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The impact of doping on the bonding energy hierarchy and melting point of phase change material

germanium telluride is studied. The underlying bonding energy decomposition is based on density

functional theory calculations. It is shown that doping can influence the bonding energy hierarchy to

lower the melting temperature and latent heat of fusion. Conversely, doping slightly increases the

specific heat capacity. Nevertheless, doping induces a net reduction in energy consumption for the

“reset” operation of phase change memory devices. This bonding energy analysis is three to four

orders of magnitude more computationally efficient than the widely used ab initio molecular dynamics

simulations. It is expected that this approach could be useful for next-generation high-throughput

simulation-based phase change material design and optimization. Published by AIP Publishing.
https://doi.org/10.1063/1.5039831

I. INTRODUCTION

Phase change memory is a promising non-volatile data

storage technology due to its ultra-fast operation speed,1,2

sub-10 nm scalability,3–5 multi-level data storage capability,6

long data retention time, and high read and write operation

cycle endurance.7,8 Overall, phase change memory technolo-

gies exhibit favorable scaling with respect to major perfor-

mance metrics.9–11 Therefore, it has attracted significant

attention in the past few decades for both electrical and opti-

cal device applications.7,8,12,13 In electrical/optical phase

change memory devices, the “reset” operation is achieved by

first applying a current/laser pulse with short duration and

high amplitude to melt the crystalline (c-) phase change mate-

rial (PCM), then immediately quenching into the amorphous

(a-) phase. The corresponding “set” operation is achieved by

applying a long duration and moderate amplitude current/

laser pulse to recrystallize the a-PCM back into c-PCM. The

electrical/optical property contrast between these two phases

is utilized to store data in a non-volatile manner.

Historically, the two most serious obstacles to large-scale

application of phase change memory technologies were high

“reset” energy and slow “set” speed.7,8 Fortunately, recent

research has shown that by reducing the stochasticity of PCM

crystal nucleation, the “set” operation time can be reduced

below 1 ns.1 Such short switching times enable ultra-fast, GHz-

level device speeds comparable to dynamic random-access

memory (DRAM) and static random-access memory (SRAM).

In contrast, the issue of high “reset” energy consumption

has yet to be resolved. In order to switch c-PCM into

a-PCM, the active PCM region must be heated from room

temperature up to the PCM’s melting temperature (e.g.,

725 �C for GeTe, and 632 �C for Ge2Sb2Te5).14 During this

energy-consuming step (heating and melting), over 90% of

the “reset” operation energy is wasted as thermal flux into

the electrodes and substrate.9

A significant amount of experimental and theoretical

research has been conducted to reduce the “reset” energy.

This work can be classified into two categories—indirect and

direct methods. Indirect methods sidestep the problem of

high melting temperature and instead focus on reducing the

wasted thermal flux, with approaches such as thermal bound-

ary resistance (TBR)15,16 and carbon nanotube (CNT) elec-

trodes.17 Preliminary results show potential “reset” energies

on the order of femto-Joules, an improvement of 2–3 orders

of magnitude compared to state-of-the-art, commercial PCM

devices.9,17 However, such indirect methods encounter key

challenges: techniques to reliably fabricate CNT electrodes

in large-scale PCM devices are still immature,17 and the

reduction of thermal flux into the electrodes is restricted to

the fundamental limit posed by the Wiedemann-Franz law.7

In contrast, direct methods reduce the “reset” energy by

suppressing the melting temperature through techniques such

as super-lattice structure,18 interfacial energy,14,19 pres-

sure,20,21 and doping.22,23 Among these methods, doping is

one of the most convenient choices due to its compatibility

with established semiconductor processes. Doping with a

wide variety of atomic species (e.g., Si, C, O, N, Bi, Ag, Cd,

In, Sn) has been demonstrated on chalcogenide PCMs such

as GeTe, Ge2Sb2Te5, and Sb2Te3.
22–32 However, existing

research on doping PCM primarily relies on the “trial-and-

error” method. Given the vast number of dopant species and

PCM stoichiometries, it is a daunting task to search the entire

set of possible combinations. Despite the physical insights

offered, screening material combinations with methods such
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as ab initio molecular dynamics (AIMD) are computation-

ally intractable.33–35 High-throughput simulation-based opti-

mization of next-generation PCM devices36,37 requires

efficient methods that quantitatively link the macroscopic

melting temperature with microscopic governing physics.

