Analytical Model for a Tunnel Field-Effect
Transistor

Abstract—The tunnel field-effect transistor (TFET) is a promis- Gate gate dielectric
ing candidate for the succession of the MOSFET at nanometer  jr S o
dimensions. Due to the absence of a simple analytical model
for the TFET, the working principle is generally not well SOUICE
understood. In this paper a new TFET structure is introduced
and using Kane’s model, an analytical expression for the ceent S
through the TFET is derived. Furthermore, a compact expres®n Gate
for the TFET current is derived and conclusions concerning
TFET design are drawn. The obtained analytical expressions Fig. 1.  Double gate TFET with full (solid) and short (dashegBte
are compared with results from a 2D device simulator and good respectively as shown in [5], the direction of BTBT in the sewnductor

Drain

agreement at low gate voltages is demonstrated. is indicated by arrows
Index Terms—TFET, transistor, BTBT, analytical model, Kane . .
s Gate gate dielectric
|. INTRODUCTION Source Drain
S MOSFETS reach nanometer dimensions, power con-
sumption becomes a major bottleneck for further scaling. Gate

The continued reduction of the MOSFET size is leading to an

increased leakage current due to short channel effect, sBig. 2. New device concept which enables derivation of arytioal model,

as Drain Induced Barrier Lowering (DIBL), and the powe?he direction of BTBT in the semiconductor is indicated byows

supply voltage cannot be reduced any further because of the

subthreshold slope being limited to 60 mV/decade at room ) ) . .

temperature. In this view, the exploration of alternatiesides Potential profile can be determined straightforwardly. As a

which possibly outperform the MOSFET at these nanomet&sult, the total current through the device can be caledlat
dimensions is required analytically, as shown in Section Il. In order to obtain a

A promising alternative for the MOSFET, which does notlosed expression for the current, an approximation regard
the behavior of the current around the BTBT onset voltage

suffer from these limitations, is the tunneling field-effec : . . ;
transistor (TFET). Throughout the rest of this paper thmterneeds to be made, as discussed in Section Ill. The calcugatio

TFET will not refer to any specific implementation form, buffiginating from the analytical expression are validated i
the TFET is defined as "a semiconductor device in which theECtion IV by comparing them with device simulator results.
gate controls the source-drain current through modulation
Band-to-Band Tunneling (BTBT)”. Band-to-Band Tunneling 1. ANALYTICAL MODEL
is a process in which electrons tunnel from the valence band
through the semiconductor bandgap to the conduction band%r
vice versa. The TFET is generally described as a gatettn diode.
TFETs with a subthreshold slope lower thani6¥/decade Investigations [5] have shown that the gate does not need to
have already been demonstrated [1], [2] and due to theit-buitover the entire intrinsic region but can be restricted ® th
in tunnel barrier, Si TFETs are expected to maintain low offirea close to the source. A double gate TFET is shown in
currents for channel lengths down to &t [3]. Fig. 1 illustrating the full and the short gate concept. Neit
An advantage of TFETs compared to other alternativd these structures allow for a simple analytical expres&io
device concepts is that their fabrication is compatiblehwitthe electric field and the electrostatic potential throughbe
standard CMOS processing since they can be implementiyice. This hampers an analytical treatment that woulé giv
as a reverse biased gatpei-n diode. Moreover, comparedinsight into the working principle of the device.
to for example the I-MOS [4], TFETs do not rely on high In this paper a new TFET configuration is presented such
energetic processes like impact ionization, which are knowhat the gate is located fully on top of the source as illustta
to be detrimental to reliability. in Fig. 2. The device can be regarded as an extreme case
Contrary to the MOSFET and the bipolar transistor, thef the short gate TFET as the gate does not even cover a
TFET does not have a simple analytical model. This hampgrart of the channel. It is important to note that in this deyic
a clear understanding of the TFET working principle. the BTBT occurs in the direction orthogonal to the gate. The
In this paper, an analytical model for a TFET is developedne-dimensional nature of the BTBT enables an approximate
First a new TFET device structure is presented for which tliketermination of the potential profile in the tunneling egi

Device structure
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Fig. 3. TFET from Fig. 2 with positive gate bias applied sutétta depletion
region with thicknessmax exists (only upper half shown)
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The derivation of the current formula in this paper is —tox 0 22 1 Zmax

restricted to the case of anTFET, i.e. the gate is locatedrig. 4. Band diagram of the cross-section A-A' from Fig. 3igading liun
on top of thep-type source. An analogous calculation can be
made for apTFET with ann-type source.
The most popular model to calculate the generation is
Kane’s Model [7]. Kane's model is derived for a direct

