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Scaling down the MOSFET's below 20 nm implies several complications such as high OFF-state current
due to thinning of gate oxide, drain induced barrier lowering, and other short channel effects (SCEs). In
this aspect, tunnel-field-effect transistor (TFET) has emanated as the suitable contender to outshine the
MOSFETSs in nanoscale regime. Negative capacitance property of ferroelectric material is combined with
the band-to-band tunneling mechanism of tunnel FET in order to enhance ON-state current of the device.
Silicon doped hafnium oxide (Si:HfOs) is used as a ferroelectric layer (gate insulator). Lower permittivity
and compatibility with the fabrication process flow of Si:HfO2, makes it a suitable ferroelectric material in
contrary with perovskite materials. This work examines the impact of localized charges on electrical per-
formance, linearity, and distortion parameters of ferroelectric-dual material-gate all around-tunnel field ef-
fect transistor (FE-DMGAA-TFET). The presence of oxide charges modifies the bias point of the device;
therefore, its effect needs to be investigated in terms of figures of merit (FOM) of linearity and distortion.
Localized oxide charge may be positive or negative depending on the trap energy level with respect to Fer-
mi level. It is observed that OFF-state current deteriorates considerably for donor-localized charge from an
order of 10-19 to 10-12 A. The non-linearity and distortion of the device decrease in the presence of negative
localized charge. It has been analyzed through numerical calculations that due to donor-localized charges
the subthreshold regime deteriorates significantly highlighting the requirement of an intensive analysis in
this region for future niche market of electronics. However, the effect of acceptor-localized charges is mar-
ginal on the performance of the device, thus offering great potential to maintain its reliability.
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1. INTRODUCTION

Scaling of the MOSFETSs below 20 nm involves several
problems related to fabrication, leakage current dominat-
ing the off-state power, drain-induced barrier lowering
(DIBL), subthreshold swing (SS) and various distinct
short channel effects (SCE) [1, 2]. The distinguished prop-
erties of tunnel-field-effect transistor (TFET) make it a
promising contender to outperform the conventional
MOSFETs [3-5] in nanoscale regime. TFETs use inter-
band tunneling at source-channel junction and the large
tunneling path at a lower gate voltage prevents the tun-
neling of electrons, thus provides low leakage current.
However, TFETSs exhibit low drive current, high ambipo-
lar current and threshold voltage [6]. In order to overcome
these characteristics, gate all around (GAA) structure was
proposed [7] which has an enhanced control over the
channel. However, the problem of low drive current and
delayed saturation still exists in GAA structure. To miti-
gate such problems, the incorporation of ferroelectric (FE)
material as gate insulator was suggested by M.H. Lee et
al. [8] to increase the drive current because of its negative
capacitance (NC) providing a positive feedback at gate
terminal which enhances the band bending at source-
channel junction thereby shortening the tunneling path
and increasing the drive current. NC-FET is one of the
contenders of TFETs that can provide the SS below
60 mV/dec. Generally, SS is expressed as
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where g denotes the surface potential; Ip stands for

(1.1)

drain current; Cs and Cixs are the capacitances of semi-
conductor and insulator respectively. The fundamental
concept of NC is that the term Cg/C;,, becomes nega-

mns

tive which reduces the body factor below one [9]; thus,
the amplified surface potential created by an internal
positive feedback on the gate voltage leads to increase
in band bending and tunneling of electrons at the
source-channel junction. This process enhances the
drive current and reduces the SS. Chunsheng Jiang et
al. investigated the NC in GAA-TFET by using perov-
skite FE materials [10], the main difficulty in using
these materials is their incompatibility with the CMOS
process and scaling. U. Schroeder et al. [11] reported
the discovery of ferroelectric properties in silicon doped
hafnium oxide (Si:HfOz). The main interest in utilizing
Si:HfOz is its full compatibility with the CMOS process
and enhanced scaling. The lower permittivity of
Si:HfOz2 contrasts with other FE materials such as Lead
Zirconium Titanate (PZT) and Strontium Bismuth
Tantalate (SBT), permits to utilize thinner films which
reduces the fringing field effects.