As an early-stage attempt to develop such techniques,

this paper investigates the relationship between the doping-

induced change in macroscopic melting temperature and the

doping-induced change in the microscopic bonding energy

hierarchy. Here, we focus on the prototypical binary PCM,

germanium telluride (GeTe). In Sec. II, the methodology is

introduced. In Sec. III, the results are shown. In Sec. IV, the

computational costs are discussed. Sections V and VI present

the discussion and conclusion, respectively.

II. ANALYSIS METHODOLOGY

The multi-scale methodology consists of three parts.

First, density functional theory (DFT) is used to analyze the

microscopic electronic structure properties (Secs. II A–II C).

Next, DFT-based AIMD is used to analyze the doping-

induced change in the melting temperature, DTm (Sec. II D).

Finally, a time-dependent finite element method (TD-FEM)

is used to translate reduced PCM melting temperatures into

improvements in phase change memory device performance

(Sec. II E).

A. Density functional theory

We perform ab initio DFT calculations using the SIESTA

package.38 The plane wave cutoff is chosen to be 100.0 Ry.

The generalized gradient approximation (GGA) of Perdew,

Burke, and Ernzerhof (PBE) is used to approximately model

the exchange-correlation effects.39 The double-zeta plus polar-

ization pseudo-atomic orbitals (PAOs) are used for all atoms.

At the boundaries of the supercell, periodic boundary condi-

tions (PBCs) are applied. The self-consistent field (SCF) elec-

tronic structure convergence criterion of the DFT calculation

is set to 0.1 meV. The convergence criterion of the conjugate

gradient (CG) lattice structure relaxation is set to 40 meV/Å.

B. Bonding energy analysis

The total energy computed using DFT is

E ¼
X
lm

Hlmqlm �
1

2

ð
VH rð Þq rð Þd3r

þ
ð
�xc rð Þ � Vxc rð Þð Þq rð Þd3rþ

X
I<J

ZIZJ

RIJ
; (1)

where Hl� and ql� are the Hamiltonian density matrices in the

PAO representation; ZI is the valence ion pseudo-atom charge

of the Ith atom; VH rð Þ is the Hartree potential distribution

q rð Þ ¼
X
l�

ql�/l rð Þ/�� rð Þ (2)

is the electron density distribution obtained by transforming

the density operator from the PAO representation into the

Cartesian representation; /l rð Þ is the lth PAO; �xc rð Þq rð Þ is

the exchange-correlation energy distribution; and Vxc rð Þ is

the exchange-correlation potential distribution.

Using the two-center scheme of energy decomposi-

tion,40 the total energy can be written as

E ¼
X

IJ

BIJ þ
X
I 6¼J

CIJ ; (3)

with electronic contribution

BIJ ¼
X

l2I; �2J

ql� Hl� �
1

2
MH

l� þMxc
l�

� �
; (4)

and ionic contribution

CIJ ¼
1

2

ZIZJ

RIJ
: (5)

While the ionic contribution can be calculated using the

Ewald summation based on periodic boundary conditions,41

the electronic contribution can be obtained from the DFT

calculation results.38 Here, the Hartree part

MH
l� ¼ /ljVHj/m

D E
(6)

and the exchange-correlation part

Mxc
l� ¼ /lj �xc � Vxcð Þj/�

D E
(7)

of the electronic contribution are obtained by modifying the

output module in SIESTA.38 This energy decomposition

scheme serves as a powerful tool to quantitatively analyze

the energy cost of bond formation

eIJ ¼ BIJ þ BJI þ CIJ þ CJI; (8)

where eIJ refers to the bonding energy between atoms I
and J.40

It worth noting that the bonding energy, eIJ , is not the

bond dissociation energy.42 Instead, eIJ is a component of

the system’s total energy, based on the energy decomposition

scheme.40 It can be used to quantitatively analyze the rela-

tive bonding strength between different atomistic building

blocks of the system. When activated by thermal energy,

melting typically starts at the location where the bonds are

weakest.

C. Optical property analysis

The optical properties (dielectric constants) are analyzed

using the method implemented in the SIESTA package. The

calculation uses the simplest approach based on evaluating

the dipolar transition matrix elements between different

eigen-functions of the SCF converged Hamiltonian.38

D. Ab initio molecular dynamics

The AIMD simulations, based on DFT potential energy

surfaces, are also performed using the SIESTA package.38

The GeTe supercell contains 128 Ge and Te atoms, total.
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The Gamma point is used to sample the Brillouin zone, due

to the large size of the supercells.

