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A B S T R A C T

The use of amorphous GeSe-based chalcogenides in ovonic threshold switching selectors for highly efficient 
phase-change memory devices involves the formation of contacts with metal electrodes, where the nature of 
interfacial contact plays a crucial role in controlling the power efficiency. Here, by using a joint experimental- 
theoretical approach we study the key contact properties between TiN-electrode and amorphous GeSe (a- 
GeSe) semiconductor. Two types of stackable devices with and without amorphous carbon (a-C) interlayer film 
were investigated; namely, TiN/a-GeSe and TiN/a-C/a-GeSe stacks. The interfacial contact between TiN elec
trode and a-GeSe is characterized by a high Schottky barrier height (SBH) type contact. The insertion of the 
Carbon buffer layer develops a lower SBH with a-GeSe, leading to a higher leakage current and a lower VTH, in 
line with the experimental observation.

1. Introduction

Chalcogenide alloys have been attracting interest as optimal mate
rials for the realization of three-dimensional (3D) stackable memories 
with crossbar array architecture [1–6]. While the family of Germanium- 
Antimony-Tellurium (GST) compounds has been identified as testbed 
materials for reversible non-volatile phase-change memories (PCMs) 
[7–10], Germanium-Selenide (GeSe) alloys have been considered for 
selector elements [11], which control the accessibility and quality of 
data transmission inwards and outwards the 3D memory cell. The 
importance of GeSe stems from its high amorphous stability with a high 
crystallization temperature up to ~350 ◦C [12–14], as well as from its 
Ovonic Threshold Switching (OTS) behavior [15]. The latter is the 
capability of switching from a high-resistance (OFF) state to a low- 
resistance (ON) state, when a threshold voltage (VTH) is exceeded and 
to recover a high-resistance (OFF) state as the applied voltage falls 
below the so-called holding voltage (VH).

Integration of amorphous GeSe in a stackable OTS-based memory 
architecture inevitably involves a direct contact with metallic elec
trodes, which may cause unusual interface phenomena driving the 

device efficiency. In particular, OTS-based selectors are typically 
constituted of metal/insulator/metal (M/I/M) stacks, where chalco
genides are vertically connected to metallic electrodes, such as TiN [16], 
Pt [13], Ag [17], Ti [16]. Here, we focus on TiN/a-GeSe/TiN hetero
structures [18], as prototypes of OTS selectors. Despite the simple 
structure, their implementation is still suffering from unstable interfa
cial chemical compositions and uncontrollable SBH at the interface. One 
prominent flaw reported in TiN/OTS/TiN devices is the titanium diffu
sion from TiN-electrode into chalcogenide layer, which increases the 
SBH and deteriorates the performance of device [16,19]. Experimental 
trial/error attempts indicate that Ti diffusion can be suppressed by 
inserting a thin carbon layer between the GeSe channel and the TiN 
leads in a vertical TiN/a-C/a-GeSe configuration [19]. The resulting 
structure exhibits a remarkable suppression of the leakage current to 10 
pA and an endurance of 109 cycles [19]. Another approach to prevent Ti- 
diffusion at the interface, is to create a Se-deficient GexSe(1–x) active 
layer [16]. For instance, Kim et al. fabricated a TiN/GeSe interface and 
demonstrated that the formation of a Ti–Se layer at the interface affects 
the electroforming-free bipolar resistive switching behavior, improving 
retention and cycling endurance. This effect is mainly associated with 
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the stabilization in the composition of GeSe during the electrical 
switching cycles, by hampering a large Se migration into the TiN elec
trode [16]. On the other hand, Ahn et al. demonstrated that the scaling 
down the thickness of amorphous a-GeSe below 40 nm, in Pt/GeSe/Pt 
device configuration, results in the reduction of the threshold voltage 
[13], which is mainly associated with the value of the SBH formed at the 
interface.

Although many efforts have been devoted to investigate OTS mate
rials there is no systematic characterization of the interface between a- 
GeSe active channels and TiN-electrodes. While it is evident that the 
interfaces play a crucial role on the electrical performances of the 
selector, its microscopic interpretation is far from being understood. 
Previous works on ultra-thin films (< 10 nm) and emerging 2D materials 
for low-power nano-electronic devices and for catalysis showed that 
computer simulations are able to describe in detail the mechanisms at 
the interfaces complementing the experimental description [20–25].

