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A Physically-Based Model of Vertical
TFET—Part II: Drain Current Model

Qi Cheng™, Sourabh Khandelwal™, Senior Member, IEEE, and Yuping Zeng

Abstract— A physically based model for the tunneling
current of vertical tunneling field transistors (TFET) is pro-
posed. In part I, the expression of ¢1p(x) is derived from
the multi-branch general solutions of Poisson’s equation.
The model’s results are verified with TCAD simulation for
transistors with different materials, device geometries, and
biases. In this article, a surface potential model is validated
at different device regions which include channel and drain.
Based on the above two electric potential models, Kane’s
tunneling formula is utilized for the calculation of band-to-
band tunneling current. The proposed current model is valid
for all transistors’ operating regions. The quantum effect on
the band-structure parameters is taken into account in the
modeling of InAs vertical TFET. It is shown that the channel
thickness needs to be optimized to achieve the highest drive
current.

Index Terms— Band-to-band tunneling, compact model,
line tunneling, tunneling FET.

I. INTRODUCTION

UNNELING field transistors (TFET) have been viewed
as a promising candidate for energy-efficiency appli-
cation [1], [2]. Compared with MOSFET, TFET is more
power-efficient because of its potential to achieve a steeper
subthreshold slope (SS) and higher ON/OFF current ratio at room
temperature [3], [4]. However, the existing TFET technology
still has the drawback of the low ON current [5]. Enormous
efforts have been made to alleviate this problem. The recent
development of vertical TFET has drawn the attention of
the research community [6]-[8]. Compared with the “point
tunneling” of the lateral TFET, “line tunneling” is the main
tunneling mechanism in the vertical TFET. The area of vertical
TFET’s active band-to-band tunneling region is larger than that
of lateral TFET [9]. Thus, vertical TFET can achieve higher
Iox [10]1-[12].
But the existing publications about the fabricated vertical
TFET still show issues such as high subthreshold slope and
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current non-saturated problem [6], [11]. Further studies are
essential for the comprehensive understanding of device prop-
erties and performance dependence on device parameters [13].
A compact model derived based on the electric potential is
still needed for a better understanding of device physics [14].
Several models have been proposed for TFET with “line
tunneling” [8], [9], [15], [16]. But they assume that the
inversion charge density of the channel can be ignored. Linear
or parabolic potential distribution approximation is utilized,
which severely reduces the model’s accuracy in the inversion
region [17].

In Part I, an analytical electric potential model is proposed
for the source and region 1 based on the general solution
of Poisson’s equation. The effect of the inversion charge is
taken into account. The results of the model are verified with
TCAD and found to be accurately predicting the simulation
results for different device and material parameters. In this
article, in Section II, the electric potential model is extended
to region 2 (channel) and drain. In Section III, utilizing Kane’s
tunneling theory and electric potential model from part I [18],
the tunneling current model is developed. In Section IV, the
model results are compared against those of TCAD simula-
tion for different sets of parameters. It is well known that
small-bandgap materials such as InAs are preferred for the
fabrication of TFET. However, the band structure of InAs
becomes thickness-dependent due to quantum confinement
effects in the nanoscaled device and deviates remarkably from
that of the bulk InAs. The quantum effect on the drive current
of InAs vertical TFET is demonstrated.

Il. SURFACE ELECTRIC POTENTIAL MODEL
A. Review of ¢ 1.p(x) and ¢s(x)

The structure of the transistor used in the article is shown
in Fig. 1. The source, channel, and drain regions are p*
doped (Nj), undoped, and n™ doped (N,), respectively. The
channel thickness is f., the HfO, gate oxide thickness is
tox- The gate work function is 3.7 eV, Ny is 10 em™3,
the height of source region H; is 30 nm, W; and W, are
both 40 nm, and the length of drain region Wp is 10 nm
in this article. Boltzmann statistics, Poisson’s equation, and
carrier’s continuity equations are activated to simulate the elec-
tric potential, the non-local dynamical band-to-band tunneling
model is included to compute the tunneling current [19], [20].
SRH recombination model is utilized for the leakage current.
The default materials for the source, channel, and drain regions
are Ge with parameters from [21] at 300 K. In Part I, the
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Fig. 1. Schematic of the vertical TFET. The coordinate system and the
device’s geometrical parameters are also depicted.

electric potential model has been derived for ¢;p(x) as

pip(x) =V — 2kTTln[Sinh(Ex + a)]

c
kT . (2e.kTH?
—m(= )

" n( q’nt? M

where V = Vjy is the applied drain voltage, ¢, and n; are
the relative dielectric constant and intrinsic carrier density of
the channel material, respectively. ¢, is the channel thickness.
o and f are two parameters without any unit and can be
determined from the boundary conditions.

