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Abstract 8 

In this article, the effects of hetero-dielectric gate material and gate-drain underlap 9 

on the ambipolar and ON-state current of a germanene nanoribbon (GeNR) 10 

tunneling field-effect transistors (TFETs) is examined. The simulations are 11 

performed using the combination of density functional theory (DFT) and non-12 

equilibrium Green's function (NEGF) formalis 13 

14 

m. It was observed that using high-k dielectric gate material increases the ON-state15 

current while the combination of hetero-dielectric gate material and gate-drain16 

underlap suppresses the ambipolar current and improves the ON-state current. In17 

addition, the effect of various hetero-junctions in the source region on the18 

performance of GeNR-TFET was investigated. Due to the dependency between the19 

width and energy bandgap in GeNR, utilizing a small bandgap in the source20 

improves ON-state current and its ambipolar behavior.21 

22 

Keywords: 2D materials; germanene nanoribbon; tunneling field-effect transistor; 23 

hetero-gate dielectric; gate-drain underlap; heterojunction. 24 

25 

1. Introduction26 

In order to continue performance improvement of Metal-Oxide-Semiconductor 27 

fielde effect transistors (MOSFETs), their dimensions have been scaled down 28 

continuously in the last decades and it is reached to less than 10 nm now. However, 29 

this matter has led to a significant increase in power consumption. Due to 30 

aggressive shrinking of the device dimensions, short-channel effects such as drain 31 

induced barrier lowering (DIBL) are increased resulting in worse leakage current. 32 

On the other hand, the fundamental theoretical limit of the subthreshold swing 33 

(SS), which is about 60 mV/dec at room temperature for conventional MOSFETs, 34 

does not permit further decrease of the leakage current in these devices. Therefore 35 



alternative device structures and materials are proposed to overcome these 36 

problems[1-7]. They could offer a subthreshold swing (SS) smaller than 60 37 

mV/dec[2]. In recent years special attention has been paid to novel 2D materials 38 

and in particular to graphene, silicene and germanene because of their unique 39 

electronic, mechanical and optical properties. They offer a great potential for future 40 

nanoelectronic device applications[8-11]. 41 

These materials are two-dimensional with a hexagonal honeycomb structure. There 42 

is a Dirac point and a linear electronic dispersion around this point in these 43 
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materials. They belong to group IV of the periodic table. Graphene is comprised of 

sp2 hybridized carbon atoms and planar configuration whereas silicene and 

germanene because to the mixing of sp2 and sp3 hybridization have low-buckled 

structure[10-18]. Various studies show that graphene, germanene and silicene 

monolayers have zero bandgap. Since in electronic devices, semiconductor 

materials with a tunable band gap is required it was necessary to overcome this 

issue. Utilizing these materials as nanoribbons with a desired width yields a non-

zero bandgap which is tunable[8, 11, 12, 19-21]. Graphene, germanene and 

silicene nanoribbons are candidates for next generation devices due to significant 

electronic properties such as direct bandgap and light carrier effective mass[2, 22-

24], high carrier mobility and high current density[23, 25-27]. 

On the other hand, TFETs which are based on interband tunneling mechanism have 

attracted much interest. TFETs have advantages such as subthreshold swing below 

60mV/dec, less leakage current and better immunity to short channel effects 

(SCEs). However, disadvantages are also observed, such as less on-current (ION) 

than a high performance MOSFET and ambipolar behavior in TFETs. 

Ambipolarity means that depending on the type of voltage applied, tunneling 

happens in two directions. In n-channel TFETs, for instance, by applying positive 

gate voltage, electrons tunnel from the source to the channel that this results in an 

on-state current (ION) while by applying a negative gate voltage, hole tunneling 

occurs from the drain to  the channel that results in an ambipolar current (Iamb). 

This problem degrades the switching characteristics and makes the TFET less 

efficient for digital circuit design. In order to overcome these issues, several 

methods have been introduced. The most important among them are use of high-k 

gate dielectric, multiple-gate structure, hetero-dielectric gate (HG), gate-drain 

overlap, heterojunction TFETs, drain underlap, band-gap engineered TFETs and 

drain doping engineering[28-36]. 

In this paper, the effect of hetero-dielectric and a gate-drain underlap on the 

ambipolar characteristics and ON-state current in a GeNR-TFET is investigated. 

