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Engineering the Electron-Hole Bilayer
Tunneling Field-Effect Transistor

Sapan Agarwal, James T. Teherani, Judy L. Hoyt, Dimitri A. Antoniadis, and Eli Yablonovitch

Abstract—The electron-hole (EH) Bilayer Tunneling Field-
Effect Transistor promises to eliminate heavy-doping band-tails
enabling a smaller subthreshold swing voltage. Nevertheless, the
electrostatics of a thin structure must be optimized for gate
efficiency. We analyze the tradeoff between gate efficiency versus
on-state conductance to find the optimal device design. Once the
EH Bilayer is optimized for a given on-state conductance, Si, Ge,
and InAs all have similar gate efficiency, around 40-50%. Unlike
Si & Ge, only the InAs case allows a manageable work function
difference for EH Bilayer Transistor operation.

Index  Terms—Electron  hole  Bilayer, quantization,
semiconductor device modeling, tunneling, tunneling field effect
transistor (TFET)

I. INTRODUCTION

N order to reduce the power consumption of modern

electronics, the operating voltage needs to be significantly
reduced. The electron-hole Bilayer Tunneling Field-Effect
Transistor (EH Bilayer TFET) is a new device concept that
has the potential for reduced voltage operation[1-4]. In
general, TFETs may achieve a low operating voltage by
overcoming the thermally limited subthreshold swing voltage
of 60mV/decade, but results to date have been unsatisfying
[5, 6]. The best subthreshold swings have been measured at a
current density of around 1nA/um, and performance degrades
significantly at larger currents.

TFETs promise a small subthreshold swing voltage by
abruptly turning on when the conduction band on the n-side
aligns with the valence band on the p-side of a tunneling
junction[7]. In actuality, the band edges are not perfectly sharp
and there are states that extend into the band gap[8]. This is
seen in the Urbach tail of optical absorption
measurements [9, 10]. Below the band-edge energy, the
absorption coefficient falls off exponentially due to a residual
band-tail density of states. The same band-tail density of states
will unfortunately smear the abrupt response and increase the
subthreshold swing voltage of TFETSs. In intrinsic GaAs the
optical absorption falls off at a semilog slope of
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1 Cut shown in Fig 2

Fig. 1: (a) The electron-hole Bilayer TFET structure with the current path
(red) and inversion layers (blue).

Surbachi=17meV/decade due to phonons [10]. If the GaAs is
heavily doped to 10%°%/cm?3, an impurity band forms and the
absorption falls off more gradually, ~58meV/decade [11]. By
eliminating doping in the tunneling junction, the EH Bilayer
TFET avoids problems associated with these doping band-
tails.

A EH Bilayer TFET consists of a p* source, an n* drain, and
an undoped channel bound by offset top and bottom gates as
shown in Fig. 1. The gates are oppositely biased to create an
electron (hole) gas along the top (bottom) gate extending to
the n* drain (p* source). The device turns on when sufficient
potential is applied between the gates to align the energy
levels, enabling vertical band-to-band tunneling (BTBT)
across the channel. The band diagram along the tunneling path
is shown in Fig. 2(a). The voltage difference between the gates
can be accommodated by the work-function difference
between the nand p-type gates. In addition to eliminating
doping, the EH Bilayer TFET also has a higher on-state
conductance as it provides a large overlap area to compensate
for limited tunneling transmission. The double quantum
confinement also assists the on-state conductance [12-14].

In this paper we focus on minimizing the subthreshold
swing voltage, while maintaining a high on-state
conductance!. We do this by optimizing the dc gate biases, the
body thickness and the channel material. (Si, Ge, InAs and an
InAs/AlIGaSb heterostructure were considered). First we
analyze the different factors that influence the subthreshold
swing in Sectionll. We find that maximizing the gate
efficiency (the ability of the gate to change the energy levels)
has the largest impact on minimizing the subthreshold swing.
Consequently, we analyze the tradeoff between gate efficiency
versus on-state conductance, to find the optimal device design.

1 We consider conductance rather than current, as the speed of a low
voltage device is limited by its RC time and not by its current density.
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Fig. 2: (a) Band diagram with quantum well ground states shown.
(b) Capacitive voltage divider model of the EH Bilayer device.

