Chapter 5

Analytical Modeling for Electrical Characteristics of Double-
Gate Heterojunction TFETs With a SiO,/HfO, Stacked
Gate-Oxide Structure

5.1 Introduction

The literature survey of Chapter-1 shows that the heterojunctions at the source/channel
and drain/channel junctions can be an effective method for improving the drain current
and reducing the ambipolar effect of TFETs device [Taur et al. (2015), Dong et al.
(2016), Guan et al. (2017)]. The use of a lower band gap material than the Si at the
source while maintaining Si material in both the channel and drain regions is reported to
enhance the drive current and speed of the TFETs [Graef et al. (2014), Villani et al.
(2015), Alam (2017), Graef et al. (2018)]. Thus, in the present Chapter, we will try to
investigate the performance characteristics of the vertical SiOy/high-k stacked gate-
oxide based double-gate (DG) heterojunction (HJ) TFETSs obtained by replacing the Si
by Ge or any other lower bandgap materials in the source of the DG TFET structure
considered in Chapter 2. Thus, the objective of the present chapter is to develop the
analytical models for electrical characteristics such as surface potential, electric field,

drain current and threshold voltage of the stacked gate SiO,/HfO, DG HJTFETs by

considering both the depletion and accumulation/inversion modes of operation of the
device. Some of the results/expressions derived in Chapter 2 have been directly used in

this chapter to optimize the repetition. The model results have been validated by
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comparing them with the commercially available ATLAS™ based TCAD simulation

[ATLAS (2013)]. The layout of the present chapter can be gives as follows.

In Section 5.2, we have first developed the surface potential model for both the
depletion and accumulation/inversion modes by including the source/channel and

drain/channel depletion regions of the SiO,/HfO, stacked gate-oxide based DG

HJTFETSs. The channel electric field, BTBT generation rate, drain current and threshold
voltage have been modeled in the similar manner as considered in the previous chapters.
The concept of TLA method has been used for developing the proposed drain current
model valid for the entire (sub-threshold to strong accumulation/inversion) region of
operation of the DG HJTFETSs under study. Finally, threshold voltage model has been
developed of the proposed device by using the shortest tunneling path concept. Section
5.3 includes some important results and discussions related to the surface potential,
electric field, energy band diagram, depletion length, drain current and threshold voltage
of the DG HJTFET device under study. Finally, Sec. 5.4 describes the conclusion of the

present chapter.

5.2 Model Formulation

The cross-sectional view of the DG HJTFET with a SiO,/HfO, stacked gate-oxide

structure under study is shown in Fig. 5.1(a) where r,,L, L,, t,,, t, and t are the

length of source/channel depletion region, channel length , drain/channel depletion

length, SiO, thickness, high-k material (HfO,) thickness and channel thickness of the
device, respectively. The surface junction potentials ., v,, v, and y, at the
corresponding position x, =0,x, =L;,x, =L, +L, andx, =L, +L, +L; in the

channel have also been shown in the Fig. 5.1(a). Figure 5.1(b) shows the energy band
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diagram of our proposed device, where g. and g, represent the energy of conduction

band and valance band; g ., is the effective energy band-gap at the heterojunction

interface; and AE. and AE, are the fractions of change in the conduction and valence

band appearing at Ge/Si heterojunction interface of DG HJTFET device.
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Fig. 5.1: (@) Schematic of DG HJTFET with SiO,/HfO, stacked gate oxide; (b)
Energy band diagram of DG HJTFET with SiO,/HfO, stacked gate oxide

5.2.1 Modeling of Surface Potential

It is observed that the channel becomes either fully depleted or partially depleted

and partially accumulated/inverted depending on the applied gate and drain voltages
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[Lee and Choi (2011), Pal and Dutta (2016)]. We have thus derived the expressions for
the surface potential separately for the two different modes in the sub-section 5.2.1.1
and 5.2.1.2, respectively.

