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An accurate analytical surface potential model of
heterojunction tunnel FET
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Based on the accurate and efficient thermal injection method, we develop a fully analytical surface potential model
for the heterojunction tunnel field-effect transistor (H-TFET). This model accounts for both the effects of source depletion
and inversion charge, which are the key factors influencing the charge, capacitance and current in H-TFET. The accuracy of
the model is validated against TCAD simulation and is greatly improved in comparison with the conventional model based
on Maxwell-Boltzmann approximation. Furthermore, the dependences of the surface potential and electric field on biases

are well predicted and thoroughly analyzed.
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1. Introduction

Tunnel FETs (TFETs) have been broadly investigated
throughout the past decade years because they can de-
liver < 60 mV/decade subthreshold swing (SS) at room
temperature.!! ! In this way, TFETSs are being considered as
promising substitutes for MOSFETs in low power applica-
tions for future technology nodes. The fabricated III-V het-
erostructure TFET (H-TFET) with a lateral tunneling junction
has demonstrated excellent performance with sub-thermal op-
eration, reaching down to 48 mV/decade, and a high current
of 10.6 pA/pum at drain-to-source bias of 0.3 V.l The TCAD
predicted III-V H-TFET with a trench gate and InGaAs pocket
structure achieves simultaneously 921 puA/pum on-current and
average subthreshold swing of 4.9 mV/dec.D!

Despite significant experimental and finite-element simu-

lation efforts, 4121

an accurate analytical model of the TFET
is urgent and indispensable to provide further insight into the
physics of the device and to accelerate the process of de-
vice and circuit designs. Furthermore, the potential model is
the cornerstone of the capacitance and current models,!'?!4]
In the

promising lateral tunneling TFETS, since the tunneling along

which thus needs to be modeled more accurately.

the interface between the gate oxide and semiconductor or
along the surface of the semiconductor is dominant, the sur-
face potential model is more crucial.!'*! If there is no speci-
ficity, the TFETs discussed later all refer to the kind with a
lateral tunneling junction. There have been many reported sur-
face potential models for TFETs.!!~23] Some of these models

[15.16] which renders them

assume that the channel is depleted,
inapplicable when the device is biased in the drain—control
region. Although some models take the effect of the inver-

sion charge into account, they ignore the effects of source
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depletion,!'”~1°1 meaning the models cannot predict the in-
fluence of source doping, which is a key parameter to be

(201 Both the inversion charge and source depletion

designed.
have been considered in other surface potential models, but
the potential in the channel is derived based on the Maxwell—
Boltzmann (M-B) statistics due to its simplicity.!!>>=23] The
M-B approximation works well in the MOSFET modeling, but
it leads to considerable deviation in the TFET modeling,7->*]
especially for the characteristic in the drain—control region.

In this paper, an accurate analytical surface potential
model for the H-TFETSs has been developed, which is validated
from the linear region to the saturation region. In Section 2,
we derive the surface potential model by solving the 2-D Pois-
son’s equation on three regions, i.e., the source/channel de-
pletion regions and the channel transport region, considering
the fringing field effect from the gate electrodes and the inver-
sion charge from the drain. Then, the validations of the model
against the TCAD simulation are presented in Section 3. At

last, the conclusion is drawn in Section 4.

2. Model derivation

Figure 1 describes the schematic structure of the double-
gate H-TFET considered in this work. In order to obtain the
capacitance or drain current expression, an accurate surface
potential profile needs to be derived by solving the pseudo-2-
D Poisson’s equation first. By TCAD simulation, we get the
surface potential profile in the on-state under Fermi—Dirac (F-
D) statistics as presented in Fig. 2. In comparison, the surface
potential under the M-B statistic is also shown. Note that the
channel is within the inversion state, meaning that the device
is biased in the drain—control region. It is apparent that the
M-B statistic underestimates the surface potential in the chan-
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nel since it overestimates the carrier density (inset of Fig. 2)
and thus the voltage drop over the oxide layer. This means
that models based on M-B statistics are inappropriate for pre-
dicting the surface potential distribution of TFET, and it is an
ample necessity to develop a more accurate surface potential

model.
Gate
Gate dielectric T tox
111
P+ source N+ drain
GaAsSb InGaAs
Doping: Ng ts Doping: Np

Gate dielectric

Gate

L ch

Fig. 1. Schematic cross section of the double-gate heterojunction TFET.