In Section Ill, we describe an analytical model for the EH
Bilayer TFET. Finally, we discuss the results of the
optimization in Section IV and compare the analytic model to
a numerical simulation in nextnano++.

Il. EH BILAYER SUBTHRESHOLD SWING VOLTAGE

An ideal TFET would rely upon a sharp band edge and would
switch abruptly from zero-conductance to the desired on-
conductance when the electron and hole eigenstate energies
overlap. Unfortunately the band-edges are not perfectly sharp
and thus there is a finite density of states (DOS) extending into
the band gap, smearing out the desired abrupt response.
Conventional TFET modeling does not account for the
smeared band edge DOS. Consequently, we want to find the
subthreshold swing voltage (SS) while accounting for the band
edges. The subthreshold swing voltage is defined by:

sS =(dlog(1)/dvg )™ 1)
In order to evaluate SS, we need to include the band tails in
the current model[15] %

Lo [ (fc = fy)x T xDc (E)x Dy (E)xE )

The difference in the Fermi occupation probabilities between
the conduction and valence bands is (fc-fv) and the

transmission probability of a tunneling electron is | . Dc(E)

and Dy(E) are the conduction and valence band DOS. The
product Dc(E)x Dv(E) is effectively a joint density of states.

2 The band tail states will not have a well-defined E-k relationship and are
likely to be localized. Consequently, conservation of transverse momentum
will not hold when tunneling to band tail states. In this case, the current will
be proportional to both the initial and final density of states. When the bands
are overlapping conservation of momentum should be accounted for, resulting
in a single density of states as is done in [12-13]

...............................................

‘e

.....
LIRS

D.(E)x D,(E)
: : E
E,’ Eo’
Fig. 3: The conduction and valence band density of states, Dc(E) and Dy(E),

are shown. Below the band edges the density of states falls off exponentially.
The product, Dc(E) xDy(E) is also shown.

D(E)

This model is valid when tunneling to band tail states where
the electron and hole eigenstates, E’c and E’v respectively, are
not aligned as shown in Fig. 2(a). Dc(E) is given by:

D¢ E>E/
Dc(E)= . c )
¢ {Dcoxe_(EC_E)/qVO, E<E&

Above the band edge the DOS is given the by ideal DOS, D’c,
and is a constant with respect to energy in 2d. Below the band
edge, we assume that the DOS falls off exponentially with a
semilog slope of Vo and constant pre-factor Dco. An
exponential falloff is typical of band edges as seen in the
optical absorption edge [11]. Similarly, the valence band DOS

will be given by:
Dy, E<E

I:)\/(E)Z{DVO><e_(E—E\'/)/qV()l E>E\’/

Here D’y is the ideal 2d hole DOS and Dy is a constant
pre-factor for the band tail DOS. For simplicity, we take the
exponential slope, Vo, to be the same for conduction and
valence band edges.

The combined DOS is given by Dc(E)x Dv(E). ldeally,
no current would flow, but due to the band tails, an
overlapping density of states exists as shown in Fig. 3. This
gives:

Dc (E) Dy (E) =

Dl x Dy g x e (EEC)/av0,

(4)

EoL E>Eg
Vo . . (5)
e X DcoxDvo, . EV <E<EC
Dco x Dy % e BBV E g

This is for the case where E'c> E'v. Eoy is the overlap energy
between the electron and hole eigenstates shown in Fig. 2(a)
such that: EoL = (E'v- E'c) < 0. Since the combined DOS has a
maximum plateau in the bandgap region between E'c and E'y,
we can approximate the current integral as:

I oc _[ ,é(f(;—fv)xTxaE «eEoL/aVo
BV

locly xeFoL/avo

(6a)

(6b)
where the tunneling pre-factor is:
lo = [=0(fe — fy)x T x0E )
Vv

Thus we have arrived at a simplified model for the tunneling
current when band tails are present. Now we can compute the
subthreshold swing voltage by plugging (6) into (1):



_[WVeody  dlog(l)

SS =
dVg dVgogy

(®)

a1
EoL /aV,
+dVBody dEqL Xdlog(e oL’q 0)
dVG dVBody dEOL

In the first term we took the derivative with respect to the
voltage across the semiconductor bilayer, Vgoy, Since
tunneling transmission probability, ], depends sensitively on