As shown in Fig. 1, the source depletion region is within
—L; < x < 0, its electric potential is approximated as a
parabolic function as

0s(x) = As(x + Ly)? + gy 2)

where L, is the length of the source depletion region,
As = (950 — 0s51)/ Lf. @y 1s the electric potential in the source
neutral region.

B. Channel Surface Electric Potential

The analysis starts with the surface electric potential ¢, (y)
at the interface between channel and gate oxide. In Fig. I,
@c5(y) can be separated into ¢, (y) and ¢, (y) for regions
1 and 2, respectively as follows:

In region 1 (0 <y < W), @.51(y) is formulated as [22]

Pes1(y) = @ip(te) + 912 — ¢1D(tc)]e% 3)

where ¢, is an unknown channel surface electric potential at
the interface of regions 1 and 2 as shown in Fig. 1, 1 is the
characteristic length and expressed as [22]-[24]

1
Mg = “)
\/ Sox _ __ 44 Ninvi
Eclclox ectelpip(te)—pi12]

where Niyy is the inversion charge density per-gate length of
region 1 and can be calculated by the Gaussian theory as

Nipy1 = i a(plD - a(plD . (5)

q 0x |,—

ox

x=t,

In region 2 (W) < y < W+ W,), the surface electric potential
is given by [24], [25] as

Sinh( 2ty
A2s1

¢c.52(y) = Qs + (9012 - ¢2ls)
Sinh(g—zl)

Sinh(y_W‘ )

A2sd
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where ¢, is the surface potential solution of the long channel
model as [26]

q*n;
2e.kT
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Azs1 and Apgy are the characteristic lengths for the left and
right terminals of region 2 respectively,

1
Aas1 = (8)
\/ng(yx ___4nqNin>
Eclelox ecte(P12—05)
1
Aosa = ©)
\/ Eox + 49 Ninva
Eclelox eclelpas—@aal

where # = 0.3 [25], ¢oqs is an unknown channel surface
potential at the interface between region 2 and drain as
indicated in Fig. 1. Ny, is the inversion charge density per-
gate length of region 2 and expressed by

Eox

Ninv2 = (Vgs - Vfb - 90215)- (10)

0oX
In the drain depletion region (W; + W, < y < W +
W, 4+ Lg), the surface potential ¢, ,(y) is expressed by a
parabolic function
gN,

28(1 (La+ Wy + Wa — y)> + 9 + Vg (11)

pas(y) =+

where ¢4 = kT /qIn(Ny/n;) is the drain built-in voltage,

L, is the length of drain depletion region and given by:
Lq = Qealgar + Vas — ¢2al/aNa)'*. I pus < par + Vas,
the sign in (11) is “=7; If @y > @au + Vg, the sign is

“+.” @1 and @, are solved by the continuity of electric
field between regions 1 and 2, and drain [24]. The surface
electric potential calculated by the model is compared with
the TCAD simulation in Fig. 2. In the previous publica-
tions [27], subthreshold approximation has been made in the
derivation of surface electric potential. 1y, dog1, and A,z are
(ectetox/eox) V2, (Ectetox/NE) ", and (ectotox/Eox) /2, Tespec-
tively. Substituting these simplified characteristic lengths
into (3) and (6), another set of surface potential can be
solved. The resulting surface electric potential is notified
as a “subthreshold model.” As shown in Fig. 2(b), it can
be observed that our model’s results show a close match
with TCAD. The subthreshold model ignores the effect of
inversion charge on the characteristic length, thus it induces
error.
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Fig. 2. Comparison of surface electric potential solved by the model and
TCAD simulation: (a) Vgs = —0.3 V and (b) Vgs = 0.6 V.

