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The Piezoelectronic Transistor (PET) has been proposed as a post-CMOS device for fast, low-

power switching. In this device, the piezoresistive channel is metalized via the expansion of a

relaxor piezoelectric element to turn the device on. The mixed-valence compound SmSe is a good

choice of PET channel material because of its isostructural pressure-induced continuous metal

insulator transition, which is well characterized in bulk single crystals. Prediction and optimization

of the performance of a realistic, nano-scaled PET based on SmSe requires the understanding of

quantum confinement, tunneling, and the effect of metal interface. In this work, a computationally

efficient empirical tight binding (ETB) model is developed for SmSe to study quantum transport in

these systems and the scaling limit of PET channel lengths. Modulation of the SmSe band gap

under pressure is successfully captured by ETB, and ballistic conductance shows orders of

magnitude change under hydrostatic strain, supporting operability of the PET device at nanoscale.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4804601]

For decades, scaling of the Si-based MOSFET has

enabled an exponentially increasing level of integration,

packaging density, and clock speed. Today heat dissipation

prevents any performance improvement through increasing

clock frequency because the supply voltage has reached the

scaling limit of MOSFET technology and cannot be lowered

much below about 1 V without performance degradation.

This fundamental power consumption issue has spurred the

exploration of alternative switching mechanisms.1

The recently proposed Piezoelectronic Transistor (PET)2,3

shows great potential to achieve a high ON/OFF ratio with a

small voltage swing. In the PET, the limitation on the

Subthreshold Swing (SS) imposed by the thermal tail of

Boltzmann distribution is overcome through internal transduc-

tion. A small gate voltage (Vg) is transduced to an acoustic

wave through a high-performance piezoelectric (PE) actuator

fabricated from a relaxor piezoelectric material. The expansion

of the PE layer exerts pressure to a channel layer consisting of

a piezoresistive (PR) material capable of undergoing a

pressure-induced insulator to metal transition. Rare earth chal-

cogenide PR materials—such as SmSe and SmTe—can vary

conductance by several orders of magnitude when subjected to

modest pressure changes.4,5 Such a conductance change is pre-

dicted to exceed the maximum conductance gain achievable in

the MOSFET, which is 10�Vg/60 mV.

The promising qualities of SmSe as a channel material

have been experimentally demonstrated in thin film6 and

bulk crystalline form.7,8 When a PET is scaled down to

nanometer size, quantum effects will dominate carrier dy-

namics and classical transport models assuming a continuous

medium will eventually fail to predict device performance.

Though the bulk properties of SmSe have been studied by

density functional theory (DFT),9 quantum transport at real-

istic dimensions cannot be performed at the DFT level due to

its prohibitive computational burden and inability to model

non-equilibrium carrier transport. Approaches such as the

empirical tight binding (ETB) method may open the possibil-

ity for the modeling of realistically extended devices pro-

vided that they can embody the physics underlying the

piezoresistive effect. Indeed ETB has been widely used in

simulations of nanoelectronic devices.10–12

In this work, the pressure induced Metal Insulator

Transition in SmSe is modeled by ETB. The effect arises

from the high sensitivity of the deformation potential to

strain which rapidly shrinks the electronic bandgap. SmSe is

parameterized for ETB13 and results are calibrated to DFT

calculations which in turn agree well with experimental

measurements. Both ETB and DFT models capture the

reported responses of the bandgap to external pressures.8

The non-equilibrium Green’s function (NEGF) method is

then used to study ballistic transport with NEMO5.14

Our ETB parameterization features a basis transforma-

tion from DFT, in a plane wave representation, to an orthog-

onal TB basis—i.e., L€owdin orbitals15—and subsequent

refinement by numerical optimization. With band structures

and wavefunctions obtained from DFT calculations at the

minimum-energy lattice constant, a DFT Hamiltonian is con-

structed and transformed to the TB Hamiltonian,13 from

which onsite energies and two center integrals for the TB ba-

sis are extracted following the Slater and Koster nota-

tion.15,16 Effects of strain are accounted for through

additional parameters which scale two center integrals and

shift onsite energies according to bond stretching and bend-

ing.10 Parameters are then refined with the simplex algorithm

with fitting targets set to band structure along high symmetry

directions L!C!X.17 Finally, NEGF is employed to study

the ballistic transport in SmSe with the new ETB parameters.

