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Abstract—Within the research in bilayer tunneling field—
effect transistors exploiting interband tunneling phenomena with
tunneling directions aligned with gate induced electric fields,
simulation results for the heterogate electron-hole bilayer TFET
(HG-EHBTFET) showed that this type of devices succeeded in
suppressing the parasitic tunneling leakage currents appearing
in EHBTFETs as a result of the variable quatization strength
inside the channel. In this paper, and conversely to standard
approaches with entirely intrinsic channels, we investigate the
possibility of modulating the band-to-band tunneling (BTBT)
distance by acting on the subband discretization profiles through
partially doped channels. We also analyze the impact of this
pocket doping inside the channel on the occupancy probabilities
involved in the BTBT processes in a germanium HG-EHBTFET.

Index Terms—heterogate electron-hole bilayer TFET, quan-
tum confinement, band-to-band tunneling, occupancy probabili-
ties, steep slope transistors.

I. INTRODUCTION

Unneling field—effect transistors (TFETSs) lie among the

family of novel devices [1], [2] that seek to overcome
the 60mV/dec limit from thermionic emission [3] by exploring
alternative injection mechanisms based on tunneling phenom-
ena. Extensive development and research efforts have been
thereof performed for a better understanding of their working
principles and suitability as steep slope switches [4], [5],
[6], [7]. A particular subtype of TFETsS is constituted by so-
called bilayer TFETSs in which band-to-band tunneling (BTBT)
phenomena occur between 2-D electron and hole gases [8],
[9], where the more efficient line tunneling (i.e. tunneling
directions aligned with gate induced electric fields) [10], [11]
is the driving actor in contrast with point tunneling TFETSs
where these directions are mostly perpendicular.

In this framework, the electron-hole bilayer tunneling field-
effect transistor (EHBTFET) [12] was proposed as a solution
for very low power operation featuring ultra sharp switching
properties. However, detailed assessment of the EHBTFET
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demonstrated that quantum confinement effects produced di-
agonally oriented parasitic tunneling currents [13], [9] which
degraded the transfer characteristics. As a result, innovative
solutions based on counterdoping profiles inside the channel
[14] and heterogate configurations modulating the quantization
strength inside the channel [15] were proposed leading to
restored abrupt switching with very low subthreshold swings
(SS).

In spite of the above, the subband discretization of the con-
duction and valence bands into a discrete set of allowed energy
states [16] was shown to imply a significant degradation of
the ON current levels [17], [18] compared to those obtained
in absence of confinement, making this issue to remain as
one of the major pending drawbacks to be faced in TFETs.
It has been argued too that the band bending required for
attaining subband alignment in the EHBTFET would give
rise to excessively high vertical electric fields induced by
the gates biasing [19]. This issue could be alleviated by the
arrangement of pseudobilayer structures obtaninable by the
implementation of asymmetric configurations [20]. In this
paper, we analyze the role that a partial doping of the channel
in the germanium HG-EHBTFET plays in modulating the
vertical BTBT distance between the first electron and hole
subbands. This insertion of doped layers at the bottom of the
channel will affect the electrostatics and, subsequently, the
confinement strength inside it. Last, but not least, we analyze
the implications of this pocket doping on the occupancy
probabilities [21] involved in the estimation of the BTBT
current.

Our work is organized as follows. In section II, we present
the device structure to be analyzed compared to the con-
ventional HG-EHBTFET with entirely intrinsic channel, and
outline the simulation approach that we utilize. Sec. III as-
sesses the impact of different thicknesses and doping profiles
for the inserted channel pocket on: band profiles, BTBT
distance behavior and occupancy probabilities. Finally, the
main conclusions are drawn in Sec. IV.