During the AIMD simulations, the system’s desired tem-

perature, T, and pressure, P, are regulated by velocity rescal-

ing and scaling of the supercell size and shape. Here, we set

P¼ 0 Pa to enable isothermal, isobaric simulations—also

referred to as NPT simulations. The time step is chosen to be

5 fs. For each temperature, T, the NPT AIMD simulation

lasts for at least 30 ps. The temperature-dependent total

energy is obtained by averaging the fluctuating total energy

over the last 5 ps of simulation time.

Using melt-quench AIMD simulations, the a-PCM

model is generated as follows: the c-PCM supercell is first

heated at 1200 K for 15 ps—much higher than the c-PCM

melting temperature (998 K for GeTe14)—in order to destroy

the crystalline lattice structure. Then, the liquid PCM is

quenched to room temperature (300 K) over 15 ps. Finally,

the PCM atomic coordinates are relaxed using the CG

method until residual forces on all atoms are smaller than the

convergence criterion of 40 meV/Å.

E. Finite element method

Based on the method introduced in our previous PCM

study,9 device performance can be obtained by solving the

heat transfer equation

cv
@T

@t
¼ jr2T þ qeJ2; (9)

and Poisson equation, using TD-FEM, as implemented in the

FreeFEM package.43 Here, T¼T(r,t) is the temperature at

position r and time t. J is the current density. The material

constants cv, j, and qe are the specific heat capacity, thermal

conductivity, and electrical resistivity, respectively.

III. RESULTS

Results from applying the methodology introduced in

Sec. II are presented in this section. First, by using ab initio
DFT and the energy decomposition scheme (from Secs. II A

and II B), the electronic structure and bonding energy are

analyzed in Secs. III A and III B. Then, using DFT-based

NPT AIMD simulations (from Sec. II D), the lattice struc-

ture, total system energy, melting temperature, specific heat

capacity, and latent heat of fusion are quantitatively analyzed

in Secs. III C–III G. Finally, using the DFT and AIMD

results, the device performance metrics “reset” energy and

dielectric constant are analyzed in Secs. III H and III I.

A. Electronic structure

The bandgap of c-GeTe is computed to be 0.24 eV,19

which is in reasonable agreement with the measured value of

0.20 eV.44 The two-dimensional electron density of pristine

(undoped) c-GeTe and Bi-doped c-GeTe is shown in Fig. 1,

where the well-known Peierls distortion can be observed

clearly in pristine c-GeTe.45 The electron density is much

higher in regions with strong Ge-Te bonds than in regions

with weak bonds. In the Bi-doped c-GeTe, the electron den-

sity distribution is significantly modified by the Bi dopant

atom. The order of the strong/weak Ge-Te bonds is destroyed

in the vicinity of the dopant atom. In this paper, we have

explored the impact of doping on bonding energy of a lim-

ited number of materials. The general applicability of the

bonding energy hierarchy analysis to phase change materials

deserves further attention.

B. Hierarchical bonding energy

To quantitatively analyze the dopant atom’s impact on

the bonding energy, the energy decomposition scheme (Sec.

II B) is applied. We note that while the energy decomposition

scheme is widely used in molecular analysis,40,42,46,47 its use

in the analysis of bulk materials is less common. We first

apply the energy decomposition scheme to crystalline silicon,

germanium, and tin. The Si-Si, Ge-Ge, and Sn-Sn bonding

energies are calculated to be ESi¼1.53 eV, EGe¼1.38 eV, and

ESn¼1.12 eV, respectively. It is known that the melting tem-

peratures of the crystalline silicon, germanium, and tin are

TSi¼1414 �C, TGe¼938 �C, and TSn¼232 �C, respectively.48

The simulated relation ESi>EGe>ESn agrees with the mea-

sured relation TSi>TGe> TSn, indicating that stronger bonds

are related to higher melting temperatures.