Veody. In the second term we took the derivative with respect
to EoL as the band edge density of states depends on the band
alignment. Finally, the subthreshold swing voltage in (8) can
be expressed in the following form by replacing each term
with the appropriate symbol to highlight the four contributing
factors:

-1
1 1
SS = (ﬁel X S—+ el X Mquant XS—] (92)
tunnel DOS
-1
s = LX[ L fauant j (9b)
el Stunnel  Spos

Spos is the semilog slope of the joint band edge density of
states in mV/decade:

s 1 dEqL
DOS =
q d log{eFoL /oy

Swmnet 1S the semilog slope measuring how steeply the
tunneling conductance pre-factor changes with respect to the
voltage across the body, Veoay:

Stunnel = dVBody/d log(lp) (11)

It is given in mV/decade and I is given by Eq. (6). Stnner is the
steepness that results from changing the thickness of the
tunneling barrier with a changing bias as it is typically
dominated by the voltage dependence of | .

nquant IS the change in the band edge quantum level

alignment with respect to the body voltage, Veoay due to level
shifting. It is given by dEoL /d(aqVBody) - It can be significantly

(10)

=Vq /log(e)

less than 1 because the shape of the triangular tunneling
barrier is changing as Vscay changes, which causes the
confinement energy to change [2].

The pre-factor efficiency, 7e is the electrostatic efficiency
and can be found from the circuit model in Fig. 2(b). It is
given by dVpeqy /dVg -

A small subthreshold swing voltage can be achieved by
having either a small Swnner Or @ small Spos. Nonetheless, as
discussed in [7], a small subthreshold swing voltage, cannot be
achieved at high current densities by barrier thickness
modulation, Swnne. High current densities require a high
electric field, and any additional voltage will only result in a
small change in the electric field and thus produce only a
small change in the tunneling current. We verify this by
computing Swnnet in Section 1V. Accordingly, at high current
density, we find that Swmel is unfortunately >60mV/decade.
Consequently, we must rely upon a sharp band edge density of
states, Spos, to achieve a small subthreshold swing voltage.

By design, the EH Bilayer structure eliminates doping to
improve the electronic Spos. To further improve the
subthreshold swing, we focus on improving the gate
efficiency. The overall gate efficiency, 7gae, is the change in
the band alignment, Eo, with respect to the gate bias, V¢ and
is:

1 dEOL _ 1 dEOL « dVBOdy
q dVg qdVgeyy dVg

We need to optimize the gate efficiency that is reduced due to
both electrostatics, 71, and to quantum level shifts, 7quant.

Ngate =

= Mguant X el (12)

I11. EH BILAYER MODELING

To model the EH Bilayer TFET we consider the situation
where the bias on the n-gate (V1) is changed while the bias on
the p-gate (Ve2) is held constant. We calculate the carrier
density by assuming a single Fermi level, Eg, as shown in
Fig. 2(a). This is valid when there is a small source drain bias,
corresponding to low voltage operation.

To be competitive with current CMOS transistors we
assume an effective gate oxide thickness (EOT) of 0.8nm, and
we consider a gate overlap region, Lc, shown in Fig. 1, of
10nm. For a given body thickness, channel material and Fermi
level position, we first find the gate efficiency:
ngae=AEoL/(qA4Vs1). Consequently, we need EoL and Ve in the
on and off states. The device will turn on once the bands
overlap and Eo =0. In section IIl.A we find the gate biases,
Ve and Vg, required to achieve Eoi=0 and a given Fermi
level position. In section I11.B we determine EoL and Ve in
the off state to find #gae. After finding the gate efficiency, we
find the tunneling conductance and the channel conductance in
Section II1.C and 1I1.D respectively. In Section IIL.LE we
consider how the analysis would change for a heterojunction.