Leads with the same modes as SmSe, perfectly coupled to
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the channel, are assumed in transport, which is standard

practice in quantum transport simulations.

The ETB model is determined based on the analysis of

DFT results. First principles calculations within the general-

ized gradient approximation (GGA)18 with spin-orbit (SO)

coupling and a Hubbard-type on-site electron-electron

repulsion U (Ref. 19) within the localized 4f-orbital are per-

formed with the code ELK (http://elk.sourceforge.net/). An

empirical value of U (U¼ 5.5 eV) is used to match x-ray

photoemission spectra.9 Figure 1(d) shows the DFT band

structure (dashed lines). The double arrow indicates the large

(�6 eV) splitting between the 6 occupied 4f5/2 bands and the

8 empty 4f7/2 bands, which arises partly from the Hubbard U

and partly from the much smaller spin-orbit coupling. Figure

1(a) shows the decomposition of the DFT DOS in terms of

the atomic species. The dominant weight of Sm projected

DOS (pDOS) in the conduction band and Se pDOS in the

lower bands implies an ionically bonded crystal with rela-

tively weak covalent nearest neighbor interactions. This

physics implies the need to include longer range orbital-

orbital interactions in order to capture the valence and con-

duction bands. A decomposition of the DOS into angular

momentum components in Figs. 1(b) and 1(c) shows that the

valence band is primarily formed by Sm 4f states (weakly

coupled via Se 4p states) and the conduction band is Sm 5d.

As a result, an ETB model with second nearest neighbor cou-

pling is implemented with full sets of spdfs* orbitals. SO

couplings for p, d, and f orbitals are also included for both

atoms given the high band splitting at critical symmetry

points. Such coupling leads to an enhanced SO interaction

within the 4f manifold in order to capture the large 4f5/2-4f7/2

splitting.

In the energy range relevant to transport, the band disper-

sion is accurately reproduced as shown in Fig. 1(d). The con-

duction band minimum and effective mass are primarily

determined by the second nearest neighbor Sm-Sm coupling

of the 5d orbital. The matrix element ratios between d states

(Vddr:Vddp:Vddd) are close to Harrison’s model for transition

elements.20 The 4f band splitting, which stems from the

Hubbard-type U and SO coupling, emerges in our model via

an enhanced 4f band SO coupling.21 Though the two splitting

mechanisms are different, the appropriate symmetry is pre-

served. An optimized value of SO coupling df¼ 2.06 eV is

obtained for Sm following the definition of Podolskiy and

Vogl.22

The insulator to metal transition in SmSe originates

from the reduction of the 4f5/2-5d bandgap under pressure

until the occupied 4f5/2 eventually merges with the empty 5d.

Figure 2(a) shows the extracted indirect bandgap under two

kinds of applied strain, hydrostatic pressure and uniaxial

strain along the (100) direction. The TB parameters are fitted

to the bandstructure under hydrostatic strain. The good

match obtained for uniaxial strain without modification of

the parameters confirms parameter transferability. Figures

2(b) and 2(c) plot the bandstructure for �3% hydrostatic and

uniaxial strain, respectively. The dashed lines show the band

edges when there is no strain applied. It is clearly seen that

under strain, the conduction band will be broadened and the

bandgap reduced towards zero. Hence the material continu-

ously changes from insulating to metallic, at first because of

thermal promotion of electrons from the filled 4f5/2 to the

high-mobility 5d band and eventually because of the merg-

ing of these bands.

Figure 3(a) depicts the simulation structure and super-

cell for transport simulation. Figure 3(b) shows the complex

band structure calculated at C with 0% and �3% hydrostatic

strains. At zero bias condition, the equilibrium Fermi level

positions are calculated self-consistently for strains from 0%

to �3%. The calculated Fermi level positions are fixed as a

boundary condition in the following simulations as labeled

in Fig. 3(c).