Moreover, the effect of changing the source bandgap on the performance of this 

device is evaluated. 

https://en.wikipedia.org/wiki/Dispersion_relation
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Fig1: Top and side views of the relaxed 6-AGeNR. 99 

100 

101 

I–V characteristic behavior under a drain-source voltage (Vbias) and gate voltage 102 

(Vg) is calculated as:  103 

2. Device structure and simulation setup

The electronic properties and current-voltage characteristics were investigated

utilizing the density functional theory (DFT) and non-equilibrium Green's function

(NEGF) method in the Atomistic ToolKit -Virtual Nanolab (ATK-VNL) [37].

The exchange correlation employed is the Generalized Gradient Approximation

(GGA) of Perdew–Burke–Ernzerhof (PBE) functional.The cutoff energy and a

Monkhorst-Pack k-point are considered 80 Hartree and 1×1×51, respectively.

Hartwigsen–Goedecker–Hutter (HGH) pseudopotential is applied as basis set [10].

Periodic boundary conditions with vacuum layer of approximately 15 Å for each

side of the unitcell are employed to prevent undesired image-image interaction. It

is worth noting that the vacuum layer size for the AGeNR case is in agreement

with the previous works presented in [38, 39].

To remove the dangling bond effects on the surface of nanoribbons, edges on both

sides were passivated with hydrogen atoms. In order to obtain the optimum

structure, the initial defined structure is relaxed until the maximum atomic force to

each atom smaller than 0.02 eV/Ǻ is obtained. The 1×1×101 k-points have been

used to obtain electronic properties. Moreover, the temperature is set at T = 300

K[10, 38]. Fig. 1 illustrates the armchair GeNR unit cell. The bond length of Ge–

Ge and parameter of buckling was obtained 2.4 Ǻ and ∆= 0.67 Ǻ, respectively.



104 

𝐼(𝑉𝑔, 𝑉𝑏𝑖𝑎𝑠) =
2𝑒

ℎ
∫ { 𝑇𝑟[𝛤𝐿𝐺𝑅𝛤𝑅𝐺𝐴]

+∞

−∞
[𝑓𝐿(𝐸 − µ𝐿) − 𝑓𝑅(𝐸 − µ𝑅)]}𝑑𝐸   (1) 105 

where e, h,Γ,fL/R and µL/R are electron charge, Planck’s constant, contact broadening 106 

function of left(L) and right(R) electrodes, Fermi–Dirac distribution function of 107 

L/R electrodes and chemical potential of L/R electrode, respectively. Furthermore 108 

G is the Green's function of device that is given by: 109 

110 

𝐺𝑑 = (𝐸 − 𝐻𝑑 − ∑𝐿 − ∑𝑅)−1         (2) 111 

112 

where E , Hd and ΣL/R are carrier energy, the Hamiltonian of device and the self-113 

energy of L/R electrodes, respectively [40, 41] 114 
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Fig2: Schematic of a simulated GeNR TFET 

Fig. 2 shows the schematic of proposed GeNR-TFET. The p-i-n GeNR tunneling 

FET has a 10-nm long GeNR channel with index of N=6, where N is the number of 

atoms along the ribbon width. The gate insulators used in this study are SiO2(K=4) 

and HfO2(K=25) with 1.5 nm thickness and the gate metal thickness is 0.5 nm. The 

source and drain lengths are the same and equal to 7.04 Ǻ .The gate insulator 

covers the entire nanoribbon but the gate metal only covers the channel. The 

channel is undoped whereas p-type and n-type dopants are introduced into the 

source and drain regions, respectively. Doping value is chosen 0.8%. 

 The utilized power supply voltage is VD=0.5V. Lengths of the gate (Lgate) and 

channel are the same. Lunderlap is considered from the edge of the gate to the junction 

of the drain. 