The exponential rise in the communication technol-
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ogy has attracted a huge number of customers in the
field of radio frequency (RF) electronics. Hence, it has
increased the market for RF semiconductor devices
acquiring better RF characteristics. Until now, the
focus was mainly on the device performance such as
cut-off frequency, transconductance but to uncover the
figures of merit (FOM) of linearity and distortion, the
impact of localized charges must be investigated. Linear-
ity in a device is demonstrated by the absence of higher
order harmonics. The presence of localized charges in a
device varies the biasing point; hence, the alteration in
the linearity parameter with regard to localized charges
is significant. The reliability of TFET is a matter of in-
terest for short channel devices, because of the high
electrostatic field at the tunneling junction. This electro-
static field leads to the origination of defects at the semi-
conductor-oxide interface [12]. Besides the strong elec-
trostatic field, the fabrication methodology may create
the defects at the interface of Si-SiOs. These charges can
severely degrade the reliability and vary the defined
device behavior [13]. There are several formerly pub-
lished reports related to linearity and distortion perfor-
mance of TFETs [14]. However, to date, very little has
been accounted for the investigation of the influence of
localized charges on the linearity and distortion perfor-
mance of FE-DMGAA-TFET. This work investigates the
impact of localized charges on linearity and distortion
parameters of FE-DMGAA-TFET.
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Fig. 1 — Schematic view of a cross-section of FE-DMGAA TFET

2. DEVICE DESCRIPTION

The cross-sectional view of FE-DMGAA-TFET with a
ferroelectric layer of Si:HfO2 as gate insulator and SiOs
as an interface layer is shown in Fig. 1. The main objec-
tive of utilizing SiOz layer is to restrain inter-diffusion
between the ferroelectric layer and semiconductor. The
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gate encompassing the channel is divided into two parts:
(1) Tunnelling gate (M1) and (i1) Auxiliary gate (M2). The
silicon channel is doped with trivalent impurity having a
concentration of 105 cm—3. Source and drain regions are
doped with Group-III and V impurities having a
concentration of 1029 cm~-3 and 108 cm~—3 respectively.
The ambipolar effect is minimized by doping source and
drain asymmetrically. The thickness of the interface
layer and ferroelectric layer is 1 nm and 5 nm respective-
ly. The diameter of silicon channel is 20 nm and channel
length is 50 nm, which is divided into tunneling gate and
auxiliary gate length of 25 nm each. The commercially
available 3D Silvaco ATLAS TCAD tool [15] is used in
numerical calculations.

The models used during numerical calculation are
Field dependent mobility model, Concentration-dependent
mobility model, Shockley-Read-Hall recombination
model, Band gap narrowing model, Auger recombination
model, and Kane’s band to band tunneling model. Ferro
model is enabled in our numerical calculation to include
the ferroelectric effects. The ferroelectric permittivity
used in Poisson’s equation [15] is expressed as:

E — ferro.ec
25

£(E) = ferro.epsf + fer;(;.ps x sech’? [ ] , (2.1

where ferro.epsf is the permittivity, ferro.ps is the satu-
ration polarization, ferro.ec is the coercive field, E is the
electric field and § is given by:

1+ };erro. pr
5 = ferro.ec| log| — LIPS || 2.2
ferro.ec| log - Ferro.pr (2.2)
ferro.ps

where ferro.pr is the remnant polarization. The values
of ferro.ec, ferro.pr, ferro.ps, and ferro.epsf are taken as
1.15 MV/em, 10.75 uC/em?2, 11.37 uC/cm2, and 33.75
[16]. According to the previously published results, for
analyzing the minimum change the value of localized
interface charge density (V) is chosen as
Ny=+102cm~2.

The simulation models used for the analysis are
calibrated against the previously published result [17].
In order to calibrate the Kane’s BTBT model, its
tunneling masses are tuned from their initial values to
a regulated value, i.e. me.tunnel=0.272mo and
mh.tunnel = 0.54mo, where mo is the electron rest
mass. For model validation, all the dimensions and
doping parameters are kept identical to that of [17].
Fig. 2a shows the verification of simulation framework
with the referenced data [17]. Fig.2b depicts the
enhanced drive current of FE-DMGAA-TFET in
contrast to DMGAA-TFET because of negative
capacitance; the voltage amplification leads to increase
in band bending of conduction and valence bands,
which enhances the tunneling rate at source-channel
junction. Both TFETSs have identical device dimensions
and physical oxide thickness for comparison. Low
leakage current is observed for FE-DMGAA-TFET
because of high band gap of ferroelectric HfOq.