5.2.1.1 2-D electrostatic potential in Depletion Mode

In this mode of operations, the applied gate and drain bias voltages are assumed to

sufficiently low and high respectively so that channel becomes fully depleted. Thus, an
expression of 2-D electrostatic channel potential w;(x,y) and surface potential ;;(X)

are same as discussed in the previous Chapter 2 and can be expressed as:

i, Y) = ¥, 00+ Ves =0 —v (0] (v/4F (5.1)
Vi (0 = w0 00+ Ves = ra s =90 (0] (ts1 /24 F (52)
where w,; (x) is the centre potential in the channel region R; (i=12,3); Vg is the
gate-to-source voltage; ¢m; = (o — % —Eyi/2)/q is the flat band voltage in region R;;

¢y is the gate metal work function; q is the electronic charge; 4 =/(@/r. +1/4) t is the
characteristic length; r, is the capacitance ratio between equivalent gate-oxide and

channel region; z; and E;; are the electron affinity and energy band gap of the materials
in the region R, (i=1, 2, 3), respectively.
5.2.1.2 2-D Electrostatic Potential in Accumulation/Inversion Mode

In this mode of operations, the respective applied gate and drain bias voltages are
assumed to be high and low so that channel becomes partially depleted and partially

accumulated/inverted. Surface junction potentials in different regionsR; {i=1 2, 3}

under the accumulation/inversion regions have been shown in Fig. 5.2 (a); and the
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surface potential along the channel for different modes have been compared in Fig 5.2
(b). From this figure, it is observed that potential drop in the drain side is negligible (see
Fig. 5.2(b)) i.e., depletion length in drain side becomes zero (L, =0) in this mode. From
the figure 5.2 (b), it is also observed that there is no difference between the surface
potential for n and p-type channel materials; which means that the solution of surface
potential for both type of materials is same. That is why we have used the term

“accumulation/inversion” in the assumption of high gate and low drain bias.
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Fig. 5.2: (a) Schematic of surface junction potentials for different regions in the
accumulation/inversion mode of DG HJTFET; (b) Surface potential along the channel

for different mode of DG HITFET

The surface potential in the accumulation/inversion part is pinned, and its maximum

value reached at w, =V; In(N;/n; ;) +Vps is less sensitive for vV [Lee and Young
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(2011)]. Under this assumption, the electrostatic potential w,(x,y) in
(accumulation/inversion part) region R, governed by 2-D Poisson’s equation can be

written as:

%5 (% y)  0%ws(x.y) _ AMia @XP((ya (X, y) ~Vos ) Vi)
ox? oy? Eia

(5.3)

where, Vs is the drain-to-source voltage; V; is the thermal voltage; N, is the drain

doping concentration and, n;; and ¢, are the intrinsic carrier concentration and

permittivity of the region R, respectively.

Using the superposition method [Dubey et al. (2010), Gholizadeh and Hosseini (2014),
Chander and Baishya (2016)], Equation (5.3) can be solved by assuming
w5(Xy)=u(y)+Vv(x,y), where u(y) is due to majority charge carriers and solved by 1-
D Poisson’s equation; and v(x,y) is obtained by solving the 2-D Laplace equation. The

1-D Poisson’s equation for u(y) can be expressed as [Taur et al. (2004)]:

o%u(y) _an;3 exp((u(y) ~Vps)/V1))
oy? - €iz3

B B t , an; 3 2ny
u(y) =Vps —2V7 In{Zn 2¢, Vs COS[ t J} (5.5)

where 7 is satisfied the equation

Vee — e a =V [2¢, V.
( cs ~ Pres Ds]_ln{i gigVr }:mn_m(cos(n))er (5.6)
ZVT tsi qni,S r3

The 2-D Laplace equation for v(x,y) can be written as:

(5.4)

o%v(x,y) 0v(x,
e =0 67)
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and its solution is given by [Pal and Dutta (2016)]:
V%, y) = 5L+ (1 /4) — (1 y/t0) Jexplv2 (x— L) 45 (5.8)

where r, and A, are the capacitance ratio and characteristics length of the region R;;
N, is the channel doping concentration; f, is a constant and obtained by substituting
V(X,tt,/2) =y, at x=Lin Eq. (5.8); and L, is the depletion length in the region R, and

can be expressed as [Sze (1981)]:

L, :(ijcosh_l 2y, _(qNZtszi/rzgsi)_z(vGS 2“/’FB,2 —f5) (5.9)
2 U(y) =Ves +@es 2 — (ANt /Zrzgsi)

Finally, the channel and surface potential in region R, can be expressed as:

Vs (%, Y) =U() + T L (1 /4)~ (1Yt Jexpl2 (¢~ Ly )/ 45 ) (5.10)
i i \/E -L
Wss(X) = [VDS -2V In[%‘7 22?3’\‘2 cos(n)J+ f, ex;{%}] (5.11)

The electrostatic channel potential y;(x,y) and surface potential y;(x) for regions R
(i=1,2) can be obtained in the same manner as obtained for the depletion mode

including the intermediate surface junction potentials v, and y,.

Note that, the primary difference between homo and heterojunction TFET devices are

built-in-potential (y,) and the effective energy band gap (E,.s) which is formed at

the source/channel junction; and can be expressed as [Guan et al. (2017)]:
-1
Vo = F((ll - X2) +0-5(Eg,1 - Eg,2) +QqVy In(Nl/ni,l)) (5.12)

Eg,eff :(Eg,Z _AEC) (513)
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where N, is source doping concentration; n;, is the intrinsic carrier concentration of

the region R, (i=1), and
1
AE. :a((lz - )+ (Eg,z - Eg,l)) (5.14)

For x,=x, and E; =Eg, in homojunction TFETs, we get v, =-V; In(N,/n;;) and

E, e =E, asdiscussed in Chapter 2.

5.2.2 Modeling of Drain Current

The band-to-band tunneling generation rate (Ggrgt) from valance band of the source to

conduction band of the channel can be expressed by Kane’s model, [Kane (1960)]
a BKane
Gerer = AxancE” €XP — £ (5.15)

where E is the local electric field; & is a material-dependent constant parameter and,
Acane = (@°my? [1871°EL %) and By, = (nmyEY%, /2qn) are process-dependent tunneling

Kane —

parameters [Kane (1960)], [Kao et al. (2014)]. E ; is the effective energy band gap ;

m, is the effective tunneling mass; The drain current (I,) is obtained by integrating

r

the Gy Over the entire tunneling volume and can be expressed as:

Iy =9 J-GBTBT dV =gt IGBTBT (x)dxdw (5.16)

Voiume

Since BTBT of charge carriers mainly occurs due to lateral electric field [Vishnoi and
Kumar (2014), Gholizadeh and Hosseini (2014)], Guan et al. (2017)] the local electric

field (E) in Eq. (5.15) is replaced by the lateral electric field E, =-oy;(x,y)/ox to

compute the G,.g. The variation of lateral electric field (E,) along the channel and its
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corresponding Ggzr have been shown in Fig. 5.3 (a) and 5.3(b) respectively. The
magnitude of E, at the drain-channel junction is observed to be neglected as compared
to that of the source-channel junction for high v values while E, at the source/channel
and drain/channel junctions are comparable for low Vv values and hence its effect must

be included for accurate modeling of Gy, calculation.
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Fig. 5.3. Comparisons of (a) Ex, and (b) Ggrer along the channel for different Vgs
and constant Vps = 0.5V of DG HITFET

Magnitude of E, at the both junction source/channel (S/Ch.) and drain/channel (D/Ch.)
for different combinations of Vg, and V4 is summarized in Table 5.1. It is observed that
for Vg > 0.3V and different v (i.e., accumulation/inversion regime), the magnitude of

E, at drain/channel junction is negligible as compared to that of the source/channel
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junction. In subthreshold regime (i.e., Vg <0.3V but for different v, ), the magnitude
of E, at drain/channel junction cannot be neglected as compared to that of the

source/channel junction. Thus, we have considered the effect of the subthreshold regime

for accurate modeling of G, in the present chapter. We have obtained Ggr by
assuming two different regimes: accumulation/inversion regime at high Vv, and
subthreshold regime at low Vg, each of which is described in the subsection 5.2.2.1 and

5.2.2.2, respectively.