From Fig. 2, the device can be divided into three parts:
source depletion region I with length of wy, channel depletion
region II with the length of /4, and channel transport region IIT
with the surface potential of ¢g,. If neglecting the effect of
the source depletion region, the surface potential in the entire
source region is often assumed to be constant ¢y; (the built-in
potential of the source/channel junction).!'”! However, from
Fig. 2, it can be seen clearly that the surface potential in re-
gion I varies with location and is not a constant. Since the
band-to-band tunneling (BTBT) current is highly sensitive to
the band bending at the tunnel junction,!'”! modeling the sur-
face potential profile in the source depletion region is of im-
portance to improve the accuracy of the proposed model. The

surface potential profile in region I @ (x) is given by[2*]

(x4+wa)2 + i, (—wg <x<0), (1)

where Ns.fr is the effective source doping considering the
fringing field effect,[>2%) g is the dielectric constant of source
material, and ¢; = — ()1 +Eq1 +di — X2 —0.5Eg) /g, which is
defined as the Fermi level difference between the source and
channel materials. The degeneracy factor d; is given using
Fermi integral Fy);(d/kT) = (%3 /2)(Ns/Ny) with Ny be-
ing the DOS of the source valence band. E; and y are the band
gap and electron affinity, and the index of 1 and 2 refers to the
source and channel material, respectively. g is the electronic
charge.

Now, let us observe Fig. 2 again. It can be seen that the
surface potential profile in region I obtained by F-D statistics
and that by M-B statistics almost coincide although there is an
obvious difference between ¢,; calculated by these two statis-
tics. In region I, the carrier density is very low (inset of Fig. 2),
meaning that F-D statistics can be well approximated by M-B
statistics and so can the corresponding surface potential. In

Eq. (1), in despite of the ¢y;, i.e., the second part of right-hand
side (RHS), the depletion width wyq (in first part of RHS) is also
dependent on the chosen statistics. From Fig. 2, wq (¢;) cal-
culated by F-D statistics is larger (smaller) than that calculated
by M-B statistics. Thus, when the F-D statistics is adopted in-
stead of M-B statistics (and vice versa), the influences on these
two parts in RHS of Eq. (1) will counteract each other, making
the difference inapparent. This also proves the reasonableness
of Eq. (1). Moreover, the surface potential profile in region I
is very steep with a change of almost 600 meV over a spatial
range of about 10 nm, thus the small difference between the F-
D and M-B statistics will be further submerged and can hardly
be observed.

——FD ,
0.8F—.—M-B Inversion state -
Ps3 g S
z
2 0.4f I 11 111 i
g &
Q o
ey =]
Qo I
~ Source/channel £ 4 _/
g interface = !
[ = 1
k= L Z 2 j 1
sz o
§0
Poife—me— = = g 0.06 0.09
| 1 x (Pm)
0.02 0.04 0.06 0.08 0.10

Position along the channel (pm)
Fig. 2. Surface potential profile of the TFET along the channel under
F-D statistic. The case under the M-B statistic is also shown by the
dashed dot line. The corresponding electron density along the channel
is given in the inset.