I1l. CURRENT MODEL
A. Tunneling Current in Region 1

The band-to-band tunneling process is modeled by Kane’s
tunneling [18], [19]. The BTBT generation rate (Gyp) of the
carriers per unit volume per unit time is given by

Gpp = A PE B
_ = o
b2b E, p E

where E, = 1 V/cm, P = 2 or 2.5 for the direct or
indirect tunneling. A and B are material-dependent tunneling
parameters depending on the bandgap and carrier effective
mass [20]. The tunneling current can be derived by integrating
(12) over the tunneling volume after a split up in E and E,,
as [28]

f. P—1

¢ Elocal Eav B
I =qgW A Exp| — = fo)dx
BTBT = ¢ 1/}6l E, (Ep) P( Eav)(f Je)

13)

(12)

where Ejocal = 0@1p/0x is the local electric field, E,y is the
average electric field over the tunneling path (E.y = Eg/qlpam,
with [, being the length of the tunneling path). f; and f,
are expressed as the Sentaurus device manual [19]

1
= . 14
= (14)
1
Je= I (15)
1+ e

where ¢ is the carrier energy. As shown in Fig. 3, x| is the
point at which the energy difference between the valence band
of the source neutral region and the channel’s valence band
reaches E,. At x = x», the valence band energy is lower than
that at x = 0 by E,. When x; < x < x», the band-to-band
tunneling starts from the valence band of the source and ends
at the conduction band of the channel; When x, < x < ¢,

the band-to-band tunneling occurs between the conduction and
valence bands of the channel. x; and x, are solved by the
following:

E

@ip(x1) =(ﬂsl+?g (16)

Eg
p1p(x2) = @50 + R (17)

Inserting (1) into (16) and (17), x; and x, can be formulated
as

t. ) L-[Vd&‘iln(—z—z”””ﬁz)fwfi"’} t.a

xX; = E‘Arcsmh[ez“ TN i 1t — 67 (18)
te . i-[Vddr"lln(w)f(ﬂyofﬂ} teo

X, = E‘Arcsmh{ez“ ¢\ et t1t— C? (19)

where x| < t. and x, < .. [} and [, are the [y, in the region
X1 <x <xpand xp < x <t as shown in Fig. 3, respectively.
They can be derived based on the following relationships [29]

E,
os(x =)+ r = pip(x) (20)

E
pip(x — o) + 7{” = gip(x). (21)
Then [y and [, are derived as (22) and (23), shown at the
bottom of the page, and Igrgr can be reformulated as

IgtBT
=In+1p

2 Elocal Eavl P B
—awi| [ A—( ) Exp(——— ) (fs — fo)dx
|: X1 Ep Ep Eavl ' ‘

1 P—1
¢ Elocal Eav2 B
+ / A ( ) Exp(— )(f — fo)dx
X Ep Ep Eav2 '

(24)
where I;; and I are the tunneling currents in the regions
X1 <x <xpand xp < x <t as shown in Fig. 3, respectively.
Eq4 and Eyy are equal to Eg /gl and E,/ql>.

As shown in Fig. 4, V, is swept from 0 to 1 V, it can
be observed that the starting voltages for tunneling are 0.08
and 0.22 V for I;; and Ij,, respectively. The reason for this
phenomenon is as follows: when Vg < 0.08 V, x| = x5 = 1..
Iy and Ij; are all equal to zero as indicated in (24); when
008V < Vg <022V, x; < x2 =, Ij; is larger than zero
and [j; remains zero; when Vg > 0.22 V, x| < x2 < t., both
of I;; and I, are larger than zero.

Most of the studies on the TFET modeling derive the tunnel-
ing current model relying on the source-to-channel tunneling

Vs — %TT ln[sinh(gx + a)] + chT 1n(28ckT/f’2) _ (%l + f_]g)

q%n;1?

l]zx—

. . g . (B
L =x— EArcsmh e %7 sinh t—x +a

— Ly (22)

Ay

4o

23
2 (23)
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Fig. 3. Energy band diagram along the source and region 1. /; and h
are the tunneling paths of source-to-channel tunneling and channel-to-
channel tunneling, respectively.
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Fig. 4. i1 and Ijp of a Ge vertical TFET with N = 3 x 10'® cm~3,
tc =10 nm, and fox = 10 nm.

current [;; [29], [30]. Indeed, [;; should dominate the tunneling
current of lateral TFETs. However, as shown in Fig. 4, our
model reveals that [, plays a more important role in the high
Vgs region. The value of Ijp/1;; reaches 2.5 when Vg equals
0.6 V. The model predicted [;; are larger than that of [, when
Vs < 0.3 V. It indicates that both I;; and I, should be taken
into account in the modeling of vertical TFET.