TABLES.1

COMPARISONS OF BOTH JUNCTION ELECTRIC FIELDS AS A FUNCTION
OF Vgs FOR DIFFERENT Vpg

VGS: 0.1V VGS =0.3V VGS =0.5V VGS =0.7V

Ex (MV/cm) Ex (MV/cm) Ex (MV/cm) Ex (MV/cm)
Vbs

S/Ch. D/Ch. S/Ch. D/Ch S/Ch. D/Ch S/Ch D/Ch

0.3v | 140 | 038 | 1.70 | 0.10 | 2.00 | 0.02 | 2.20 | 0.01

05v | 140 | 060 | 1.70 | 040 | 2.00 | 0.03 | 220 | 0.02

0.7v | 140 | 0.70 | 1.70 | 050 | 2.00 | 0.10 | 2.20 | 0.05

5.2.2.1 BTBT Generation Rate in Strong Accumulation/Inversion Regime

The variation of Gy along the channel of DG HITFETs is shown in Fig. 5.4 for

high gate bias voltage (i.e., accumulation/inversion regime). We have used the tangent
line approximation (TLA) method [Vishnoi and Kumar (2014)], [Guan et al. (2017)]

for finding the area of G, curve as follows.
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Fig. 5.4. Ggrat along the channel for high Vgs (Ves = 0.5V) of DG HIJTFET with
SiO,/HfO, stacked gate oxide at constant Vps= 0.5V

The areas under the tangent lines m;, m, and m, to its x intercept M,, (M, +M,) and

(M, +M, +M,) as

G, =0.5G g5 (L)M] (5.17)
G, =0.5Gger (Ly + MM, (5.18)
G, =0.5Ggr (Ly + My + M, )M 7 (5.19)
where,

M, =Ggrar (L)/Garer (L) (5.20)
M, =Ggrgr (L, + M;)/Ggrer (L + M) (5.21)
M1y =Garsr (LM, /[Garar (L) ~ Girer (Ly + My)] (5.22)
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M _{ GIIBTBT (Ly + MM, } (5.23)
o0 = . )
P Gagrer (Ly + M) = Ggrgr (L, + M + M)

MSZI:GIISTBT (L1+M1+M2)} (5.24)
Ggrgr (Ly + M, +M,)

Now, the overlap area between the tangent lines m; & m, and m, & m, are given by

G = O'SGIIBTBT (LM, - M2)2 (5.25)
GZp ZO'SG‘BTBT (L)M 2p M3)2 (5.26)
Repeating the process for n number of times, the generalized form of G, and G, ,,, are
expressed as:
G|'3TBT 2
G, =T[(L1+M1+M2 F e + Mn—l)M(n—l)p] (5.27)
G :Géi[(L M, + M, + +M, )M, —M )2] (5.28)
(n—l)p 2 1 1 2 T, n-2 (n-1)p n *
where
Garer (L + M, + My, +M, .M,
M s =[ grer (L + M; + M, 2) } (5.29)
M BTBT — M BTBT
" {Glsm (Ly+ M+ My, + Mn_l)} (5.30)
Gergr (L + My + M, +M )

Marer =Garsr (L + My + My +M,,) (5.31)
Mgrer =Garer (L + M, + M, +.c..M ) (5.32)

The total BTBT generation rate in the strong accumulation/inversion regime can be

expressed as the difference between the sum of areas under the tangent lines and sum of
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overlap areas between the tangent lines in n numbers of steps as:

(5.33)

5.2.2.2 BTBT Generation Rate in Subthreshold Regime

For sub-threshold regime (i.e., low gate voltage), the variation of Ggrgr along the
channel of DG HJTFET is shown in Fig.5.5. The area of Ggrgr curve in subthreshold
regime can be obtained by the TLA method in the same manner as considered earlier for

the strong accumulation/inversion regime and can be expressed as:
Gerer(Sub) = Ggrgr (A/ |)| Ll 4L, (5.34)

Since, both G (A/1) and Gger (Sub) are symmetrical about the interface junction, the

total band-to-band tunneling generation rate (G;z5;) Can be expressed as:

Grarer = 2Ggrar (A/ 1) + Ggrgr (Sub)) (5.39)
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Fig. 5.5: Ggrgr along the channel for low Vgs (Ves = 0.1V) of DG HIJTFET with
SiO,/HfO, stacked gate oxide at constant Vps= 0.5V
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It is clear from Fig. 5.4 and Fig. 5.5 that the accuracy of TLA method can be
improved (from 56% to 95%) by increasing the number of steps n (from 1 to 4). We
have considered n=4 in our model for better accuracy and efficiency [Vishnoi and

Kumar (2014) , Guan et al. (2017)]. Assuming a fixed channel width (w=1zm) in Eq.

