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A novel Double Gate Junctionless Field Effect Transistor structure utilizing a hexagonal design is sug-
gested in this paper. To evaluate the threshold voltage the depletion region width of a hexagonal junctionless
transistor is first modeled. Here, 1D Poission’s equation is employed under partial depletion conditions. The
device’s threshold voltage is determined using the device central potential throughout the channel length
and the depletion region width. The generated model has been validated by comparing it with the results of
TCAD simulations. For comparison, the threshold voltage variation with channel thickness, channel length,
gate oxide thickness, dielectric constant of gate dielectric, temperature, drain to source voltage, and work
function is studied. The comparison shows the closeness of the model with TCAD simulation results.
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1. INTRODUCTION

By Moore's law, transistors have multiplied annu-
ally. The most complex computers are consequently con-
strained by the equation based on transistor count. To
ensure compliance with this law, the average Metal Ox-
ide Semiconductor Field Effect Transistor (MOSFET)
must be minimized. To increase performance, MOSFET
sizes have been gradually reduced. However, reduction
in device’s size results in various Short Channel Effects
(SCE). Within the semiconductor industry, JLFET [1-5]
is an amazing device that promotes in VLSI research.

The depletion in a JLFET is caused by the work func-
tion differential between the gate and the channel. The
gate has higher work function than the channel due to
which a negative gate field with respect to the channel
is induced. The negative gate field repels the electrons
in the channel underneath the gate, thereby generating
a depletion region in the channel under the gate. Hence,
a high work function gate enables this depletion layer. If
the channel is thin, the depletion layer spreads through-
out its thickness. When the device is fully depleted no
current flows and the device is in off-state. The electric
field produced by the work function difference is opposed
when a positive gate voltage is provided. At a voltage
known as the threshold voltage, the depletion layer be-
gins to disappear and current begins to flow. This condi-
tion is called the ON-state and the device starts working.
When the applied gate voltage is higher than threshold
voltage (Vin) the current start flowing. The gate voltage
at which the depletion region covers the entire body
thickness and the device begins to conduct is known as
the threshold voltage. The current increases exponen-
tially with gate voltage. While with drain voltage the
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current initially increases sharply and finally settles at
a constant value.

Table 1 — Brief summary of some existing structures and their
techniques

Ref. Comparison on techniques used

[6] Graded-doped junctionless-gate-all-around,
to determine threshold voltage and sub-
threshold current

[7] Quasi-two-dimensional for short-channel
junctionless double-gate MOSFETSs, to deter-
mine threshold voltage and increasing the
precision of forecasting changes brought on
by short-channel effects.

[8] Gaussian-like doping profile for DGJLFETSs,
provides better control over threshold volt-
age signifying its effect on device perfor-

mance

[9] Tri-gate JLFETSs, incorporating substrate
bias effects threshold voltage was deter-
mined

[10] DGJLFET, variation of threshold voltage
due to process changes and doping variation
[11] Junctionless gate-all-around MOSFETS, ef-
fect of doping gradient on subthreshold fea-
tures and threshold voltage was examined
[12] Ultra-thin nanotube junctionless double gate-
all-around MOSFETS, threshold voltage varia-
tion was determined, core-and-outer gate inter-
actions were taken into account

Pro- N-channel hexagonal shaped DGJLFET
posed | with uniform doping with triangular shaped
work S-D regions, for high On Current
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This work presents a novel design for Hexagonal-
shaped DGJLFETs with triangular S-D section and uti-
lizes minimal central potential for determining device's
threshold voltage (Vin) expression. The presence of a
smaller channel length at the dielectric-semiconductor
interface lowers the channel resistance and increases the
On state current, while the longer channel length at the
center mitigates leakage conduction and controls the Off
state current.

2. DEVICE STRUCTURE AND SIMULATION

A hexagonal shaped DGJLFET is studied for simula-
tion analysis. Fig 1. shows the schematic view of the pro-
posed DGJLFET. The source and drain length is Ls = Lqs =
5 nm, channel length, L = 20 nm, t,x = 2 nm, #s = 10 nm.