B. Vygson

The tunneling current calculated by (24) is compared with
the TCAD simulation as shown in Fig. 5. It can be inferred
from the figure that the model’s results only fit the simu-
lation in the high-Vg region (Vgs > Vgeon), Where Vigoq is
the minimum value that (24) can agree with TCAD. For
example, conducting the measurement of subthreshold slope
(SS) between the current level 107!2 and 1071 A/um, SS of
the model is 12.5 mV/dec, but SS of the simulated result is
around 33 mV/dec. The physics behind this phenomenon can
be explained as follows: as shown in Fig. 6(a), the electric
potential allows for band-to-band tunneling in the channel,
defined as

(0;()7) = Qc.s (y) — @Pt.min (25)

where ¢.(y) is the channel surface electric potential model
proposed in Section II-B, ¢; min = @5 + E,/q is the minimum
channel electric potential that allows band-to-band tunneling.
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Fig. 5.  Comparison of the tunneling current calculated by (24) and
TCAD simulation. In both TCAD simulation and model calculation, Ns =
10" cm=3, t; = 10 nm, tx = 10 nm. The pink lgs—Vgs curve when
Vgs = 0.1V are adopted to demonstrate Vgson here.
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Fig. 6. (a) Surface electric potentials predicted by TCAD and model,
©¢1 and oy are indicated by the pink arrows when Vgs = 0.7 V, p1p(tc)
and 12 are the channel surface electric potential in the 1-D tunneling
region and at the interface of regions 1 and 2, respectively. (b) Values of
wplpn versus different Vgs and Vgs when ¢y > 0.

Thus, g¢,(y) is the tunneling window as a function of y.
;1 and @, are the ¢;(y) at y = 10 nm and y = 40 nm,
respectively. As the Vg reduces from 0.7 to 0.1 V, ¢
approaches zero and ¢,, — @, gets evidently larger. It indicates
that the band-to-band tunneling near y = 40 nm plays a
dominating role when the gate voltage becomes lower [16].
However, this effect is not taken into account in (24).

To find the value of Vgon, the model predicted ¢;»/¢;1 under
different biases, which is plotted in Fig. 6(b). It should be
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noted that ¢, /¢, increases rapidly as ¢,; approaches 0 V on
the left part of the figure. As Vg, becomes larger, the value of
0.2/ decreases and approaches 1, the Gy, at y = 10 nm
and y = 40 nm are close to each other. Thus, (24) agrees with
the TCAD simulated results. The intersection of 1.2 and the
curve @,/ is defined as Vygon for this device. As indicated
in Figs. 5 and 6(b), when Vg = 0.1 V, Vo, is around 0.28 V.

C. Vorr, lors, and the Transit Region

The upper limit of the OFF-status region (Vogr) is the gate
voltage at which ¢, is set to 0. When V,s equals Vopy, the
band-to-band tunneling is completely turned off in region 1.
The band-to-band tunneling between region 2 and the source
region can be ignored because of the longer tunneling distance.

The oFF-status current (Iorr) in the vertical TFET is p-i-n
diode reverse diffusion current, the ambipolar effect is not
considered here. For a Ge vertical TFET operating at room
temperature, the diffusion coefficients for electron and hole
are D, = 101 cm?/s and D, =49 cm?/s, respectively [19].
The carrier lifetime for electron and hole are set to 7, = 1077 s
and 7, =5 x 107> s [31]. Thus, the corresponding diffusion
lengths are L, = 317 um for the electron and L, =495 um
for the hole. Mohammadi and Khaveh [17], a drain voltage-
independent expression for the OFF current density is proposed.
However, both L, and L, are substantially larger than the
lengths of p* and n* regions in the TFET. The “short” diode
current approach works better in the modeling of TFET [32].
The OFF-status leakage current is expressed as

Wiq D,,nl-2 t.q Dpn?
]vs Hs ND WD

where H; is the height of source, Wp is the width of the drain
region.

