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Electronic Devices
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Abstract— PtSe,, a new family of transition metal
dichalcogenides, has been explored for electronic device
applications using density functional theory (DFT) and

non-equilibrium Green’s function (NEGF) within the third
nearest neighbor tight-binding approximation. Interestingly,
despite its small effective mass (m,* as low as 0.21m,; m, being
electron rest mass), PtSe, has large density of states (DOS) due to
its unique six-valley conduction band within the first Brillouin
zone, unlike MoX, family. This has direct impacts on the device
characteristics of PtSe, field-effect transistors, resulting in
superior on-state performance (30% higher on current and
transconductance) as compared to the MoSe, counterpart. Qur
simulation shows that PtSe, device with a channel longer than 15
nm exhibits near-ideal subthreshold swing, and sub-100 mV/V of
drain-induced barrier lowering can be achieved with an
aggressively scaled gate oxide, demonstrating new opportunities
for electronic devices with novel PtSe,.

Index Terms—PtSe,, Field-Effect Transistors,
Transport, Non-Equilibrium Green’s Function

Quantum

1. INTRODUCTION

Transition metal dichalcogenides (TMDs) have been the
center of attention among two-dimensional (2D) materials
for various applications such as electronic and optoelectronic
devices as well as sensors due to their suitable bandgap,
excellent electrical and optical properties, and mechanical
stability [1], [2]. Among TMDs, the group-VIB transition metal
dichalcogenides such as MoX, and WX, (X =S, Se, Te) have
been studied extensively [3]-[6]. Recently, a new family of
TMDs, namely PtX,, based on group-10 transition metal has
emerged [7], [8]. Platinum diselenide (PtSe,) has been
synthesized using direct deposition of Se atoms on a Pt
substrate [7], and it was predicted that PtSe, has the highest
mobility among PtX, family [8]-[10]. PtX, family favors 1T
crystal structure, unlike MoX, and WX, in which 2H structure
is known to be stable (Figs. 1(a) and (b)). In addition, bulk PtX,
is metallic in nature which is not the case of MoX, and WX,

(8].

In this study, we for the first time investigate the potential
and the ultimate performance limit of monolayer PtSe,
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Fig. 1. (a) 1T-PtX, (X = Se, S, Te) and (b) 2H-MoX, crystalline structure.
(Top panel) top view; (bottom) side view. M represents Pt or Mo atom.
Dashed diamonds illustrate unit cells. Density functional theory (DFT) band
structures for monolayer (c) PtSe, and (d) MoSe, (blue solid lines). Third
nearest neighbour tight-binding (TB) band structures are also shown in (c)
and (d) with red dots, exhibiting excellent matching with the DFT bands.

field-effect transistors (FETs) using atomistic quantum
transport simulations. To do this, we calculate the electronic
states of PtSe, using density functional theory (DFT), from
which  tight-binding parameters are extracted for
non-equilibrium Green’s function (NEGF) device simulation.
Transfer characteristics of PtSe, devices are investigated, and
the on and off-state characteristics are thoroughly examined by
scaling channel length and equivalent oxide thickness (EOT).
Moreover, the performance of PtSe, FET is compared with its
2H-MoSe; counterpart, and the superior on-state characteristics
of PtSe, are discussed based on the unique material properties
of 1T-PtX, family.

II. SIMULATION METHOD

Electronic states are calculated based on plane wave DFT
calculations using Quantum ESPRESSO [11] with generalized
gradient approximation (GGA) and projector augmented wave
(PAW) pseudopotential. The kinetic energy cutoff of the
wavefunction is 50 Ry. The structures are relaxed until the total
force becomes less than 0.001 Ry/a.u. and the stress is less than
107 Ryla,’ (ay being bohr) in all directions. The unit cell
contains one M atom (Pt, Mo) and two Se atoms (dashed
diamond in Figs. 1(a) and (b)). The band structures are plotted
along the high symmetry points of the first Brillouin zone (BZ)
in Figs. 1(c) and (d).
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Fig. 2. (a) Nine supercells of PtSe, chosen for NEGF device simulations.
Solid black box shows one supercell, which includes four unit cells of PtSe,.
(b) Band structure of the supercell where the transport direction is in I'=X,
which is equivalent to I'-M direction for the unit cell. (Inset) The high
symmetry points of the supercell. (¢) Simulated device structure. (d) Transfer
characteristics, (e) transconductance, g, vs. Vg, and (f) 1,, vs. 1,,/I,;y of PtSe,
and MoSe, FETs.

