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In this work, we propose the tuning of thermoelectric performance of zigzag monolayer Silicene
and Germanene nanoribbon (SiNR/GeNR) with a reversible strain engineering method. By a pro-
posed electrostrictive method a tensile or compressive moderate strain of +2% orthogonal to the
transport direction in a short region of the SiNR or GeNR is considered to be applied. A self-
consistent density functional tight binding (DFTB) approach is employed for the calculation of the
electronic properties of the system, while the vibrational properties are computed with classical
molecular dynamics simulations. Electron/phonon transport is computed with the Green’s func-
tion formalism. With the localized strain application it is observed that electron transmission and
current through the Si or GeNR remains largely unaffected while a suppression of the phonon trans-
port and thermal conductance can be achieved. A significant tuning is observed for thermoelectric
figure of merit and variations are seen in the Seebeck coefficient and the thermoelectric power factor.
Moreover the temperature and doping dependencies of these parameters also showed high degree
of tunability with strain. The enhancements in thermoelectric figure of merit by such simple strain
ON/OFF mechanism in a CMOS compatible architecture suggest good prospects for nanoscale ther-

moelectrics.

I. INTRODUCTION

Among the two-dimensional (2D) Dirac materials, Silicene and Germanene have general interest for the
semiconductor industry due to their electronic properties and elemental familiarity with the planar CMOS
process [1-8]. The prospect of these 2D materials for device and interconnect applications in the next
generation of VLSI chips is realistic and also augers well for flexible electronics [5-8]. Moreover, such
materials are also being explored for applications in optoelectronics, solar cells and chemical sensors [3—
11].

Silicene and Germanene nanoribbons (SiNR and GeNR), have also been successfully synthesized [12]
and studied in a number of theoretical and experimental works for their electrical parameters, spin transport,
hydrogen sensing and other properties [2-16]. Like graphene nanoribbons these 1D nanostructures can be
semi-metallic or metallic depending on their chirality and width [2-4, 17-19].

With the prospect of SiNR and GeNR interconnects and devices, the factor of application specific tai-
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loring of material properties is also important. The electronic properties in Si and Ge 2D sheets are found
to be altered with external electromagnetic or mechanical stimuli better than graphene due to their buckled
honeycomb structure [3, 4, 20-22]. The tuning of electro-thermal properties in nanostructures made of Sil-
icene or Germanene is also been investigated of late [20—30]. This is quite important from the point of view
of thermoelectric devices, thermal management in integrated circuits and other applications such as NEMS.

An important aspect of tailoring material properties in nanoelectronics application would be the reversibil-

FIG. 1: Schematic of the proposed straining mechanism (not to scale).

ity of the induced enhancement/suppression of certain parameters. While much work has been carried out
on the impact of line and point defects and dislocations on the thermoelectric behavior of Dirac materials
[17-32] such topological changes are difficult to form in a controlled manner and are not something that
can be switched on/off at will. The application of compressive vertical strain by means of electrostriction
of a piezoelectric “gate” terminal to switch a bilayer MoSy channel has also been proposed by Das [33].
While this can be a highly efficient method to change electrical properties of multi-layered structures with
changing the interlayer van der Waals gap, for monolayer systems the application of in-plane strain is more
effective for tuning material properties [34] Such a system may be achieved by an in-plane electrostrictive
architecture consisting of SiNR and GeNR being subject to a localized strain applied by a piezoelectric
finger (or control bar) in a direction orthogonal to carrier transport [33, 34] Depending upon the polarity
of the voltage applied on the bar the region of SiNR / GeNR suspended on it can be expanded and con-

tracted. The issue of weak strain transfer in such an layered architecture may be mitigated by encapsulation
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of the region of SiNR or GeNR within the piezo-material, such as ZnO or PMN-PT. This gives rise to three
possible states of such a system/ device, the perfect state where no bias is applied to the control bar, the
state of tensile (positive) strain, and that of compressive (negative) strain. Fig. 1 shows the schematic of the
proposed straining mechanism.

Considering a moderate strain of £2% and the perfect case (0% strain), we compute the electronic and
thermo-electric parameters of zigzag SINR and GeNR devices by means of atomistic simulations. With
density functional tight binding (DFTB) formalism [35-37] the electronic properties of the system are eval-
uated, while the phonon calculations are performed with the frozen phonon approximation [38, 39] with a
small-displacement method using classical potentials [38, 40, 41] The electron and phonon transport calcu-
lations are done with the Landuer approach within the non-equilibrium Green function (NEGF) framework
[38, 42-46]. The thermoelectric parameters were evaluated with the PyQuanTE code [32] We calculate the
carrier transport, phonon transmission, spectral currents and the various thermoelectric parameters namely
the Peltier and Seebeck coefficients, thermoelectric conductance, thermoelectric figure of merit and the
thermoelectric power factor. The variation of thermoelectric parameters with temperature was also studied

in detail.

II. METHODOLOGY

We consider(8, 8) zigzag SiNR and GeNR with comparable width of ~5.5 nm. The proposed device
consists of ideal semi-infinite contacts connected to a central region which is about 25 nm long. At the
middle of this central region the +2% strain is considered on a section of 5 nm long ‘active’ area (indicated
in the schematic Fig. 1). The length of the central region ensures sufficient screening distance available on
both sides of this active area, so as to properly match with the perfect contacts.

