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Abstract
Utilizing γ-graphyne-1 nanotubes (GyNTs) in the Tunneling Field Effect Transistors (TFETs) suppresses
ambipolarity and enhances subthreshold swing (SS) of TFETs which is because of large energy band gap
and high electron effective mass of GyNTs. In this research analysis of structural, electronic and
thermoelectric properties of γ-graphyne-1 family under the deformation potential (DP) approach reveals
that electron-phonon mean free path (MFP) of an Armchair GyNT (3AGyNT) and Zigzag GyNT (2ZGyNT)
are 45 and 290 nm, respectively. Therefore, ballistic transport of sub 10 nm 3AGyNT-TFETs and 2ZGyNT-
TFETs in different channel lengths are investigated utilizing Non-Equilibrium Green’s Function (NEGF)
formalism in the DFTB platform. Ultrahigh Current Ratio (OOCR) value of 1.6 x 1010 at VDD = 0.2 V and
very low point SS of 5 mV/dec are belonged to the 3AGyNT-TFET with channel length of 9.6 nm. 2ZGyNT-
TFETs shows higher on-state current and SS as well as lower OOCR than those of 3AGyNT-TFETs. A
linear relationship between channel length and logarithmic off-state current is reported that is consistent
with WKB approximation. The obtained results along with the ultralow power consumption of the
suggested GyNT-TFETs, make them as replacement of digital silicon MOSFETs in the next generation
nanoelectronic devices.

1 Introduction
During the last years, numerous theoretical and experimental efforts have been carried out to enhance the
e�ciency of MOSFETs with sub 10 nm gate lengths [1-4]. Thermionic emission (TE), which is the basis of
operation of conventional MOSFETs, is the main obstacle to scale down the threshold voltage (Vth) and

power dissipation of transistors by imposing a lower limit on its subthreshold swing (SS) equal to 
60mV/dec at room temperature [5]. On the other hand, quantum mechanical tunneling current through
the potential barrier of the channel is comparable with the Ioff within the sub 10 nm gate lengths.
Thereby MOSFETs suffer from a lower limit of SS and both simultaneously TE and tunneling currents in
the off state.

GAA MOSFETs have the ideal geometrical structure to e�ciently control the channel current and short
channel effects (SCEs) to achieve SS levels as near to 60mV/dec as possible. As per International
Technology Roadmap for Semiconductors (ITRS) and International Roadmap for Devices and Systems
(IRDS) documents, lower limit of gate length in the silicon nanowire based GAA MOSFETs is 10nm and
reduction of technology node is only achieved via monolithic 3D (M3D) integration by stacking several
layers of devices after 2024 [6-8]. New structures and technologies together with the innovative materials
have been vastly investigated by electronic industries and researchers to scale down channel length
and/or SS of MOSFETs. Nano-Electro-Mechanical gate FETs (NEMFETs) [9], ferroelectric dielectric FETs
[10], negative capacitance FETs [11], and impact ionization FETs [12] have potentially lower SS than
conventional MOSFETs. However the common drawback of these transistors is an intrinsic delay in their
switching mechanisms [13].
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TFETs are gated p-i-n junction devices which are biased in the reverse direction with ultralow SS and high
mobility at room temperature. CNT based GAA TFETs (CNT-TFETs) are the appreciated homojunction
transistors using semiconducting CNTs with n ≠ 3ν in the source, channel, and drain region [14,15].
From a material point of view since sheet of graphene has metallic property, CNTs have this ability to
convert channel of CNT-TFETs from semiconductor to metal by changing its chiral vector to n = 3ν
which can degrade absolutely operation of a digital transistor. Hence CNTs has not enough reliability to
use in the electronics industries which have a tendency of using always semiconducting channels in
nanoelectronic devices particularly in high OOCR digital transistors [16].

