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Cem Alper, Student Member, IEEE, Pierpaolo Palestri, Senior Member, IEEE, Jose Luis Padilla and Adrian M.
Ionescu, Senior Member, IEEE

Abstract

An extensive parameter analysis is performed on the Electron-Hole Bilayer Tunnel FET (EHBTFET) using a 1D effective
mass (EMA-NP) Schrodinger/Poisson solver with non-parabolic corrections considering thin InAs, Ings3Gag47As, Ge, SipsGeos
and Si films. It is found that depending on the channel material and channel thickness, the EHBTFET can operate either as a
2D-2D or 3D-3D tunneling device. InAs offers the highest Ion, whereas for Si and Sip5Geos EHBTFET significant current levels
cannot be achieved within a reasonable voltage range. The general trends are explained through an analytical model which shows
a close agreement with numerical results.

Index Terms

Band-to-band tunneling, Tunnel Field-Effect Transistor (TFET), EHBTFET, density of states, 2D-2D tunneling, quantum
mechanical simulation.

I. INTRODUCTION

The research on tunnel field effect transistors (TFET) has picked up considerable pace recently [1], mainly due to its
demonstrated potential [2] to overcome the thermionic emission barrier that makes it a suitable candidate as a ’steep slope
switch’ [3]. Since TFETs make use of the quantum mechanical band-to-band tunneling (BTBT) and typically thin film structures
are utilized, it is imperative to use adequate tools that inherently take into account the size-induced quantization effects. Such
effects, in most cases, alter the dimensionality of the carrier gas involved in the tunneling process and therefore, can potentially
change the device characteristics.

Among many different TFET architectures, the electron-hole bilayer TFET (EHBTFET) [4] stands out as a particularly
attractive option as it exploits the step-like density of states (DOS) in 2D quantized layers [5]. Although it was simulated using
different approaches and several issues concerning the engineering of such a structure have been investigated in recent papers
[6], [7], an extensive parameter analysis to estimate the order of magnitude of the ON current (/pn) and the main parameters
affecting Ion is yet to be done. This paper presents a detailed investigation of the parameter space of the EHBTFET through a
computationally efficient effective-mass Schrodinger-Poisson solver with non-parabolicity corrections (EMA-NP). The general
trends are explained through an analytical model.

The paper is organized as follows: Section II briefly describes the numerical model for direct and phonon-assisted BTBT.
Section III introduces the device structure and the material parameters space used in the numerical simulations. Section IV
presents the simulation results and discusses the impact of the dimensionality of the carrier gases involved in the tunneling
process. This latter section also presents an analytical model to further help explaining the results. Section V summarizes the
main findings.

II. NUMERICAL MODEL DESCRIPTION & GENERAL FRAMEWORK

The simulator solves the Schrodinger and Poisson equations self-consistently under the effective mass approximation
with non-parabolicity corrections [8]. Self-consistency is achieved using the non-linear Schrodinger-Poisson scheme [9]. The
electrons and holes are assumed to be in equilibrium with the drain and source terminals respectively, hence Er, = —q¢Vp
and Fr, = —qVs. The influence of non-parabolicity on the density of states (DOS) and on the wavefunctions is taken into
account following Troger et al. [10]. The non-diagonal effective mass tensor of the Ge equi-energy ellipsoids is mapped to
a diagonal tensor following the procedure given by Rahman ef al. [11]. Once self-consistency is achieved, the BTBT rate is
estimated using corresponding models for the phonon-assisted and direct BTBT [5].

The expression for direct BTBT between the valence band and the conduction band minima at the I' point is given by [8],
which sums up the contributions of all aligned electron and hole subband pairs:

The research leading to these results has received funding from the European Communitys Seventh Framework Programme under grant agreement No.
619509 (Project E2-Switch). J. L. Padilla also acknowledges funding from Marie Curie Action under grant agreement No. 291780 (Andalucia Talent Hub).

C. Alper, A. M. Ionescu are with Nanoelectronic Devices Laboratory - NANOLAB - EPFL, Switzerland (e-mail: cem.alper@epfl.ch;
jose.padilladelatorre @epfl.ch; adrian.ionescu@epfl.ch).