A. On-State Circuit Analysis

The first step of the analysis is to find the electron and hole
quantum confinement energies, Eie and Ein, and the voltage
across the body, Veoy, in the on-state. The overlap energy,
EoL, is given by [2]:

EoL =dVBody —(Eg + Ege + Eap) (13)
This can be seen from Fig. 2(a). At zero overlap the voltage
across the body is equal to the band gap, Eg, plus the
confinement energies. The confinement energies are:

1/3

(9::)2’3 (AVBody /taody)* 71

Ela ~| — X —
8 Zma,z

(14)

where a represents either electrons (€) or holes (h) and tsoay is
the thickness of the bilayer semiconductor body. The effective
masses are tabulated in Table 1. We assumed an infinite
triangular well model for the confinement energies.

In the on-state, the eigenstates are aligned such that Eq =0
and so we can solve (13) for Veogy and then find E1e and Ein.

For a given Fermi level position, we can find the n-channel
and p-channel potential, Vi and V, as shown in Fig. 2. The
potential is measured from the center of the band gap. From
Fig. 2, we find:



TABLE I
MATERIAL PROPERTIES USED
Si Ge InAs GaSh AlSb
Eq 1.12 0.66 0.354 - -
Egeeft - - - 0.15[23]  0.26[23]
£s 11.7 16.2 15.15 15.7 12
11 427[24] 13.4[25] 20.0[26] 13.4[26] 5.18[26]
T2 0.32[24] 4.25[25] 8.5[26]  4.7[26]  1.19[26]
Y3 1.46[24] 5.69[25] 9.2[26]  6.0[26]  1.97[26]
met  0.38[27] 0.48[27] .023[27] - -
me,  0.92[27] 0.12[27] .023[27] - -
Mumel 0.46[5]  0.058[5]  0.043 - -

Eg,eff is the effective heterojunction band gap across the tunnel interface. The
effective masses are calculated assuming a [100] wafer orientation. The
transverse masses are density of states masses while the z direction mass is for
confinement energy. The hole masses are computed from

Mp, =11 —y,) and  my, =LAy +7,). For Si,

andmg  =2m,. For Ge my , =3mm, /(m; +2m,) andm;, = 4m; ,. The

*
Mg,z =My

tunneling mass is given by (26)&(27). All values for AlxGa;.xSb are linearly
interpolated.

qu = Eg /12 + Ele _AEFFI
and

qVZ =—Eg /2_Elh _AEFP (16)
At eigenstate alignment (the on-state of the device), the energy
difference between the electron eigenstate and the Fermi level,
AEr,, is equal to the energy difference between the hole
eigenstate and the Fermi level, AErp: AEg, = AEg, = AEE .

(15)

Given a Fermi level position, AEr, we can find the electron
charge, Qn, and hole charge, Qp, in the channel:

|Qﬂ| B q X NC,ZD X In(1+ eXp(— AEFI’] /kBT)) (17)
|Qp| =qxNyp xln(1+ exp(AEFp/kBT)) (18)
where
m;t Mp ¢
NC,ZD :—'2 kBT and NV,ZD Z_ékBT (19)
7h 7h

The effective masses are given in Table 1. Next we can use
the capacitive voltage-divider model in Fig. 2(b) to solve for
the corresponding gate voltages:

Vo1 =Vi + (IQn |+VBodyCs )/Cel

Vo2 =V2 _QQp|+VBodyCS)/CGZ (21)

where Cs is the EH Bilayer body capacitance. Cg; and Cg; are
the n-gate and p-gate oxide capacitances. We use the surface
accumulation charge to capture the effect of the quantum
capacitance. We also assumed that all the accumulation charge
is located at the oxide interface. Va1 and Ve, provide the dc
bias, or work function difference, needed to align the
eigenstates and achieve a desired Fermi level position.

B. Off-State Circuit Analysis

In order to find the gate efficiency, we start with the
off-state and then compute #gate=AEoL/(q4Vs1). We define the
gate efficiency this way because the quantum capacitance is

(20)

non-linear and this definition contains the average gate
efficiency. First we need to determine how much the overlap
energy, AEoL, needs to change in order to turn the tunneling
off. A rough estimate is sufficient, since varying AEq. from
50to 200 meV only changes #gae by a few percent.
Consequently, we take AEq = -100 meV. If the band edge
density of states Spos is 20 mV/decade (corresponding to the
optically measured steepness), AEo.= -100 meV will give 5
decades of on/off ratio.