Since region II is depleted and the inversion charge can
be ignored,”®! and therefore 2-D Poisson’s equation can be
written as

s (x.y) . 9?2 (x,y) _ gNew

ox* 9y* &

where @, (x,y) is the potential distribution, Ncy is the chan-

, (0sx<ly), @

nel doping, and & is the dielectric constant of the chan-

nel material. Using the parabolic approximation along the y

26,28

direction!?®?8] and vertical boundary conditions, Eq. (2) can

be transformed into a 1-D second-order differential equation

d%ee (x o (X N, Vos — Vi
‘gxzz( )_¢)2L£):q8::H_ g}L2 b0 <x<ty). ()

1€/ (2Cox) is
the characteristic length with Cox = €,x /1ox being the gate ca-

in which @y (x) is the surface potential, A =

pacitor per unit area, Vs is the gate voltage, and Vy, is the flat-
band voltage. By using the boundary conditions at x = /g (as
shown in Fig. 2), i.e., d@g, (x)/dx|,_;, =0 and @x (la) = @3,
the surface potential in region II is found to be

x—1
P52 (x) = ((Ps3 - Vgeff) cosh <)Ld> + Vetr,
(0 <x<l4) “
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with Vgefr = Vs — Vi — L1422,

At the boundary between regions I and II, both surface
potential and displacement field have to be continuous, which
lead to the following two equations:

gNs eft la
Tlewﬁ + @vi = (@53 — Veetr) cosh (/l) + Veetr, (5)

€ . -
gNs effWq = f (@53 — Vesr) sinh (;) . (6)

From Egs. (5) and (6), wq and /4 can be solved as

[ 2€1¢0
wq = , (7
¢ qNs eff

iV,
Iy = Acosh™! ((Po o geff) , (8)
P53 — Vgef‘f

with

Qo = —\/(Vgeff— (Ps3)2+¢ [2 (Veett — 9vi) + 0|
+Vgeff_¢bi+¢

being
qNS7eff812,2 / 822. Now, in all the parameters, only the surface
potential in region III ¢g3 is unknown.

According to the thermal injection method (TIM),!'"! 3
considering the influence of inversion charge can be expressed
as (we kindly ask the reader to see more details about the
derivation of @3 in Ref. [17])

the value dropping over region I and ¢ =

Fb Cox
= Vos — Vip — 1+ Vos — V4
(pS3 gs fb 2C0x |: ‘/tCOX+OSFb ( gs r)
0.5V,C3

%(Vgs_vr)z}’ 9)

(‘/tCox+0-5Fb)
\

Fb Cox
Vos — Vi — 1 Vos — V4
pa={ = " 20y [ T ViCox 1 05F, (Ves =¥)

?s3 (Vgs,max) 5

—— Eq. (11) (a)
- - -Eq. (9)

Drain-control

0.8

V,
gs,max N

A

Non-physical

Gate-control

0.010

0.6

0.008

Ps3 (V)

0.006

0.4y

0.004

Relative error of ¢g (%)

0.002

0.2 . . -
0 02 04 06
Ves (V)

with

Fb e qtsND e(Vr*dzfdl *Vds)/‘/t’

Ve = 0.5 Vs - Vey =/ (Ves = Ver ) + 82

Vey = di + Vgs + d, is the critical voltage, indicating the tran-
sition point between the gate control and drain control, and
d. = kTFl_/é (0.5Niny+/Tt /N, ) is the channel degeneracy fac-
tor with screening carrier density Nj,, and effective density-
of-states of conduction band N.. 6 = 0.04 V is a smoothing
factor.

However, it should be noted that at a fixed Vys, @3 will
decrease with the increase of Vs when Vg is bigger than some
values (defined as Vgs,max) as presented in Fig. 3 (dashed line).
This is mathematical but non-physical. Under high gate volt-
age, the device is within the drain—control region where the
surface potential still increases with Vg but very slowly.!”]
Thus, for Vs > Vs max, @s3 can be approximated to the value at
Vgs,max- By equaling the differentiation of Eq. (9) to 0, Vs max
can be found as

2 (ViCox +0.5F, )
Fbacox

Vgs,max =V + (10)
with Fy, = gtsNpe(de=®)/Vt Note that during the derivation
Of Vs max, Vi is approximated as V¢ considering that the Vi
around the calculation point is higher. Since this approxima-
tion leads to smaller than 0.01% relative error for surface po-
tential (shown in the inset of Fig. 3), indicating that Eq. (10) is
reasonable. At this time, the surface potential in region III can
be finally written as in Eq. (11), and its changes with V are
plotted in Fig. 3 (solid line). Now, the dual-modulation effects
in TFETs[!31°1 are presented well.

