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In the present paper, the linearly graded work function (LG-W) characteristics are explored by using
binary metal alloy a,b:1 -, gate electrode composition in a high-k gate stack with a dielectric pocket in verti-
cally aligned TFET (VTFET). The VTFET device is constructed using a binary metal alloy gate electrode
with a linearly graded work function and an air pocket. The proposed structure performance metrics are
evaluated and compared to the state-of-the-art. The integration of LG-W with gate-stack VIFET along
with air pocket, namely SG-LG-VTFET with air pocket, reveals performance improvement via metrics such
as device ON-current (lon), subthreshold swing (SS), transconductance (gn) as well as transconductance
generation efficiency (TGE). SG-LG-VTFET with air pocket generates SS of 13.92 mV/dec. Further, the de-
vice exhibits a higher Ioy (3.6-10-5 A/um) with an Ion/Iorr ratio of 10'2. Due to the inclusion of the LG-W
and air pocket, a narrow band-bending is observed, thus resulting in higher tunneling and steeper SS. A
high-£ stacked dielectric material enhances the capacitive coupling. The performance of the device is com-
pared with the VIFET device in the absence of a dielectric pocket. The dielectric pocket increases the elec-
tric field, which is a desirable phenomenon for increasing the ON-current. For future applications, the scal-
ing in SS is further possible that can increase the electron tunneling rate.

Keywords: Tunnel FET, Linearly-graded structure, Subthreshold swing (SS), Vertical TFET, Transconductance

generation efficiency.
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1. INTRODUCTION

Tunnel field effect transistors (TFETs) have
achieved a subthreshold swing (SS) value below the
Boltzmann limit (i.e., 60 mV/dec), which is not achieva-
ble in conventional MOSFETSs [1-3]. The transistor has
shown potential in low-power VLSI applications due to
its smaller Iorr value [4]. The gate stacking and high-&
gate oxide usage with SiOz with less EOT is a key met-
ric to attain an improvement in the leakage and SS of
short channel TFETs [5]. The semi-ideal switching
metrics are attained via gate stacking TFETs. On con-
trary, in the miniaturization era, TFETs cannot be
scaled down as in the nanometer region, the drain af-
fects the device channel and consequently the gate
control upon the channel gets lost [6]. Vertical TFETs
(VTFETSs) are preferred to replace TFETs because ver-
tically developed topologies reduce TFETS scaling con-
straints [7]. Besides such scaling restrictions, a low
value of Ion is a drawback of TFETs due to reduced
carrier tunneling [8]. Thus, to acquire a higher oy and
steeper SS, different modified structures are utilized
via the introduction of heterojunction engineering over
the source-channel interface or by using work function
engineering [9-11]. In order to enhance the TFET per-
formance, both double and multi-gate methods are
grown to another level, where instead of independent
metals with a single work function, a binary metal
alloy asbi-o- with linearly graded work functions are
considered to be gate electrodes [12]. For designing
linearly graded work functions, a molar fraction ‘¢’ in a
binary metal is changed from source to drain that met-
al ‘A’ shows a 100 % effect upon the source side, which
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reduces continuously via shifting towards the drain
side. On the other hand, metal ‘B’ shows a 100 % effect
upon the drain side that continuously reduces towards
the source side. A linear change in the work function
value reveals symmetric potential spread upon channel
and performance enhancement with reduced short
channel impacts [12]. The ZnCdSSe nanowire is effec-
tively constructed by employing a continuous change in
the molar fraction of constituted metals. With
SS < 25 mV/dec, few advanced structures are designed
that can meet the criteria of steepest SS with an im-
provement in performance with regards to linearly
graded gate electrode art.

In the present work, an impact of a binary metal
asb1- o (with o as a continuous mole fraction change in
metal A) is implemented over a VIFET device supple-
mented with a dielectric pocket in the channel region.
The designed structure shows an improvement in per-
formance at 13.92 mV/dec SS and 3.6-10 -5 A/um Ion,
which is a novelty of the present work without any
impact on the device OFF-current. Thus, it is preferred
for advancing-powered circuits with an upgraded level
of transistor switching. In addition, both oxides SiO:
and HfO2 and hafnium/zirconium alloy films are devel-
oped via phase vapor deposition (PVD) as well as chem-
ical vapor deposition (CVD) process [13].