(5.16), 14 can be expressed in (Amp/ gm) as:

lg =0tiGrarar from (5.36)
where frmi =1—2/(1+expWVps /EVy)) is the correction factor, in which & is an

empirical parameter, introduced to ensure zero drain current at Vg =0V in the output

characteristics [Zhang and Chan (2014)] of the device.

5.2.3 Modeling of Threshold Voltage

The threshold voltage (sayV,,) is an important parameter of any TFET devices; and
can be defined as the gate voltage (Vgs) at which the energy tunneling barrier tends to
saturate [Boucart and lonescu (2008)]. The concept of shortest tunneling path (L")
has been used to extract the threshold voltage (V,,) of the devices [Chander and
Baishya (2015)]. When the surface potential at x=L" reaches the potential
Vps +V; In(N,/ny), for Vg <0.5V [Chander and Baishya (2015)]; then exponential
function of 1, becomes a linear function of applied Vgs; and the corresponding

Vgs =V, Which is obtained by solving the following equation:

= Vps +V In(N, /n;) (5.37)

Ves=Vin

Vs (x= Ltmin)

where, Vs, N,, and E, are the drain-to-source voltage, drain doping concentration, and

energy band gap of channel, respectively.
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5.3 Result and Discussion

In this section, we will present our model results and their comparison with the
ATLAS™ TCAD simulation data for validation of our proposed models developed for

the DG HJTFETs. The Shockley-Read-Hall recombination(SRH), Non-local BTBT,
concentration and electric field dependent Lombardi (CVvT), Auger recombination and
bandgap-narrowing (BGN) models have been adopted for TCAD simulation of the

device. We have neglected the effect of quantum confinement by assuming a channel
thickness above 10nm for which the energy states of both the valance band of the source
and conduction band of the channel region are continuum in nature [Omura (1993),
Vandenberghe et al. (2011)]. In this chapter, “Hetero” and “Homo” acronyms are used

for Si/Ge DG HJTFET and conventional DG TFET structures respectively. The doping
concentration of source (homo), N, =1e20cm®, source (hetero), N, =5el9%m>,
channel, N, =1el6cm® and drain, N, =5¢18m™ with L=50nm, t, =1nm,
t, =2nm, and gate work function is ¢,, =4.2eV (Mo,IrO,). Figure 5.6 shows the
simulated electron concentration (EC) along the channel for different v, at constant
Vps =0.5V. It is observed from the figure that device can be operated either in the
depletion for EC<10cm® or accumulation/inversion for EC>>10°cm® modes
depending on the applied Vg bias voltages. The variation of surface potential against
Vg for different Vg is shown in Fig. 5.7. It also clearly shows that the device operation
in the depletion or accumulation/inversion regime depends not only on Vg but also on
Vs . Further, the surface potential is pinned due to accumulation/inversion formation in
the channel for vV, more a certain value. Thus, the inclusion of both the depletion and

accumulation/inversion charges in our model of drain current is well justified.
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Fig. 5.6: Electron concentration along the channel for different Vgs of DG HITFET
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Fig. 5.8: Variation of Ly against Vgs for different Vps of DG HJTFET with
SiO,/HfO; gate oxide at L = 50nm, t = 12nm

Figure 5.8 shows the variation of depletion length (L,) against V for differentv ;.
When either Vg or Vo is increased, L, is decreased due to accumulation/inversion
charge in the channel. Note that the channel is fully depleted (ie.L,=L) for
Vgs £0.3V =V, Vgs £0.5V =V and Vgs 0.7V =V since no
accumulation/inversion layer is formed in this case. The simulated energy band diagram

along the channel for different homo and hetero DG TFET structures is shown in Fig.
5.9 for ON state condition. It shows that both tunneling length (L,) [Gholizadeh and
Hosseini (2016)] and potential barrier (PB) are decreased in the heterojunction devices.