Here, we provide a joint theoretical/ experimental investigation of 
these interfaces, providing a microscopic description of the SBH and its 
modulation upon the inclusion of a-Carbon interlayers. First, by using 
simulations from first principles, we characterize the three interfaces 
(namely TiN/a-GeSe, TiN/a-C and a-GeSe/a-C) that occur in the 
experimental TiN/OTS/TiN samples. We considered a-GeSe with the 
Ge50Se50 composition, which has been demonstrated to exhibit a very 
high stability over several cycles of switching [26]. The well-defined 
mobility gap with few trap states of stoichiometric Ge50Se50 com
pound [26–28] allows us for a fundamental understanding of the 
microscopic origin of the SHB at the interface and a direct comparison 
with previous experimental results [26,28].

Then, we fabricate and characterize two sets of two-terminal devices, 
namely TiN/GeSe(20 nm)/TiN (M/I/M) and TiN/a-GeSe(20 nm)/a-C(6 
nm)/TiN (M/I/M/M). Electrical measurements are carried out to extract 
the key device parameters including I-V characteristics. Our results 
demonstrate that the TiN substrate forms a Schottky-like barrier with a- 
GeSe. The interface at a-C/a-GeSe heterostructure is characterized by a 
low Schottky barrier, which is suitable for interfacial transport of car
riers. This confirms that the inclusion of carbon interlayer stabilizes the 
stack, blocking the Ti-diffusion without degrading the electrical per
formances of the selector.

2. Methods

2.1. Computational details

The calculations were performed by using the QuantumEspresso 
suite of codes, based on the density function theory (DFT) [29]. The 
electron–ion core interactions were treated by employing ultrasoft 
pseudopotentials [30]. Single Kohn-Sham particle wavefunctions were 
expanded in a planewave basis set within a kinetic energy cutoff of 30 Ry 
(the kinetic energy cutoff for charge density was set to 300 Ry. Since the 
van der Waals (vdW) interactions have been demonstrated to have a 
significant impact on the atomic structure of chalcogenide amorphous 
materials [31], we described the exchange–correlation functional in
teractions by using the vdW-DF-optB86b functional [32,33]. A Broy
den–Fletcher–Goldfarb–Shanno (BFGS) quasi-newton algorithm was 
employed to relax the ions to the ground states with a total energy 
convergence of 10-4 eV, while the convergence threshold for self- 
consistency was set to 10-8 eV; the residual forces acting on each ion 
are less than 0.03 eV/Å, respectively. Integrations over the Brillouin 
zone were sampled at the Γ-point only. The degree of localization of the 
electronic orbitals states was evaluated by using the Inverse Participa
tion Ratio (IPR) of the Kohn-Sham eigenstates [34].

2.2. Model system preparation

The simulated heterostructures are simulated by using periodically 
repeated supercells. Interface structures are constructed by combining 

an amorphous layer of a-GeSe with stoichiometric composition, i.e. 
Ge50Se50, (two considered thicknesses: 1 nm and 3 nm), one a-Carbon 
layer (3 nm) and a metallic TiN surface slab, with lateral dimensions 
(16.98 × 16.98) nm2 for TiN(100) and (15.59 × 15.09) nm2 for TiN 
(111), see Fig. 1. Slab replicas are separated by a 20 Å-thick layer of 
vacuum along the z-direction, perpendicular to the interface, while a 
dipolar correction is included to avoid the effect of the vacuum electric 
field, due to inequivalent surface terminations.

The initial atomic structures of amorphous a-GeSe and a-C were built 
by using classical MD simulations as implemented in the LAMMPS 
package [35] and following the same procedure reported by Tavanti 
et al. [14,36]. The Vashishta potential [36] and Tersoff potential [37]
were used to describe the Force Field for a-GeSe and a-C amorphous 
structures, respectively. A simulation box including 4480 atoms was first 
melted for 10 ns at 1500 K and then slowly cooled down to 300 K with a 
cooling rate of 5 K/ps. This ensures a balance between affordable 
computational costs and a proper description of the amorphous struc
tures. Then, a production run of 50 ns at 300 K was carried out in a NVT 
ensemble level where the temperature is controlled by the Nosé-Hoover 
thermostat with a coupling time of 1 fs and the timestep of 1 fs.