B. Potential profile ) ) . . L
P semiconductor in a uniform electric field and is given by:

Whereas the gate strictly controls the electrostatic pizten b
in the underlying semiconductor, the influence of the drain G(E)=A E exp (—BEg3/2/E) (4)
voltage is found to be weak and can be neglected in the region v By

directly under the gate. whereF is the electric field and’, the bandgap, whilel and

Under the assumption that there is no substantial potentjaly e harameters depending on the effective mass of valence
variation in the direction parallel to the gate, the po@miro- ;4 conduction bands and takes a default value of. but

file can be considered one-dimensional. Adopting the deplet ¢, 1o sake of generality it is left unspecified as an adplsta
layer approximation, the electric field and the electrmstatparameter_

potential in t_he semicondu_ctor are written in terms of the 1o affect of the different regions arising when a positive
acceptor doping concentration of the sourd& X [6]: gate voltage is applied, is discussed in the following sobse

qNa, 2 tions.
U(z) = e, (2 = Zmax) @) 1) Neutral region: The neutral region is characterized by
gN, the absence of an electric field and does not contribute to the
E.(2) = - (2 = Zmax) (2)  BTBT current.

€x
° 2) Depletion region:In this section, the current is calcu-

where Fmax Is the Iength of the depleti(_)n region, which i%ated assuming that there is only a depletion region. lastea
a function of the applied gate voltage.is the elementary of relying on the local electric field as in Refs. [8], [9],

electric charge and is the permittivity of the semiconductor. o jhgert the average electric field over the tunnel path into

the Kane generation rate. A similar strategy is followed by
C. Current some commercial device simulators [10]. Accordingly, a enor
Since ap-i-n diode in reverse bias is considered, the currefifcurate estimate of the current can be made, and the tunnel
is small if no BTBT is present, in which case :the curren(iurr.em disappears in a natural way \_/vhen no tunnel path is
is referred to as the off-current. As soon as BTBT occuﬁsva"able due to th_e average electric f'e“.j being zero.
however, the resulting on-current will dominantly excekd t '_I'he tunnel path s defined as the physical path betw_een two
points corresponding to equal energy for the conduction and

off-current. | band tivelv. Th field inztitbrecti
In semi-classical simulators, BTBT is modelled by th gience band respecively. The average field in ection
E.) is then given by:

introduction of an extra generation ternds)( in the drift-
diffusion equation. When the BTBT current contribution is

dominating, the TFET current can be computed as the sum B, = Ly (5)
over all charge generated in the device: qltun
with E, the bandgap energy arid,, the length of the tunnel
|| = q/GdV = qWL/Gdz ()  path.

. ] ) To calculatél,,,,, the z-coordinate of points of equal poten-
with dV an elementary volume in the devick,and W the ijg| in valence and conduction band are considered. Writing
gate length and width respectively agdthe generation rate

expressed in number of carriers per unit volume per unit.time Yo(z1) = ¢Na (21 — Zmax)? + Eg (6)
In Eq. 3 translational invariance in thedirection is assumed 2¢s q
and the variation of the generation rate in thelirection is be(z2) = qNa (25 — Zmax)? @)

neglected. 2€



from which the tunnel path length can be determined: 4) Total current: Using the previous approach, the total cur-
rent in the device equals the current generated in the deplet
region. The influence of the gate voltage is straightforward
Yo(21) = the(22) (9) namely increasing the depletion region size and increasiag
current accordingly. The drain voltage determines the tooise
inversion and therefore imposes an upper limit to the deplet

ltun =21 — 22 (8)

Writing zo as a function of,,,

R 18 + 2Ege5/(¢*Na) (10) region size through Eq. (15). -
2 lun In a degenerate semiconductor, the limitsi, of the
this yields following expression fatz: integration (12) need to be altered such that the integratio
only extends over the region of tunneling where the conduc-
1 2,6, 1 tion baqd is (approximately) empty and the valence band is
dz=—5 (1~ AN, dlyun (11) (approximately) full.
a “tun

Substituting Egs. (4), (5) and (11) into Eq. (3):
IIl. APPROXIMATING FORMULA

1

WLA (2 EP™2 . — 9., 1

=1 2 / ngJZD e PV Pl (1— X —)dltun A. Derivation
!

tun

1

(12) In order to further elaborate on Eq. (12) it is assumed that

I, andl, respectively denote the maximal and minimal Iengtwe equnentlal terms change_ much more “”?p'd'Y than the
of the tunnel path in the depletion region: polynomial terms under a variation if,,,. Approximating the

integral and inserting Eq. (13), an expression for the eurre

I — |2Eq¢q 13) as a function of; is derived:
2Na _
! WLAE) ! (1 2B 1 )e—sq\/E_gzz (16)