0.5V,C3

tOX(VS_‘/l')Z]a V5<<V S,Mmax
3 g g gs,
(VCox +0.5F,) (n
Vs >Ves max-

— . : T T L
1215 ) NP ‘o ]
1.0 E o

& 100 0 020406 0.8 1.0
0.8+ Vs (V) 1

ws3 (V)

0.6F Vis=0.5V

0.4r ! 1
! o TCAD
Gate control | Drain control Eq.(11)
0.2 1 1 L L 1
0 0.2 0.4 0.6 0.8 1.0

Fig. 3. (a) Surface potential in region III @3 vs. Vg from Egs. (9) and (11). The inset presents the relative error of surface potential caused by
the approximation of Vgs max in Eq. (10). (b) The curves of @g3 vs. Vgs from Eq. (11) and TCAD simulation under Vg = 0.2 V and 0.5 V. The
inset shows the curve of inversion electron density vs. Vs under Vg = 0.2 V.
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3. Model validation

Popular combination with GaAsg 5Sbg s/Ing 53Gag47As
heterostructure is used because it is not only internally lattice-
matched but also lattice matched to the InP substrate.*”! The
high-k oxide layer HfO, is z,x = 2 nm thick with dielec-
tric constant £y of 25. The body thickness is #; = 10 nm.
The source, channel, and drain regions are p+, p—, and
n+ doped, respectively with doping of Ng = 5 x 10! cm 3,
NcH = 101 cm™3 and Np = 5 x 10'8 cm 3. The work function
of the gate is 4.6 eV.13%! For the numerical simulations of the
test TFET, the commercial TCAD tool Sentaurus-device!3!!
has been used. The dynamic nonlocal tunneling-path method,
F-D statistics, and band-gap-narrowing were activated in the
simulations. The quantum confinement effects were ignored
for the sake of simplicity as in Ref. [26]. The heterojunc-
tion interface is assumed to be idealized, because its char-
acteristic would depend on the manufacturing process. Fur-
ther, the low defect density in the III-V heterojunction has
already been demonstrated experimentally through the record
high Iy = 0.31 pA/um.*! The parameters for the extraction
of the BTBT are taken from Ref. [29], which have been cali-
brated with the experimental results.

Figure 3(b) shows the dependences of the surface poten-
tial in region III @3 on Vs under different Vg, obtained from
the model and TCAD simulation. It can be seen that the model
can predict the tendency of @3 with Vs very well. How-
ever, the model underestimates g3 when Vg is higher, which
can be attributed to two aspects: the adopted TIM method
and the piecewise function when Vg > Vg max. First, it has
been demonstrated that the TIM will inevitably underestimate
the surface potential when the inversion state is more severe,
such as at higher Vs or lower Vas,H7 which results from the
uniform distribution assumption of the carrier along the y di-
rection used to perform a calculation of ¢g. Second, from
the piecewise function when Vs > Vg max, @3 is constant
and equal to the value at Vg5 max, which is inconsistent with
the physics. When Vg is high, the surface potential still in-
creases, although slowly!!), which can also be observed from
Fig. 3(b). Therefore, the above two reasons should be both in
charge of the deviation of ¢ between the results from the
model and TCAD at high V. From Fig. 3(b), it can also
be found that the transition condition between the gate and
drain control regions given by the model matches well with
that from TCAD simulation. In the drain control region, it has
been demonstrated that it is the large amount of inversion elec-
tron charge that effectively screens the influence of the gate on
surface potential,!'®! which can also be illustrated from the in-
set of Fig. 3(b). This indicates that inversion charge cannot be

neglected to predict accurately the performance of TFET, es-

pecially when it is biased in the drain control region. Further-
more, in the gate control region, the feature of independence
on Vg of ¢3! can also be well predicted by the model.