To find Va1 in the off state, Vei,0rr, We need to start at the
opposite gate Va2 and work our way backwards through the
capacitive voltage-divider model in Fig. 2(b). Since we are
keeping the back-gate voltage, Vey, fixed, we use the same
value of Vg that was found in the on-state from the capacitive
voltage-divider model (21). Next, we need to find the body
voltage (Veody) across the semiconductor and the confinement
energies (E1e and Ein) in the off state. We do this by solving
the overlap energy definition (13) for Eo . =-100 meV. Now we
can find V. by solving the capacitive voltage divider
model (21) self-consistently for V.. In(21), the charge

density, ‘Qp‘, is a function of V. through A4Eg, from (16).

Once we have V;, we know V1=V,+Vgegy. Then we can solve
the capacitive voltage-divider model (20) for Vg1 using (15) to
define AEg, for the charge density. This gives us Ve in the
off-state, Veiorr. As we already found Ve in the on-state,
Vei0n, at end of Section I11.A, we can finally compute the gate
efficiency as AEOL/q (VGLON'VGLOFF)-

C. Tunneling Conductance

As we are tunneling between two quantum wells we need
to use the 2d-2d tunneling current formula [12, 13]:

qm* LcW
Grunnel = %;30 x (0.435E, )x (0.435E;;, )
T

(22)
x—d x [ (F)x ,1 5
4kpT cosh(AEE /2kgT)
Where the tunnel transmission probability is:
_ * /2312
7(F) =exp 7(Miynnet )™ “EG (23)
242hqF
and the electric field across the semiconductor layer is:
F :VBody /TBody (24)

The length of the overlap region is Lc and the width is W as
illustrated in Fig 1. The confinement energies, Ei. and Ein, are
given by (14). The Fermi level position relative to the closest
eigenstate is given by AE’g. If Ef is below E’c and E’y then
AE’r=AEg, given by (15). If Er is above E’c and E’v then
AE’r=AEg,, given by (16). If Er is in between E’c and E’y
then AE’r should be set to zero.

The tunneling probability is based on a two band WKB
tunneling model and is given in [16]. Some care is needed in
choosing the appropriate masses. The joint density of states
mass is given by:

* * * 1
Mjypos = 2(1/ me]t +1/ mh’t)7 (25)
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Fig. 4: Band diagram incorporating a heterojunction in the EH Bilayer.

The tunneling mass can be computed from [16]:

* * * l

Miunnel = 2(]-/me,z +1/mh,zT (26)
The transverse masses, m”s, and m™y, as well as the masses in
the tunneling direction, m”, and m"., are given in Table I.

The WKB model and reduced mass work well in InAs
where the carriers in a single conduction band, tunnel to a
single valence band [17]. However, in silicon and germanium
the band gap is indirect and there are many interacting bands
and so the WKB model breaks down [17]. Consequently, we
use an experimentally fitted tunneling effective mass derived
in [5]. While [5] used a single band tunneling model, we used
a two band tunneling model and need to adjust the mass:

Migana = ((2v2/7)x (2 13) f migang (27)
This comes from comparing the tunneling equation in [5]
with (23). A summary of all the material parameters used is
given in Table 1.

We use the tunneling formula in (22) because it more
accurately captures the benefits of quantum confinement in
increasing the current, as discussed in the appendix. For
simplicity, we assume that tunneling only occurs in the
vertical direction, perpendicular to the gates, and neglect the
two dimensional electrostatics and any lateral tunneling.

D. Channel Conductance

The last step is to calculate the channel conductance. The
channel needs to have a minimum charge available to carry
the current that has tunneled, or else the on-state conductance
will be limited by the channel resistance instead of tunneling
resistance. The device conductance will be given by the lower
of the channel or tunneling conductance. At a high
conductance near 1 mS/um, the channel conductance becomes
the limiting conductance. Consequently, a smaller AEf is
required to increase the number of electrons.

