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Scaling has been instrumental in improving speed and power consumption. Moore's law insists on a
constant periodic decrease in the size of devices. Gate dielectric engineering is one of the means to reduce
the size of devices. This paper describes the simulation of the electrical characteristics of a reduced channel
width and an increased dielectric thickness at the gate edges of a junctionless multigate transistor. The
novelty of the work is the increased gate oxide thickness at the edges that reduces the leakage current.
HfO: is used as a dielectric material because thin SiO: layer causes leakage through the gate oxide and
into the channel. The excellent property of HfOz is its high dielectric constant value (20-25), which is 4 to 6
times higher than of SiOz. In this work, the performance parameters of a double-gate junctionless FET,
namely the threshold voltage (Vin), OFF-current, ON-current, ON-to-OFF current ratio, and subthreshold
swing (SS), have been investigated for the gate work function window from 4.6 to 5.0 eV. In the work
function window, optimal performance has been found for a gate work function of 4.9 eV. The proposed
device has low Iorr and subthreshold swing when compared to conventional junctionless FET. This paper
presents the simulation of a junctionless transistor using Atlas Silvaco TCAD tool. The device shows OFF-
current of the order of 10-16 A/um, ON-to-OFF current ratio of the order of 10!! and subthreshold swing of
59.78 mV/dec. The device shows constant subthreshold swing for the work function range of 4.6 to 5.0 eV.
The simulation results show that the proposed device is suitable for low power applications.
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1. INTRODUCTION

Junctionless field effect transistor (JLFET) was
introduced by J.E. Lilienfeld in the 1920s and the
device was fabricated in 2010 [1, 2]. The requirements
for JLFET are that the transistor must be heavily
doped (1-101? cm - 3), and the channel thickness has to
be on the nanometer scale (10 nm) [2]. JLFET is a
variable resistor turned on by the gate voltage [3, 4].
JLFET is described as an accumulation mode device, in
which the doping concentration is the same in source,
channel and drain [5, 6]. As the gradient of the doping
concentration between source and channel or drain and
channel is zero, no p-n-junction formation is necessary
during the fabrication, which eliminates the need for
expensive annealing techniques and allows the
fabrication of devices with shorter channels [7, 8]. In
JLFET, the electric current flowing through it is
controlled by the applied gate voltage. Two gates, i.e.,
front and back gates, and an ultra-thin body reduce
short channel effects (SCEs) in double gate devices [9].
In JLFET, the work function (WF) difference between
metal and semiconductor maintains the device in the
OFF state. Due to the scaling effect, the reduction in
transistor size decreases the gate oxide thickness,
which causes SCEs by hot carriers such as an increase
in the parasitic current on the gate oxide and an
increase in power consumption. The recessed channel
reduces SCEs [10]. As the electric field is low in JLFET,
the hot carrier effect is reduced [11]. Performance can
be improved by using a high-% dielectric material (HfOz)
as the gate oxide, since scaling of SiOz results in more
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leakage as its thickness decreases [12, 13]. Modifying
the gate oxide structure changes the energy bands of
the carriers under the gate, resulting in a reduction of
the leakage current.

Increasing the gate oxide thickness at both edges
reduces band to band tunnelling [14]. In the case of a
recessed double-gate JLFET (R_DGJLFET) in the OFF-
state, fewer charge carriers in the channel were found,
resulting in lower Iorr, much better Ion/Iorr, and
smaller subthreshold swing (SS). By increasing the WF
value, greater gate control over the channel region is
achieved, and hence a reduction in Jorr is observed with
better Ion/Iorr [15]. SS is a parameter used to measure
how quickly the current decreases when the transistor
turns to the OFF state [16]. SS of a conventional FET is
limited to 60 mV/decade due to the current generation
dependent on thermionic emission. For low Iorr, SS
should be small. It has a great influence on the leakage
current, power consumption, and ON-to-OFF current
ratio. JLFETSs are highly doped semiconductors, which
are volume depleted in the OFF state [17]. The device
has good turn-off characteristics [18, 19]. Here, recessed
modified JLFET is proposed using the concept of
increased thickness at the gate edges and recessed
channel. The paper also provides a detailed analysis of
how the variation in WF results in changes in the
performance parameters, namely Vin, Iorr, Ion, ON-to-
OFF current ratio (Ionx/Iorr), and SS. The performance
of R_DGJLFET against variations in the gate WF was
further improved by a structure called recessed
modified double-gate JLFET (R_M_DGJLFET). The
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range of WF values from 4.6 to 5.0 eV was identified as
the work function window (WFW) to obtain optimal
performance of R_M_DGJLFET for low power
applications. JLFET does not charge in the OFF state,
considerable Vps can lead to band overlap between the
channel and drain regions. Band overlap causes
tunnelling [17]. The dielectric thickness at the edges is
increased and a minimum thickness is maintained at
the center, resulting in less tunnelling in the device.
Drain-induced barrier lowering (DIBL), which is SCE,
represents the reduction of the FET threshold voltage
at higher drain voltages. DIBL is reduced in
R_M_DGJLFET. The proposed R_M_DGJLFET design
is optimized by incorporating the best results from the
TCAD simulations. The whole paper is categorized into
three sections: the first section of the paper includes
device parameters and simulations, the second section
discusses the results, and the conclusions are included
in the last section.