2. DEVICE GEOMETRY AND DESIGN
SPECIFICATIONS

The improvement in device performance to acquire
optimized results is done in terms of designing and
simulating two VTFET structures.
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2.1 Gate Stacked Linearly Graded Metal Work
Function VTFET with No Pocket (GS-LGW-
VTFET No Pocket)

A gate stacked linearly graded work function SG-
VTFET with dual gate electrodes (M1, M2) with 3 nm
high-k gate oxides (HfO2) inside the stack at 0.5 nm
SiOz is constructed. The entire device is framed upon
bulk silicon with the source on the downside and the
drain on the upside.
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Fig. 1 — Gate stacked linearly graded binary metal electrode
asbi- , device (GS-LGW-VTFET with air pocket) device sche-
matics

2.2 Gate Stacked Linearly Graded Work
Function Metal Electrode VTFET and Air
Pocket (GS-LGW-VTFET with Air Pocket)

The device structure is implemented using a binary
metal gate alloy (asb1 - o) electrode linearly graded work
function with a dielectric pocket. It is a gate stacked
linearly graded work function VTFET (SG-LGW-
VTFET with air pocket) such that it varies unceasingly
and linearly with ‘o’ (mole division) metric of combined
metals (A and B). This can be given as follows [14]:

((/73 _‘/’A)(PB _pA):|
o)=op,+(l-0c +o , (1
p(0)=0opp+(1-0)p, { oon+(1-0) P ey
where @a and @B are the work functions of metals A
and B, while pa and ps are the densities of state found
for metals A and B. With the unity value of the elec-
tronic specific heat ratio, the metric @(o) of a metal
alloy is further evaluated as [14]:

(p(d) =0Pp +(1_‘7)¢A- 2)

From (2), a composite metal alloy’s work function
linearly varies with the work function of A and B. The
dual alloy work function linearly differs from low and
high work functions. Metal alloys have shown better
chemical and thermal stability using hafnium oxide.
Work function variation in the range from 4.10 to 4.50
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is implemented here. The work function is modulated
from 4.10 to 4.50 via linear variation with mole division
‘0’. The binary compound metal alloys (acbi-o) work
function is linearly modulated at tunneling interface
fully enforced and influenced via a, whereas ‘b’ has
100 % impact upon channel-drain interface as illustrat-
ed in Fig. 1. A number of researchers have already
implemented a linearly graded work function in FETs.
In addition, a dielectric pocket is incorporated into the
device structure for better tunneling, higher ON cur-
rent and transconductance.

Table 1 — Device design values and material specifications for
simulation

Variables Specifications
Gate length (Lch)/channel 50 nm/1 x 1016 ¢cm —3
doping (p-type)

. . 50 nm/5 x 1020 ¢cm —3
Source region (Ls)/concentration
gion (Ls) (p-type)
18 o - 3
Drain region (Lp)/concentration 28 nm/1 x 1078 cm
(n-type)
HfO- 3 nm
Si02 width 0.5 nm
Work function at ‘A’ to ‘B’ point 4.10 to 4.50 eV
Width of channel 20 nm
Pocket length 5 nm
Pocket width 2 nm
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Fig. 2 — Calibration of the simulated device corresponding to
the reported data available in [14]

Table 1 lists the device specification. To investigate
and compare various performance metrics, the archi-
tecture is implemented and simulated using Silvaco 2D
atlas device simulator [15]. Fig. 2 shows the compari-
son of the simulated device with the published model
[14], where the Sios5Geo.ss pocket is used. The calibra-
tion is performed keeping the same physical and ana-
Iytical models used in the reported results [14]. The
calibrated Ip vs. Vgs results are plotted in Fig 2, which
shows an improvement in drain current. The simula-
tion is computed with different models, namely the
non-local band to band (BTBT) model, Fermi architec-
ture, Shockley-Read-Hall (SRH), concentration-
dependent mobility architecture, bandgap narrowing
topology, and CVT [16, 17]. For CVT, the transverse
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field, doping and temperature-dependent mobility part
are revealed through three components integrated via
Matthiessen’s rule [18]. The metrics are uac (surface
mobility lowered via scattering of acoustic phonons), s
(surface roughness metric) and  (mobility lowered via
scattering with optical inter-valley phonons). The final
equation will be:

Hr' = Hag+ "+ 3)