The channel conductance is given by a ballistic model [18]:

G =Wangvr /(2kgT /q) (28)
where
vp =4/2kgT /7mg and ng =|Qp|/ g (29)

E. Heterojunction Analysis
Using a heterojunction as shown in Fig. 4 can reduce the

Vgz =
-0.47V
4
E,,=230
E,.= 330 i meV
meV
?;"'J
Ve = InAs Aly¢Gay ,Sh
oasv|| 2E~=18 oeTred
) meV

Fig. 5: The band diagram for the optimal heterojunction structure with an on
state conductance of 1 mS/um and maximum bias or Work Function
difference<leV is shown. The narrow p-well eigenstate energy changes little
as the bias changes, helping the gate efficiency.

required dc bias or work function difference to achieve the
desired band alignment. A heterojunction will also slightly
improve the gate efficiency. We consider an InAs/AlGaSh
heterojunction  since the band alignment at the
hetero-interface, or effective band gap, Egerr, can be widely
tuned by changing the Al content.

In order to account for the heterojunction, a few changes
must be made. First we need to change the body capacitance:

1
Cs :(tn/es‘n+tp/gsvp)“ (30)
Here we have used n and p subscripts to refer to the device

properties on the n and p sides, respectively. The electric field
in each material is also different:

Fa =Vaody /(tn +&50 Xty /gs,p) (31)

Fo =Vaody /(tp +&s,p Xtn /€50 (32)

Next, we need to update the tunneling probability to
account for the fact that we are tunneling through two
triangular barriers. The triangular barrier heights on the
n and p sides (Eg and Egp) are given by:

Egn =0aFy xt, —Ege (33)

(34)

The tunneling barriers are shaded in gray in Fig. 4. Looking at
the p-side, the tunneling begins when the hole eigenstate
energy enters the forbidden region. The height of the
triangular tunneling barrier is given by (34). If a confinement
energy, Eie or Eun, is large, the barrier height would be
negative and so the tunneling begins in the other material. This
situation can be seen for the hole energy in Fig. 5. Now we
can model the tunneling probability with two single band

tunneling approximations such that T =] nx ]  and:
To = expl-a@xm; ) 2E32 ) (31aF, )| (35)

* \1/23/2
T :exp{(—4(2xmhyz) EB’p)/(thp)} (36)
Since there is an abrupt transition from the tunneling energy

being close to the valence band, and then close to the
conduction band, at the heterojunction, the tunneling process

EB,p = qu ti - Elh
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Fig. 6: The analytically computed gate efficiency for all three optimized
homojunctions is similar. Using the heterojunction only slightly improves the
gate efficiency. The device properties that give the optimal gate efficiency are
summarized in Table Il. A gate oxide thickness of 0.8 nm and a 10 nm
channel length overlap, Lc, was assumed. The gate efficiency was averaged
over a band misalignment of AEq. = 100 meV. Numerically computing the
gate efficiency in nextnano++ gives similar results and is plotted using the
following  markers:  Si-diamonds,  Ge — circles, InAs — squares,
InAs/Aly Gag 4Sb — crosses.

is divided into two discrete steps. As the tunneling primarily
occurs within a single band on each side of the junction, a
single band model is used.

The last change is that carriers are in trapezoidal quantum
wells instead of triangular quantum wells. While this should
be solved numerically and the finite barrier heights should be
accounted for, we can get a qualitative understanding of what
happens using the following approximation [19]3:

2 2
S \ Etri + Esquare (37)

Ewi is the energy in a triangular well given by (14). Esquare IS
the standard quantum confinement energy in a square potential

well given by hz;zz/(Zm:t,%) or hzﬂz/(Zm;tf,). The trapezoidal

quantum well shape improves the quantum confinement
efficiency, nquant, OVer a triangular well by reducing the change
in the energy level, E1, when the bias changes.

IV. RESULTS AND DISCUSSION

In order to maximize the performance of the EH Bilayer
TFET, the subthreshold swing voltage must be minimized
while maintaining a high on-state conductance. Minimizing
the subthreshold swing requires us to maximize the gate
efficiency [ngae =dEol/d(qVe1)]. The easiest way to maximize
the gate efficiency is to vary the body thickness, Fermi level
position and channel material and determine the combination
that gives the highest gate efficiency for a given on-state
conductance. Consequently, we do this for an on-state
conductance in the range from 10 puS/um to 1 mS/um. This

3 Ref [19] also modifies the effective masses to get a better fit for the
energy. We capture the 1st order effect of the trapezoidal well by using the
original masses. The error introduced by this and the other approximations is
quantified in the numerical NextNano simulations.