In order to obtain the small slab sizes to match the dimension of the 
crystalline TiN substrate for DFT calculations, we applied a “cutting” 
procedure on the MD box of amorphous systems resulting from classical 
MD simulations. Then, each slab was equilibrated running a second 
classical MD simulation at 300 K for 10 ns so as to rearrange the frus
trated bonds caused by the new periodic boundary conditions. Lastly, 
the atomic structure of both a-GeSe and a-C were relaxed at the DFT 
level. The combination of the resulting structures was used to generate 
the initial interface geometries that were further optimized at the DFT 
level. The multistep cutting-procedure is described in detail in [27,38]. 
For convergence tests, structural and electronic properties of clean TiN 
surfaces we refer the reader to previous Refs [39,40].

2.3. Device fabrication and electrical characterization

Two sets of OTS devices were fabricated on 300 mm wafers using a 
CMOS-compatible process. The device structure consists of a bottom 
electrode (BE), an OTS layer, and a top electrode (TE), deposited in-situ 
via Physical Vapor Deposition (PVD) without vacuum break. The active 
stack was patterned into 65 nm diameter confined pillars using Reactive 
Ion Etching (RIE) and integrated between two metallization layers, 
enabling electrical access to both BE and TE. The experimental film 
compositions with TiN and a-C electrode materials turned-out slightly 
Ge-rich (Ge60Se40). However, considering that Ge-rich GeSe films in
crease leakage currents while they decrease the mobility gap and 
threshold voltage [26,41], the experimental measurements represent 
the worst-case scenario, with a lower mobility gap/ Schottky barrier and 
therefore a higher leakage, generally following predictable trends in 
electrical properties. The material and thickness details of the device 
stacks are summarized in Table 1 and a graphical sketch of the device is 
reported in Fig. 1. Further electrical results relative to quasi stoichio
metric GeSe compounds are available for comparison in Ref [26].

Devices underwent an electrical initialization using two consecutive 
triangular pulses, (5 V peak, 100 ns rise/fall time), generated by an 
Agilent 81110A pulse generator. Subsequent I-V characteristics were 
measured using a K2602A Keithley Source Measure Unit (SMU). A 
minimum of 7 devices per wafer ID were tested, and the median char
acteristics are reported.

3. Results and Discussion

3.1. First principles simulations

We divided the full heterostructure in its constituent bilayer in
terfaces: TiN/a-GeSe, a-GeSe/a-C, and TiN/a-C. We generated interfaces 
composed of 3 nm-thick-slabs of amorphous a-GeSe and/or a-C 
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materials. For the sake of completeness, we also considered an amor
phous a-GeSe layer with a thickness of 1 nm, in order to study the effect 
of thickness on the overall interface properties.

The crystalline TiN substrates were modeled by simulating the two 
most favored cleavage surfaces, namely, Ti-terminated TiN(111) and 
TiN(100) facets [42], with rectangular areas of (16.98x16.98) nm2 and 
(15.05 × 15.60) nm2, respectively. We used 6-layer Ti/N atoms with a 
thickness of 11.3–12.2 Å, which are found to be sufficient to converge 
the work function of TiN slabs to bulk value [40]. The relaxed isolated 
layers used in the DFT calculations are depicted in Fig. 2a-b (see also 
Fig. S1 of Supporting Information).

The amorphous layers were stacked on the TiN(111) and TiN(100) 
surfaces forming the a-GeSe/TiN, and a-C/TiN heterostructures, while 
the a-GeSe/aC interface resulted in combining the two amorphous 

Fig. 1. Sketch of the computational systems and experimental devices employed in this work with their relative size.

Table 1 
Composition and thickness of the active device stacks.