04014-2



INVESTIGATION OF LOCALIZED CHARGES ON LINEARITY AND ...

1E-5F

g 1E-6}
o 1E-7T|
S 1E-8|
5
G 1E-9 —=— Simulated Data
=
S 1E-10} —e— Referenced Data [17]
(=]

1E-11E

00 02 04 06 08 10 1.2 14
Gate Voltage (V)
a
1E-6§
< 1E8}
<
€ 1E-10}
) E
= ]
g 1E-12¢ —=— FE-DMGAA-TFET
r -

_g 1E-14 r —— DMGAA-TFET
s ]

1E-16 §

00 05 10 15 20 25 30
Gate Voltage (V)
b

Fig. 2 — (a) Comparison of simulated and referenced data [17];
(b) transfer characteristics of FE-DMGAA-TFET and DMGAA-
TFET at Vps=1V
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3. INFLUENCE OF LOCALIZED CHARGE
DENSITY

This section depicts the influence of localized charge
density and polarity on FE-DMGAA TFET at room
temperature. The influence of localized charge density
on total electric field is shown in Fig. 3. It is explicit
from Fig. 3 that the peak of electric field enhances
(suppresses) by 27.27 % (45.45 %) against the fresh
device (without interface charge) for positive (negative)
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Fig. 4 — (a) Influence of localized charges on Ip-Viss characteris-
tics at fixed Vps = 0.1 V; (b) influence of localized charges on trans-
conductance as a function of gate voltage at fixed Vps=0.1V

localized charges. The enhancement (suppression) of
total electric field is referred to the decrease (increase)
in flat band voltage (VrB) for positive (negative)
localized charges. Consequently, the decrease (increase)
in flat band voltage enhances (suppresses) the effective
gate bias, which yields in higher (lower) band bending
of conduction and valence band.

Variation in transfer characteristics in presence of
different localized charges is shown in Fig. 4a. Increase
(decrease) in current is the reason behind the enhance-
ment (suppression) in the band bending of conduction
and valence bands caused due to decrease (increase) in
flat band voltage. ON current enhances (suppresses) by
239.2 % (85.48 %) against fresh device for positive
(negative) localized charges. Further, it is observed that
Iorr deteriorates considerably for donor trap charge from
an order of 10-9A to 10-12A. Fig.4b shows the
variation of transconductance (gn) with different localized
charges. It is evident from the figure that gm is higher
(lower) for positive (negative) localized charge with
regard to the undamaged device. Furthermore, the
influence of localized charge is observed on high-
frequency performance of the device i.e. cutoff frequency
(fr) and transconductance frequency product (TFP). Fig. 5
presents the impact of localized charge on fr and TFP. fr
increases (decreases) by 111.69 % (77.87 %) for positive
(negative) localized charges against undamaged device,
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because of direct dependence on gn. TFP elucidates the
compromise between bandwidth and power [18]. It is
clearly observable from the figure that TFP increases
(decreases) by 31.6% (66.43 %) for donor (acceptor)
localized charges with regard to undamaged device.
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Fig. 5 — (a) Influence of localized charges on fr as a function of
Vs at fixed Vps=0.1V; (b) influence of localized charges on
TFP as a function of gate voltage at fixed Vps=0.1V

In order to improve linearity, the transconductance of
the device should be invariant with regard to input bias.
Unfortunately, the transconductance of TFET varies
with gate voltage that depicts the non-linear characteris-
tics of TFET. Investigation of linearity and distortion of
the device is carried out by analyzing certain FOMs that
are higher order transconductance (gm2, gms), VIP2,
VIP3, and IMDS3, which are defined as:

VIP2 = 4><£ 8m j,where gm =2 IDn . (3.1
gm, Vg
VIP3 = [24x 8™ (3.2)

8gmyg

2
IMD3 = | 4.5%(VIP3)' x gm, | xR,,

S

(3.3)

where Rs =50 Q.