3. Results and discussion134 

In this section the results obtained from the simulation of the device under study at 135 

room temperature are discussed. Therefore, the transfer characteristics for hetero-136 

dielectric gate material, gate-drain underlap and hetero-junction at the source 137 

region are presented. Their performance has been investigated in terms of ON-state 138 

(ION) and ambipolar current (Iamb). 139 

3.1. Impact of mono/hetero dielectric materials on the transfer characteristics 140 

In this subsection, impact of hetero dielectric gate on controlling the ambipolar 141 

characteristic is studied. In order to examine the obtained data, a detailed review on 142 

the formulation of the tunnel current is required. The dependence of the ON state 143 

current (ION) on the transmission probability in TFETs[35, 36] is explained by: 144 

145 

𝐼 ∝ 𝑇(𝐸) = exp(−
4√2𝑚∗𝐸

3
2

3|𝑒|ℏ(𝐸𝑔+∆𝜑)
√

𝜀𝑠

𝜀𝑜𝑥
𝑡𝑜𝑥𝑡𝑠)∆𝜑     (3) 146 

147 

where e, ћ, Eg , m* and Δφ represent the electron charge, the reduced Planck’s 148 

constant, the bandgap, the effective mass and the energy range of tunneling 149 

location, respectively. tox  and εox are oxide thickness and dielectric constant while 150 

ts and εs denote the corresponding values for the semiconductor close to the tunnel 151 

junction. 152 

This equation indicates that ON-state current (ION) can be increased by increasing 153 

the dielectric constant (εox).The transfer characteristic (ID-VG) for the GeNR-TFET 154 

presented in Fig. 2 was calculated for two different mono-dielectrics (SiO2 and 155 

HfO2). The results obtained for this study are compared and shown in Fig. 3. 156 

157 



158 
Fig. 3: The current-voltage characteristics for two mono-dielectrics in GeNR-TFET under study 159 

at VDS= 0.5V. 160 

161 

Despite the improvement of the ON state and OFF-state (leakage) current for high-162 

k dielectric case (HfO2), Fig. 3 indicates that the ambipolar current in the GeNR-163 

TFET utilizing HfO2 dielectric is more. In order to overcome this problem, we 164 

examined the idea of using a different combination of high dielectric (HfO2) and 165 

low dielectric (SiO2) insulators at the source/drain sides of the channel. Fig.4 166 

compares the transfer characteristics at VD= 0.5V for the devices utilizing hetero-167 

dielectric materials which is comprised of a combination of SiO2 and HfO2 in three 168 

cases: 169 

a) Three-fourths of the dielectric length made from low-k material (SiO2) and170 

is located at the drain side and one-fourth of that made from high-k material171 

(HfO2) which is located at the source side.172 

b) Both sizes of high-k and low-k dielectrics are equal.173 

c) One-fourth of dielectric length made from SiO2 and is located at the drain174 

side and three-fourths of that made from HfO2which is located at the source175 

side.176 

It is worth noting that in all three cases, high-k/ low-k materials are located close to 177 

the source/drain sides, respectively. In other words, the dielectric in the drain side 178 

is SiO2 while the dielectric in the source side is HfO2. 179 

180 



181 
Fig. 4: The current-voltage characteristics for three cases of hetero-dielectric in GeNR-TFET 182 

under study at Vds= 0.5V. 183 
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 From Fig. 3 the calculated SS is equal to 54mV/decade for TFET utilizing SiO2 202 

and 50 mV/decade for the case utilizing HfO2. This indicates the use of high-k 203 

material gives better or reduced value of SS for mono-dielectric case. However, for 204 

hetero-dielectric cases shown in Fig.4, the SS value is between these two values 205 

According to Fig. 4, case c which utilizes more HfO2 at the source side gives more 

ON-state current (ION). This is in agreement with what we expect from equation 3 

because occurrence of more tunneling necessitates use of high-k material in the 

source side. Furthermore, the use of higher dielectric material with an increased 

length leads to more electrostatic coupling between the gate and the junction of 

source/channel resulting in the enhancement of ION. 

As shown in Fig. 4, if the SiO2 length becomes more than the length of the HfO2

(case a) the ambipolar current decreases. However, it can be seen that ION is also 

reduced, so there is a trade-off between the ambipolar current and ION. 

The sub-threshold swing (SS) is another important parameter of the field effect 

transistor that is calculated as SS=dVG/dlog(I) [11]. It is desired to have a low SS 

value, because it leads to better switching behavior of the transistor. It is worth 

noting that since the drain current behavior of the tunneling devices is not linear 

versus the gate voltage at the subthreshold region, the SS value must be measured 

at a particular point and since the Dirac point has the highest slope, SS is 

calculated at this point. 