The transit region is defined as Vorr < Vg < Vgson.
The current formula /i, of this transit region follows a
mathematical approach [33]. [iunsie 1S equal to Iorz When
Ves = Vorr. Iiansic and its first-order derivative are continuous
with IgTBT when Vgs = Vgson [34]

(26)

IOFF =

Itransil(vgs = VOFF) = lorr (27)
Itransil(vgs = Vgson) = IBTBT(Vgs = Vgson) (28)
O liransic _ Olprer (29)

0 Vgs Ves=Vgson anS Ves=Vgson

The model’s results are compared with those of TCAD simu-
lation in Fig. 7 in the following three regions.

1) When Vgon < Vg, lgs is equal to Igtpr of (24).

2) When Vopr < Vg < Vggon, transit current model Zyansit
is adopted to calculate I4.

3) When V,s < Vorr, the leakage current is derived by (26).
The good agreement indicates that our model works for
all operating regions.

The band-tail effects can be detrimental to the TFET
performance [35]-[38], especially, the performances in the
subthreshold region are severely degraded by these density-of-
state tails in the bandgap. As indicated in Fig. 8, the valence
band tail Av can generate leakage current between the source

TCAD:
4
107 o V=05V
10 1 o Vg=04V
E 1 o V=03V
3 -
23. 10'83 V=02V e 7BTBT 3
- ] ’ Vds=0.1} " Model: ]
8 /1 —— V=05V
T10-10
= ] Lyansit : —— V=04V 1
1 ! ]
—— V4=0.3V
-12 ! n
1071 [, 4/ Voson | V=02V 1
10-141 Voff\: | —— V=01V 1
04 -02 00 02 04 06 08 1.0
V

gs

Fig. 7. Comparison of model-predicted lys—Vgs with TCAD simulation,
the three operating regions are indicated for transistor with V4 = 0.1 V.

Source Channel
EC T
Eq “_1:1_ nnNgg pat
E Band tail: Avf R
v

Fig. 8. Band diagram of a vertical TFET in the subthreshold region.
The dash blue curve indicates the valence band tail that generates the
leakage current.
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Fig. 9. (a) Verification of (24)’s results with TCAD simulation: lys— Vs

characteristics and (b) o + 3 calculated by model. The transistor with
Vgs = 0.6 V is adopted to demonstrate Vyssats-

and channel [39], inducing a larger SS and an earlier onset
voltage of tunneling. The modified Vo due to the band-tail
effects is the gate voltage at which the following holds:

E, — Av
P12 = Qg + ———. (30)
Thus, Ve reduces when the band-tail effects are taken into
account [35]. For the [iansit, @ larger value of SS is needed for
the smooth transition between the OFF- and ON-status.

D. l4s—V4s Model

As shown in Fig. 9(a), the I4—Vys characteristics calculated
by (24) are compared with TCAD simulation. It indicates that
(24) predicts lower results than TCAD in the high Vg, region
(Vas > Vassar1)- Because ¢, increases with the enhancement
of Vg, but this effect is not taken into account in (24).

In part I, the condition a + f > 2 is used as the judgment to
determine whether the linear approximation of ¢p(x) holds or
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Fig. 10. (a) w42 calculated by the model, the transistor with Vgs = 0.6 V
is adopted to demonstrate Vyssate and (b) verification of model-predicted
results with TCAD simulation.

not. When a4+ > 2 is valid, ¢p(x) can be treated as a linear
function of x, and ¢p(x) is independent of Vys. Thus, the
tunneling current calculated by (24) is saturated with Vy and
smaller than the results from TCAD as indicated in Fig. 9(a).
In Fig. 9(b), the intersection of the line “2” and a + S is
notified as Vygsat1, the corresponding drain current Iy, can
be calculated by inserting Vgs = Vyssar1 into (24).

As shown in Fig. 10(a), the model predicted ¢;, will be
saturated with the increasing of Vg, which is consistent with
the conclusion drawn by TCAD simulation [40]. The saturated
drain voltage is notified as Vgsarp. The model for the Igs—Vys
characteristic can be divided into three regions as below.