With density functional tight binding (DFTB) formalism the electronic properties of the system is sim-
ulated [38]. The tight binding method is chosen for it’s high computational efficiency for handling systems
with such large number of atoms. We use the Slater-Koster parameters for Si and Ge [38, 47] for our cal-
culations. 1 x 1 x 24 k-points in a Monkhorst-Pack grid [48] are used for sampling the device supercell.
The phonon calculations are carried out under the frozen phonon approximation [38, 39] using the classi-
cal Stillinger-Weber [40, 41] type classical potential. A central finite difference method, inclusive of the
acoustic sum rule with 180 atomic displacements of 0.01 magnitude, was employed for calculation of the
symmetric dynamical matrix.

The electron current flowing between the two semi-infinite ideal contacts (1 and 2) is evaluated with
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Landauer formula [42-45]
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where frp(.) is the Fermi-Dirac distribution function, p and 7" the electrochemical potential and the tem-
perature of the contacts respectively, and Im .; the electron transmission function. For a small temperature

difference, the electrical conductance derived from Eq. (1) has the following form [32, 38, 46]
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The heat current Iy develops between contacts due to temperature gradient and is related to the thermal

conductance x as [32-38]
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The methodology for electron transport and phonon transport is available in detail in standard literature,
such as Refs. [42—-46].

The electron thermal conductance can be written as [32]

2 L?
e=—— (Lo — 2L 4
" kBT2h< L0>’ “

where the Onsager coefficient L,, is expressed as [32, 49]
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In the low temperature difference limit, the phonon thermal conductance can be defined as
T 0 fpp(w,T)
w BE\W,
Kph = %h(JJImph(w) <8T>a (6)
—0o0

where Im ,, is the phonon transmission, fgg/(.) is the Bose-Einstein distribution function and w the phonon
frequency.

The Seebeck coefficient or thermopower (.S ) can be expressed as [45-49]

1L
S(T) = =5 ()

The thermoelectric figure of merit Z7" is given as [45-49]

2
T
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III. RESULTS AND DISCUSSION

In our calculations the electron-phonon and the phonon-phonon couplings were not taken into account
since the scattering length in such Dirac materials greatly exceed the dimensions considered herein [2, 3, 17—
32].

The phonon transmission spectra as in Fig. 2(b) shows significant suppression upon the application of
+2% strain in the NR structures. A tensile strain shows slightly less suppression at lower energies as
compared to compressive strain for GeNR. For the SiNR both strained conditions show a very similar
nature of reduction from the unstrained condition. For GeNR the phonon transmission states exist mostly
between 0 to 0.04 eV, for SiNR the range expands to 0 to 0.08 eV. The greater suppression of the phonon
transmission against electron transmission upon introduction of non-uniformity in lattice is something that

is observed in other 1 dimensional systems as CNTs [32].
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FIG. 2: (a) Electron and (b) phonon transmission spectra of the various devices at equilibrium condition.
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In Fig. 3, the conductance of the various conditions of the SiNR and GeNR systems for variation in
temperature and Fermi level position is shown. The change in fermi level position is considered resulting
from a variation in chemical doping or electrostatic doping by the application of a gate voltage (VG). We
designate this Fermi level modulation as eV in our plots and refer to them as simply doping. We see that
with the increase in temperature the peaks of the conductance reduces in magnitude, at the same time the

peaks become more broadened and less strong for the same amount of doping.

In the presence of a symmetry breaking event as strain, the coherence of the transmission states is lost
to some degree resulting in the reduction in the conductance. The distinct fluctuations at 100 K smoothen
out as the temperature is increased and can be attributed to change in the Fermi distribution of the system.
The conductance in both SiNR and GeNR seem vary more with change in temperature, near the maxima
or minima than in other positions of the plots. Also the GeNR displays slightly more conductance against
SiNR structures for higher amounts of doping.

Coming to the thermal conductivities in Fig. 4, we can see a reduction in the thermal conductivity of the
SiNR and GeNR configurations upon the application of both tensile and compressive localized strain. This
is consistent with our aim of enhancing thermoelectric qualities of the nanoribbons with strain engineering.
For the low temperatures the contribution due to phonons is shown by dashed lines. An interesting obser-
vation at this point is the dominance of the electron contribution to the thermal conductivity over the lattice
part which is largely due to the metallic nature of zigzag SINR and GeNR. For these NRs the electronic .
and lattice x,y, part of the thermal conductivity are at best equal at low doping levels at 100 K while for 300
K and above the electronic part becomes dominant even for the undoped condition.