(50 and 54 mV/decade) and the more the length of high-k material, the less the 206 

value of SS will be.  207 

3.2. Impact of gate-drain underlap on the transfer characteristics 208 

209 

In this subsection, we would like to investigate the impact of gate underlap on the 210 

ambipolar characteristic. In this study the channel length is fixed at 10 nm and the 211 

gate underlap length is changed between 1 nm and 3 nm, as shown in Fig. 5. 212 

213 

Gate metal

ChannelSource Drain

HfO2 SiO2

LUnderlap
214 
215 

Fig. 5: Schematic of GeNR-TFET with a gate-drain underlap. 216 

217 

Fig. 6 exhibits I-V characteristics for the GeNR-TFETs with various gate-drain 218 

underlaps at VD = 0.5 V. As shown in Fig. 6, ambipolar characteristic is suppressed 219 

as the gate-drain underlap increases. In order to investigate the origin of this 220 

observation the energy band diagram along the device length is plotted in Fig.7. 221 

222 

223 

Fig.6: The current-voltage characteristics for various gate underlaps at the drain end of the 224 

channel at VD = 0.5 V. 225 

226 
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Fig.7: Band diagram in ambipolar state for different gate-drain underlaps. 230 

231 

It can be seen from Fig. 7 that the electric field generated by the gate voltage on 232 

the drain side gradually decreases as the gate underlap length increases. Due to 233 

reduction of the electric field at the drain-channel interface, the band bending is 234 

reduced and this in turn leads to an increase in the tunneling barrier width. 235 

Therefore, carrier tunneling in this interface is reduced. It is also observed that the 236 

gate-drain underlap does not have an effect on the source-channel interface. 237 

Therefore gate-drain underlap is one way of suppressing the ambipolar current. 238 

However, the length of the gate should not be so short, because by increasing the 239 

gate-drain underlap, direct current from source to drain increases and this might 240 

cause an unwanted increase in the drain current. 241 

242 

243 

244 

245 

246 

247 

248 

249 

250 

251 

252 

253 

According to Fig.6, it can be seen that the when the length of the underlap is 1nm, 

it is optimum. This is due to the fact that the ambipolar current has decreased and 

the device under study in comparison with other published works. 

the off-state current has not changed. Table 1 shows the electronic parameters of 
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3.3. Impact of source bandgap on the transfer characteristics 262 

263 

Eventually, the device performance of a TFET composed of heterostructure 264 

armchair GeNR (AGeNR) with a length of 10 nm and an index of N=6 for the 265 

channel is evaluated. For AGeNR the band gap is determined by the width. 266 

Considering the dependency between the width and band gap, AGeNRs are 267 

classified into three groups: N=3m, N=3m+1 and N=3m+2; where N identifies the 268 

number of germanium atoms along the ribbon width, and m is a positive integer. A 269 

large, moderate and minimum band gap belong to N=3m+1, N=3m, and N=3m+2 270 

groups, respectively. Due to strong dependence of the quantum confinement on the 271 

nanoribbon width, for AGeNR, smaller band gaps are obtained with wider 272 

ribbons[10, 44, 45]. Fig. 8 indicates the band structure of three germanene 273 

nanoribbons with various widths of N =6, 8, 9.  274 

Table 1 

Parameters of the optimal state of AGeNR-TFET Comparison of the main figures of merit of 

TFETs made of several 2D channel materials. 

parameter This work [42] 
ION/IOFF 104 1.9 × 103 

SS (mV/decade) 52 
68 

Transconductance(gm µΩ-1)(max) 14 - 

DIBL 0.2 
(Vd=0.5V,Vd=1V) 

- 

[11] [43] 

105 - 

11.54 - 

11 - 

- 0.5 
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Fig.8: The band structure of three germanene nanoribbons with various widths of N =6,8,9. 276 
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287 

In order to better illustrate important electronic properties of AGeNRs, we 

extracted the electron effective mass and the bandgap from Fig.8. Fig. 9(a) shows 

variation in the effective mass with ribbon width (N) for the GeNRs with 6, 8 and 9 

atoms along the width. As can be seen in Fig. 9(a), effective mass is changed 

depending on the width of the nanoribbon. Ribbon with width 6 has the highest 

effective mass and width 8 has the least effective mass among these three widths. 