J. L. Padilla is with Departamento de Electronica, Universidad de Granada, 18071, Spain (e-mail: jluispt@ugr.es).

P. Palestri is with the Dipartimento di Ingegneria Elettrica, Gestionale e Meccanica (DIEG), University of Udine, Udine 33100, Italy (e-mail:
palestri @uniud.it).

DOI: 10.1109/TED.2016.2557282 (c) 2016 |IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other users, including reprinting/ republishing this material
for advertising or promotional purposes, creating new collective works for resale or redistribution to servers or lists, or reuse of any copyrighted components of this work in other works.


alper
Typewritten Text

alper
Typewritten Text

alper
Typewritten Text

alper
Typewritten Text


PUBLISHED IN IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 63, NO. 6, JUNE 2016 2603-2608 2

TABLE I
BANDGAPS, EFFECTIVE MASSES (ALONG THE QUANTIZATION AND TRANSVERSE DIRECTIONS), VALLEY DEGENERACIES, NONPARABOLICITY
COEFFICIENTS ALONG WITH DEFORMATION POTENTIALS AND PHONON ENERGIES (PHONON-ASSISTED BTBT ONLY) USED FOR NUMERICAL

SIMULATIONS.
Material (Valley) | EgleV] | m} ,[mo] | m% | [mo] | m},[mo] | mjy,[mo] | afeV™] Dl[eV /m] Epp[meV]
Si (Ag) 0.1905 0.417
1.12 0.49 0.16 0.5 8.16 x 1010 18.6
Si (As) 0.916 0.1905 x
SipsGeoss (A4) 0.91 0.1905 0-417 0.41 0.102 0.5 7.98 x 1010 13.6
Sig5Geps (Az) 0.916 0.1905
10
Ge (Lyg) 0.66 0.117 0.292 0.33 0.043 0.33 7.8 x 10 6
Ge (I) 0.8 0.043 0.043 0.85 - -
InAs 0.358 0.022 0.022 0.41 0.025 3.6 - -
Ing.53Gag.47As 0.751 0.042 0.042 0.457 0.052 1.5 - -
4mqW Lg 9
Liw === > |Manf’x )

k o'={HH,LH} k'
JDOS(E7)O(Ey o — Eer)(fe(ET) — fo(ET))

where E}.., Eyr are the quantized energies for the hole and electron states, respectively. k' and k are the subband indices
for hole and electron states. The index o’ runs over the heavy holes (HH) and light holes (LH). Lg and W are respectively
the gate length and device width (which extends along the y-direction). The JDOS(E7) is the joint density of states for each
aligned electron-hole subband pair that conserves both the total energy (Er) and the transverse momentum [12]. f., are the
Fermi-Dirac distributions of the conduction and valence bands, respectively. Mg;, is the coupling element between the electron
and hole states and calculated using a model based on Kane’s two band dispersion [13], given as:

h2
M = )| e Co®)bi g, [ win () F w2 @
mEg,
2mim},

where m = 7= T F(z) is the electric field and Cy(6) is the form factor caused by the polarization dependence of the
matrix elements [5], [14], [15]. This dependence stems from the symmetry properties of HH and LH basis vectors and from
the fact that the k-space is limited along the quantization direction compared to the bulk case. The averaging of the coupling
matrix element is thus done in two dimensions (i.e. on a circle) instead of three dimensions as in bulk semiconductors. This

introduces a dependence of the magnitude of the coupling matrix element on the wave-vector direction, denoted as Cy(0)[14].
The phonon-assisted BTBT current is calculated following [16]:

i =25 [ 9B (B ol — hun ) v(uan) + 1

= fe(E — hwiy )[1 = fo(E)v (hwo ) Y™ (E)
+{Fo(B)[1 = fe(E + T ) (hwr, )
= fe(E + hwig )1 = fo(E)][v(hwi, ) + YT (E)) (€)

where v(Awy,) is the Bose-Einstein distribution for the phonon with energy E,; = fuug, connecting the valence band and
conduction band extrema. 7™%%*(E) are the transmission coefficients that are based on the spectral functions, which contain
the information about the wavefunctions and the density of states. We refer the reader to [8], [12], [16] for the exact expressions
of T¢™abs(E) and of the spectral functions, which are omitted here for brevity.