II. DEVICE STRUCTURE AND SIMULATION
METHODOLOGY

The structure depicted in Fig. I(top) corresponds to a
conventional germanium HG-EHBTFET featuring a source p*
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Figure 1. (Top) Schematic cross-section (not to scale) of the germanium HG-
EHBTFET along with the dimensions considered in this work. The heterogate
configuration suppresses parasitic tunneling contributions between overlap and
underlap regions (Bottom) HG-EHBTFET featuring a p doped pocket at the
bottom of the channel extending from the source to the overlap region.

region (10! atoms/cm?), intrinsic channel region with central
overlap and side underlap regions (10'° atoms/cm?®), and
drain n™ region (10! atoms/cm?®). The proposed configuration
(bottom) shows the insertion of a variable p doped layer at
the bottom of the channel ranging from the left underlap
to the overlap location. The germanium body thickness is
chosen to be 10nm for the results and analysis of Sec. III.
Top and bottom gate dielectrics are 3nm-thick HfO, layers.
Drain bias will be 0.3V throughout this work and bottom
gate bias, Vg set to OV. The top gate workfunctions, ¢¢g o1
and ¢g u1, as well as the bottom gate workfunctions, ¢pg o1
and ¢pe,u1 are in each case engineered so that unwanted
parasitic tunneling leakage is prevented [15]. The quantization
direction is along the [100] crystal orientation of Ge. Along
this direction, the L electron valleys are fourfold degenerate
with quantization effective mass m, = 0.12m and transverse
effective masses m, = 0.15mg and m, = 0.58my. For thinner
body thicknesses below 8nm [22], bulk masses for germanium
are no longer valid and the effects of quantum confinement
leading to bandgap and effective mass modification would
need to be assessed. For the I' valley, the effective masses
of heavy holes, light holes and electrons are in our case
mnpn — O.33m0, mip = 0.0447)10, and Mer = Mip,
respectively [23]. The bandgap narrowing effect inside the
channel ensued from the doped pocket is accounted for by
means of the Jain and Roulston model for germanium [24].
From the experimental point of view, it is clear that the
fabrication of such a doping profile inside the channel would
represent a significant challenge since obtaining such shallow
doping profiles using ion implantation will most likely not be
possible. However, similar layered structures can be achieved
using epitaxial growth methods and in-situ doping [25], [26].

The simulation approach was first introduced in [13] and
is based on a TCAD hybrid integration that combines the
two most widely used simulators: Silvaco ATLAS (v.5.20.2.R)
[27] and Synopsys Sentaurus (v.2014.09) [28]. Essentially,
the simulation structure makes use of a segmented scheme
in two separated steps involving one simulator at a time
according to the tasks for which they show their best ca-
pabilities. As to illustrate this, we choose ATLAS to self-

consistently solve the Schrodinger and Poisson equations and
obtain the electrostatics derived from the inclusion of quantum
mechanical confinement. The Schrodinger-Poisson model of
ATLAS allows 1D and full 2D treatments and is known to offer
good performance in terms of convergence compared to the 1D
Schrodinger model of Sentaurus which is mostly intended for
calibration purposes [28] and features frequent convergence
issues [29]. In our case, and considering the large horizontal
extent of the device compared to its vertical thickness, the
simpler slice-by-slice 1D treatment of ATLAS turns out to be
a perfectly plausible approximation.

Once the electrostatics is derived, BTBT is accounted for
as a postprocessing step by means of the dynamic nonlocal
BTBT model of Sentaurus [28] which dynamically calculates
the tunneling paths based on the energy band profiles. This
segmented simulation scheme has been demonstrated to be
well-founded as long as the contribution of the injected carriers
does not affect in a noticeable way the charge distribution
obtained in the absence of BTBT [17], [30]. In the case
of the proposed structure, both phonon assisted and direct
BTBT phenomena were taken into account, along with an
appropriate calibration of the tunneling paramenters [15] of
the model reflecting the fact that BTBT takes place across the
confinement direction of the device. The potential contribution
of trap assisted tunneling at the interface between the doped
slab and the intrinsic part of the channel has not been taken
into account in our simulations given that its appearance and
significance would depend on the experimental manufacturing
procedure.