When Vg < Vigsatl, @ + f < 2 holds. Equation (24)
accurately agrees with the TCAD. The drain current expression
is (24)

Iss = IgtRT 3D

and gqssar1 1S the output transconductance (g4s) derived by (24)
when Vy is equal to Vigsar -

When Visaatt < Vs < Vassar, &ds can be approximated as
a linear function that reaches the maximum value of ggss. at
Vis = Vissart and the minimum value of 0 at Vs = Vigearr [32]

_ dlys _ gdssatl(vdssalZ - Vds)

dVds VdssatZ - Vdssatl .
Performing an integration from Vg, = Vg based on (32),
the current formula is formed as

V2
&dssatl (VdssalZ Vds - ?)

VdssatZ - Vdssatl

V2
8dssatl (VdssalZ Vdssatl - %)
— . (33
VdssalZ - Vdssall
When Vg > Vgsaarr, the expression of saturated drain current

is derived by inserting Vys = Viygsarp into (33)

8as (32)

Ids(vds) = Idssall +

2
&dssatl VdssatZ
2 ( VdssatZ - Vdssatl )

V2
8dssatl (VdssalZ Viassat1 — %)
a . (34
Vissaz — Vissatl

As indicated in Fig. 10(b), the model can agree with the
TCAD well by substituting (31)—(34) into each operating
region.

As for the heterojunction structure such as Si/SiGe, accord-
ing to the deformation theory [41], [42], the band diagram

Idssal = Idssall +

2.0x10°°

11.5x10°®

41.0x10°.

Ids (A/l'l'm)

45.0x107

0.0 05 10

Vs (V)
Fig. 11. Comparison between the model and TCAD simulation in both
linear and log scales for transistor with {; = 15 nm.

of both carriers’ subvalleys is modified due to the strain.
Substituting the resulting bandgap and effective mass of carrier
into Kane’s tunneling theory [18], a revised set of A and B in
(12) can be obtained to model the strain effect.

IV. RESULTS AND DISCUSSION
A. Verification of Model on Ge Vertical TFET

In order to validate our model predictions for vertical Ge
TFET with different channel thicknesses and Vjs biases, the
I4s—Vss curves calculated by our model are compared with
TCAD simulation as shown in Fig. 11. The Vs is used as
the running parameter. The channel thickness is 15 nm. The
good agreement between the model and TCAD can be easily
observed. Higher values of Vg can reduce the Vigr, because
larger Vs induces higher ¢,. It should be noted that transistors
with thinner channel thickness have higher oN current. For
example, when Vg = 1V, Vg = 0.5 V, the drain currents
predicted by our model are 5.4 x 107° A/um and 7.5 x
107 A/um for transistors with ¢, equals to 10 and 15 nm,
respectively. The reason is that the channel electric field in
the x-direction for the vertical TFET with a thinner channel is
larger under the same V. Thus, the band-to-band tunneling
generation rate is more significant according to (12).

As shown in Fig. 12, the precision of our model is verified
with TCAD for transistors with different 7., and different N,.
In Fig. 12(a), Ge vertical TFET with t,x = 5 nm has the
smallest Vorr and SS, because it has the best gate control
ability on the channel electric potential. Fig. 12(b) indicates
that transistors with higher source doping concentration have
a larger Ion/Iorr ratio. The reason can be explained as follows:
(26) indicates that larger source doping concentration results
in smaller Iorr; @y decreases with the increase of N;. The
channel electric field along the x-direction will be larger for
transistors with higher N;. A larger tunneling window is
expected as well. Thus, Ioy is higher and a larger Ion/Iopr
ratio can be achieved.

B. InAs Vertical TFET

With a small bandgap of 0.356 eV at room temperature,
InAs is widely viewed as a promising material to fabricate
TFET to improve the tunneling current. However, the bandgap
and the effective mass of the conduction band increase with the
reduction of channel thickness due to the quantum effect [13],
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Fig. 12.  Verification of model’s results with TCAD simulation in both

linear and log scales: (a) different f,x and V4s = 0.5 V and (b) different
Ns and Vgs = 0.3 V.

which limits the increase of tunneling current. The rela-
tionships between channel thickness, the effective mass of
conduction band, and bandgap are expressed as [43]

* b
m, = at, +c¢

Eg.InAs = atf +y

(35)
(36)

where m is the effective mass of the InAs conduction band,
Egmas is the bandgap of InAs, a, b, and c¢ are equal to
0.1944, —1.101, and 0.0205, and «, S, and y are equal to
1.567, —1.057, and 0.296. The model’s results are verified
with TCAD simulation for InAs vertical TFET with . = 8 nm,
tox = 10 nm in Fig. 13(a) and good agreement can be observed
from the linear to saturation region.