3. RESULTS AND DISCUSSION

The linearly graded and dielectric pocket impact
upon the Ip-Vgs characteristic is compared with linear-
ly graded work function VIFET structure, so that indi-
vidual impact can be justified upon various perfor-
mance metrics. Additionally, a variation in the valence
and conduction bands, recombination level, electron
and hole BTBT values, device electric field, transcon-
ductance gm, as well as transconductance generation
efficiency (TGE) of two structures (GS-LGW-VTFET no
pocket and GS-LGW-VTFET with air pocket) are plot-
ted and compared. The changes in the energy band
diagram of two devices (GS-LGW-VTFET no pocket and
GS-LGW-VTFET with air pocket) are illustrated in
Fig. 3. It is noticeable from Fig. 3 that the tunneling
region becomes narrower in the proposed GS-LGW-
VTFET with air pocket device in comparison to the GS-
LGW-VTFET no pocket device. This is because the air
pocket causes more slope in band bending. Therefore, it
creates a sudden tunneling regime in comparison to a
gradual decrease in the tunneling region of the GS-
LGW-VTFET no pocket.
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Fig. 3 — Energy band diagram variations of two structures
(GS-LGW-VTFET with air pocket and GS-LGW-VTFET no
pocket) in the ON-state (Vas= Vps=1V)

The Ip-Vis characteristics of the device structures
GS-LGW-VTFET no pocket and GS-LGW-VTFET with
air pocket are compared. Fig.4 compares the drive
current of GS-LGW-VTFET no pocket and GS-LGW-
VTFET with air pocket. It is visible from Fig. 4 that the
Ion current improves by 1 order. Also, GS-LGW-VTFET
with air pocket shows a 13.92 mV/decade SS which is
an improvement over GS-LGW-VTFET no pocket, hav-
ing 18.75 mV/decade. The SS value and drive current
improve with the combination of air pocket and binary
metal work function, as observed in Fig. 5.
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Fig. 4 — Comparison of Ip-Vgs characteristics of GS-LGW-
VTFET with air pocket and GS-LGW-VTFET no pocket at
Vps=1V

The introduction of the air pocket improves the SS
parameter by 25 %, while Iox improves by 1 order. An
improvement in SS, as well as Ion, is observed as the
air pocket raises the band-bending slope in addition to
the narrowing of the bands. Thus, electron tunneling
occurs over the source-channel interface which reduces
abruptly beyond the interface to acquire a symmetric
distribution in the surface potential. Therefore, GS-
LGW-VTFET with air pocket implemented as a tran-
sistor shows the best performance with no effect on the
Iorr. For a better performance comparison, the metrics
such as threshold voltage and SS of the proposed and
simulated devices are summarized in a tabular form in
Table 2. The threshold voltage (Vin) of TFETSs is given
by the minimum gate voltage such that the barrier
width at the source channel intersection is too narrow
such that electrons from the source valence band to the
channel conduction band initiate tunneling. Also, it
can be described as “an applied gate voltage over that
narrowing of energy barriers saturates” [19]. The pre-
sent work shows that the threshold voltage is comput-
ed as a gate voltage such that the output current be-
comes 10-7 A/um.

In Fig. 4, by incorporating an air pocket along with
linearly graded binary metal alloy, the device imparts a
superior performance. Now it is noteworthy to illus-
trate that the lorr stays similar for all the designed
structures. The threshold voltages are 0.47V and
0.67V for GS-LGW-VTFET with air pocket and GS-
LGW-VTFET no pocket, respectively. The electron
distribution in a vertically upward direction that is
from down to up is illustrated in Fig. 5. The electron
concentration for LG-VFET is found higher in Fig. 5 in
comparison to GS-LGW-VTFET with air pocket from
device source to channel. They reached a smaller peak
in the channel vicinity (70 nm) because of the presence
of an air pocket in the device. Table 2 compares the
simulated parameters for two structures.

The band-to-band tunneling value changes for two
devices (GS-LGW-VTFET with air pocket and GS-
LGW-VTFET no pocket) located in the vertical direc-
tion are observed in Fig. 6. It is seen from Fig. 6a nar-
row electron tunneling for GS-LGW-VTFET with air
pocket device and it is because of higher bending in
energy bands that results in a higher tunneling rate. A
narrow tunneling region reveals an accompanying slope
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in bending energy bands. It causes a steeper SS. Fig. 6b
reveals that the hole tunneling is very similar for two
designed devices, thus hole tunneling effect is very
similar in the determination of device performance
metrics. Since the electron concentration increases due
to the presence of an air pocket, the electric field is
shown in Fig. 7.