For pristine c-GeTe, the bonding energies of the strong

and weak bonds are computed to be EGeTe(S)¼ 1.76 eV and

EGeTe(W)¼ 0.70 eV, respectively. When dopants are intro-

duced, this difference in bonding energy associated with the

two distinct (strong and weak) bonds is destroyed. As shown

in Figs. 1 and 2, though Bi-doping strengthens some bonds,

it weakens other bonds. There are many bonds that are

weaker than EGeTe(W) as shown in Fig. 2(b). During ther-

mally activated lattice vibrations, these bonds are vulnerable

defects in the crystalline PCM lattice, which could help

reduce the melting temperature.

To explore the generality of the energy decomposition

method, we analyze another prototypical PCM, antimony tel-

luride (Sb2Te3). We find that the bonding energy of the

weakest Sb-Te bond in the Sb2Te3 lattice is ESbTe(W)

¼ 0.42 eV, lower than the weakest bond in GeTe of

EGeTe(W)¼ 0.70 eV. The relation ESbTe(W) < EGeTe(W) is in

line with the measured fact that the melting temperature of

Sb2Te3 (893 K) is lower than that of the GeTe (998 K).14

Though we have investigated only a limited number of

FIG. 1. Two-dimensional slice of electron density in pristine rhombohedral

crystalline GeTe (left) and Bi-doped GeTe (right), obtained from pseudopo-

tential DFT calculations. Due to the Peierls distortion, some Ge-Te bonds

are strong, and some Ge-Te bonds are weak in the pristine crystalline GeTe.
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dopant concentrations to demonstrate the applicability of the

proposed methodology, further comparison to AIMD at a

larger variety of doping concentrations is required.

C. Lattice structure

To directly investigate the melting process, the NPT

AIMD method (Sec. II D) is applied. Local snapshots of the

GeTe lattice structures during melting are shown in Fig. 3.

Similarly, the melting process of the Bi-doped GeTe can be

simulated.

D. System total energy

The total system energy as a function of time is shown

for three temperatures in Fig. 4(a). When the AIMD thermo-

stat temperature is lower than 1000 K, the system remains

crystalline due to strong bonds (Fig. 1) and the fluctuation in

energy is small. When the AIMD thermostat temperature is

further increased [e.g., 1040 K in Fig. 4(a)], bonding energies

can no longer withstand the increased thermal vibrations and

the crystalline order is destroyed. At this temperature, the

system is melted into a higher-energy liquid phase. The

higher the AIMD thermostat temperature, the faster is the

melting process, as shown in Fig. 4(a).

Doping-facilitated melting can be clearly observed in

Fig. 4(b). Under the same AIMD thermostat temperature of

T¼ 1000 K, pristine c-GeTe keeps its crystalline lattice order

for more than 30 ps [Fig. 2(a)]. However, due to presence of

doping-induced vulnerable lattice spots [Fig. 2(b)], Bi-doped

c-GeTe starts to melt within the first 10 ps and full melting is

accomplished within 30 ps.

E. Melting temperature

The doping-induced decrease in melting temperature

can be directly observed in Fig. 5. Without doping, the melt-

ing temperature of c-GeTe is simulated to be about

Tm� 1030 K, which is slightly higher than the measured

value 998 K due to superheating effects, where it is well

known that the simulated melting temperature of a crystal-

line material is typically higher than the measured melting

temperature. It is worth noting that this superheating effect is

captured in our AIMD simulations. When doped with one Bi

atom in the 128-atom c-GeTe supercell, the melting tempera-

ture becomes Tm � 990 K. The doping-induced decrease in

the melting temperature is DTm � 40 K.

F. Latent heat of fusion

During PCM heating and melting, the “reset” operation

energy consists of two parts—“sensible” energy to increase the

kinetic energy/temperature, and “latent” energy to break the

bonds and achieve phase transition. As shown in Fig. 5, during

melting, there is an abrupt change of the total energy (HGeTe

and HBi-GeTe), corresponding to the latent heat of fusion. The

result shows that the Bi-doping decreases the latent heat of

fusion by around 21.2%, i.e., (HBi-GeTe�HGeTe)/HGeTe

��21.2%. This trend is in line with the bonding energy analy-

sis results in Secs. III A and III B—during phase transition, it

takes less energy to break the weakened bonds after doping.