2. DEVICE STRUCTURE, PARAMETERS AND
SIMULATION MODELS

Fig. 1 represents the schematic structure of
R_M_DGJLFET using HfO2 as a high-k dielectric
medium. The gate oxide thickness is 5 nm at the edges
(tox1) and 1 nm in the central region (fox2), the physical
gate length (GL) is 20 nm. The device consists of a
source with an effective length of 10 nm and a drain
with an effective length of 10 nm, the silicon film
thickness (7si) is 10 nm. The gate WF is set to 4.9 eV
and other parameters are varied accordingly. The
doping concentration of the device is set to 1-19 cm 3
(n-type). Fig. 2 explicitly shows the variation between
the simulated and published models [15]. The leakage
current in the proposed model is less compared to the
published model. All simulations are implemented in
the Silvaco 2D simulator, technology computer aided
design (TCAD) with concentration-dependent carrier
mobility. The Shockley-Read-Hall Model uses fixed
minority carrier lifetimes, the Lombardi CVT Model
takes into account mobility degradation, the Bandgap
Narrowing Model considers bandgap narrowing effects,
the Fermi-Dirac Model takes into account high doping
in the channel, the Band-to-Band (Nonlocal) Model
analyzes the effect of band-to-band tunnelling (BTBT).
The parameters used for device simulation are listed in
Table 1. The simulated data of the characteristic curves
are found out by using Plot Digitizer tool.

3. RESULTS AND DISCUSSION

The results were obtained using Silvaco Atlas TCAD
tools. Fig. 3 represents the simulated Ips versus Vas
graph with the variation of gate WF from 4.6 to 5.0 eV.
The OFF-state current is reduced to 7.47e-16 A/um as
WF increases from 4.6 to 4.9 eV. The OFF-state current
is 1.60e-17 A/um for a WF of 5.0 eV as Vi increases to
0.66 V. So, a WF of 4.9 eV is considered the optimal
value. Fig. 4 shows Ion/Iorr. The current ratio Ion/Iorr
is observed to increase with increasing WF, because the
OFF-current decreases. Fig. 5 depicts an increase in the
threshold voltage with increasing WF. A higher applied
voltage is needed to decrease the potential to enable
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Fig. 1 — Cross-sectional 2D structure of R_M_DGJLFET
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Fig. 2 — Drain current of the simulated and published models
[15]

Table 1 — Device parameters of R_M_DGJLFET

Parameters Values
Doping concentration 1X1019 ¢m —3
Gate length (GL) 20 nm
Source length (SL) 10 nm
Drain length (DL) 10 nm
Channel thickness (7Tsi) 10 nm

Gate oxide thickness at the edges (fox1) |5 nm

Gate oxide thickness in the center (fox2) |1 nm

Gate work function (WF) 4.9

electron flow, hence Vi increases with WF. Table 2 lists
the electrical parameters of the proposed model for a
WFW of 4.6-5.0 eV. As the WF value increases, Iorr
decreases due to good volume depletion in the OFF
state. SS is equal to 59.78 mV/dec, as shown in Table 2.
This feature is a slight improvement when compared to
conventional JLFET having 60 mV/dec [7]. In n-channel
JLFETS, electron tunneling from the valence band of
the channel to the conduction band of the drain leaves
behind holes in the channel, which increase the channel
potential [17]. In the proposed design at Vgs=0.0V,
Vps=0.05V, a decrease in WF results in lowering the
electric field along the channel, as shown in Fig. 6. The
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concentration of electrons in the channel and potential
variation along the channel also decrease. Lowering the
electric field reduces the hot carrier effect, which is one
of SCEs. It has been observed that the proposed device
achieves improved depletion with a lower electron
concentration in the OFF state due to the reduced
silicon thickness in the channel region.
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Fig. 3 — Transfer characteristics of Ips (drain current) vs. Vas
(gate voltage) for different values of gate WF varied from 4.6 to
5.0 eV for n-type JLFET. For doping of 1-101% cm -3, Vgs=0-
1.0V, Vbs=0.05V
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Fig. 4 — Transfer characteristics of Ion/Iorr vs. WF for n-type
JLFET at Vps=0.05V, Vas=0-1V