It is worth noting that for both direct and phonon-assisted BTBT, the tunneling current is determined by three components:
i) the coupling element Mg;,(,n), 1i) the density of states (J)DOS and iii) the Fermi occupation term.

The anti-crossing between LH and HH branches [17] has been included to account for the drastic asymmetry of the effective
masses of the real and imaginary branches of the hole subbands and the light hole mass was used as the effective mass of the
heavy hole imaginary branch for direct BTBT [18]. Effectively, this results in quantized energy levels mostly being determined
by the effective mass of the heavy holes, whereas the tunneling probability is determined by the light hole mass.

The direct BTBT model has been validated against k - p and tight-binding models elsewhere considering InAs and Ge diodes
with different doping levels [8]. Fig. 1 shows, as a further verification, that our model for direct tunneling in Ge, without any
adjustment, reproduces the experimental data for Ge diodes collected in [19]. The deformation potential and the phonon energy
parameters for Ge are taken from [20]. The parameters for phonon-assisted tunneling (for Si) have been calibrated against
experimental data [19], [21] (see Fig. 1). The deformation potential for SipsGeys was linearly interpolated from the Si and
Ge values. Phenomena such as trap-assisted tunneling [22] and band tails in the energy gap [6], that may have a significant
impact on the experimental TFET devices are not included at present in the simulations.
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Note that, although BTBT in bulk Ge is dominated by direct transitions (since the conduction band minimum is only 0.14eV
higher than the actual bandgap), the situation is much different under strong quantization, since the low mass of the I' valley
results in a much larger gap for direct transitions, so that phonon assisted BTBT would dominate.
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Fig. 1. Current versus maximum electric field for experimentally measured [19], [21] (symbols) and simulated (lines) tunnel diodes under a reverse bias of
0.5V.
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III. DEVICE STRUCTURE & PARAMETER SPACE

The EHBTFET consists of a thin semiconductor layer sandwiched in between two gates biased with opposite polarities (see
Fig. 2). This allows for the formation of the 2D electron and hole gases (2DEG and 2DHG, respectively) which are quantized
into subbands. Once the subband energies of the electrons (F,) and holes (Ey) are aligned, BTBT takes place between the
two layers.

For the simulations, we take a 1D vertical slice in the overlap region and assume translational symmetry along the z-direction
(i.e. horizontal potential profile constant in the overlap region). This assumption relies on the fact that the vertical potential
profile in the overlap region is very close in both 1-D and 2-D simulations [5]. Since we are using a 1D model, the switching
is considered as ’ideal’, i.e. no predictions about the OFF current and the corresponding point switching slope can be done.
That being said, we note that lateral effects can be suppressed very efficiently using hetero-gate configurations [23] or underlap
counterdoping [24].

We perform anti-symmetric gate sweeps (i.e. sweep the n and p gates simultaneously with V,,_gate = —Vp—_gate), since it
was shown to have lower lateral leakage and better subthreshold slopes [5]. Midgap gate workfunctions have been considered.
Different channel materials (Si, Sip5Gegs, Ge, InAs and Ing53GagsAs), film thicknesses (Tcg = [7.5,20jnm) and oxide thick-
nesses (Tox = [0.5, 3|nm) are employed. In terms of the channel material, we limit ourselves to homojunction architectures,
although significant improvement can be obtained by utilizing staggered and broken gap III-V heterostructures [25], [26].
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Underlap

2D-2D tunneling

Fig. 2. The EHBTFET device structure. LoygrrLap = 50nm, Vpg = 0.15V for all simulations. €oxjge = 3.9¢€0.