Let us clarify that in order to allow a consistent integration
between both tools as for accounting for quantum confinement
effects, two additional concerns need to be carefully addressed.
First, the potential and charge distributions arising from the
ATLAS Schrodinger-Poisson model are reproduced in Sentau-
rus through an appropriate calibration of the density gradient
model. Second, the semiclassical edges of the conduction
and valence bands in Sentaurus are readjusted via structure
edition tools to make them coincident with their first subbands
(namely, E.; for electrons, and Fj; for holes), so that we
succeed in simulating BTBT between bound states and not
between semiclassically forbidden energy levels. Notice that
E.; represents the lowest subband of the L valley given that
the electron effective mass for the I" valley is very low (m.r =
myp); and Ejp corresponds to the heavy holes first subband.
For direct BTBT, we add up the amount (AE.; 1 — AFE,)
to the default value of 0.14eV of the Dpath parameter in
the dynamic nonlocal BTBT model; where AE,; r and AE,;
stand for the energy offsets of the first subbands in the I" and L
valleys, respectively. Shockley-Read-Hall Recombination has
been also considered in our simulations and determines the
OFF-state current levels. Finally, gate leakage assessment [31]
has not been included in this work.

III. RESULTS AND DISCUSSION

We make an initial choice for the gate workfunctions so
that (i) subband alignment takes place below the maximum
biasing for the top gate, i.e. Vrq align < Vbp = 0.3V (except
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Figure 2. (Top) 2D plot of the BTBT generation rates for electrons, and

(bottom) BTBT generation rates for holes for the device with t;ocket = 5nm
and doping of 10'%cm~—3. The spatial distribution of GprgT in both cases
illustrates the pre-eminence of line tunneling phenomena as we intended to
achieve with the heterogate configuration.

for the extreme case of tpocket = 7nm and 102°cm™3 where
band flattening hampers alignment); and (i) parasitic diagonal
tunneling currents are suppressed. In the case of the device of
Fig. 1(bottom), this leads t0 ¢ig o1 = 3.35€V, Prg w1 = 4.4€V,
Pbg,ol = 5.25eV and ¢g, 1 = 4.6€V. In order to illustrate that
such a heterogate configuration guarantees a scenario entirely
dominated by vertical line tunneling, and prior to deepening
how BTBT distance is modulated, Fig. 2 shows an example
of the spatial distribution of the BTBT generation rates inside
the channel at Vrg = Vps = Vpp for tpocker = 5nm and
10%m—3. Achieving the proposed range of workfunctions
could be envisioned by using Mg (workfunction ~ 3.6eV) for
the n-gate stack and Pd or Pt (workfunctions ~ 5.1 — 5.9eV)
for the p-gate.

A. Tunneling Distance Modulation

Fig. 3 shows (left axes) the behavior of the BTBT tunneling
distance between F.; and Ep1, dyunn, along a vertical cut
taken at the center of the overlap region (see Fig. 1 bottom)
for different doping levels of the p-type pocket inserted at
the bottom of the channel. In parallel, we show in the
right axes the effect of the pocket doping on the maximum
electron concentration below the top gate insulator along the
same vertical cut. The results have been obtained for pocket
thicknesses of ;cket=3, 5 and 7nm. The curves corresponding
to dyunn Start, in each case, at the top gate voltage at which
alignment is attained, Vrq align-

We observe how a pocket doping of 10'7cm™2 provides
very similar results for the three considered pocket thick-
nesses demonstrating that this doping level has little impact
modulating the tunneling distance. On the other hand, the
effect of the doped pocket proves to be noticeable for dopings
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Figure 3. (Left axis) Band-to-band tunneling distance between E¢; and Ejq
along a vertical cut in the center of the overlap region as a function of the
applied top gate voltage for different doping levels of the inserted pocket.
Vpg is fixed to 0.3V. No voltage is applied at the bottom gate. (Right axis)
Evolution of the maximum electron concentration along the considered cut
and below the top gate insulator.



of 10, 10 and 10?°cm~3. For pocket thicknesses of 3
and 5nm, an increase of the doping causes a double effect:
decrease of Vg align and reduction of dyunn. Conversely, for
tpocket = 7nm the reported effect is precisely the opposite
for doping values above 10'%cm~3 (i.e. increase of diunn
and VG align); With the extreme situation of 10*°cm™* where
subband alignment is not even reached for the allowed range
of Vprg. As for the maximum electron concentration in the
vicinity of the top insulator, a rise of the pocket doping has
little effect for ¢pocket = 3nm; whereas for ¢,ocket = 5 and
7nm, it entails a gradual reduction, which turns out to be more
pronounced as we increase the pocket thickness. In order to
understand the different trends for di,,, outlined above, let
us show in Figs. 4 and 5 the behavior of the band profiles for
tpocket = 3 and 7nm. It can be seen how an excesively thick
pocket hinders the subband alignment (in fact, not attained for
tpocket = 7nm and 10?°cm™3). On the other hand, a reduced
thickness combined with an increasing doping has a positive
effect on the band bending leading to a reduction of the BTBT
distance.