To preform device simulations, input material parameters
are required. Unlike MoSe,, tight-binding (TB) parameters for
PtSe, have not been reported yet, and therefore, we have
created TB parameters. For this, maximum localized Wannier
function (MWLF) approach has been employed using
Wannier90 [12]. Wannierization was done using 11 initial
projections reflecting five d-orbitals of Pt atom and three
p-orbitals of Se atom. The TB parameters of MoSe, were
adopted from a previous report [13]. For both materials, third
nearest neighbor TB parameters have been used since it can
provide a high level of accuracy, and at the same time, it is
computationally manageable. The parameters exhibit excellent
matching to the DFT results as shown in Figs. 1(c) and (d).

To assess the carrier transport in FETs based on these two
materials, NEGF method within a tight-binding approximation
has been utilized. The transport equation was solved
self-consistently with Poisson’s equation [14]. Ballistic
transport is assumed due to the relatively short channel length
considered in this study. Periodic boundary condition is used in
the transverse direction with 400 &, sampling points (k, being
the wavenumber in the transverse direction). A rectangular
supercell shown in Fig. 2(a) has been chosen to construct the
Hamiltonian matrix (H) for the sake of simplicity. X (transport)
direction is chosen to be equivalent to I'=M direction for the
unit cell; Y (transverse) direction is perpendicular to it. The
band structure of the PtSe, supercell is shown in Fig. 2(b). On
the other hand, for MoSe,, transport direction is defined in
K-T following previous studies [3]. The simulated device
structure is shown in Fig. 2(c) and parameters for a nominal

PtSe, (6 Valleys)

MoSe, (2 Valleys)

Fig. 3. (a) Polar plot of effective mass for electrons (m.*) for PtSe, and MoSe..
PtSe, exhibits significant anisotropic effective mass near E., unlike MoSe,. 0°
represents I'-M direction for PtSe,; K— I' for MoSe,. (b) Density of states
(DOS) per spin in the conduction band of PtSe, and MoSe,. Notably, PtSe,
exhibits larger DOS than MoSe, near the bottom of the conduction band (£ —
E. < 0.2 eV), which is the most relevant energy range for electron transport.
Surface plot of the conduction band edge in k-space for (c) PtSe, and (d)
MoSe,. The first Brillouin zone (BZ) is shown with hexagons (black solid
lines) and the irreducible BZ with triangles (red dashed lines).

device are as follows: channel length L., = 15 nm; ALO;
(dielectric constant x = 9) gate dielectric thickness f,, = 2.5 nm;
source/drain doping concentration of 1.5x10" ¢cm™; power
supply voltage Vpp=0.5 V.

III. RESULTS

As shown in Fig. 1(c), PtSe, exhibits conduction band
minimum (£,) between I" and M points, whereas MoSe; has its
minimum at K point (Fig. 1(d)). The electron effective mass
m.* of PtSe; (0.21 my) is smaller than that of MoSe, (0.56 my).
In contrary to the case of MoSe,, PtSe, exhibits significant
anisotropic effective mass for electrons as shown in Fig. 3(a).

Figure 2(d) shows the transfer characteristic of PtSe, FET,
which is compared with MoSe, counterpart. While both devices
show near-identical off-state characteristics with subthreshold
swing (SS = 0Vs/0logio(Ip); Vi and Ip are gate voltage and
drain current, respectively) of ~64 mV/dec, on-state
characteristics of PtSe, surpass that of MoSe,, resulting in 30%
higher on current (/,,) and transconductance (g,, = 0Ip/0V¢) as
shown in Figs. 2(d) and 2(e). The overall performance of the
device can be evaluated by plotting /,, vs. on/off current ratio
(Ion/lop) as shown in Fig. 2(f), where PtSe, shows superior
performance than MoSe,. For instance, at a common /,, of 250
MA/pm, £o,/1o5of PtSe; is 6.7x 103, which is ~5 times larger than
that of MoSe, (1.4><103). In addition, for a common /,,/I,; of
10%, PtSe, shows 1, = 236 pA/um, which is 25% greater than
the MoSe, value.