The device is assumed to be oriented along the [100] direction. For Si, six A valleys (four-fold degenerate A, with transverse
mass along the z direction and two-fold degenerate Ao with longitudinal mass along the z direction) have been taken into
account. Since we are using a mole fraction of 0.5 for SiGe, the effective masses for the A valleys are taken the same as
in Si [27]. For Ge, four-fold degenerate L valleys and the direct gap I'" valley have been considered, so both phonon-assisted
and direct BTBT are included. For InAs and Ings3Gag47As, only the conduction band valley in I' is included since the other
valleys sit far apart energetically. The material parameters used in the simulations and calculations are listed in Table I.

IV. RESULTS & DISCUSSION
A. Impact of Carrier Dimensionality

The left plots in Fig. 3 depict the alignment voltage (defined as Viign = Vi—gate — Vp—gate = 2Vh—_gate) for which
the lowest electron and the highest hole subband get aligned, whereas the right plots report the Ion (defined as Ip at
Va—gate = % + Vps = —Vp—gate With Vpg = 0.15V). Si, SipsGegs and Ge results are dominated by phonon-assisted
BTBT. Although direct BTBT is included in Ge, it is found not to dominate the current in Ge EHBTFETS for the considered
bias, contrarily to what happens in the bulk diodes of Fig. 1 since the quantized energies of the I' electrons are much higher than
those of L valleys. For InAs and Ing53Gag47As EHBTFETS only direct BTBT takes place. Comparing the Ge, Ings3Gag47As
and InAs results, it is seen that the overall behavior with respect to parameter changes is similar, except for the drastically
higher Ipn of the InAs EHBTFET due to small direct bandgap.

A close inspection on the I-V characteristics of Ge, InAs and Ings3Gag47As EHBTFETS reveals that vertical contour lines
in the ON current plots are caused by the fact that 2D-2D tunneling takes place in those cases. In this context 2D-2D tunneling
means that only one electron-hole subband pair gets aligned to contribute to the BTBT current.

The behavior of Ion with respect to the parameters drastically changes for Si EHBTFET (Fig. 3 top right) with thicker
channel thicknesses (Tcp > 12.5nm). In those cases, the high effective masses of Si As valleys and heavy holes allow for
the formation of a quasi-3D continuum of states (i.e. many subband pairs get aligned, see Fig. 4). This is due to the fact that
heavier mass reduces the energy spacing between quantized levels, resulting in (pseudo) 3D-3D tunneling. A similar comment
can be made for Sip5Geygs EHBTFET as well, due to the similar effective mass values, even though the alignment voltage
is relatively smaller due to reduced bandgap. For both Si and SiGe, an interesting feature of the contour plots is that as the
channel thickness is reduced from the relatively large values (20nm), a decrease in the ON current is seen. This is actually
caused by the reduction of the DOS available for tunneling, which is stronger than the competing increase in the tunneling
rate brought in by the thinner channel. Eventually, as the channel is further thinned down, the tunneling rate increase starts to
counterbalance the effects related to the DOS reduction and the current is enhanced.

This drastic difference between 2D-2D tunneling (Ge and III-Vs in Fig. 3) and 3D-3D tunneling (Si and Sig5Gegs in Fig.
3) clearly demonstrates that the carrier gas dimensionality plays an important role in determining the influence of device
parameters on the drive current. A limit on the obtainable current is imposed for 2D-2D tunneling due to the reduction of
the available states for tunneling, independently of the electrostatic control of the channel. This is in stark contrast to 3D-3D
tunneling, where a better electrostatic control would always yield higher ON current for the same bias.

This latter point is better visualized by the I-V characteristics given for a 2D-2D tunneling device (i.e. a Ge EHBTFET
with T = 7.5nm) versus a pseudo 3D-3D tunneling one (i.e. a Si EHBTFET with T = 15nm) in Fig. 5. It is seen that
in 3D-3D tunneling a thinner oxide increases the ON current as well as shifting the onset of tunneling to lower gate biases,
whereas only a rigid shift of the tunneling onset is seen for 2D-2D tunneling.