Fig. 5.10 compares the variation of I, against V; between homo and heterojunction
devices with and without considering the subthreshold regime. It is observed that model
results of homojunction device with or without using subthreshold regime are better
matched with the TCAD simulation data. However, mismatching between the model

and simulation results of heterojunction device in subthreshold region is observed when
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the charge under subthreshold regime is

neglected. Thus, the effect of subthreshold

regime is included in our model for improving the accuracy of drain current in

heterojunction devices.
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Fig. 5.9: Comparisons of energy band diagram of homo (Si) and hetero (Si/Ge) DG

TFET in ON-state (Vgs = Vps = 0.5V).
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Fig. 5.10: Variation of lg against Vgs for Si (Homo) and Si/Ge (Hetero) SiO,/HfO,
stacked gate DG TFET with & without subthreshold regime oxide at L = 50nm,

tsi = 12nm, Vps = 0.5V

144



Chapter 5: Analytical Modeling for Electrical Characteristics of Double-Gate HJ TFETs
With a Si02/HfOz2 Stacked Gate-Oxide Structure

The output characteristics of the heterojunction device for different v, stacked gate
DG HJTFET is shown in Fig. 5.11. The increased V. lower the tunneling barrier,
which in turn, increases the current by allowing large number of electron transfers from
the source to channel regions.

The variation of 1, against Vg for different homo and heterojunction TFET devices,
shown in Fig. 5.12, demonstrates that both the ON and OFF currents are increased with
low band gap materials in homojunction devices which results the decrease of 1y /1o
current ratio. However, in case of heterojunction devices, an improvement in the ON
current without degrading the OFF current improves the 1., /1o Significantly.

The transfer characteristic of DG HJTFET device for different channel length (L) is
shown in Fig. 5.13. Note that both the ON and OFF currents are increased for L <50nm.
For L>50nm (e.g., L=300nm), the on current is decreased with the channel length. It

is observed that L =50nm is the best suitable for higher ON/OFF current ratio.

Symbols ATLAS
4 | Lines Model ety A A

Drain Current, /; (Amp/pm)

0.0 0.2 0.4 0.6 0.8 1.0
Drain-to-Source Voltage, Vpg (V)

Fig. 5.11: Variation of 14 against against Vps for different Vgs of DG HIJTFET with
SiO,/HfO, stacked gate oxide at L =50nm, t5 = 12nm
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Fig. 5.12: Variation of Iy against Vgs for different homo and heterojunction DG
TFET device at Vps = 0.5V, L =50nm, ti = 12nm
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Fig. 5.13: Variation of Iy against Vgs for different channel length of DG HITFET
with SiO,/HfO, stacked gate oxide at Vps = 0.5V, L =50nm, t;; = 12nm
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Fig. 5.14: Variation of 14 against Vgs for different source doping concentration (N;)
of DG HJTFET device with SiO,/HfO, stacked gate oxide at Vps = 0.5V, L = 50nm,
tsi = 12nm
Since the source doping concentration (N,) is very sensitive parameter to drain current
for any TFET device, we have shown the variation of 1, against Vs for different N,
of DG HJTFET with SiO,/HfO, stacked gate oxide in Fig. 5.14. For N, >5x10cm™®,
both the ON and OFF currents are increased resulting in no significant improvement in
ON/OFF current ratio. On the other hand, the ON current decreases with
N, <5x10"cm=. However, the improvement in the ON current without degrading the
OFF current is observed for N, =5x10"*cm~2which gives the optimum value of N, .
Our proposed model is not only valid for the S/Ge DG HJTFET device, but
also for other devices like SOl HITFETs [Chander and Baishya (2016)] and InASGaSh
(GaSb as a Source) DG HITFETSs [Mehta et al. (2016)]. The variation of 1, against Vg
for different combinations of the dielectric constants of both SOI HJTFET and