Graphyne is another 2D allotrope of carbon that was predicted �rstly by Baughman in 1987 [17]. Four
types of high symmetry nanostructures of graphyne family are α, β, γ, and 6,6,12-graphynes. Among
carbon allotropes consisting of all types of graphynes only γ-graphyne-n are intrinsic 2D semiconductors
which have n acetylenic linkages consisting of two sp hybridized carbon atoms between hexagonal rings
of sp2 hybridized carbon atoms of graphene.

Using cross-coupling reaction, γ-graphyne-2 (graphdiyne) multilayer sheets and graphdiyne multiwall
nanotube arrays were successfully fabricated by Guoxing Li et al. in 2010 and 2011, respectively [18,19].
It was shown that the graphdiyne sheets have semiconducting behavior. Qiaodan Li and teammates
succeeded to synthesize monocrystalline single layer γ-graphyne-1 sheet through a mechanochemical
reaction in 2018 [20]. The atomic and electronic structure of synthesized samples were characterized by
XRD, XPS, EDX, TEM, and UV-visible spectrum. They found that the band gap energy and lattice constant
of γ-graphyne-1 sheets are 2.53eV and 0.69nm, respectively.

The previously calculated band gap energy of γ-graphyne-1 sheet in different DFT, HSE06, DFTB, and
B3LYP methods shows diverse values of 0.45eV [21,22,16], 0.98eV [21,23], 1.28eV [21,24], and 2.23eV
[25], respectively. The single aforementioned experimental result shows an overestimated band gap value
of 2.53eV because of the presence of oxygen in the synthesized γ-graphyne-1 sheet.[20] The calculated
band gap in DFT methods are usually underestimated, particularly in large band gap materials suchlike γ-
graphyne-1 [26,25]. In this research, the calculated band gap energy in DFTB method is 1.34 eV agreed
with the previous calculations and is between the comparably precise HSE06 method and the single
experimental results [27,28]. Hence DFTB is a reliable method and is utilized in all calculations in this
paper. The electronic and structural properties of γ-graphyne-1 sheets and nanotubes have been
investigated and it is shown that the lower limit band gap energy of high diameter GyNTs is the band gap
of γ-graphyne-1 sheet [27]. In 2016, Desai successfully synthesized a homojunction MOSFET with 3.9nm
effective channel length. In this transistor gate was a metallic CNT with 1nm diameter and source-
channel-drain material was a two layer MoS2 that was electrostatically doped to n +  in the source and
drain regions via a bottom gate at 5V bias [4].

In this paper two GAA homojunction p-i-n TFETs are constructed in Virtual NanoLab (VNL) and
investigated via ATK package using 2ZGyNT and 3AGyNT. For the �rst time relaxation time, mobility, and
MFP of γ-graphyne-1 family are calculated. It was shown that electron MFP of 2ZGyNT and 3AGyNT is 
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359 and 52nm, respectively. Ballistic transport calculations shows Ion of 2ZGyNT-TFETs is nearly 103

times of 3AGyNT-TFETs. Ultrahigh OOCR value of 8.9x1015 at Vth − Vgs = 0.5V and ultralow point 
SS value of 5mV/dec at Vgs = Vth are achieved, where Vth is threshold voltage. At the bias conditions
of Vth − Vgs = Vds = 0.2V the calculated I-V characteristic of 3AGyNT-TFET with a channel length of 9
.6nm shows OOCR and SS values of 1x104and 19mV/dec, respectively. The average SS and OOCR
of 3AGyNT-TFET with Lch = 3.6nm are 59mV/dec and 2.4x103, respectively. Impact of channel length
on the performance of TFETs are considered via I-V characteristic of GyNT-TFETs in the subthreshold
region which is compatible to WKB approximation.