Another distinguishing feature between the 2D-2D and 3D-3D tunneling is that the I-V characteristics for the former generally
exhibit a negative transconductance behavior [12] as seen in Fig. 5, which stems from the wavefunction repulsion as the electric
field increases and from the step-like 2D DOS which does not change with the gate bias. This is also observed in Fig. 3 for
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Fig. 3. Contour plots of (Left) The alignment voltage Valign, (Right) The log;qlon [A/pm] for (top to bottom) Si, Sip5Geps, Ge, Ings53Gag 47As and InAs

EHBTFETs. The dashed contour line corresponds to Valign = 2V. Vpg = 0.15V. Ipy is defined as Ip at Vi _gate = % + Vbs = —Vp—gate. The

differences in the contour profile of the log;y/on plots for Si and Sip5Geps w.r.t. Ge and III-Vs are due to the peculiar features of 2D-2D and 3D-3D
tunneling mechanisms.

the 2D-2D tunneling cases, which show a slight decrease in ON current for the same Ty as Tox is decreased. Wavefunction
repulsion also occurs for 3D-3D tunneling, but the effect is screened by the addition of new states for tunneling as the gate
bias increases. Similarly, the decrease of Tpx for a given Ty results in an increase in ON current for the same reason, in
contrast to the 2D-2D tunneling case.

B. Analytical Model
To better explain the results of the numerical model and investigate the characteristic features of 2D-2D tunneling, an
analytical model has been derived by solving the 1D vertical Poisson equation in the overlap region under the depletion

DOI: 10.1109/TED.2016.2557282 (c) 2016 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other users, including reprinting/ republishing this material
for advertising or promotional purposes, creating new collective works for resale or redistribution to servers or lists, or reuse of any copyrighted components of this work in other works.



PUBLISHED IN IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 63, NO. 6, JUNE 2016 2603-2608 6

Energy [eV]
Energy [eV]

Heavy Hole
= Light Hole
= Energy Bands

Heavy Hole
~  Light Hole
qa] A= — == == Energy Bands

r
Heavy Hole

~  Light Hole

1.4 = Energy Bands

Energy [eV]
ahahbbbb00000sana

2

0

2

4
6 N
.8 A,
0

2

4

6

0.

-0.010 -0.005 0.000 0.005 0.010 -0.003 -0.002 -0.001 0.000 0.001 0.002 0.003 -0.004 -0.002 0.000 0.002 0.004
Z[um] Z [um] Z [pm]

Fig. 4. Energy bands and quantized subband energies (dashed lines) for (Left) Si EHBTFET with Ty = 20nm (Middle) Ge EHBTFET with Tcypp = 7.5nm
(right) InGaAs EHBTFET with Tcyy = 10nm. Si EHBTFET exhibits 3D-3D tunneling behavior since multiple subbands get aligned, whereas for Ge and
InGaAs EHBTFETSs only one subband pair is aligned, hence resulting in 2D-2D tunneling behavior.
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Fig. 5. I-V transfer characteristics for (Left y-axis) Ge EHBTFETs with Tcyy = 7.5nm (2D-2D tunneling) and (Right y-axis) Si EHBTFETs with Tcy =
15nm (3D-3D tunneling). (blue) Tox = 1nm (red) Tox = 2nm. Vpg = 0.15V. The green curves are the artificially shifted versions of the Tox = 2nm
cases to align at the same onset voltage of the Tox = 1nm devices. Note the different scales of the left and right y-axes.

approximation [28]. Neglecting the fixed dopant charges, since a very light doping Na = 10*cm ™3 is used, the electrostatic
potential inside the device is given by:

C
fogatc + angatc(]- + Cg;;) (4)
C
2+ g

V(z)=—-Fz+
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numerical results: they perfectly match when no inversion charge is induced and a good overall match is observed in general.
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Fig. 6. (a) Potential profiles given by the numerical (blue) and analytical (red) models for high (symbols) and low (lines) applied gate voltages for the InAs
EHBTFET. z = 0 and 2 = T¢y corresponds to n-gate and p-gate oxide-semiconductor interface respectively. (b) Alignment field Fljen and alignment
voltages predicted by the numerical (solid lines) and analytical (dashed lines) models.