The superior on-state characteristics of PtSe, result mainly
from its large density of states (DOS). In contrary to the general
belief that smaller effective mass leads to lower DOS, PtSe,
with relatively small effective mass has larger DOS than
MoSe,. This is attributed to the fact that PtSe, has six
conduction band valleys within the first BZ, whereas MoSe,
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Fig. 4. (a) Subthreshold swing (SS) and (b) drain-induced barrier lowering
(DIBL) of PtSe, FETs for L, = 6-25 nm with EOTs of 1.1 nm (filled
markers) and 0.4 nm (open markers). (c) SS (blue triangles) and g,, (red
squares) and (d) DIBL as a function of EOT (with L., = 15 nm) for PtSe,
FETs.

has only two valleys as clearly seen in Figs. 3(c) and 3(d).
Therefore, PtSe, has higher DOS than MoSe, near the
conduction band edge (E — E. < 0.2 eV) as shown in Fig. 3(b).
Notably, this is the energy range of interest for electron
transport. Although MoSe; has higher DOS at the energy range
0of 0.2 eV <E—-E.<0.4 eV, it has only negligible contribution
to the current flow. It should be noted that having six valleys in
the conduction band may increase the possibility of intervalley
scattering, which can result in current degradation to some
extent. However, the detailed investigation of the effect of
scattering is beyond the scope of this study.

In general, 2D material devices are known for their high
immunity to short-channel effect (SCE). However, due to the
unique electronic properties of PtSe,, a careful investigation
should be given. Thus, we explore the effect of channel length
scaling on SS and drain-induced barrier lowering (DIBL =
AViy/AVp, AVry and AVp being the changes in threshold
voltage and drain voltage, respectively) by varying L., from 6
to 25 nm with a nominal EOT of 1.1 nm. Figure 4(a) shows that
SS is close to the theoretical limit of 60 mV/dec for L., > 15 nm.
However, with sub-10 nm channel, it exhibits significant
degradation, leading to 91 mV/dec in case of L., = 8 nm, which
is similar to that of MoSe, device (89 mV/dec). DIBL also
shows a similar trend as SS as it can be seen in Fig. 4(b). With a
nominal EOT, DIBL is 160 mV/V for L., > 15 nm, while it
increases to 270 mV/V at L., = 8 nm, which is larger than that
of MoSe, device (200 mV/V) at the same channel length.
Nonetheless, both SS and DIBL of PtSe, FET can be improved
by using thinner EOT, particularly for short-channel devices, as
discussed next.

Finally, we have done an EOT scaling study to further
engineer device performance of PtSe, FETs. Besides the
nominal EOT (2.5 nm-thick Al,O3), we have adopted one
thicker (SiOy; k = 3.9) and one thinner EOT (HfO,; k = 25).
Figure 4(c) shows that, with an EOT of 0.4 nm, SS can be as
low as 61 mV/dec and g,, can be as large as 1.49 mS/um with
Ly, = 15 nm. In addition, sub-100 mV/V DIBL can be

achievable with the reduced EOT (Fig. 4(d)), allowing further
optimization of novel PtSe, device performance. Notably, the
scaling of EOT can significantly suppress the SCE as it can be
seen in Figs. 4(a) and (b) (open markers).

IV. CONCLUSION

Material properties and device characteristics of a new TMD
family of PtSe, have been studied. Electronic band structures
are plotted using DFT, from which third nearest neighbor TB
parameters are extracted for NEGF device simulations. DFT
results reveal that 1T-PtX, has the conduction band minima
between I' and M points, thereby forming six conduction band
valleys within the first BZ, unlike 2H-MoX,. Therefore, PtSe,
exhibits significantly larger DOS near the E. despite relatively
small effective mass, compared to MoSe,. This allows it to
have superior on-state characteristics (/,, and g,,) as compared
with the MoSe, counterpart. We also performed a scaling study
by varying L., and EOT. Despite the fact that short-channel
effect has been observed, it can be suppressed significantly
with a channel longer than 15 nm or an EOT less than 1 nm.
Although significant anisotropic effective mass is observed
within each conduction band valley, it is expected that current
level would remain almost same for both armchair and zigzag
directions, since the total current is determined by the overall
contribution from the six valleys with rotational symmetry,
which is in agreement with experiment [8].
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