Wafer ID BE OTS TE

1 10 nm TiN 20 nm Ge60Se40 10 nm TiN
2 10 nm TiN 20 nm Ge60Se40 6 nm C

Fig. 2. Side views of representative equilibrium geometries: (a) isolated a-GeSe slab with a thickness of 3 nm, (b) isolated TiN(111) substrate with a thickness of 1.22 
nm, (c) TiN(111)/a-GeSe heterostructures after DFT relaxation. Ge atoms are represented in violet, Se in green, Ti in blue and N in gray.
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layers. Fig. 2c and Fig. S2 show the side views of the equilibrium con
figurations of interfaces after structural optimizations.

The coupling between amorphous materials and TiN substrate causes 
a significant geometrical rearrangement of the atomic-layers close to the 
interface. For TiN(111)/a-GeSe stack, the Ge and Se atoms close to the 
interface region form a planar-like sheet, which is less pronounced at 
TiN(100)/a-GeSe and TiN(111)/a-C interfaces. Such a planar-like layer 
can be rationalized as the strong bond interactions between Ti and Se/ 
Ge atoms. The formation of a Ti-Se layer at TiN/a-GeSe was also 
observed in previous experimental works [16]. The equilibrium inter
layer distances, defined as the distance between the top atomic-layer of 
TiN substrate and the bottom atomic-layer of a-GeSe (a-C) component, 
are summarized in Table 2.

The average interfacial distance at TiN(111)/a-GeSe and Ti(100)/a- 
GeSe is 2.08 Å and 2.48 Å, respectively, while the distance at TiN(111)/ 
a-C is 1.32 Å, which all being much smaller than the interfacial distances 
found in typical vdW heterostructures [43,44]. This indicates the for
mation of chemical bonds at interfaces.

To evaluate the interface stability, we calculated the binding energy, 
Eb, as following: 

Eb =
Eint −

∑2
i Ei

S
(1) 

where, Eint is the total energy of the interface, Ei is the total energy of the 
two separate components, and S is the contact area at the interface. Eb 
ranges from − 83 meV/A2 to − 364 meV/A2 (Table 1), close to the values 
reported for TiN/Al heterostructure [45]. The negative values of Eb 
implies that the contact interfaces are exothermic (i.e. thermodynami
cally stable). The amorphous structures are more strongly adsorbed on 
TiN(111) than on TiN(100) surface, in agreement with the observation 
that the TiN(111) facet is chemically more reactive [40].

Overall, the calculated values of interlayer distance and binding 
energy point out that the adsorption of a-GeSe and a-C slabs on TiN 
surfaces can be classified into the strong chemical bonding interactions, 
which exert a dramatic effect on the resulting interfacial properties of 
heterostructures with respect to their constituent components [46,47].

To further analyze the bonding path at the interface, we calculated 
the bond lengths of Ti–Se, Ti–Ge, N–Ge, N–Se, Ti–C as in the per
centage of the van der Waals radii of constituting atoms according to the 
bonding tetrahedron reported in Refs [48,49]. According to bonding 
tetrahedron [48], the values of the bond lengths that lie between 70 % 
and 95 % are considered as the van der Waals gap. The calculated results 
are summarized in Table S1 of SI: no bond in our heterostructures ex
ceeds the van der Waals limit. In contrast, it is found that all bond 
lengths at the interface are less than 63 % of the sum of vdW radii of the 
constituting atoms, which is a typical indication of covalent and ionic 
bond mixing. The bond lengths at TiN(111)/a-GeSe are shorter than that 
found at TiN(100)/a-GeSe, which supports the interpretation of stronger 
interactions with TiN(111)-surface, in line with the binding energy 
values. The reduction of the a-GeSe thickness (1 nm vs 3 nm) does not 
have a significant impact on the bond length and binding energy.

The Ti diffusion inhibition into the chalcogenide layer can now be 
qualitatively explained by the analysis of the Radial Distribution Func

tion (RDF or g(r)). The height of the first peak of the RDF is proportional 
to the bond strength between atoms using the Boltzmann Inversion 
method [50], where the interatomic potential U(r) is linked to the RDF 
through the expression: 

U(r) = − kBTln[g(r) ] (2) 