2 Computational Methods
γ-graphyne-1 nanotubes and transistors are constructed in the VNL software. Atomistic calculations of
GyNTs and GyNT-TFETs are carried out via ATK package. In the geometrical relaxation of GyNTs the
atomic force tolerance is set to 0.01 eV/Å. The convergence criterion of hamiltonian energy is 10 −5 in
DFTB and DFT based calculations. Basis set of mio is used in the DFTB method. In the DFT method the
core-valance interactions are calculated by PseudoDojo pseudopotential that is a norm-conserving
Troullier–Martins pseudopotential. The basis set is set to the medium. The electron-electron interactions
are taken into account by the exchange-correlation functional of the Perdew-Burke-Ernzerhof (PBE)
approach of Generalized Gradient Approximation (GGA) [29]. The vacume space is more than 17 Å in the
simulations. Monkhorst-Pack grid of k-points are used in the reciprocal lattice sampling in the k-space
and is set to 1x1x70 for 1D GyNTs. The real space grid is based on the mesh cut-off energy of 50Ry.
Bulk nanomaterials and devices are investigated at room temperature 300K in all simulations. Currents
of the TFETs are calculated utilizing Landauer-Büttiker formula in the NEGF approach [30]:

I Vb = G0∫ +∞
−∞dE/e fL E − μL − fR E − μR T(E,Vds)(1)

where G0 = 2e2/h = 77.4μS is the conductance of one level channel, e is the electron charge, 
T(E,Vds) is the transmission coe�cient in the Vds, fL and fR are the Fermi-Dirac distribution functions,
and μL and μR are the electrochemical potentials of the left and right electrodes, respectively.

3 Results And Discussion
The unit cell of γ-graphyne-1 contains of a basis of 12 carbon atoms. As depicted in Fig. 1a, 2D γ-
graphyne-1 sheet has a chiral vector of Ch = na1 − ma2, where a1 = a0x and 
a2 = a0( − 1/2x + √3/2y)are lattice vectors and x. y are unit vectors. The chiral vector in the zigzag

and armchair directions are (n. n) and (n.0), respectively. Zigzag and armchair γ-graphyne-1 nanotubes
are formed via rolling γ-graphyne-1 sheet alongside its zigzag and armchair chiral vectors, respectively.
2ZGyNT unit ring (UR) is constructed by rolling up a supercell consisting of 2 unit cells in the zigzag
direction (2,2) and UR of 3AGyNT is constructed via (3,0) chiral vector, as shown in Figs. 1b and c.

( ) [ ( ) ( )]
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As acetylenic linkages in the sheet of γ-graphyne-1 break up bonding between hexagonal rings of
graphene, a gap grows up in the band structure of γ-graphyne family and turning them to the intrinsic
semiconductors. Therefore, GyNT-TFETs are trustworthy devices and encouraged as a replacement for
silicon nanowire GAA MOSFETs, while CNT-TFETs are not reliable devices.

To scale down size of TFETs, GyNTs with low diameter and high chemical stability are utilized. The
2AGyNT and 2ZGyNT are the smallest nanotubes but 2AGyNT has relatively lower chemical stability due
to its low cohesive energy Ecoh = − 8.13eV whereas 3AGyNT and 2ZGyNT with nearly equal 
Ecoh = − 8.30eV have chemically higher stability. Besides diameter of 2AGyNT is 4.4nm with high in
plain strain that causes to shrinkage length of its UR up to 2% [27]. As a result, in this paper two GAA
homojunction p-i-n TFETs are constructed and investigated using 2ZGyNT and 3AGyNT with diameter
values of 7.6 Å and 7.6√3/2= 6.6 Å, respectively.

The GyNT has heavily p +  and n +  doping in the source and drain regions, respectively. The only
difference between n-i-n conventional MOSFETs and p-i-n TFETs is the doping of their sources from n+ to 
p + . Thereby TE in the source is not able to excite enough electrons from valence band to conduction
band, speci�cally in high energy band gap nanomaterials such as GyNTs. Therefore, the only remind
current of TFETs is due to the transient of electrons via band to band tunneling (BTBT) in the on-state
and direct tunneling in the off-state. The concentration of dopants in the source and drain regions are set
to as high as values to align the Fermi level energies to their VBM and CBM, respectively.