Regarding the behavior of the electric field at the insulator
interfaces, one may notice that the utilization of a pocket
doping of 102°cm~3 reduces the electric field around a 15%
at the bottom gate insulator as depicted in Fig. 6 (bottom).
On the other hand, the effect on the electric field at the top
insulator interface is not so marked except for the increase
observed for tpocket = 7nm and 102°cm™3 (consistent with
the more pronounced bending of the bands reported in Fig. 5
bottom). However, this last case has little interest given that
the device never reaches the ON-state in the considered range
of Vg (recall Fig. 3 bottommost).

Up to here, the bottom gate biasing (or, equivalently, its
corresponding workfunction choice) was fixed to OV (and
Pbhgol = 0.25eV). We assess now the impact of ¢pg ol
variations on the tunneling distance for t,ocket = 3,5 and
6nm. Notice that, in parallel, any modification of ¢4 o1 would
necessarily entail a consequent readjustment of ¢y ;1 in order
to avoid parasitic leakage tunneling occurring from the bottom
of the overlap to the top of the right underlap [13]. The
results displayed in Fig. 7 correspond to a fixed pocket doping
of 102%m~3 and show that a reduction of ®bg,ol implies
a decrease in diu,, whose relative importance diminishes
as we approach to a thickness of 3nm. In fact, although
for tpocket = Snm there is almost no impact on diunn, a
closer inspection demonstrates that the trend inverts for such a
reduced pocket, providing slightly bigger tunneling distances
as we decrease ¢pg o1 (this change of trend will be later on
better observed in Fig. 8). In any case, and in global terms,
the 3nm pocket offers the best performance for all analyzed
curves. The benefits on diy,, from workfunction reduction
shown for ¢,,cket = 5 and 6nm are blurred if we observe that
subband alignment is gradually shifted to higher Vg values.

Once that we elucidated the impact of ¢y, o1 variations on
the behavior of diun, for a fixed doping of 102°cm~3, let us
now analyze what happens when we vary the pocket doping
for a given top gate voltage, namely Vg = Vpp = 0.3V.
The results for this aim are depicted in Fig. 8. The first thing
that we note is that, again, for a doping of 10'%cm~2 (and,
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Figure 4. Band profiles (left axis) and carrier concentrations (right axis) along
a vertical cut at the center of the overlap region showing the position of the
first subbands for electrons and holes (dashed lines) for ¢;,ocket = 3nm. Solid
lines in both figures stand for the conduction and valence band edges.

logically, below) the pocket thickness selection has very little
impact on the band profile for ¢,ocket > 2nm and, therefore,
on the tunneling distance. But the most interesting thing that
arises from the displayed data is that, for 10*°cm~3, there
is an inversion in the dependence of diynn On Gpg o1 as we
vary the pocket thickness. In that sense, Fig. 8 is important
to clarify an aspect that could be misinterpreted from Fig. 7,
which is that one could apparently conclude that a reduction
of the pocket thickness leads to the independence of diynn
from ¢pg o variations for a doping of 102°cm~3. Fig. 8
demonstrates that what actually happens is a change of trend
manifested by the sign variation of the slope of orange curves.
Observe that for ¢;,6cket = 6nm, the BTBT distance decreases
as we lower ¢ng o1, but this gradually changes for decreasing
values of £,qcket till the point where, for ¢pocker < 4nm, this
trend is inverted. Fig. 8 proves to be particularly useful as
it helps to explicitly visualize the inflection point occurring
between f,ocket = 3 and 4nm. Notice that something similar,
but somehow different, is also observable for a pocket doping
of 10%m~2. Similar in the sense that for a given value of
ODbg,ol, €.g. 5.15eV, the tunneling distance decreases as we
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Figure 5. Band profiles (left axis) and carrier concentrations (right axis)
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of the first subbands for electrons and holes (dashed lines) for ¢, ket = 7nm.
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increase fpocket Starting from 2nm, but from 4nm onwards,
this trend changes and dy,,, starts to grow. And different in
the sense that a doping of 10'°cm™2 is not enough to make
the tunneling distance decrease as we diminish ¢4 o1 for any
pocket thickness.