Figure 4(a) presents the dependence of the surface poten-
tial in region III on the drain bias from the TCAD simulation
and the model under different gate biases. The tendency of ¢g3
with Vs can be well predicted by the proposed model. When
Vgs 1s small, the device is biased in the drain—control region
due to the influence of inversion charge, resulting in the ¢g3
increasing with Vy,. However, at the same time, the inversion
charge will disappear gradually with the increase of V. When
there is no inversion charge in the channel eventually, the drain
loses the medium to affect the channel surface potential, and
the device is biased within the gate-control region. Therefore,
(g3 saturates to a value determined by the gate. Meanwhile,
the influence of Vg on @3 can also be predicted from Fig. 4(a).
It can also be found that with the increase of Vy, the change
rate of @53 becomes higher and finally equal to that of V. For
example, when Vg increase from 0.3 V to 0.4 V, the increment
of @3 changes from 70 mV to 100 mV at 0.01 V and 0.25 V
of Vs, respectively.

0.8

o TCAD (a)
—— Model Ves=0.5V
ol &0 go o Y =
Ves =04V

5000 © ¥
O.GM

ws3 (V)

<, o TCAD
7,7 M-B statistic = —— Eq. (11)
/ — — Ref. [18]
— - - Ref. [19]

0'50 0.1 0.2 0.3 0.4 0.5

‘/Lls (V)

Fig. 4. (a) The dependence of @3 on Vg under various Vys. (b) The com-
parison of the @3-V curves from the proposed model, and the models from
Refs. [18,19] under 0.5 V of V. Symbols and lines are obtained from TCAD
and models, respectively.

The deviation from the model to the TCAD data at small

Vs could be attributed to the uniform distribution assumption
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of the carrier along the y direction when developing @3.!'"]
As comparisons, the results from the models in Refs. [18,19]
are also plotted in Fig. 4(b). Note that these two methods are
essentially both based on the M-B statistics. It is apparent
that the model based on the adopted TIM is the most accurate
to predict the surface potential in the drain control region at
a much less computational cost due to that Eq. (11) is fully
analytical with no iterative steps. Since the III-V materials,
such as InGaAs, have small DOS of the conduction band, se-
vere carrier degeneracy occurs when the inversion layer forms.
As presented in Fig. 2, at this time the surface potential from
the M-B approximation is lower than that from F-D statistics.
Thus, the models from Refs. [18,19], as expected, underesti-
mate the channel surface potential at low V5. However, the
calculation of ¢g3 in this paper is based on the carrier injection
from the drain, and thus evades the inaccuracy problems by
the M-B statistics.

1.0 T T T T
(a) :

= |

= Vee=0.1, 0.3,

£ 0.5, 0.7 V.

2 05F

2
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Q

3
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z (um)
Fig. 5. Surface potential profiles obtained from the model (lines) and
TCAD (symbols) under different gate voltages at (a) Vgs = 0.5 V and (b)
Vis =0.05 V.

The surface potential distributions along the channel di-
rection are presented in Fig. 5 under different biases. Good
agreement between the model and the TCAD is achieved. The
lengths of region I wyq become longer and interface surface po-
tential ¢y becomes larger with increasing gate voltage because
of the effect of the gate fringe field. On the other hand, com-
paring the plots in Figs. 5(a) and 5(b), it can also be found that
the surface potential will increase with drain voltage when the

gate voltage is large. For example, at 0.7 V of Vg, the surface
potential in the channel is equal to 0.84 V and 0.94 V under
Vs = 0.05 V and 0.5 V, respectively. The tendency is consis-

tent with the observation shown in Fig. 4.