The GyNTs are defect and dislocation free and channel regions of TFETs are intrinsic without ionized
impurity atoms and unavoidable cross sections, so scattering of electrons in the channel is elastic at low
temperatures. At room temperature transport of electrons are ballistic provided that their MFP are greater
than the channel length. Electron-Longitudinal Acoustic (LA) phonon MFP (λe) of GyNT is much more
than its LA phonon-phonon MFP [31] with value of λph = 15nm [32]. λe of γ-graphyne-1 sheet and
GyNTs is calculated via λe = vgrτrlx formula where vgr and τrlx are group velocity and relaxation time
of carriers, respectively. τrlx for electrons and holes is calculated via deformation potential (DP) theory.
The dispersion relation expression utilizing parabolic approximation of band structure at LUMO and
HOMO of graphyne is E(k) = ℏ2k2/2m ∗ , where ℏ is reduced plank's constant and m ∗  is effective
mass of carriers that achieved by m ∗ = ℏ2/∂2(E)/∂k2. By taking into account electron-LA phonon
scattering, Bardeen and Shockley in 1958 proposed an analytical formula under the effective mass
approximation in the framework of DP theory to calculate relaxation time τrlx and mobility μ of carriers
in 2D nanomaterials (Eq. (2)) [33-35]. Equation (3) is the amended formula for 1D nanomaterials [36,37]:

τrlx =
2ℏ3C

3kBTm ∗ DP2 (2)

τrlx =
ℏ2C

(2πkBT)1/ 2m ∗ 1/ 2DP2
(3)
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where T is temperature, C is elastic constant, and DP is deformation potential constant. By investigation
structural and electronic properties of γ-graphyne-1 sheet, 2ZGyNT, and 3AGyNT under the uniform strain
in the range of -2% < ∆a/a0 < 2%, C = 2∆Etot/(S(∆a/a0)2)) for 2D and C = a0∂2E/∂ a2 for 1D
nanomaterials and DP = ΔEedge /(Δa/a0) are calculated and m ∗  is achieved using ATK package

[36]. ΔEtot is the average increasing in the total energy of γ-graphyne-1 sheet and nanotubes and 
ΔEedge is shift of energy at the edge of CBM and VBM for electrons and holes, respectively.

As depicted in Table 1, the relaxation time τrlx and mobility μ = eτrlx/m ∗  of γ-graphyne-1 sheet for

holes are 0.52ps and 3.18x 103cm2V −1s −1, respectively, agree with the previous calculations and for
electrons are 1.05ps and 7.39x 103cm2V −1s −1, respectively, lower than those of previous calculations
which is due to the lower calculated value of m ∗  in the DFT method relative to the DFTB method [38,35].

The relaxation time and mobility of 2ZGyNT are nearly one order of magnitude higher than those of
3AGyNT, as illustrated in Table 1. It is because of both simultaneously higher m ∗  and DP of 3AGyNT in
contrast with 2ZGyNT. Higher DP constant reveals higher electron-phonon coupling of 3AGyNT relative to
2ZGyNT. MFP of electrons and holes of 2ZGyNT and 3AGyNT are greater than the maximum channel
length of 10nm in this paper that cannot impose severely transmission of carriers through the channel.
As a result, scattering of carriers in sub 10 nm 2ZGyNT-TFETs and 3AGyNT-TFETs are elastic and the
transistors work in ballistic regime.

Two TFETs are constructed in VNL utilizing URs of 2ZGyNT and 3AGyNT. Each UR of 2ZGyNT and
3AGyNT has 48 and 72 carbon atoms with length values of 6.893 6 Å and 12.061 6 Å and diameters of
7.6 6 Å and 6.6 6 Å, respectively. Fig. 2 shows 2ZGyNT-TFET with gate length value of 5.5nm comprising
of 8URs. 2ZGyNT-TFETs and 3AGyNT-TFETs have 4 and 3 URs with doping concentration of 0.003and 0.
008e/atom, respectively, in the source and drain regions. Upper channel length of both zigzag and
armchair sub 10 nm TFETs is 9.65nm with 14 and 8 URs under the gate, respectively.