Technologically, this trend is desirable to reduce the

“reset” energy consumption. However, since latent heat of

fusion consumes only a very small portion of the total “reset”

energy, this trend exerts limited impact on the “reset” opera-

tion energy cost.9

FIG. 2. Statistical distribution of the Ge-Te bonding energies of the pristine

rhombohedral crystalline GeTe (a) and the Bi-doped GeTe, computed using

the energy decomposition method. In (b), the bonds are taken from a cube

(edge length 1.2 nm) in the vicinity of the Bi dopant atom. Here, the negative

sign of the energy stems from that zero is selected as the reference energy

level.

FIG. 3. Local snapshots of the atomis-

tic coordinates of rhombohedral crys-

talline GeTe with Peierls distortion (a),

the atomic coordinates of GeTe during

the melting process (b), and the atomic

coordinates of the liquid GeTe after

the melting is accomplished (c).
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G. Specific heat capacity

The portion of “reset” energy used to increase the

kinetic energy leads to an increase in temperature. Using the

slope of the energy versus temperature relationship before

melting, shown in Fig. 5, it can be estimated that the specific

heat capacity increases by around 3.8% due to doping.

Specific heat capacity is directly related to the degrees of

freedom (DOF) available in the material to store energy.49 In

doped PCMs, the destruction of lattice order and bonding

energy hierarchy (Figs. 1 and 2) increases the available DOF

and results in higher specific heat capacity. However, the

small doping-induced increase in specific heat capacity mini-

mally impacts the total energy required for “reset,” since

specific heat capacity plays only a minor role.9 The details to

compute the specific heat capacity can be found in our prior

work.49

H. RESET operation energy

In the TD-FEM solution of undoped GeTe, we use the

following GeTe material parameters: cv¼1.6 J/m3K;50,51

j¼4.4 W/mK;14 qe¼ 4.78� 10�6 Xm; and latent heat of

fusion oef 1.45 GJ/m3. The other settings are kept the same

as our prior study.9 The simulated “reset” energy cost is

CGeTe � 1.66 pJ.

The reduction in melting temperature of DTm � 40 K

(Sec. III E), the 21.2% decrease in latent heat of fusion (Sec.

III F), and the 3.8% increase in specific heat capacity (Sec.

III G) in Bi-doped GeTe are incorporated in the simulation.

The TD-FEM results show that these doping-induced

changes decrease the “reset” energy to CBi-GeTe� 1.56 pJ.

This 6% decrease in “reset” energy serves only as a lower

bound to the doping-induced reduction of “reset” energy. In

practice, the “reset” energy can be further reduced by

doping.

First, due to limited computational resources, the AIMD

simulation time is restricted to 30 ps. In real devices, the

“reset” operation pulse is much longer. At a temperature

value where AIMD shows no melting, a real sample of doped

PCM may still achieve melting due to more thermal vibra-

tion attempts in breaking weakened bonds. Additionally, the

doping could significantly suppress the thermal conductivity

via electron and phonon scattering, effectively decreasing

the “reset” energy.9,11 In our simulations, the thermal con-

ductivity of doped PCM was assumed to be unchanged com-

pared to pristine PCM, because such effects have yet to be

quantitatively characterized in experiment. Finally, the elec-

trical resistivity could be significantly enhanced by doping,

increasing the local joule heating, and facilitating efficient

melting, but this effect is not considered here.

I. Optical properties

The optical property of interest is the complex dielectric

constant � ¼ �1 þ i�2. The calculated results are shown in

Fig. 6 and agree with the experimentally measured spectrum

shown in Fig. 1 of Ref. 52. These simulations show that Bi-

doping does not significantly influence the contrast of optical

properties between the a-GeTe and the resonantly bonded c-

GeTe,53 which is essential for optical PCM devices to store

data in a non-volatile manner.

FIG. 4. The time-dependent evolution of the total system energy, E, of GeTe

during the melting process, obtained by using the DFT-based NPT AIMD

simulations. (a) The temperature-dependent total energy of undoped GeTe

as a function of time. (b) The impact of Bi-dopant on the melting process

when the AIMD simulation temperature, T, is set at 1000 K.

FIG. 5. The impact of Bi-doping on the melting of GeTe, where the horizon-

tal/vertical bar represents the range of temperature/energy fluctuation for the

NPT AIMD simulation; DTm is the doping-induced decrease in melting tem-

perature; and HGeTe/HBi-GeTe represents the change in total energy due to the

latent heat of fusion of undoped/Bi-doped GeTe.
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IV. COMPUTATIONAL COST

While both DFT-based bonding energy analyses (Secs.