Fig. 7 shows the transfer Ips-Vcs characteristics for
n-type JLFET as a function of Vps (drain to source
voltage). It is seen from the figure that the drain
voltage will have very little effect on the drain current,
which indicates good gate control over the leakage
current. However, the drain current slowly increases
with increasing Vps, as shown in Table 3. The ON state
current of 2.23e-04 A/um is obtained at Vps=0.6 V. The
Ion/IoFr current ratio begins to increase with increasing
Vbs due to an increase in the ON current.
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Fig. 5 — Transfer characteristics of the threshold voltage (Vix)
vs. WF for n-type JLFET at Vps=0.05V, Vas=0-1V

Table 2 — Performance comparison for different WF values in

R_M_DGJLFET
Parameters Values
WF (eV) 4.6 4.7 4.8 4.9 5
Vin (V) 0.27 10.37 |0.47 |o.57 [0.67
SS (mv/dec) [59.81 [59.79 |59.78 [59.78 [59.78
Tore (Alum) 7.78¢- |1.65e- |3.52e- |7.47e- [1.60e-
OFF (/K 11 12 14 16 17
1.98e- |1.96e- [1.94e- [1.89e- [1.79-
Ton (Aum) 4 04 04 04 04
Ton/I 2.54e+ [1.19e+ [5.52e+ |2.53e+ [1.12e+
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Fig. 6 — Electric field in the device in the OFF state, Vas=0
and Vps = 0.05 V using the BTBT (Nonlocal) model

Now, the doping level of the device varies between
1-10%7 to 11020 cm ~3. A doping level of 1-109 cm ~3 is
taken as the optimal value, as SS is 59.78. At a doping
level of 1-1020 cm =3, SS increases to 61.44, so doping
remains at a level of 1-10' cm ~3. An increase in the
concentration increases Jon, but due to the requirement
of low SS, the doping level is kept at 1-10%° ¢m ~3.
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Fig. 7 — Transfer characteristics of Vas vs. Ips for n-type JLFET
for different Vps values

Table 3 — Performance comparison for different Vps values in
R_M_DGJLFET

Parameters Values

Vps (V) 0.6 0.7 0.8 0.9 1

Vin V) 0.57 [0.57 |0.57 ]0.58 |0.14

SS (mV/dec) 59.78 |59.78 |59.77 [59.77 |59.78

Torr (Alym) 7.89¢e— |8.17e—|8.36e—|8.50e— [4.76e
16 16 16 16 -13
2.23e— |2.56e—(2.86e—|3.14e—[6.17e

Tox (Afpm) 04 o4 o4 lo4 |04

Tox/Torr 2.83e+ |3.13e+(3.42e+|3.70e+ [1.30e
11 11 11 11 +09

A decrease in the OFF-current with decreasing T%s; is
due to the fact that BTBT from the channel to the drain
is lower for JLFET with a thin device layer. JLFET
with thick 7%si has high drain control over the channel,
so the tunneling barrier width between the channel and
the drain will be slightly smaller compared to devices
with thin 7si [17]. When the dielectric thickness at the
gate edges increases, it changes the energy band
distributions of the carriers near the gate sidewall. This
prevents a sharp drop/rise in the energy band from the
gate region to the drain and source regions of the
device, and then lessens the overlap between the
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valence and conduction bands in the channel and the
drain separately to reduce the effect of BTBT [14]. In
the simulated model, 2 nm 7%si and 5 nm edge thickness
are used in order to reduce Iorr and tunnelling width
when compared to a thick channel layer. In the output,
for 5 nm edge thickness and 2 nm 7%i a gradual decay of
the bands from the channel to the drain is observed.
Fig. 8 shows the band energies for gate edge thicknesses
of 5 and 1 nm. For 1 nm thickness, there is an abrupt
drop in the conduction and valence band energies. So,
electron tunnelling will be greater at 1 nm thickness.
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Fig. 8 — Conduction and valence band energies for thicknesses
of 1 and 5 nm at the gate edges