Based on the WKB approximation transmission coe�cient of a square potential barrier is:

T = exp − 2L 2m ∗ Ebar/ℏ (4)

where L and Ebar are length and height of potential barrier, m ∗  is effective mass of material, and ℏ is
reduced Plank's constant. Hence to maintain performance of TFETs in off-state it is essential to avoid
from OOCR pinning via leakage current of insulator utilizing an oxide layer with enough high effective
mass band gap product (m ∗

insE
ins
g ) (Eq. (4)) with simultaneously high dielectric constant (K). SiO2 is an

excellent insulator with m ∗
insE

ins
g = 0.42 x 8.9 = 3.7 but with a low K value of 3.9 [39]. HfO2 with better

K = 25 has weak insulator property with m ∗
insE

ins
g = 0.17 x 5.7 = 0.97 [40]. TiO2 in Brookite phase

has higher m ∗
insE

ins
g = 1.46x3.5 = 5.1 than SiO2 and higher K = 80 than HfO2 and so has relatively

( √ )
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lower leakage current and higher performance than the other insulators [41]. Hence it is used as gate
insulator material in this paper and previous investigation of TFETs [42].

I-V characteristic of 2ZGyNT-TFET with 8 URs in its channel (Fig. 2) on the bias conditions of Vds = 0.2V
and −2Vcript > , is extracted and depicted in Fig. 3. Same curve of TFET is reproduced for Si and InAs
nanowire TFETs utilizing WKB approximation [43]. It is obvious that a couple of unipolar transistors

consisting of n-TFET and p-TFET are constructed with threshold voltages at Vn
th = − 0.3V and 

Vp
th = − 1.8V, respectively. Contrary to the higher OOCR and lower SS of p-TFET relative to n-TFET,

because of lower work function of metal gate in the n-TFET than p-TFET as well as higher mobility and
MFP of electrons than those of holes, it is focused on the n-TFETs in this paper.

As shown in Fig. 3, I-V characteristic of TFET has 2 regions. At Vn
thcript >  and Vgscript >  the TFET is

in the saturation region. At Vn
thcript >  electrons can tunnel via BTBT from valence band of source,

through a triangular potential barrier, to conduction band of channel and at Vgscript >  holes can tunnel
from conduction band of drain to valence band of channel. Between two BTBTs, gate voltage is in the

range of Vp
thcript >  and TFET is in the subthreshold region in which Ids is characterized by Ion and

transmission coe�cient of the channel.

Unlike conventional MOSFETs whose SS has a lower limit of 60mV/dec, in the TFETs SS is not

constant and has not lower limit, but instead is an increasing function of m ∗ Vgs − Vth  with the

lowest value at Vgs = Vth (Fig. 3).

By increasing negative voltage on the metal gate in the subthreshold region, Log Ids  decreases on a

nearly parabola curve versus Vgs, and SS gradually increases so the best point as on-state in a digital
TFET is just near the Vth with the lowest value of SS. However in a digital TFET the average SS is
desired not point SS that is slope of tangent line of I-V curve. The OOCR and average SS values of TFET
in Fig. 3 are 6.8x103 and 52mV/dec for n-TFET, and1.8x105 and 38mV/dec for p-TFET, respectively.
Because of higher effective mass, p-TFET has higher OOCR and lower SS than n-TFET.

TFETs are ambipolar devices with total current of sum of the electron and hole currents in each Vgs. In
the subthreshold region electron current is due to the direct tunneling of electrons from VB of source to
CB of drain and hole current is due to the direct tunneling of holes in the opposite direction in the
transmission window of eVds. Hence by increasing negative voltage of Vgs the electron current
decreases while the hole current increases so ambipolarity causes the I-V characteristic of TFETs
gradually deviate from curve of pure electron or hole current and �nally at Vgsmin = − 1.1V two curves
of electron and hole currents contact with each other with equal values and opposite slopes so slope of
the I-V curve is zero and current value is two times of individual electron or hole currents. However the
pro�le of potential barrier in the source-channel-drain is not constant and gradually changes with Vgs as

| |

( )
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it helps to increase the current and �nally at Vgsmin it increases more than 2 times of pure carrier curves.
As a result to prevent from degradation of operation of a digital TFET by ambipolarity it is essential to
select a nanomaterial with enough high energy band gap as Eg/2 ≫ eVDD.