2.0f @ Vas=0.5V
% " 0.04 v v A 4
g 1.5F g = ‘:'L”fxmzf
% . /"‘ s 0.02 212010°, k
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8
~
>
2
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[in}
Q
H
-
Q
<
3]

Fig. 6. Electric field profiles obtained from the model (lines) and
TCAD (symbols) under different gate voltages at (a) Vgs = 0.5 V and
(b) Vgs =0.05 V.

The electric field profiles are shown in Fig. 6 under var-
ious biases. The electric field becomes stronger with the in-
crease of Vg due to the steeper surface potential profiles as
shown in Fig. 5. The model can also predict the variation of
the electric field with biases well. However, it can be observed
that there are some mismatches in terms of the maximum value
of electric field between the model and the simulation, espe-
cially at low Vgs. This can be attributed to the assumption used
during the model derivation, i.e., the electrical field being zero
at the interface of regions II and III. From the enlarged electric
field profiles in the channel in the inset of Fig. 6(a), it is obvi-
ous that the field is not zero but with small values, indicating
that the surface potential predicted by the model is a bit steeper
than that from TCAD. Thus, the zero electric field assump-
tion should be responsible for the mismatch of the maximum
electric field. However, with the increase of the gate voltage,
the mismatch becomes smaller. For example, when Vs in-
creases from 0.1 V to 0.7 V, the relative error of the maximum
value between the model and simulation decreases from 28%
to 12.5% at 0.5 V of Vg,. This is because that the model ig-

nores the vertical part of electric field, which will counteract
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the impact of zero electric field assumption. The vertical elec-
tric field is induced by the concentration gradient of inversion
charge along the y direction as shown in Fig. 7, and it becomes
stronger with the increase of Vg5 due to the higher concentra-
tion gradient (Fig. 7). Note that the unit of density gradient
is a decade per micrometer. As a result, the model matches
very well with the simulation in terms of the maximum elec-
tric field at high V. Furthermore, the better agreement of the
maximum electric field between the model and TCAD under
all gate voltages at 0.05 V of Vg, as shown in Fig. 6(b), vali-
dates the above explanation. Since at low Vg, the concentra-
tion gradient of inversion charge along the y direction remains
high even at 0.1 V of Vg (Fig. 7). Although both assuming
zero electric field and ignoring the vertical field will lead to
the model underestimating the electric field in the channel,
the latter is the dominant attributor at low Vg, and high V.
This is further validated in Fig. 8 with lateral (E, (x)), vertical
(Ey (x)) and total electric field profiles Eop (x) from TCAD
under 0.05 V of Vg5 and 0.7 V of V5. From Fig. 8, it is appar-
ent that it is the vertical part that dominates the electric field in
the channel.
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Vis =0.5V, (¢) Vgs = 0.1 V and Vg5 = 0.05 V, and (d) Vs = 0.5 V and
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At last, we want to clarify that the underestimation of the

electric field in region II seems not to influence the model to
be used in the current derivation based on the simplified Kane

expression, since the uniform distribution of the current along

17,21,22,26

the y direction is often assumed! 1 which will balance

the impact by this mismatch.

4. Conclusion

In this paper, we develop an analytical and accurate sur-
face potential model for the heterojunction TFET based on the
thermal injection method. The influences of inversion charge
and source depletion are considered. When comparing with
the TCAD simulation results, the model predicts the surface
potential and electric field profiles under various biases well.
Furthermore, the model has obvious superiority over those
based on M-B approximation in terms of the accuracy at a
much less computational cost when the device is biased within
the drain control region due to the adopted thermal injection
method. Although, not discussed in detail here, this proposed
model can also be used in homojunction TFET or nanowire
structures by adjusting the parameters such as built-in voltage
and characteristic length.
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