J. NANO- ELECTRON. PHYS. 11, 04014 (2019)

2.5x10° Fe—Negative Interface Charge
e—Without Interface Charge
2.0x10° F-a—Positive Interface Charge
2 1.5x10°
2 X
£ 1.0x10°*
o
5.0x107
0.0
00 05 10 15 20 25 30
Gate Voltage (V)
a
2.0x10°
0.0
wg -2.0x10°
P «| —*Negative Interface Charge
= “40x107 T without Interface Charge
UE, 6.0x10°+ ——Positive Interface Charge
-8.0x10° -
-1.0x10° - |
00 05 10 15 20 25 3.0
Gate Voltage (V)
b

Fig. 6 — (a) Influence of localized charge on gms as a function
of Vas at fixed Vps=0.1V; (b) Influence of localized charge on
gms as a function of Vgs at fixed Vps=0.1V

Second order (gmg) and third order (gms) transcon-
ductances govern the limit on distortion [19]. In order to
attain the least distortion, the magnitude of both high
order transconductances should be low. The extrapolated
input voltage at which the first and second harmonic
voltages are equal is VIP2. Similarly, VIP3 depicts the
extrapolated input voltage at which the first and third
harmonic voltages are equal. IMD3 is the third order
intermodulation distortion that depicts the extrapolated
current at which the first and third order intermodulation
harmonic currents are equal [20]. In order to attain high
linearity and low distortion, higher values of VIP2, VIP3
and lower values of gmz, gms and IMD3 are required.

Fig. 6a presents the impact of localized charge on gmao.
It is evident from the figure that gms increases (decreases)
for donor (acceptor) trap charge at large Vas. The varia-
tion of third order transconductance (gms) in the presence
of localized charges is shown in Fig. 6b. To ensure better
linearity, value of gms should be low. The reason behind
the distortion of the fundamental signal is gms. However,
a lower (higher) value of gms is observed for donor (accep-
tor) trap charge at higher Vgs. For minimizing the non-
linear characteristics, the DC bias should be adjacent to
zero crossover point (ZCP). ZCP is the gate voltage at
which third order transconductance is zero. ZCP shifts
with regard to localized charge i.e. for donor (acceptor)
trap charge ZCP moves towards lower (higher) Vags.
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Fig. 7 — (a) Influence of localized charge on VIP2 as a function
of Vs at fixed Vps=0.1V; (b) Influence of localized charge on
VIP3 as a function of Vgs at fixed Vps=0.1V

Fig. 7a and Fig. 7b show the influence of localized
charges on VIP2 and VIP3 respectively. Higher values
of VIP2 and VIP3 are required for improved linearity.
It is clearly observable from Fig. 7a and Fig. 7b that
the peak value of VIP2 and VIP3 increases (decreases)
for positive (negative) localized charge as compared to
the undamaged device. VIP2 enhances (suppresses) by
105.4 % (44.86 %) against fresh device for donor (accep-
tor) charges. The movement of the peaks towards high-
er Vgs depicts a larger gate to source voltage require-
ment to conserve the linearity. In order to have low
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Jlocaig:xeHHs BIUTUBY JIOKAJII30BAHUX 3aPSA/IiB HA MapaMeTpH JiHIHHOCTI Ta CIIOTBOPEHHS JIJIs
TPAH3UCTOPIB 3 KPYrOBUM 3aTBOPOM 3 CETHETOEJIEKTPUIYHHUX MOABIiAHUX MaTepiaiis

Varun Mishra, Yogesh Kumar Verma, Santosh Kumar Gupta

Electronics and Communication Engineering Department, Motilal Nehru National Institute of Technology,
Allahabad, India