By constructing 2ZGyNT-TFETs in different channel lengths Lch = nLUR with n in the range of 
7 ≤ n ≤ 14, the impact of Lch in the range of 4.8nmcript > .6nm on the performance of TFETs are
investigated. The I-V characteristic of TFETs are calculated and depicted in Fig. 4. For n-TFETs and p-

TFETs the Vn
th ≅ − 0.3V and Vp

th ≅ − 1.8V, respectively.

Under the bias condition of Vth − Vgs = 200mV and Vds = 200mV, the OOCR and SS of TFETs are
calculated and demonstrated in Fig. 5. It is obvious that Log(OOCR) is linear with respect to 
Lch = nLUR = nx0.69nm. SS of n-TFET with 7 URs in the channel is 60.9mV/dec, nearly equal to the
minimum SS of MOSFETs. n-TFETs with channel length of 8 and 7 URs need Vth − Vgs = 208mV and 

Vth − Vgs = 244mV to get OOCR value of 1x104 nearly equal to the minimum requirement of OOCR
as per ITRS [6].

It can be seen in Fig. 4, at every constant Vgs = cte by increasing number of URs the current of TFETs
decreases with nearly equal steps. As shown in Fig. 6, atomistic calculation shows a linear relationship

between Lch and Log Ids  at Vgs = cte. Model of this relationship is Ioff ∝ e−αLch that is consistent

with the transmission coe�cient of a square potential barrier based on the WKB approximation (Eq. (4))
and so the calculated approximation formula of Ioff in the subthreshold region of the n-TFET is 

Ioff ≈ Ionexp( − 6.5Lch m ∗ (Vth − Vgs)) [44,43]. For a precise model it is needed to take into

account imaginary band dispersion of GyNTs in the WKB formula [43].

By increasing work function of metal gate by eVoff = 0.5eV the I-V characteristic of TFETs shifts to the
right so that the origin of the coordinates corresponds to the off-state and a plain curve of TFETs as
digital transistors created. The TFETs are able to switch from off-state to on-state via Vgs = 0.2V.

γ-graphyne-1 armchair nanotubes have higher effective mass and lower mobility than zigzag nanotubes.
So 3AGyNT-TFETs have potentially lower Ion and power consumption as well as higher OOCR than

2ZGyNT-TFETs. Fig. 7 shows a 3AGyNT-TFET with gate length value of 6nm which comprises of 5 URs.

On the bias condition of Vds = 0.2V and −2.8Vcript > , I-V characteristics of sub 10nm 3AGyNT-
TFETs with Lch = nLUR when n is in the range of 3 ≤ n ≤ 8 are calculated and depicted in Fig. 8 and
thereby the impact of channel length 3.6nmcript > .6nm on the performance of TFETs are investigated.
As shown in Fig. 8, threshold voltage of n-TFETs and p-TFETs are Vn

th ≅ − 0.5V and Vp
th ≅ − 2.5V,

respectively. Red and blue shaded regions are two parts of subthreshold region of 3AGyNT-TFETs in
which two digital n-TFETs and p-TFETs are constructed.

( )

√
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As shown in Fig. 9, Log(OOCR) and SS are linear and reciprocal functions of n, respectively. The
minimum SS and maximum OOCR are belonged to the longest TFET with 8 URs in its channel where its 

OOCR at Vgs = Vgsmin = − 1.1V is 5.7x1019 and its point and average SS at Vgs = Vn
th = − 0.5V

and Vn
th − V

gs
= 0.2V are 5mV/dec and 19mV/dec, respectively. n-TFET with 

Lch = 3LUR = 3.6nm has \text{S}\text{S} value of 59 mV/dec. At {{V}_{th}^{n}-V}_{gs}=0.24 V its
\text{O}\text{O}\text{C}\text{R} value reaches to {10}^{4}.