III A and III B) and AIMD methods (Secs. III C–III E) are

both capable of capturing the relationship between doping

and melting, the former is t0/dt� 103–104 times less compu-

tationally demanding than the later, where t0 is the total

AIMD simulation time and dt is the AIMD timestep. Here,

the estimation is done by using the typical melting simula-

tion settings t0� 101�102 ps and dt� 5 fs.20,33–35,49,54–57

As mentioned in Sec. I, this drastic reduction in compu-

tational cost is critical for next-generation PCM design based

on high-throughput simulations.36 Proper application of this

technique could allow for efficient analyses of dopant/mate-

rial combinations in the search for reduced PCM “reset”

energies. However, it deserves noting that the bonding

energy analysis cannot offer insights into the dynamic lattice

properties (e.g., atomistic vibrations) which AIMD can offer.

V. DISCUSSION

At present, in both electrical and optical PCM devices,

switching from c-PCM to a-PCM is mainly based on melt-

quench amorphization via Joule heating and fundamentally

requires high “reset” energy consumption. Truly low “reset”

energy consumption requires non-melting amorphization

where current/laser pulses are carefully engineered to target

only weaker bonds in the material.45,47 The hierarchical

bonding energy method discussed here may serve as a pow-

erful tool for designing such devices.

The bonding energy analysis method presented here not

only delivers promising reductions in computational cost,

also the statistical distribution of the bonding energies in Fig.

2(b) may be used to quantitatively predict the melting tem-

perature after doping. This type of application remains an

open question and deserves future attention.

VI. CONCLUSION

In this paper, the impacts of doping on the bonding

energy hierarchy, melting temperature, latent heat of fusion,

specific heat capacity, optical properties, and “reset” energy

consumption are analyzed. The atomic scale mechanisms

underlying these impacts are investigated.

It is shown that Bi-doping can significantly reduce both

the melting temperature and latent heat of fusion of c-GeTe,

effectively reducing the “reset” energy consumption.

Though Bi-doping slightly increases the specific heat capac-

ity of c-GeTe, specific heat capacity carries minimal influ-

ence on the melting process and overall device performance.

It is shown that after Bi-doping, the contrast of optical prop-

erties between c-GeTe and a-GeTe is still maintained, which

is important for reliable non-volatile data storage.

The energy decomposition scheme is used to compute

the bonding energies of prototypical phase change materials.

It is found that, for the same type of material, the melting

temperature, T(m), is related to the bonding energy of the

weakest bond, E(W). For example, the simulated relation

ESbTe(W)<EGeTe(W) is in line with the measured relation that

TSbTe(m)<TGeTe(m); the simulated relation EBi-GeTe(W)

<EGeTe(W) agrees with the measured relation TBi-GeTe(m)

< TGeTe(m); and the simulated relation ESn(W)<EGe(W)

<ESi(W) agrees with the measured relation TSn(m)< TGe(m)

< TSi(m). Here, the subscripts “GeTe,” “Bi-GeTe,” “SbTe,”

“Sn,” “Ge,” and “Si” represent pristine crystalline germa-

nium telluride (c-GeTe), Bi-doped c-GeTe, antimony tellur-

ide (Sb2Te3), tin, germanium, and silicon, respectively. It

worth stressing that the above-mentioned relation between

the bonding energy and the melting temperature is based on

simulation results of a limited number of materials. To

implement phase change memory devices, there are many

material choices other than Ge-Sb-Te, e.g., Ga-Sb-Te58 and

Sc-Sb-Te.1 The general applicability of the proposed meth-

odology to these and other phase change materials deserves

attention. Furthermore, doping induces vacancies, which

may play an important role in the amorphization processes.

The development of a quantitative methodology to study the

impact of vacancies will be useful.

Finally, compared to the widely used ab initio molecular

dynamics method of analyzing the melting process, bonding

energy analysis is as much as 3–4 orders of magnitude more

computationally efficient. This is a necessary improvement

for the next-generation high-throughput simulation-based

design process required to reduce PCM “reset” energy

consumption.

FIG. 6. Dielectric constant � ¼ �1 þ i�2 of the crystalline (c�) and amor-

phous (a�) undoped/Bi-doped (GeTe/Bi-GeTe) computed using DFT elec-

tronic structure results.
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