The direct consequence of this relation is that higher the peak, 
stronger the bond. On the basis of the calculated RDF at the interface, 
two considerations can be drawn: i) Ti-Ge and Ti-Se bonds show a higher 
height of the first peak of the g(r) than Ti-C bonds, suggesting the pro
pensity of Ti to interact with Ge/Se with respect to C (Fig. S3a), while 
the shorter range of the C–C peak (Fig. S3b) indicates a higher atomic 
density of the a-C layer. ii) When TiN interacts directly with GeSe, a 
layer of both Ge and Se is created at the interface, leaving a small spatial 
gap between TiN and the GeSe layers. On the contrary, when TiN in
teracts with a-C, there is no formation of a carbon layer at the interface. 
This supports the conclusion that Ti atoms can diffuse easier into a-GeSe 
layer than into the denser a-C bulk. Notably, this is mostly an ionic effect 
(i.e. higher atomic density) rather than an electronic screening one. This 
provides a microscopic interpretation of the beneficial Ti-blocking effect 
of the a-C inclusion, observed in the experimental setup.

The electron density of states (DOS) along with the inverse partici
pation ratio (IPR), summarized in Fig. S4, shows that the amorphous 
structures are characterized by a considerable amount of trap states 
within the mobility band gap that are localized in energy around the 
Fermi level (EF) and localized over a subset of a few connected atoms. 
These results closely reproduce the electronic structure properties of the 
a-GeSe bulk case [29], especially for the 3 nm-thick-layer case. The 
values of mobility gap are defined as the energy difference between the 
highest occupied continuously delocalized states and the lowest unoc
cupied continuously delocalized states in the DOS (Fig. S4) and are 
found to be 1.2 eV for a-GeSe, in good agreement with previous DFT 
calculations and experimental results [27].

In contrast, the a-C layer exhibits a gapless metallic-like behavior 
with highly delocalized trap states around the Fermi level. In order to 
make evident the formation of the TiN/a-GeSe (or TiN/a-C) bonds, we 
calculated 3D charge density difference (Δρ), which is defined as the 
difference between the charge of the heterostructures and the sum of the 
charges of individual a-GeSe (or a-C) and individual TiN substrate with 
the same atomic positions, namely, Δρ = ρint − ρTiN − ρa− GeSe/a− C. As 
shown in the left-hand panels of Fig. 3a and Fig. S5 of SI, charge ac
cumulates in the a-GeSe (a-C) part while it depletes in the TiN part of the 
interface.

We calculated the 2D plane-averaged electron density difference, 
Δρz, along the direction perpendicular to the interface, as shown in the 
right-hand panels of Fig. 3a and Fig. S5. The large charge density at 
interface indicates a strong overlap of electron orbitals of atoms at 
interface. Δρz value for TiN(111)/a-GeSe interface is higher than for the 
TiN(100)/a-GeSe one. This further confirms the stronger chemical 
interfacial interactions and higher reactivity of the TiN(111) surface.

The charge redistribution at the interface gives rise to a permanent 
interfacial dipole, which modifies the band alignment of the constituent 
components and the interfacial Schottky/Ohmic barrier.

The Schottky barrier height for electrons can be estimated by using 

Table 2 
Calculated values of interlayer distance d (Å), binding energy Eb (meV/Å2), Schottky barrier height (eV) and ΔV is the total potential step at interfaces (eV); BD is the 
bond-dipole potential ΔVa-GeSe/a-C is the contribution related to the shift of the electron affinity Ea of the individual semiconductor components, ΔV is the shift from the 
work function of substrate (TiN).

Interfaces d (Å) Eb (meV/ Å2) Φn (eV) Φp (eV) ΔV (eV) ΔVTiN (eV) ΔVa-GeSe (eV) BD (eV)

TiN(111)/a-GeSe-1 nm 2.13 − 264.54 0.85 0.27 − 0.01 − 0.03 − 0.54 0.56
TiN(111)/a-GeSe-3 nm 2.08 − 297.65 0.54 0.74 − 0.29 − 0.02 − 1.17 0.89
TiN(100)/a-GeSe-1 nm 2.16 − 83.39 0.91 0.21 1.41 − 0.22 − 0.22 1.85
TiN(100)/a-GeSe-3 nm 2.58 − 96.22 0.79 0.49 1.34 − 0.20 − 0.73 2.27
TiN(111)/a-C-3 nm 1.31 − 364.47 − − 0.51 − 0.02 − 1.11 1.69
a-C-3 nm/ a-GeSe-3 nm 1.02 − 390.44 0.30 0.99 0.25 − − 0.61/-0.23 0.61
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the same scheme as in Refs [46,47]: 