I~x——— = — —=———
265 | E 2BqD (ZD (]2]\7a ZD+2
12 = N. <_ wmax - == + djmax) (14) ? 2
@Ha a Next, Y.« IS calculated as a function of the applied gate

max IS the potential at the end of the depletion region asltagely. Vg can be written as the sum of the electrostatic
indicated in Fig. 4. potential at the interfacey{,.x) and the potential difference
Integration by parts reduces the integral in (12) to a logaver the oxide,
rithmic integral, that cannot be evaluated analytically.
3) Inversion layer: The gate voltage specifying the onset

of inversion is given by the well-known expression: Vis — VPB = Ymax + tox Fox 17)
Vas = Ve + 205 + @, + t"_"\/zq]vaes\/q)n +2¢; (15) Since no potential change along thedirection is con-
€ox sidered, the electric field has only a component in the
where ®,, is the electron quasi-Fermi level relative tadirection. The oxide electric fieldH,,) can be calculated from
the source voltageVrp is the flatband voltageg; = the semiconductor electric field=() by making use of the
In (N./n;) kT/q is the surface potentiali,x is the oxide boundary condition at the interface;, Fox = €, Es.
thickness and. is the dielectric constant of the oxide. The electric field changes linearly in the depletion region

The respective positions of the quasi-Fermi levels alsghile the electrostatic potential changes quadraticattyoad-

determine the ratio between BTBT generation and BTBihg to Egs. (1) and (2). Writing the gate voltage as a function
recombination. In the previous treatment for the depletiast ¢,

region the respective positions of the quasi-Fermi levadsew
. . . . . 6‘ N,
!gnored and BTBT was gntlrgly attributed to generation.sThi _ Vs — Vi = Yamax + 2Hox— /4 ® o (18)
is an acceptable approximation as long as the valence band is €ox V 265
filled and the conduction band is empty.

In the case of a non-degenerate semiconductor, the inversi . ; ) .
regime sets in before the electron quasi-Fermi level and tﬂ?ethe analytical model with simulation results. The result

conduction band meet. In the depletion region, only the a9 formula however, is r_ather involved and still h_ampers
a straightforward conclusion. We may however gain more

of the Fermi-Dirac distribution occupies the conductiomdba . sight by calculating the current in the neighborhood @ th
which is negligible compared to the almost fully occupie FET onset voltagé,,.., which marks the onset of BTBT in

valence band. In the inversion layer however, the condacti deoleti > valently. the band bendi .
band is filed and BTBT recombination can no longer b e depletion region, or equivalently, the band bendinggei
equal to the bandgapin.x = Es/q. Hence,

neglected.
However, the inversion layer, being small in size and having

only a small generation rate, only gives rise to a small E e [@N,

contribution to the total current and therefore its coniftidin Vonset = Vi + — | 1 4 2tox— - (19)

. . K q €ox 2Eges

is neglected in this paper.

Combining Egs. (18), (16) and (14) is useful for comparison




TABLE |

Calculating the current given by Eqg. (16) fal,.. = EXAMPLE VALUES FORT AND Vinset
E./q + 0y where dy is a perturbation of the electrostatic
potential, we arrive at: Doping level | Bandgap T Vonset
D/2 (cm~—3) (eV) (Acm—2V—1/2) V)
1~ WLAVG (EgN, B2 VTNV~ Be]0) | [ 1019 1 13101 12
BEY? 2¢s 1019 05 66 0.64
o . .
(20) 2101 1 0.5 1.3
o . ) 21019 0.5 5.6 - 103 0.7
Writing 6+ as a function of the gate voltage: 1020 1 49.104 16
61 = (Vas — Venset) /7 (21) 1029 0.5 3.9-106 0.95
. 2N,
y = L by L (22) S -
€ox || 2Eg6s The oxide thickness has little impact on the on-current

while its influence on the onset voltage is straightforward.
l.e. a smaller oxide thickness reduces the voltage drop over
I~ WLTeSVVas=Vonser | Voo — Voo (23) the oxide and reduces the onset voltage. A small oxide
thickness is required to enable the gate to adequatelyalontr
the source region and it will therefore improve the validify
A gN, 1 the approximations.

T = QW%“E—WJBC‘ENE/”ZN& (24)  Finally it is important to notice that Eq. (23) has been
° & derived for the structure shown in Fig. 2. The conclusions

2F,¢5 1 drawn in this section cannot be directly applied to a general

S=Bq m; (25)  TFeT structure, although the working principle remains the

same.

we obtain a closed formula fab = 2,

with

B. Interpretation

Eq. (23) provides the on-current in the TFET as a function
of gate voltage when the device parameters are known. €learl To obtain Eq. (12) and the formulas thereafter a number of
the square root dependence indicates the absence of aags®umptions had to be made: the TFET current was restricted
mV/decade subthreshold slope. to the dominating BTBT contribution in the depletion region

The influence of the different parameters on the prefaftorunder the source. It is however not proven that the BTBT
(Eq. (24)) and the onset voltadg,...; (Eq. (19)) is illustrated contribution in the channel or the inversion layer contiid
in table |1 and will be discussed next. The prefacorin are negligible.
front of the exponential rather than the exponential itself In order to verify the above approximations, the derived for
is considered, as it determines the current in the nearsstlas (12) and (23) are calculated numerically and compared
neighborhood of the onset voltage. with simulation results.