Also in Fig.9 (b) variation in bandgap energy (Eg) versus ribbon width (N) is 

shown. As can be seen in Fig. 9(b), GeNR with width 6 has the highest band gap 

and width 8 has the lowest band gap among these three widths. 



288 

In these simulations, N=8 and N=9 in the source region are used because in these 289 

cases AGeNR behaves either metallic or semi-metallic. The case of N=6 is not 290 

suitable to be used in the source region because it shows a larger bandgap around 291 

0.4 eV as indicated in Fig. 8. The device atomic structure is shown in Fig.10. 292 
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Fig.9: (a) The electron effective mass and (b) the bandgaps of GeNRs with different atoms along the 

width (N =6,8,9). 
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 296 

Fig.10: Atomic structure of simulated AGeNR-TFET with different widths in the source, top 297 

structure has N=9 atoms along the source width and bottom structure has N=8 atoms along the 298 

source width. The channel region is colored pink at the background. 299 

 300 

The transfer characteristic for AGeNR-TFET with different configurations in the 301 

source is shown in Fig. 11. Three structures were simulated using first principles 302 

calculations comprised of (a)-homo-junction with N=6 for channel and source; (b)-303 

hetero-junction with N=6 for channel and drain while N=8 for the source; (c)- 304 

hetero-junction with N=6 for channel and drain and N=9 for the source. From 305 

Fig.11, it is concluded that utilizing hetero-junctions at the source (small Eg) leads 306 

to higher ION but the IOFF is increased compared with the homo-junction case. To 307 

explain the general transport mechanism of the GeNR-TFETs, energy band 308 

diagrams at OFF-state and ON-state are plotted in Fig. 12. 309 

 310 
Fig.11: The current-voltage characteristics for GeNR-TFETs corresponding to N=6, 8 and 9 atoms along 311 

the source. 312 
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Fig.12: Energy band diagram for hetero-junction case at (a) OFF state and (b) ON state. 314 

 315 

 316 

According to Fig. 12(a), at OFF-state the valence band of the source is located 317 

under the conduction band of the channel. Therefore, due to the lack of mobile 318 

carriers at the source/ drain-channel junctions, the major contributing of current is 319 

direct tunneling from source to drain. Using a smaller energy bandgap at the source 320 

reduces the effective tunneling width from the source to drain and as a result, IOFF 321 

increases. Moreover, the ambipolar current has been improved, as shown in Fig. 322 

11. 323 

Based on energy band diagram shown in Fig 12(b), at ON-state the valence band of 324 

the source is located upper than the conduction band of the channel. It can be seen 325 

that due to insertion of smaller EG material in the source region, a sharper profile 326 

will be created in the source/channel junction and hetero-junction has a thinner 327 

tunneling barrier compared with homo-junction. As a result, the probability of 328 

carrier tunneling will be higher and the ON-state current becomes larger. Another 329 

factor in the improvement of ON-state current is the increase in tunneling area due 330 

to the presence of materials with smaller band gap in the source. This means that 331 

more electrons contribute to the band-to-band tunneling. 332 

As a result, as the width of AGeNR in the source is increased, energy bandgap 333 

becomes smaller and the tunneling current increases. This is in agreement with the 334 

enhanced value of on-state current of hetero-junction with N=8 compared with on-335 

state current of its counterpart having N=9. However, the ambiploar current will be 336 

worse in this case. Among these three cases, the overall behavior of the transfer 337 



characteristic will be better for N=9 case, where the ambipolar current is one order 338 

of magnitude less than the ON-state current as indicated in Fig. 11. 339 

 340 

Conclusion 341 

In this article, a back-gated GeNR tunneling field effect transistor is proposed and 342 

its ambipolar current and ON-state current were theoretically studied. Due to the 343 

undesirable effects of the ambipolar current on digital electronic applications, it 344 

was shown that the use of hetero-dielectric material as well as a gate underlap 345 

leads to improved performance of the device in terms of ambipolar current and 346 

ON-state current. Moreover, performance of a GeNR-TFET with various hetero-347 

junctions in the source/channel interface was studied. Utilizing a wide ribbon with 348 

smaller band gap in the source led to narrower tunneling width and an increase of 349 

the tunneling area. Therefore, ION and ambipolar current were improved. 350 
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