0.61 eV which
agrees well with 0.5–0.7 eV in previous report [40].
Here, the mechanism is illustrated in a row of atoms [i.e., the
zigzag chain marked by the red circle in Fig. 5(a)], but we do
not mean that the flipping only occurs row by row. Actually,
after part of the first-row atoms have flipped, the second-row
atoms can start to flip. Similarly, the atoms of the third row,
the fourth row, the fifth row . . . can take place in turn. In this
way, the stacking fault movements can be activated by feasible
thermal motions. In this mechanism, the vacancies supply space
for atomic motions and thus facilitate the phase transitions.
However, for the one-by-one atomic flipping, one flipping event
can eliminates a vacancy but simultaneously produces another
new vacancy. So, the transition just needs a very small amount of
vacancies which should not affect the electronic property much
in GST-SL.
Although the global stoichiometry is maintained, after the
movement of the stacking fault, the local stoichiometry is broken [Fig. 4(b)–(e)]. For example, after the stacking fault movement, the superlattice is separated into another two layer blocks
[Fig. 4(e)], where the local composition of the upper block is
Ge16 Sb80 Te128 while the composition of the lower block is
Ge16 Sb48 Te96 . Then, we do the electron counting model analysis for the upper block: 16 × 2 + 80 × 3 − 128 × 2 = 16 and
for the lower block: 16 × 2 + 48 × 3 − 96 × 2 = −16. In other
words, the electrons in the upper block of the superlattice are
surplus while the electrons in the lower block of the superlattice
are deficient. From the calculated DOS, the band gaps gradually
decrease to zero with the movement of stacking fault [Fig. 4(f)].
Finally, the material turns into a metal.
Fig. 6 further displays the carrier concentration for the models during the stacking-fault motion. The concentration is estimated by the integration of the DOS and Fermi-Dirac distribution function at a certain finite temperature. The number
of electrons and holes excited by thermal energy is approxi∞
E
mately Ne = E f DOS · fFD (E, T )dE, and Nh = −∞f DOS
[1 − fFD (E, T )]dE, respectively. DOS is the density of states.
1
fFD (E, T ) =
is the Fermi-Dirac distribution
E −E f
exp(

kB T

Fig. 6. The change of carrier concentration close to Fermi level during the
stacking-fault motion in Fig. 4. The data labelled by a-e correspond to the models
of a-e in Fig. 4, respectively. The concentration is obtained by integrating the
DOS and Fermi-Dirac distribution function as stated in the main text.

IV. CONCLUSION
In summary, this work has explored a MIT mechanism in
GST-SL. By first-principles calculations and electron counting
model analysis, we found a way to control the electronic property of GST-SL by motions of stacking faults. We demonstrate
that the motion can break the local chemical stoichiometry in
GST-SL and leads to MIT. This transition can provide obvious
change of carrier concentration. Comparing to the conventional
phase change between crystalline states and amorphous states,
this order-to-order MIT may reduce the switching energy significantly. Interestingly, the energy barrier for this transition can
be as low as 0.6 eV assisted by vacancy. We expect that such
transition should also be affected by electrical or laser pulse,
which are still not considered here. On the other hand, the reversibility of the present proposed MIT is still not clear and
need further exploration. Anyway, the present study offers an
updated picture to under the property change in GST-SL which
may benefit their device design.

)+1

function. Ef is the Fermi level. kB is the Boltzmann constant
and T is the absolute temperature. Using the DOS in Fig. 4(f)
and T = 300 K at room temperature, the carrier concentrations n = (Ne + Nh )/V (V is the volume) for the models in
Fig. 4 are estimated (Fig. 6). As a result, the carrier concentration indeed significantly increases during the transition. Therefore, the movement of the stacking fault results in a MIT in
GST-SL.
The energy landscape of flipping [Fig. 5(c)] indicates that the
insulating and metallic phases are bistable states at room temperature. The total energy of the metallic phase [Fig. 4(e)] is higher
than that of the insulating phase [Fig. 4(a)]. A high-energy (electrical or optical) pulse can drive the transition from low-energy
phase to high-energy phase. Then, a mild-energy pulse can turn it
back to the original low-energy phase. The detailed mechanism
of reversibility and the control of the stacking-faults motions
still need further explorations.
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