By increasing work function of metal gate by 0.7 eV the I-V characteristic of TFETs shifts to the right so
that the n-TFETs are able to switch between off-state and on-state via {V}_{gs}=0.2 V.

4 Conclusion
Band gap engineering in γ-graphyne-1 hints its possible application in nanoelectronic device technology
specially in FET platform. GyNT-TFETs due to their novel structure, material and technology with potential
application as a high performance digital transistor in nanoelectronic devices requires deep investigation
in physical point of view. In this study, the calculated electron MFP of GyNTs in the effective mass
approximation and DP theory are enough high to perform reliable ballistic transport properties of sub 10
nm GyNT-TFETs. I-V characteristic of armchair and zigzag TFETs in different channel lengths are
obtained. At channel length of 9.6 nm the 2ZGyNT-TFET and 3AGyNT-TFET show ultrahigh average
\text{O}\text{O}\text{C}\text{R} value of 2x{10}^{7} and 1.2x{10}^{10}, respectively. 3AGyNT-TFET with
channel length of 3.6 nmhas \text{S}\text{S} value of 59 mV/dec which is nearly equal to the minimum
\text{S}\text{S} of conventional MOSFETs. A model of {I}_{off} based on the WKB approximation and
linear relationship betweenLog\left({I}_{off}\right) and {L}_{ch} is proposed. At shorter channel lengths,
future studies will be performed on optimizing the doping concentration and electrical �eld in the source
and drain regions.
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Tables
Table 1 Calculated electron and hole relaxation times, mobilities, and MFPs of γ-graphyne-1 sheet,
2ZgyNT and 3AGyNT.

  γ-graphyne-1 sheet         2ZGyNT 3AGyNT

  Electron Hole Electron Hole Electron Hole

 m*/m0 0.25 0.29 0.23 0.28 0.43 0.52

 C [Jm-2]             762    

 C [1010eVcm-1]               5.44             1.68

 DP [eV] 4.9 6.45 1.44 2.56 1.85 3.35

 τrlx [ps] 1.05 0.52 2.49 0.71 0.34 0.10

 μ [103cm2V-1s-1] 7.39 3.18 19.04 4.48 1.40 0.37

 MFP [nm] 160 57 359 77 52 11

Figures



Page 14/20

Figure 1

a) Unit cell as well as armchair and zigzag chiral vectors of γ-graphyne-1 sheet, b) unit ring of 2ZGyNT,
and c) unit ring of 3AgyNT.

Figure 2
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Schematic diagram of 2ZGyNT-TFET. Source and drain have p+ (red) and n+ (blue) doping, respectively.
Doping concentration of source, drain, electrodes and extended electrodes is 0.003 e/atom.

Figure 3

I-V characteristic of 2ZGyNT-TFET with 8 URs in its channel. Average SS of n-TFET and p-TFET,
logarithmic slope of black dash lines versus vertical axis, are 49 and 37 mV/dec, respectively.
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Figure 4

I-V characteristic of 2ZGyNT-TFETs. Red and Blue shaded areas are operational regions of n-TFETs and p-
TFETs, respectively.
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Figure 5

OOCR and of 2ZGyNT-TFETs. Log(OOCR) and SS are linear and reciprocal functions of Lch, respectively.
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Figure 6

I-V characteristic of 2ZGyNT-TFETs at constant Vgs in the range of 0.1 V < |Vgs - Vth|<|Vgsmin - Vth| for a) n-
TFETs and b) p-TFETs. 

Figure 7
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Schematic diagram of 3AGyNT-TFET. Source and drain have p+(red) and n+(blue) doping, respectively.
Doping concentration of source, drain, electrodes and extended electrodes is 0.008 e/atom.

Figure 8

I-V characteristic of 3AGyNT-TFETs. Red and Blue shaded areas are operational regions of n-TFETs and p-
TFETs, respectively
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Figure 9

OOCR and SS of armchair n-TFETs versus channel length.  