The Seebeck coefficients of the SiNR and GeNR shown in Fig. 5, show a minor increase with strain appli-
cation (both tensile and compressive) for the same level of doping at temperatures in excess of 300 K. In
the SiNR it is seen that with increase in negative doping and temperature the plots tend to bunch together
more than that in case of GeNR. An oscillatory behavior of S with doping is seen in all cases, with a gradual
smoothing of the fluctuations with increase in temperature. Even at temperatures at and above 300 K, the
change of sign of the Seebeck coefficient with change in doping sign and also magnitude is present. For
instance, for the GeNR a changeover from positive values to negative value of Seebeck coefficient occurs
around -0.6 eV for the GeNR. On the positive doping side a changeover of S from the negative to positive
value occurs around 0.8 eV for the GeNR. For SiNR these turning point is around -0.4 eV (S > 0to S < 0
) and +0.4 eV (for S < 0 to S > 0). This indicates a modulation of the thermal transport behavior between
electron dominated (where S < 0 ) and hole dominated (where S' > 0 ) regimes in such SiNR and GeNR

systems as the doping and temperature changes.
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FIG. 3: Variation of conductance (G) of the SiNR and GeNR for different conditions with doping and temperature.

The thermoelectric figure of merit (ZT) plotted in Fig. 6, shows more diverse behavior in terms of change
of material and strain than other thermoelectric coefficients presented earlier. The peak values of the fig-
ure of merit differ depending on the material, temperature and nature of strain and are usually between

0.12-0.25, which is acceptable considering the single layered one dimensional structures considered in our
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FIG. 4: Variation of thermal conductance (k. ) of the SINR and GeNR for different conditions with doping and

temperature. Electronic part shown in solid lines, while lattice (phonon) part shown in dotted lines.

studies. It is seen in SiNR that at very low doping levels and low temperature of 100 K, ZT shows values

larger than that for temperatures of 300 K and above for similar doping. For SiNR with increase in tem-

perature the ZT plot spreads out more and has a lesser maxima at the same positive doping value, which
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FIG. 5: Variation of Seebeck coefficient (S) of the SINR and GeNR for different conditions with doping and temper-

ature.

is different from GeNR. With application of strain, the most significant increase in ZT is seen in SiNR,
where for temperatures of 300 K and above a ~30-35% increase is seen ZT for minor doping levels with
+2% localized strain. Also this enhancement in SiNR is more for the negative doping than positive doping

values. In GeNR at temperatures above 300 K a higher degree of ZT enhancement of about 25% can be
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FIG. 6: Variation of the thermoelectric figure of merit (ZT) of the SiNR and GeNR for different conditions with

doping and temperature.

seen for +2% of strain. These results indicate that by applying a moderate strain(+2%) on a small section

of a 1D SiNR or GeNR, it is possible to significantly tune the thermoelectric behavior of the material up to

35% for SiNR 25% for GeNR. The reversible nature of the induced deformation, makes it a good candidate

for tunable thermoelectric devices/ interconnects.
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FIG. 7: Variation of the thermoelectric power factor of the SiNR and GeNR for different conditions with doping and

temperature.

The thermoelectric power factor(PF), shown in Fig.7, also confirms tuning with application of strain.
The response however is a different for SINR and GeNR structures. Overall there is a rather minor change
in case of the PF for the GeNR with negative doping and a slight decrease in the maxima of the power
factor, for the positive doping. The SiNR however shows a marked increase in PF with +2% strain for the

low negative doping region, especially at 300 K. For doping levels of -0.2 eV, the PF rises about 3-4 times
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for 300 K operating temperature.

While engineering the thermoelectric properties it is important to reduce thermal conductivity while
ensuring minimal effect on the electrical conduction. In order to investigate the effects of strain on the elec-
trical current in the SiNR and GeNR, we carried out non-equilibrium Green function (NEGF) simulations
for a moderate bias of 1 V (at 300 K) and evaluated the maximum ballistic current with the two probe
Landauer method. The results (Fig. 8) show that the zigzag SiNR and GeNR structures can offer a good
driving current in the range of 90-120 pA and the effect of localized strain on the output current is rather
small(< 5 — 7%). This is quite a positive factor considering the aim in thermoelectric tuning is to have
variation in the heat transport properties of a system without much significantly affecting the electronic
transport. Since Silicene or Germanene are Dirac materials, through charge pumping or adsorption doping
they can be rather easily modulated between n-type or p-type materials [S0]. Reports regarding silicene

based TEGs have also appeared [51].
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IV. CONCLUSION

In this work we explore how a reversible effect as in-plane strain application in a localized manner can
be employed to tune the thermoelectric properties of zigzag silicene and germanene nanoribbons. With
atomistic simulations we investigate the electron transmission properties and with classical potentials the
phonon properties are investigated. The thermoelectric properties are evaluated from the electron and the
phonon transmission spectrum calculated under the NEGF formalism. Our studies show a good degree of
tuning of electrothermal coefficients are attainable by such strain engineering in SINR and GeNR systems.
A suppression of thermal conductivity while keeping the electronic transport not as much affected was
possible to achieve in particular for both the SiNR and the GeNR systems. For GeNR and SiNR devices,
25% and 35%, respectively enhancement is seen in ZT for similar conditions by application of the moderate
strain of £2% in a small portion of the entire NR. These results indicate a good prospect of controlling the
electrothermal performance of SiNR and GeNR structures with a simple mechanism and is important from

the point of view of nanoscale thermoelectrics in next generation devices and sensors.
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