Qn = WTiN − Ea(a− GeSe/a− C) +ΔΔV (3) 

Qn +Qp = Eg (4) 

where Ea is the electron affinity of either a-GeSe or a-C slab, WTiN is the 
work function of TiN substrate, ΔV is the potential drop at interface, and 
Eg is the mobility gap of isolated amorphous components. From the 
equation (3), the Ea and WTiN can be easily obtained in the separate 
calculations on the isolated a-GeSe slabs and the clean metal surfaces. 
The ΔV step is evaluated from the average potential profile across the 
interface of heterostructures as shown in Fig. 3b and Fig. S6. The po
tential step does not critically depend on the DFT functional and can be 
calculated without resorting to the details of the potential profile across 
the interface or its electronic structure [51,52].

We first analyze the band edge alignment of the free-standing com
ponents. Fig. 3c shows the frontier of band edges of separate TiN sub
strate, a-GeSe and a-C structures. The calculated values of the work 
function of TiN(100) and TiN(111) surfaces, defined as the energy dif
ference between the EF and vacuum level, are 3.4 and 4.84 eV, respec
tively. These values by vdW-DF-optB86b functional are larger only by 
0.2–0.4 eV than those obtained at GGA-PBE level [40]. Nevertheless, the 
WF values are in the range of the reasonable average experimental work 
function values of 4.74 eV reported for TiN surface. The work function of 
TiN is very sensitive to preparation and environmental conditions 
[40,53,54], as well as to the exposed surface face. The band alignment of 
the separate sub-systems indicates that the TiN(111) WF lies in the 
mobility gap of the semiconductor counterpart. This indicates that, at an 
infinite interlayer distance, the TiN(111) would develop a p-/n-type 
Schottky-like barrier with a-GeSe and in a heterostructure stack.

When the effect of the charge transfer, due to bond formation at the 
interface, is considered this scenario changes. The calculated values of 
SBHs (Qn and Qp) for the different interfaces are summarized in Fig. 3d. 
These results indicate that the a-GeSe slabs form a n/p type Schottky 
contact with TiN for both surface orientations (100) and (111), in line 
with the experimental values discussed below. The values of Qn and Qp 
can be modulated by changing the orientation of TiN substrate and the 
thickness of amorphous systems. Most importantly, the insertion of the 
a-C buffer layer forms a small Schottky barrier with a-GeSe. The low SBH 
for electrons as the a-GeSe/a-C interface leads to a higher leakage cur
rent, contributing to a lower VTH, see also Fig. 4.

The difference in the features of SBH contact with respect to the 
single components can be explained in terms of the modification of the 
band alignment at the interface (work function of metal and band edges 
of semiconductor), mainly due to a potential step ΔV, as shown in 
Fig. 3b and Fig. S5. The variation of ΔV step is associated to many 
contributions: (i) the interface dipole due to charge redistribution across 
the interface which is usually referred as the bond-dipole potential (BD), 
(ii) the contribution stemming from the shift in the electron affinity Ea of 
the individual semiconductor components, ΔVa-GeSe/a-C, and (iii) the 
change of the work function of substrate (ΔVTiN) due to the geometrical 
reconstruction at the heterostructure interface [55,56]. Altogether, the 
total potential step at interface can be described by the summation of 
these three quantities: 

ΔV = ΔVTiN +ΔVa− GeSe/a− C +BD (5) 

The ΔVTiN and ΔVa-GeSe/a-C values can be extracted from the modi
fication of the electrostatic potential profiles between the individual 
components in the relaxed heterostructure and in the isolated compo
nents, see Fig. S7 in SI. The BD contribution can be estimated 