When a transistor is used in the amplifier, a larger saturation
current lggs, s preferred. As indicated in Fig. 13(b), the lgsat
is extracted from both (34) and TCAD simulation for InAs
vertical TFET with different channel thicknesses. It shows that
Lyssar 18 the smallest when ¢, is equal to 4 nm due to the largest
m} and E,pmas. However, when f. is larger than 12 nm, the
Igssae Will decrease with ¢, because the channel electric field
along the x-direction becomes smaller. Fig. 13(b) shows that
the transistor with z, = 12 nm has the highest l4s¢, Which is
a trade-off between the quantum effect and channel electric
field.

T
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Fig. 13.  Verification of model predicted current with TCAD for InAs
vertical TFET: (a) lys—Vys and (b) saturation current lyssat-
C. Analytical Current Formula

According to (1), the electric field in region 1 along the
x-direction is

0 2kT
Ejpcal = ;O)ICD = Y técoth(éx + a).

(37)

As stated in Najam and Yu [15], a constant electric field along
the x-direction is assumed in the channel

2kT B
q t

Thus, the simplified expression of the channel electric
potential is

(38)

Elocals ~ =

UT B
P1ps(x) ~ —T—X + @50

. (39)

where g0 = ¢ip(x = 0). Please note that the f§ in (39) is
calculated by inserting (1) into boundary conditions, which
is different from the channel fully depleted approximation
discussed in Part I. x, is defined as the starting point of
tunneling as shown in Fig. 14. x, can be solved based on the
following:

Eg + AEvh.s

p1p(x:) = Qg + (40)

where AE,;, = E, — E, s is the energy difference between
the bottom of the valence band and the hole Fermi level in
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Fig. 14. Energy band diagram along the source and region 1. x; is the
start point of tunneling in the analytical current model.
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Fig. 15. Comparison between the results of (43), TCAD simulation, and
experimental data from Kim et al. [11] for the Si TFET.

the source. Thus, x; is expressed as

52

q kT 2eckTp? N\ AEy  Eg

AT Vas+ P In 372 Psi Y 7 tca
qenilc -

I .
x; = —Arcsinh{ e

(41)

To simplify the expression of tunneling current, f; and f, are
deleted from (24). It is assumed that the average electric field
E,, in the region of x; < x <1, is equal to the constant local
electric field Ejoca5. Thus, (24) can be approximated as

1 P

¢ Elocals B
I =qgW, A Expl —
BTBT = q W1 /x, ( E, ) P( 5

locals

)dx. (42)

Substituting (38) into (42) can be analytically integrated as

2kT B\" Bgt,
Issrs = gWiA(—Z222) E fe—x). (43
BTBT.s = g Wi ( 4, tc) XP(ZkTﬁ)( x).  (43)

As shown in Fig. 15, the results from the simplified current
formula are verified with TCAD simulation and experimental
data. The model of (43) predicts slightly higher values than
TCAD simulation because the average electric field E,, is
replaced by Ejocais- This approach underestimates the length
of the tunneling path. The calibrated Si tunneling parameters:
A=4x10"cm3 s ! and B = 1.7 x 10’ V/cm are adopted
in the TCAD simulation and model calculation [10]. It should
be noted that the ambipolar current dominates the leakage
current of line-tunneling TFET [11]. Thus, the off region is
not taken into account in Fig. 15.

V. CONCLUSION

In this article, an analytical current model of vertical TFET
is proposed based on the previous electric potential model.
The model’s results are verified with TCAD for transistors
with different materials, device geometries, and biases. Good
agreements have been observed. The quantum effect on the
band structure parameters of InAs in the modeling of vertical
TFET is taken into account in this article. It shows that the
InAs vertical TFET can achieve the highest drive current with
a channel thickness of 12 nm.
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