Since the potential is (to a very good approximation) linear, the quantized energies E 1,y and wavefunctions ¢y are given
by the solutions for the triangular potential well, for which analytical expressions exist [29]. The alignment occurs when
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(considering direct tunneling) E, = Ey, [7], i.e. when:

q2Fa21i N 3 qQFa?li NG
Ec(0) — a1 {| —=2— = Ev(Tcu) + a1 {| ——2— (6)
2my 2mj
22 B2 [2F2 p2
Eg —ay{f im® o o/ L s g Ton ™
2m} 2mj,

where a; = —2.338 is the first zero of the Airy function given by the solution of the triangular potential well, Flj;g, is value
of the electric field parameter F' at subband alignment. Eq. 7 holds for direct BTBT process, whereas a similar expression
(including the phonon energy) exists for phonon-assisted tunneling. Two key insights can be inferred from Eq. 7: 1) the numerical
results are confirmed about the dependences of the /oy in 2D-2D tunneling since the equation has no Tox dependent terms,
ii) for a given Ty, the alignment always occurs at a certain magnitude of the electric field Fiiign, Which is the solution of Eq.
7. The comparison between the numerically calculated and analytical Fijign values (given in Fig. 6(b)), indicates good overall
matching (maximum difference ~ 6% for the considered plot).

Now, we turn our attention to the implications of the fixed electric field at alignment on the wavefunctions. Within the
triangular approximation, the analytical expressions for the electron and hole wavefunctions at subband alignment are given
as [29]:

which can be rewritten as:

Wl

be(2) = DA ((2”2:5@&“@))

wh(z) = DAj <_ <2;n2;:(qFalign)> ’ (Z - Z*)> (9)

(z — z*)) (8)

where Ai is the Airy function, 2* is the classical turning point at which E¢yvy = Feny and D is a normalization constant.
It is easily seen that the wavefunctions are fixed by Fyiign, since it is the only factor governed by the electrostatics. By
inspecting Eq. 2, the coupling element My;, is thus deduced to be fixed as well. The magnitude of the coupling element is
given by the channel material properties and by the channel thickness only. The same holds for phonon-assisted BTBT since
the wavefunction overlap remains fixed too. We note that the arguments presented above are valid when the triangular potential
approximation holds, i.e. in the absence of inversion layers inside the device. In the presence of an inversion layer, detrimental
effects such as pinning of the surface potential that decrease in the ’quantum efficiency’ [7] and ultimately a decrease in the
switching slope might occur.
Making use of the analytical model, the alignment voltage V,iign can be calculated using the following formula:

€
Valign = Lalign (TCH + QOCOI;I(> (10)

As seen in Fig. 6(b), Eq. 10 predicts V,j;gn excellent accuracy. On the other hand, Fjj;gy, is overestimated by the analytical model
compared to the numerical results because it uses parabolic approximation, whereas in the numerical model nonparabolicity
corrections slightly reduce the quantization energies and therefore Fjigy,.

The findings above signal that the optimization strategy for the EHBTFET with certain performance constraints is to determine
the channel material and Ty first according to Ion requirements, and then, using Eq. 10, estimate the required Cox for the
desired operating voltages and switching slope requirements.

C. Performance Considerations & Impact of Channel Material

In addition to the qualitative and theoretical assessments discussed above, certain inferences can be made about the
performance limits (in terms of ON current) of the EHBTFETSs with the different channel materials considered here. Bearing
in mind that EHBTFET is considered mainly for low power and low standby power applications [30], we set an alignment
voltage limit of 2V (see Fig. 3). This constraint can be partially achieved through gate workfunction engineering i.e. the 2V
obtained here with mid-gap metal work-functions can be achieved with lower applied bias, e.g. just above 1V, if n- and p-type
workfunctions are used for the top and bottom gate, respectively [31].