1 Alog,Ips 1 alog(IDs)_ 1

L Olps (4

S8~ AV log(10) 8V,g  log(10) I, 0V
1 11
— =g 5
S5~ log(10) Ip5 o™ ©
log (10
g_m:_( ) 6)
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Table 2 — Comparison of two VIFET structures
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Devi GS-LGW-VTFET |GS-LGW-VTFET
evice . .
with air pocket no pocket
Threshold voltage (V) 0.47 0.67
SS (mv/dec) 13.92 18.75
OFF-current (A) 9.33 x 10-18 9.13 x 10-18
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The dependence on SS is obvious from equations (4)-
(6). Since GS-LGW-VTFET with air pocket has the
lowest SS among the two topologies, it gives the highest
transconductance and transconductance generation
efficiency TGE = gm/ids, as illustrated in Fig. 8. It is
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Peanizania VITFET i3 niniitno rpaayiioBaHo podOTOI0 BUXO0Qy OiHAPHOTI0 METAJIEBOTO
3aTBOPY 3 IMOBITPSIHOIO KUIIEHE

K. Kalai Selvi!, K.S. Dhanalakshmi?

1 Government College of Engineering, Tirunelveli, Tamil Nadu, India
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V¥ craTTi mocimskeHo JIHIAHO rpagyiioBaHi Xxapakrepuctukn poborn Buxony (LG-W) 3a momomoron Kom-
TO3UIIIl 3aTBOPHOIO €JIEKTPOAA 13 O1HAPHOTO METAJIEBOIO CILIABY d.D1-,y creky high-k s3aTtBopiB i3 miemexrt-
puYHOIO KulieHew y BepruranbHo opieHToBanomy FET (VIFET). ITpucrpiit VIFET mobGymoBaso 3 Buxopuc-
TAHHSIM 3aTBOPHOT'O €JIEKTPO/IA 3 OIHAPHOIO METAJIEBOro CIUIABY 3 JIHIMHO IpayHoBaHOI POOOTO BUXOAY Ta
TOBITPSIHOIO KuiieHe. [IpormoHoBaHi MOKA3HUKN ePeKTUBHOCTI KOHCTPYKITI OI[IHIOIOTHCS Ta IOPIBHIOIOTHCS 3
cygacaumu anasoramu. larerpaiis LG-W 3 VIFET iz crekom 3aTBOpiB pasom i3 moBiTpsaHo0 kuiiereno (SG-
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LG-VTFET i3 moBiTpsHOI KHINEHE0) IIOKA3ye MIOKPAIIeHHS IPOAYKTUBHOCTI 34 JOIMOMOIOK TAKUX IMOKA3HMU-
KiB, SIK CTPYM yBIMKHeHHs puctpoo (lon), migmoporose KoiuBaHHs (SS), MisKeJIEKTPOIHA IPOBIIHICTE (gm), &
Takok e)eKTUBHICTL reHeparrii MiskesekTpoaHol mposigHocti (TGE). SG-LG-VTFET 3 nosirpsiHon KHIIEHEO
rerepye SS, pisauit 13,92 mB/nek. Kpim Toro mpucrpiit nemoncrpye Burmii loy (3,6-10-5 A/Mrm) i3 criBBijg-
"oreaHsaM Ion/Iorr, o cknamae 1012, 3aBaaku BrioUYeHHIO LG-W 1 IOBITPSHOI KHIIEH] CIIOCTEPIraeThes BY-
3bKMI BUTWH CMYTH, IO IIPHU3BOIUTH J0 OLIBII BHCOKOTO TYHEIOBAHHS Ta Kpyrimoro SS. Bararomaposmit
high-k miesexTpuunmMii MaTepias MJICUITIOE EMHICHUN 3B'SA30K. [IpOMYKTHBHICTH NIPUCTPOIO MOPIBHIOETHCS 3
mpoaykruBHicTo prctpoio VIFET 3a BimcyTHocT! miesexrpuynoi kumeHi. JliesexTpuyna KumeHs 3017bImye
eJIEKTpUYHE TI0JIe, 10 € OAKaHUM SIBUIIEM I 30U1bineHHs: crpyMmy lon. Ja maibyTHIX 3acTOCYBAHD MOIK-
JuBe MacmrTabyBauHs SS, 1110 Moske 30LIBIINUTH ITBUKICTE TYHEJIOBAHHS €JIEKTPOHIB.

Knrouogi cioea: Tynenbuuit monsosuit rpansucrop (FET), Jlinilino-rpagyitoana crpykrypa, [linmoporose
rosmBauHs (SS), Beprukansuuit TFET, EderrueHicTs reHeparrii MiskeJI€KTPOIHOT ITPOBIIHOCTI.
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