4. CONCLUSIONS

R_M_DGJLFET device was formed by reducing the
channel width and increasing the dielectric thickness at
the edges. The device performance was compared to
that of R_DGJLFET. Depending on WF and dielectric
thickness, the performance of the device increased. The
effects of change in WF, drain voltage, oxide thickness,
and electric potential were analyzed. Iorr was optimized
at a WF of 4.9 eV and an oxide thickness of 5 nm at the
edges. An increase in the WF decreases the electron
concentration, electric field and potential in the channel
in the OFF state. An increase in the oxide thickness at
the gate edges changes the energy bands, slowing down
band bending, hence tunnelling is reduced.
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MacurrabyBaHHs Bigirpasio BasKJIHBY POJIb y MOKPAIIEHHI IIBHAKOCTI TA €HEPIOCIOKUBAHHSA. 3AKOH
Mypa HamonArae Ha IIOCTIMHOMY II€PIOOUYHOMY 3MEHIIEHHI PO3MIpIB IIPHUCTPOIB. lHKeHepis 3aTBOPHUX
ieJIEKTPUKIB € OJHUM 13 3aco0iB 3MEHIIeHHS PO3MIpIB IIPHCTPOIB. ¥ POOOTI OMMUCYETHCA MOIE/TIOBAHHS
€JIEKTPUYHUX XaPAKTEPHUCTUK 3MEHIIEHOI IIUPUHU KAHAJY Ta 301IbIIeHO0] TOBIIUHY JIIeJIEKTPUKA HA KPasx
3aTBOpa 0e3IepexiHOro 0araro3aTBOPHOro TpaHaucropa. HoBuaHa poboTH mosisirae y 301IbIIEeHIN TOBITUHL
OKCHJIy 3aTBOpa II0 Kpasx, mo 3MeHirye crpyMm Buroky. HfO: BHKOpHCTOBYETBCS SK [I1€JIEKTPUYHUN
Marepias, OCKinbku ToHKHU mmiap SiO: BUK/IMKAEe BUTOK uYepe3 OKCHJ 3aTBOpa B KaHAJ. BinqMiHHOIO
Binacrusicrio HfO2 e itoro Bucoka jiesexrpmuna mnpouukHicTh (20-25), sxa B 4-6 pas3iB IepeBHILye
nporukHicTb Si0z. YV poboti Gysim qociimpkeH] mapaMeTpy IPOJIyKTHBHOCTI JBO3ATBOPHOTO 0E3IIepexiIHOro
FET, a came moporoBa mampyra (Vin), ctpym BumrHeHHs (lorr), crpym yBimrHeHHs (lon), BIJHOIIEHHS
CTpyMy yBIMKHeHHs 10 ctpymy BuMmKHeHHs (lon/Iorr) Ta mimmoporoBe konwBaHHS (SS) mis BikHa poboTy
BHXOIy 3aTBopa Bix 4,6 1o 5,0 eB. ¥V BikHI poboTu Buxomy 0ysI0 3HANIEHO ONTHMAIBHY IIPOIYKTUBHICTD JJIS
po6otu Buxoay 3arBopa 4,9 eB. 3anpornonoBaHui nIpuCTpiit Mae HU3BKUM CTPYM BUMKHEHHS Ta IIIIOPOroBe
KOJIMBAHHS IOpIBHAHO 31 3BuuaviHumM Oesmepexiguum FET. V' pobGori mpencraBieHo MopesaoBaHHS
OesmepexiHOr0 TpaH3UCTOpa 3a momomoron iHcrpymeHnty Atlas Silvaco TCAD. Ilpucrpiii mokasye crpym
BAMKHEHHS mopaaky 10-16 A/MKM, BiIHOIIEHHA CTPYMY YBIMKHEHHS 10 CTPYMY BUMKHEHHS mmopsaary 101! 1
migmoporose kosmBaHHA 59,78 MB/mex. Ilpuerpiit memoHCTpye MOCTifiHE MiAIIOPOTrOBe KOJMBAHHSA IS
miamasoHy pobor Buxoxy Bim 4,6 mo 5,0 eB. Pesymbprati mopesoBaHHS MOKAa3yHTh, IO IPOMNOHOBAHUN
HPHUCTPIN MIIXOTUTH JJIS MAJIOMIOTYKHUX 3aCTOCYBAHB.

Kmiouosi ciosa: Besnepeximauit moswosuit Tpauauctop (JLFET), Pocora suxony (WF), Momudgikosaumit
JLFET i3 BOymoBammm kamasom, I[ligmoporoBe kosmBamus (SS), TommmmHa OKCHMIy Ha Kpasx 3aTBOpa,
Bmenmena mmpraa kasairy, HfOs.
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