In light of the aforementioned changing behavior of dyypny
for fixed ¢ngo1 (at fixed doping) observed in Fig. 8, let
us know elucidate the optimal pocket thickness for each
doping considering three different illustrative values of the
overlap bottom gate workfunction, namely ¢y, o1 = 5.05, 5.15
and 5.35eV. The corresponding curves are shown in Fig. 9.
As expected, and repeatedly noticed from previous results,
diunn demonstrates to be slightly affected by the variation of
tpocket for a pocket doping of 10'®cm™ (and below) . The
interesting outcome arises when moving to higher dopings,
given that the depicted curves allow to identify 3nm as the
optimal pocket thickness minimizing dy,,,,. The reported slope
variation corresponding to the 10*°cm~2 lines in Fig. 8 from
negative to positive is clearly visible in Fig. 9 at both sides
of the intersection point between the three curves ocurring at
tpocket = 3nm.
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B. Occupancy Probabilities Behavior

Up to here, all evidences based on BTBT distance analyses
suggest that, in general terms, the optimal doping for the
inserted bottom channel pocket is 102°cm 3. However, in the
computation of the BTBT current, we also need to assess the
availability of carriers at the points where tunneling starts, and
the existence of empty states at the end of the tunneling paths.
This means that we need to know the contributions of the
Fermi-Dirac probability distributions and the density of states
(DOS) at the top and bottom of the channel. As for the DOS
contribution, it was stated that for a small tunneling window,
it could be considered as independent of the energy [21].
Therefore, taking that approximation as valid, and making
the additional assumption of a perfectly transparent tunneling
barrier (i.e. BTBT probability equal to 1 in the tunneling

window), we will derive a qualitative estimation of what to
expect from the inclusion of partially doped channels in terms
of their effect on the occupancy probabilities.

If we define I1 as the tunneling current resulting from the
approximations above, it reads as

Eni
Ir o / (oottom — frop) dE, (1)

Ee1

with fiottom(top) the Fermi-Dirac distribution at the bottom
(top) of the overlap region. By performing a change of
variables as done in [21], the integral can be written as a
difference of complete Fermi integrals of order O

It o [Fo(a) — Fo(B) — Fo(y) — Fo(d)]
_ ln{ [1 4 exp(a)] [1 + exp(d)] } '
[1+exp(B)] [1 + exp(7)]
Where the arguments «, 3, and ¢ are

(@)

o — EFp,bott - Eel
kT ’

5= Erpbott — En1
N kT
o EFn,top - Eel 5= EFn,top - Ehl
kT ’ kT ’

with Eppn) bott(top) Standing for the hole (electron) quasi-
Fermi level at the bottom (top) of the channel overlap.

Table I allows to assess the exclusive effect on I derived
from the occupancy probability variation resulting from the
pocket insertion at the bottom of the channel for thicknesses
of 3 and 5Snm and the workfunction choice outlined at the
beginning of Sec. III. Let us recall that the results shown in
Table I are obtained from the approximations that led to Eq. 1.
However, although qualitative (due to the transparent barrier
approximation), they are useful to show that, contrarily to the
positive implications associated to the dyy, reduction ensued
from highly doped inserted pockets, the negative impact on the
occupancy probabilities proves to be stronger for a doping of
10%%cm~3 and thicker slabs. In that sense, increasing tpocket
from 3 to 5Snm for this highest doping shows a dramatic and
harmful impact according to Table I. On the other hand, for
a lower doping of 10'8cm™3, thickening the slab proves to
entail almost no impact on the occupancy probabilities.