The bandgap is one of the most important parameters whenn Fig. 5 and Fig. 6 the current calculated by the analytical
considering a TFET, since it determines the “barrier” be&mve model and the current calculated by Medici [10], both in a
valence and conduction band. The on-current increases wstif-consistent and a non-selfconsistent way, are showa. T
decreasing bandgap as indicated by Eq. (24), while alson-selfconsistent current calculation implies a setisistent
Vonset 1S reduced since the voltage required to create a pablution of the drift-diffusion equations without takingrBT
from valence to conduction band is directly proportional t;to account. Based on the potential profile calculated is th
the bandgap. A small bandgap is therefore beneficial forway, the total amount of BTBT is calculated which is then
large TFET on-current and is desirable as far as it does ndentified with the total current.
jeopardize the TFET off-current. The analytical results agree very well with the non-

It is however important to keep in mind that Eq. (23) iselfconsistent calculations by Medici. For large gateagpyss,
derived using Kane’s model which applies to a direct senthe (more accurate) self-consistent calculation of theetur
conductor in a uniform field. For an indirect semiconductor shows a difference, because the electron quasi-Fermi level
more precise treatment is required. In addition, quaritinat under the gate has been assumed constant and equal to the
effects due to the small size of the depletion region thaewedrain voltage.
not considered in this work, should also be taken into actoun The electrons generated due to BTBT are bound to flow

A higher doping level of the source increases the on-curretdwards the drain, which may cause a significant drop of
This can be understood by realizing that the doping levide electron quasi-Fermi level between the position whieee t
determines the curvature of the potential in the depleti@eneration takes place and the drain, and can be thoughtof as
region. A larger doping level will thus decrease the tunnskries resistance. The latter depends on the mobilitykrikEs
distance and increase the current. An upper limit on thetonsad length of the channel. The series resistance intetjoneta
voltage or on the voltage drop over the oxide will limit thecan be verified in Fig. 6 where simulations for different axid
doping level. thicknesses are compared.

IV. COMPARISON WITH SIMULATION RESULTS
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(+) compared with analytical formulas (12==] and (23) =) with the gate
voltage of the former limited according to Eq. (15).
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Fig. 6.
(+) compared with analytical formula (12) for an oxide thickeeof 2 nm
(=), 3nm () and4nm (=) and formula (23) for2nm (=) with the gate
voltage limited according to Eq. (15).

V. CONCLUSION

By considering a TFET structure with a gate on top of the

source, it is possible to obtain an analytical descriptibthe

Self-consistent simulation:o) and non-selfconsistent simulations

APPENDIXA
PARAMETERS USED

A. Medici parameters used for Fig. 5

Semiconductor material: Silicon

Gate dielectric: HfO2 ¢,, = 2nm
Source doping: uniformp-type 102° cm =3
Channel doping: uniform-type 103 cm =3
Drain doping: uniformn-type 10'° cm—3
Gate workfunction: (Si) Neutral

Models: BTBT BT.MODEL=3 BGN (self-consistent)
Models: "BTBT (non-selfconsistent)
Gate length [): 24 nm

Drain voltage ¥ps): 0.5V

Channel length8 nm

B. Medici parameters used for Fig. 6

Semiconductor material: Semicofd V (0.38 V after BGN),
mobility 10* cm?/(Vs)

Gate dielectric: HIO2 ¢,, = 2/3/4nm

Source doping: uniformp-type 5 - 10 cm =3

Channel doping: uniform-type 103 cm =3

Drain doping: uniformn-type 10*° cm =3

Gate workfunction: (Si) Neutral

Models: BTBT BT.MODEL=3 BGN (self-consistent)
Models: "BTBT (non-selfconsistent)

Gate length [): 24 nm

Drain voltage {ps): 0.5V

Channel length45 nm

C. Device parameters used for Table |
Gate dielectrict,, = 2nm

Self-consistent simulation:o) and non-selfconsistent simulations Flatband VoltageVeg = 0V

BTBT parameters:A = 3.5 - 102 (eV)'/2/(cm - s - V?),
B =225-10°V/(cm - (eV)3/2)
Dielectric constantse, = 11.8¢g, €5 = 21¢g
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