Current is calculated when 0.05 V bias is applied to the

drain contact which is assumed to drop linearly along a 6 nm

SmSe channel (Fig. 3(a)) via integration over the whole

Brillouin zone with k-space spacing of 0.1p/a (a¼ 0.62 nm).

Figure 3(c) shows the transmission coefficient at C before

and after applying bias. At zero bias, each transmission step

corresponds to a sub-band in Fig. 3(b).12 When a linear drop

potential is applied, the values of transmission will not equal

the numbers of incident waves and the localized bands will

FIG. 1. Stacked DFT DOS and DFT/TB bandstructure comparison. (a) DOS

within muffin-tin radius of Sm/Se and interstitial DOS. (b) DOS within Se

atom decomposed by angular momentum. (c) DOS within Sm atom decom-

posed by angular momentum. (d) Band structure by spdfs*_SO TB model

without strain (black) and DFT band structure without strain (red). E¼ 0 at

top of valence band.

FIG. 2. Comparison of bandgap modulations with strain calculated by DFT

and TB. (a) Bandgap extracted from DFT and TB bandstructure under hydro-

static and uniaxial strain. (b) TB bandstructure with e¼�3% compressive

hydrostatic strain (ax¼ ay¼ az¼ (1þ e)� a0). (c) TB bandstructure with

e¼�3% compressive uniaxial strain in growth direction (ax¼ (1þ e)� a0;

ay¼ az¼ a0). Dashed lines show bulk band edges in (b, c).
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no longer carry current due to the small band width. For

example, comparing the dashed and solid lines in Fig. 3(c),

the transmission diminishes at the top of the valence band

and the transmission peak at E¼�0.4 eV becomes a valley.

Figure 3(d) plots the spectral current, dJ/dE, under the two

strain conditions.12,23 The large variation in the spectral cur-

rent with strain (>103) indicates that a large piezoresistive

effect is still observed in the ballistic regime. After the same

calculations for 0% to�3% strain, ballistic resistances can be

extracted. Ignoring the interference effects between real con-

tacts and channel, a change of resistance by 3 orders of mag-

nitude is obtained between �3% and 0% hydrostatic strain

samples (0.075 A/lm2 and 4.58� 10�5A/lm2). The exact

value of the current requires accounting for the effect of the

electrodes, which we will leave for future studies.

The transport results in SmSe presented here are based

on the band structure as obtained from DFT calculations. At

this level of sophistication, the predicted band width of the

4f valence band is of the order of 0.5 eV. As a result, the top

of the 4f valence bands has relatively low hole masses allow-

ing for the contributions to tunneling from modes in the va-

lence band. In contrast, a much narrower width (of

<50 meV), suggesting strong localization of the 4f states in

SmX materials (X¼S, Se, Te), can be deduced from data at

low temperatures.24–26 Such localization (due to strong cor-

relations which are not properly be captured by DFT) would

suppress tunneling via the valence band with the increase of

hole masses. Further experimental investigation is required

to properly characterize these material systems.

In this work, an ETB model accounting for second near-

est neighbor coupling with full sets of spdfs* orbitals has

been developed to describe the band structure of rare-earth

chalcogenide SmSe. The parameterization captures the band

structure obtained from DFT and the effect of strain as

obtained in DFT calculations. Calculations of the ballistic

current in nanoscale films within the NEGF formalism dem-

onstrate that a large piezoresistive effect is still observed in

the ballistic regime. This work enables the realistic modeling

of piezoelectronic devices and serves as a valuable tool to

optimize its performance.
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FIG. 3. Transport simulation for SmSe with hydrostatic strain. (a) Simulated

structure in and 6 nm channel super cell in transport simulation. (b) Real and

imaginary band structure for 0% and �3% hydrostatic strain. (c)

Transmission with 0 V and 0.05 V linear drop potential. (d) Vd¼ 0.05 V,

spectral current, dJ/dE, with linear drop potential.
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