Within this constraint, InAs seems to offer the best JoN max ~ 1.75mA/um compared to Ge (IoN,max ~ 3.34uA/pm)
and Ings3Gaga7As (JoN,max ~ 1pA/pm), whereas it is not even possible to obtain 2D-2D tunneling for Si and Sip5Gegs.
Moreover, the InAs EHBTFET can also be operated at an even lower Vyjign of 1V, of course with lower IoN max ~ 26pA /pm,
by using larger Tcp~ 19nm. Even though the bandgaps are comparable for Ge and Ings3Gag47As, the obtainable ON current
is drastically higher for Ings3Gag47As for a given channel thickness since it is a direct gap material. However, this advantage
of Ings53Gag47As over Ge for the same channel thickness does not show up when we impose the alignment voltage constraint.
This is due to the fact that the small effective mass of I electrons of Ings3Gag47As inhibits going below a minimum allowed
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TABLE 11
COMPARISON OF CALCULATED CONDUCTANCE VALUES (SoN) AND ALIGNMENT VOLTAGES (Valign)- Tox,EoT = 0.8nm.
Agarwal et al. This work
Tcumm] | Son[A/Vum] | Vaign[V] | Son[A/Vum] | Vaiign[V]
s 43 1x 1073 5.55 5.93 x 1079 5.29
5.9 1x10~° 4.19 3.33 x 10~ 11 4.05
Ge 9.7 1x1073 2.68 1.47 x 10—6 2.64
14.9 1x 1075 1.83 4.5 x 1079 1.95
14.6 1x 1073 1.45 1.23 x 10—4 1.33
InAs
242 1x10~° 0.93 2.45 x 10~6 0.95

channel thickness that is Ton min ~ 13.5nm compared to ToH,min ~ 10.5nm for Ge. Small effective mass intensifies the
quantization effects and results in a larger minimum allowed thickness for Ing53Gag47As.

Note that as well as the static figures of merit such as the ones investigated here, dynamic aspects such as the increased
parasitic capacitances introduced by the double gate structure of the EHBTFET are also important for circuit operation. A
quantitative assessment is not straighforward, since it is related to the circuit topology to be employed to drive the two gates
of the EHBTFET and will need to be investigated in a future work.

An overall consistency with [6] is seen in the predicted alignment voltages (see Tab. II), although our simulations indicate
orders of magnitude lower conductance levels (Son = 88\5]3]35 at first subband alignment) than in [6] for Si and Ge. This is due
to the use of a direct tunneling matrix element in Agarwal ef al. that largely differs from the phonon assisted tunneling one
[16] that we found to be dominant in Si and Ge devices. Even though direct BTBT is dominant in Ge for bulk 3D-3D tunneling
[8], quantization essentially suppresses the direct BTBT in the ON state of the Ge EHBTFET for all the cases considered in
this study. Regarding InAs, instead, our results are only 5-10 times lower than the ones in [6] mainly due to the inclusion in
our model of the effect of quantization on the matrix element (term Cy(#) in Eq. 2)[14].

V. CONCLUSION

An extensive analysis for EHBTFETSs using different channel thicknesses and materials as well as oxide thicknesses has
been performed. Striking differences in geometrical parameter dependences of the Ion is observed between 2D-2D tunneling
(InAs, Ings53Gag47As and Ge) and 3D-3D tunneling (Si and Sip5Gegs). For 2D-2D tunneling with a chosen channel thickness,
the alignment always occurs at a certain Fj;gy,, fixing the overlap between the electron and hole wavefunctions. This exclusive
feature of 2D-2D tunneling, along with the step-like characteristic of the 2D DOS, imposes an upper limit on the Ion that can
be obtained, contrary to 3D-3D tunneling. This limit depends on the channel thickness and on the material properties, whereas
it is independent on electrostatic control of the channel. Among the considered materials in this work, it is seen that InAs is
a prominent candidate for the realization of 2D-2D tunneling devices, since it has relatively low alignment voltages and very
high ON current levels. Lower alignment voltages could be obtained by creating staggered gap heterojunctions in the channel
such as InAs/GaSb. Similarly, strain can be utilized to enhance the performance of III-V based TFETs [32] and GeSn alloys
can promote direct BTBT [33] compared to the pure Ge considered here and this may result in a sizable improvement of the
ON current. An analytical model providing a very good approximation to the vertical potential profile of the EHBTFET is also
proposed and the numerical findings are verified through this model and triangular well approximation.
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