Regarding Fig. 10, let us group the main considerations
in separate points. First, given that for a doping level of
10'8cm~3, neither d; ., nor the occupancy probabilities were
suffering a noticeable impact from the pocket thickness choice,
its corresponding Ips — Vg curves for tpocket = 3,5, 7Tnm
prove to be almost coincident. Second, the Vg values where
the displayed curves turn on match the top gate voltages at
which subband alignment was attained according to Fig. 3.
Third, the curve for for 102°cm™2 and ¢pocket = 3nm shows
a kink corresponding to the appearance of direct BTBT in
germanium to the first subband of the I' valley which boosts
the current levels in comparison with indirect tunneling phe-
nomena to the L valley. This kink can be observed for this
curve given that subband alignment was strongly shifted to
lower Vg according to the behavior shown in Fig. 3. Fourth,
since for 102°cm™2 and tpocket = 7nm, subband alignment

3)



TABLE I
NUMERIC VALUES OF THE LOGARITHMIC EXPRESSION APPEARING IN EQ. 2 IN THE APPROXIMATION OF PERFECTLY TRANSPARENT BARRIER FOR
tpocket = 3, 5NM, DOPING LEVELS FROM 108 T0 1029cM ™~ AND DIFFERENT TOP GATE VOLTAGES IN THE ON STATE.

In { [1+exp(a)][1+exp(d)]

[1+exp(B)][1+exp(7)]

Pocket Doping(cm~2)

Vrg = 0.2V Vrg = 0.25V Vrg = 0.3V
tpocket = 30M | Tpocket = ONM | Lpocket = 30M | tpocket = ONM | Tpocket = 30M | Lpocket = HNM
1018 1.759 1.742 2.817 2.764 3.780 3.730
1019 2.594 1.836 3.666 2.935 4.800 4.060
1020 1.150 0.013 2.059 0.040 3.114 0.114
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Figure 10. Transfer characteristics for the proposed HG-EHBTFET structure.
The colors match those of the curves displayed in Fig. 3. Vpg = 0.3V,
VBa = 0V, ¢tg,01 = 3.35eV, drg a1 = 4.4eV, ppg o1 = 5.25eV and
Pbg,ul = 4.6eV.

is not attained in the considered range of gate voltages, its
characteristic only showed the OFF-state current and, thus,
it has not been included among the displayed set of curves.
Fifth, as a result of the enormous variability shown by the 10%°
curves, this doping would need to be discarded in the optimiza-
tion process. Moreover, recall that these curves were already
suffering from negative effects on the occupancy probabilities.
On the other hand, the doping of 10'cm~3, which proved
to be beneficial for the occupancy probabilities, features for
slab thicknesses between 3 and 5Snm not very different ON-
state currents and switching slopes (apart from a slight BTBT
onset displacement). In that sense, we might expect pocket
thickness variability not to be a critical concern for this
tradeoff doping level of 10'°cm~3. Sixth, the subthreshold
slope degradation observed for the curves with 10?2%cm~2 is
linked to the subband profile flattening ensued from this high
doping at the bottom of the channel. The reason lies in the
fact that, as a result of this flattening and once alignment
has been attained, the energy overlap between subbands in
which BTBT is allowed grows more slowly as we increase
V1@ compared to those cases with lower dopings where the
subbands retain a sharper profile. Seventh, apart from the
curve with fpocket = 3nm and 102°cm™3, all the other curves
feature reduced ON-state current levels as it corresponds to
situations where phonon-assisted tunneling is the only type of

allowed BTBT. Eighth, although apparently Fig. 10 suggests
that a hypothetical displacement of the gray undoped curve
(to make Vg align coincident with that of the other curves)
would result into very similar characteristics, it is important
to mention that if we increased the maximum value of Vg in
that figure, thus unveiling a wider range of top gate voltages,
we would observe how the gray curve saturates faster than the
other curves. Therefore, such a left-shift would still provide,
for example, approximately a factor x3 of improvement for
the curves with 10"%cm~3 and lpocket = 3 — Snm over the
undoped curve.

IV. CONCLUSION

In this work, we have investigated the effects of inserting
a doped pocket at the bottom of the channel of a germanium
HG-EHBTFET by analyzing its impact on the band-to-band
tunneling distance and the occupancy probabilities behavior
for the determination of the resulting drive current. We have
demonstrated that, in this type of bilayer TFETs and for very
high doped pockets, the negative outcome regarding the occu-
pancy probabilities counteracts the significant reduction of the
tunneling distances originally reported. The simulated results
suggest that a pocket doping around 10'?cm ™3 combined with
a reduced pocket thickness (= 3nm) may be an optimal choice
to improve the performance of these transistors.
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