TABLE Il
OPTIMIZED DEVICE PROPERTIES
Gon=10puS/pum Gon=1mS/pm
Si Ge InAs Si Ge InAs
Tgate 0.48 0.52 0.54 0.39 0.40 0.41
7quant 0.68 0.69 0.64 0.63 0.62 0.55
tbody (NM) 5.9 14.9 24.2 4.3 9.7 14.6

AEF (meV) 81 84 30 61 63 17

Vi (V) 178 082 051 | 248 125 084
Vg2 (V) -241  -101 -042 | -3.07 -143 -0.61
Vbody (V) 2.15 1.21 0.73 2.52 1.50 1.00
Stunnel
(mV/decade) 225 161 141 246 173 227

The analytic gate efficiency for Si, Ge and InAs Bilayer TFETS at an on-state
conductance of ImS/pum and 10uS/pum is summarized. The different material
parameters and biases at the on-state required to achieve the optimal gate
efficiency are also summarized. Syne iS the semilog slope measuring how
steeply the tunneling conductance changes due to a changing barrier thickness
with respect to the band overlap energy, Eo..

optimization results in a low electron density and a high hole
density. As seen from the capacitive voltage divider in
Fig. 2(b), this corresponds to minimizing the electron quantum
capacitance, Cgn and maximizing the hole quantum
capacitance Cqp.

In Fig. 6 we show the highest gate efficiency for a given
conductance after the device thickness and dc biases are
optimized relative to on-state conductance. We see that the
gate efficiency is quite similar for all three homojunction
channel materials, Si, Ge, InAs, at the optimal body thickness,
and is around 40% for an on-state conductance of 1mS/pm.

In Tablell, we summarize the efficiencies, optimal
thickness, Fermi level position, and gate biases for the Si, Ge,
and InAs devices.

Interestingly, it should be possible to achieve an on-state
conductance of 1 mS/um in Si if the body is sufficiently thin.
Unfortunately, that requires an unrealistically high electric
field around 5.8 MV/cm, a tunneling barrier thickness of
1.9 nm and a tunneling probability of 3.9x1073.

Although all three materials have similar on-state
conductance and optimized gate efficiency, the dc bias
required is drastically different between the materials. Table Il
shows the dc bias or Work Function difference on each gate
required to align the energy eigenstates. At 1 mS/um, the
voltage across the two gates will be 5.6 V, 2.6 V and 1.45V
for Si, Ge and InAs respectively. It may be possible to achieve
the dc bias required for InAs by different gate work functions,
but it will be very difficult to achieve the 2 volts or more, that
are required for Si and Ge. Furthermore, the unrealistically
high electric field required in silicon would cause the gate
dielectric to break down [2]. Thus InAs is the best candidate.

Next, we calculate Swnner the semilog slope of tunnel
probability versus body voltage using its definition (11):
Stunnel = dVBody/d log(l ;) . This will determine if changing

the barrier width has a significant impact on the subthreshold
swing voltage. As we are taking dlog(lo), any quantity
proportional to lp can also be used as the argument of the log.
In particular, Gunnel, defined by (22), is proportional to lo. o is



composed of two key terms, (fi-fz) and ] . Gunnel cOntains |

and accounts for (fi-f2) through the cosh(AEry/2ksT) term as
discussed in  the appendix. Thus we  have:
Stunnel = AVgody /A10g(Grunner) - We  can  evaluate this by

computing Gunnel (22), and Vaoay (13), for Eo.=0 and Eo =100
mV. At 1mS/um, Swme for Si, Ge and InAs are
disappointingly 246, 173 and 227 mV/decade, respectively.
Since Swmel IS Worse than 60 mV/decade, a steep swing cannot
be achieved by electrostatically modulating the tunneling
barrier width alone. The EH Bilayer TFET requires a steep
band edge density of states, Spos, for a steep subthreshold
swing!