Macmrabysanus mosboBux Tpauauctopie (MOSFETSs) menmnre 20 HM Npu3BOAUTE 10 OEAKUX YCKJIAI-
HeHb, TAKUM SIK BUCOKUI CTPYM BMMKHEHOTO CTAHY Yepe3 3MEHIIEeHHs TOBIIMHU OKCHJLY 3aTBODY, 1HIyKOBa-
HOMY CTOKOM SHMKEHHIO 0ap'epy Ta IHIIIM edeKTaM KOPOTKOrO KaHAIy. 3 Ifiel TOYKU 30py, TYHEJIbHHUN
nosboBuit TpaHaucrop (TFET) e maiikpamum npereraentoMm, oo sarbmaputua MOSFETSs y marnoposmipHo-
My peskumi. BiiacTuBicTh HEraTHBHOI €MHOCTI CEMHETOEJIEKTPUYHOTO MATepiasly MOETHYETHCS 3 MIK30HHUM
TyHeabHuM MexaHiamoM TFET 3 MeTomo mocuieHHs cTpyMy YBIMKHEHOIO CTaHy HPHUCTPOR. Sk cerHeToesek-
TPUYHUHA Iap (3aTBOPHUM HieJIEKTPUK) BUKOPHUCTOBYIOTH OKCHJ TadHito, JyieroBauuii kpemuiem (Si:HfOs).
Binemr Hu3bKa glesIeKTPUYHA IPOHUKHICTD 1 CYMICHICTH 3 TEXHOJIOTIYHHMM IIPOLIECOM POOKTH MOr0 IIiAXO0Zs-
UM CerHEeTOeJIeKTPUYHIM MaTepiajioM Ha BIAMIHY BiJ IIEPOBCKITHUX MaTepiaiB. ¥ Iiif poboTi JOCTLTKY-
€THhCS BIINB JIOKAJII30BAHUX 3apsIiB HA eJeKTPUYH] MOKA3HUKH, JIHIHAHICTE 1 TapaMeTPH CIOTBOPEHHS TY-
HEJIBHOTO TPAH3UCTOPY 3 KPYTOBUM 3aTBOPOM 3 CerHeTOesIeKTpuuHux monasiiinux marepiams (FE-DMGAA-
TFET). HasiBHiCTD OKCHIHUX 3apsA/IiB 3MIHIOE TOUYKY 3MIIEHHS IMPUCTPOIO; OT:Ke, MO0 BILJIMB IIOTPiIOHO J0C-
JIUKYBATH 3 TOYKH 30PY ITOKA3HUKIB SIKOCTI JIIHIMHOCTI Ta coTBOpeHHs. JIokamisoBaHuUil 3apsis OKCHUIY MO-
sKe OyTH SIK IO3UTUBHUM, TaK 1 HETATHBHUM 3aJIEKHO BiJl €HePreTHYHOro piBHs mactky mono pisHsa Depwmi.
BusissieHo, 1mo crpyM BHMKHEHOrO CTAHY 3HAYHO 301JIBIIYETHCS JIS JIOHOPHO-JIOKAJII30BAHOTO 3apsily Bix
1019 mo 1012 A. HesmiHIAHICTD 1 CIIOTBOPEHHS IIPHUCTPOI0 3MEHIIYIOTHCA Y IIPHCYTHOCTI HETATUBHOIO JIOKAJII-
30BAHOI0 3apsiy. 3a JOMOMOI0 YUCEJIbHUX PO3PAXYHKIB OyJIO IIPOAHAIII30BAHO, 110 BHACIIIOK JJOHOPCHKO-
JIOKQJII30BAHUX 3aPSIAIB MIIIOPOrOBUN PEKUM 3HAYHO MOTIPIIYETHCS, MIIKPECIIIOIYN BUMOTY 1HTEHCUBHOIO
aHaJNi3y B I[LOMY IHTEepBAJl IJIS MaMOyTHBOI PMHKOBOI Himm eeKTpoHikw. OOHAK BILUIMB AKIIEIITOPHO-
JIOKAJII30BAHUX 3aPS/IIB HA IPOAYKTHUBHICT IIPUCTPOIO € HE3HAYHIM.

Kmiouori ciosa: Cerneroesiexkrpuk, JloxasmizoBani 3sapsinu, HeratwBHa emHicTh, I[HTEpMOMyJIAIIHHI
CIIOTBOPEHHS TPETHOT'0 MOPSAAKY, Touka HyJILOBOTO IIepexoy.
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