Fig. 3. (a) Left-hand panels show the 3D charge density difference (Δρ) at the interface region and right-hand panels show the plane-averaged electron density 
difference Δρz along the direction perpendicular to the interface, (b) The plane-averaged electrostatic potential at interface for TiN(111)/a-GeSe heterostructures, (c) 
Band alignment of isolated components, the vacuum level is set to zero, and (d) the value of p/n Schottky barrier height (SBH), the fermi level of heterostructure is set 
to zero.
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numerically by solving the Poisson equation on the charge density dif
ference at the interface, Δρz as described in Fig. 3a and Fig. S5. The 
calculated terms entering in Eq. (5) and the total potential step ΔV are 
summarized in Table 2. All the terms due to the geometrical rear
rangement have negative values ranging from − 0.02 to − 1.17 eV, which 
significantly contribute to the modification in contact barriers at the 
interface. The potential shift associated with the structural reorganiza
tion of TiN(111) and TiN(100) surfaces is small (< 0.2 eV) in all cases of 
interfaces. This is due to the fact that TiN surfaces are structurally stable 
and only slightly affected by the interactions with amorphous material. 
The contribution arising from the amorphous components, ΔVa-GeSe/a-C 
(or ΔVa-C) is remarkable and directly associated to the atomic rear
rangement of atoms at the interface with respect to the a-GeSe, (a-C) 
bulk as shown in Fig. S7. The larger contribution is found for the a-GeSe 
(a-C) component in the TiN(111)/a-GeSe (TiN(111)/a-C) hetero
structure configuration. Reducing the thickness of a-GeSe slab decreases 
the contribution from the ΔVa-GeSe. In contrast, the contribution from the 
bond-dipole coupling is positive for all heterostructures, indicating that 
the interfacial dipole is oriented from the amorphous components to
wards the TiN substrate. The values of BD are found to be larger for TiN 
(100)/a-GeSe than for TiN(111)/a-GeSe stack.

3.2. Experimental devices characterization

In Fig. 4 we report the current–voltage measured on TiN and TiN/a-C 
electrodes devices with a-GeSe obtained by PVD. The threshold voltage 
(VTH) for the TiN electrodes is about 3.0 V. The addition of a-C electrode 
results in slightly increased Ioff current and showing a lower threshold 
voltage by about 0.3 V, while preserving the Schottky type contact. The 
experimental measurements support our theoretical predictions that the 
a-C interface lowers the electron injection barrier (SBH), therefore 
leading to lower VTH.

By comparing the mobility gap of the Ge40Se60/Ge60Se40 composi
tions from [41], we conclude that higher Ge content causes a lower 
effective mobility gap [27,57], which corresponds to lower Schottky 
barriers for charge injection [41]. Moreover, previous theoretical sim
ulations of the electrical characteristics (e.g. I-V and G-V) of the two 
terminal TiN/a-GeSe/TiN device [27] indicated that the transport 
mechanism is mainly due to multi-phonon defect-assisted trap mecha
nisms which include trap-to-trap (major) and trap-to-band (minor) 

contributions. The measured VTH and Ioff on the Ge60Se40 samples, 
therefore, are expected to represent the upper boundary in the Ge40Se60/ 
Ge60Se40 series, i.e., lower leakage and higher threshold voltages are 
expected in Ge40Se60/Ge50Se50 compositions, in agreement with the 
theoretical results discussed above.

4. Conclusion

We have theoretically and experimentally characterized the interface 
between GeSe (a-C) amorphous materials and TiN metallic substrate. 
Both a-GeSe and a-C amorphous materials interact strongly with TiN 
substrate via chemical bonds, which results in a significant modification 
of the band alignment at the interface. Both experimental and theoret
ical results concur in attributing to a Schottky-type character to the TiN/ 
a-GeSe contact. The insertion of a a-C buffer layer between a-GeSe and 
TiN substrate yields a significant enhancement of VTH, while the denser 
C–C bonds hinders the Ti-diffusion across the interface. The DFT cal
culations demonstrated that the contact between a-C and TiN substrate 
is Ohmic like, which ensures an electrical current flow without any 
significant potential drops. These electrical characteristics can be mainly 
rationalized at the microscopic level the establishment of of dipole–di
pole interaction across the interface. Moreover, the interface between a- 
GeSe and a-C is found to be band alignment type-II. While the device 
stability under several ON/OFF cycles remains a technological issue to 
be solved [58], our results indicate that the inclusion of thin C-buffer 
layers provides a useful strategy to control the interface quality in OTS 
switches, that can be easily integrated in large scale production 
processes.
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