To arrive at a reasonable work function difference, we can
employ a heterojunction in the EH Bilayer. Optimizing for
only gate efficiency results in a very narrow quantum well and
unreasonably large confinement energies and gate biases.
Consequently, we limit the bias difference to 1 volt to limit the
work function difference needed. This doesn't significantly
hurt gate efficiency (<1%). We chose an aluminum
concentration of 60% in the AlGaSb in order to give an
effective band gap, Egerr, 0f 100 meV. Using pure GaSbh or
pure AISb changes the optimized gate efficiency
insignificantly (<1%). The optimized InAs/AlysGao.sSb
structure for 1 mS/um is shown in Fig.5. We find that a
14 nm thick InAs layer and a 2.6 nm thick AlgsGao4Sh layer
gives the best gate efficiency. Overall, we can see that
including the heterostructure only slightly increases the gate
efficiency as shown in Fig 6.

To verify the accuracy of the analytic calculations we
performed quantum simulations in nextnano++ with a six
band k-p model for the valence band and a single band model
for the conduction band. We found the simulated gate
efficiency for the body thickness and Fermi level positions
given in Table Il (the gate biases are adjusted to obtain the
same Fermi level position). The simulated gate efficiency,
Ngate, at a conductance of 1mS/um for Si, Ge and InAs was
44%, 43% and 51% respectively. The confinement efficiency,
Nquant=dEoL/d(qVeogy), IS 79%, 70%, and 66%, for Si, Ge and
InAs respectively. The primary difference between the
analytical results versus computer simulations is that the
simulation does not assume an infinite triangular well as
in (14). When simulating the heterojunction, we needed to
reduce the thickness of the AlgsGapsSh layer to capture the
benefit of the trapezoidal quantum well while maintaining the
same tunneling barrier height and overall thickness. For a
14.6nm InAs thickness and a 2.0nm AloGao.+Sh thickness we
simulated a gate efficiency, #gae, 0f 52% and a confinement
efficiency, #quan, 0f 65%. The numerically computed gate
efficiencies are also plotted in Fig. 6

V. CONCLUSION

We found that a 14.6nm thick InAs EH Bilayer
represents the best tradeoff between gate efficiency (51%) and
on-state conductance (ImS/um), demanding a bias or gate
work function difference of 1.45V for a homojunction EH
Bilayer. We also found that a 9.7nm thick germanium EH

Bilayer could achieve a gate efficiency of 43%, if a 2.6V gate
work function difference could be engineered. Using an
InAs/AlGaSb heterojunction in the EH Bilayer structure
reduces the required work function difference to less than a
volt, but does not significantly increase in the gate efficiency.
Consequently, InAs seems to be the optimal channel material.

APPENDIX

The tunneling current can be modeled using the transfer
Hamiltonian method as developed by Bardeen and
Harrison [20, 21]. When applied to a bulk semiconductor, it
yields the typical semi-classical WKB tunneling current. By
starting with the transfer Hamiltonian formalism, the current
can be extended to reduced dimensionalities such as tunneling
between two quantum wells[12, 13]. For any arbitrary
structure the tunneling current is given by [12, 21]:

47 2
Jtunnel :Tq 2 ‘Mfi‘ S(Ec —Ev)(f1 - f2) (A1)
ki, K¢
The matrix element is given by [12]:
—h2 . * * -
Mg; :WIJ (‘l’fv‘lfi —\ViV\Vf)'dS (A.2)

where S is the tunneling interface area. In a square well the
matrix element is given by [12]:

2 1
T

Eie and Ein are the confinement energies and / is the

tunneling probability. In a triangular well, the normalized
exponential tail of the wavefunction is given by [22]:

1 1 2=3/2
(//zl.426—><_—><exp(——z ]
1 1 z '
=1.426 X x exp(— dej
A
where
— /3
Z=ZllyandLg = (hz/(zqu))1 (A5)
Plugging (A.4) into (A.2) gives
Mtriangular well = 0.435x quuare well (A-G)

As the current is proportional to the square of the matrix
element, the 2d-2d tunneling current in a triangular well is
(0.435)2 times lower than in a square well.

Furthermore, since the current is flowing over a small
energy range near the threshold, the Fermi function difference
f;-f, can be Taylor expanded to give:

\Y
f— f, ~ IVSD L . (A7)
4kpT  cosh(AEE /2kgT)
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