INAYGaSh DG HJITFET structures are shown in Fig. 5.15 and Fig. 5.16.
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Fig. 5.15: Variation of Iy against Vgs for different combinations of dielectric constant
of SOI HJTFET with SiO,/HfO, stacked gate oxide at Vps = 0.5V, L = 50nm,

ti = 12nm
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Fig. 5.16: Variation of Iy against Vgs for different combinations of dielectric constant

of InAS/GaSb DG HJTFET with SiO,/HfO, stacked gate oxide at Vps = 0.3V and
om = 4.7eV.
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The primary difference between SOl and DG HJTFET is the characteristics length (4,)

and its value for SOl HITFET is 4, =,/(2/r; +3/4)t5 . The vertical electric field in the

channel/buried oxide interface has been assumed to be negligible due to high buried

oxide thickness (t,,, =300nm)[Chander and Baishya (2015)].

It is observed from Fig. 5.15 and Fig. 5.16 that 1, of both SOl HJTFET and

InAs/GaSb DG HJTFET devices is increased with the increased value of dielectric
constant due to increased electric field at the source/channel junction (See Fig. 2.5 of
Chapter 2). Since the drain current is directly proportional to the electric field in Eq.
(5.36), the higher electric field results in higher drain current. Note that there are two
types of heterojunction devices: 1) staggered-gap (e.g., Si/Ge), in which the effective

energy band gap (E,.) IS positive, and 2) broken gap (e.g., INAs/GaSb) type, in

g.eff

which E . is negative. Both the ON current and subthreshold swing of broken gap

heterojunction device are much superior to the staggered gap heterojunction devices
[Vandenberghe et al. (2011)]. However, our proposed model is suitable for both the

homo and heterojunction TFETS devices.

Comparisons of both SS (point and average) for different homo and heterojunction
TFET devices, shown in Fig. 5.17, demonstrates that both SS (point and average) are
increased with high band gap materials in homojunction devices thereby resulting in no
significant improvement in switching characteristics. However, in case of

heterojunction devices, an improvement in SS ( both point and average) significantly.
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Fig. 5.17: Comparisions of SS for different homo and heterojunction DG TFET
device with SiO,/HfO, stacked gate oxide at Vps = 0.5V, Ves = 1.0V, L = 50nm,

ti = 12nm

The variation of V,, with L for different homo and heterojunction DG TFET device is
plotted in Fig. 5.18 shows that Vv, is nearly independent of L (i.e., threshold voltage

roll-off is almost zero) due to the dependency of tunneling on the source-channel
junction characteristics only, not on the entire channel region. It is further observed

from the figure 5.18 that, for a hetrojunction based DG TFET structure, V,, is lowered
than homojunction based DG TFET structure due to the lowering of the tunneling width
than homojunction DG TFET device.

Fig. 5.19 illustrates the variation of V, against ty; for different combinations of
dielectric constant of HJ DG TFET device. From the figure, it is observed that Vv,
increases with t; due to reduction in the tunneling volume owing to the increase in
L™ . Thus, our proposed model is useful for understanding the device physics of

homo/heterojunction based any TFETS devices.
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Fig. 5.18: Variation of Vy, against L for different homo and heterojunction DG TFET
with SiO,/HfO, stacked gate oxide at Vps = 0.5V, L =50nm, ts =12nm
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Fig. 5.19: Variation of Vy, against ts for different combinations of dielectric constant
of DG HJTFET stracture at Vps = 0.5V, L =50nm, t5=12nm
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5.4 Conclusion

A 2-D analytical model for the surface potential of DG HIJTFETSs with a SiO,/HfO,

stacked gate-oxide structures has been developed by taking both the effects of junctions
depletion and accumulation/inversion charges into consideration. The concept of TLA
method has been used to calculate the drain current by numerically integrating the
BTBT generation rate over the entire channel volume of the device. For accurate
modeling of the drain current in the subthreshold region, we have included the effects of
electric field formation at the drain/channel interface at low gate and high drain bias
voltage. The model has been developed for Si/Ge hetero and Si homojunction based
TFET devices. The proposed model is also valid for 111-V materials like InAs/GaSb DG
HJTFET and SOl-based HIJTFET structures. There is good agreement between our
model results and numerical simulation results obtained by the commercial available

ATLAS™ device simulation software.
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