The depletion approximation is taken into account
when calculating the threshold voltage (Vin) using the
device depletion width model as a reference. This for-
mula is used to determine the device's potential along its
central axis and the device’s threshold voltage is com-
puted by taking the effect of source and drain region into
account. The models presented in this study have been
simulated and the mathematical results have been com-
pared and verified against TCAD simulation [13] results
in order to validate the model.

Dielectric i tox
Depletion Vg
52
Source Drain
N 0
Depletion
Ls Dielectric La

Fig. 1 — Schematic view of hexagonal double gate JLFET

3. ANALYTICAL MODEL

Since the quantity to be modeled is one dimensional,
1-D Poisson's equation has been employed for the math-
ematical formulation. Since the depletion width varies
in the y-direction, depletion width, Wq to be represented
in this case is a one-dimensional parameter. Therefore,
the synthesis of numerical characterization is done us-
ing 1-D Poisson's equation whose expression for the de-
vice's channel region is given by Eq. (1) [14],

d*¢(y) __aN,

f -ch 1 1
dy? - or n-channe (1)

si

where Ng is the donor doping concentration, ¢(y) is the
electrostatic potential, and ¢ is a carrier's charge (either
an electron or a hole) es; is silicon's permittivity meas-
urement. Using parabolic trial function method one so-
lution of Poisson’s equation can be considered as [14],

#3)=C, +Cy+C,y @
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By taking into account the boundary limitations, the de-
vice's hexagonal-shaped JLFET may be solved using
Eq.(2). Here, tsi is channel thickness. The distance between
the device's centre line and surface is regarded as #i/2.

At, y= (¢, _Wd), the potential ¢(y) can be expressed

2
as Eq. (3) [15]

00 =Gt (B)y e, (22) 2 @

The values for C1, C2 and Cs can be obtained as [15]

Cz = c. toxW (¢g§ 4,)
— Sox ( si W ) _
C = 76“ W (b —9.)
— forg ( si W )Z _
R A

si ox

where toc is the gate oxide's thickness, €ox is its permit-
tivity, and ¢s is its potential at the surface. Substituting
all the values Co, C1 and C2 in Eq.(3) and then putting

y= % we get ¢s as Eq(4) [8]

Ox(él W)Z
4e,t W,

b+ (g —4.)
(g — P, )

DJC(SL )
t.W,

sl 0x

(b, — L,

st Cox

_4etW

On solving we get

-4, t,qN,+ \/( 4e;t,9N, ) -32¢,’¢, (g — ) (5)
" 2¢€,qN,

For the proposed structure, for 0 to #s/2,

Ls tsi

2
For 0 to — /2,
Ls si
59) 2
2
And also L, = L, so the equations of L, is simi-
lar to L

seff *

When modelling a device's threshold voltage, we can
use the depletion width region model and the expression
for Wy is given by Eq. (5). Through the channel length,
the central potential is determined as Eq. (6)
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L+l , 2Lseff
o, a2 _C2 TP
(v, +C2%e — e
i L+L ] seff
deff —
v, +Ci%e A - c2? e *
ds Lseff N ) L+ Ldeff _2 Lseff ) Lseff i
ATl e A e A e 4 -~ 9
#y(x) = e el |- e Al-ca ©®)
2L+Ldeff _steff 2L+Ldeff _ZLseff
(e A —e Z (e A e Ay

_ |tsi(4&sitoxtEoxtsi) <y VOltage.
Where, 1 = ’—SEM represents the device's On solving (7) we get

scale length [16-17]. When a device's gate bias reaches

its threshold voltage level, the device's total depletion is 2¢e, qNjt, + ? .
. . -16€°t “¢°N
equal to its substrate thickness. 4e,t gN, si Tox d
. . — x _ SL ox
On solving Eq. (5) we obtain, B = B () 32¢ e,
6e,t "N} Vin =0+ Vs ®)
2 eox qutsi +4 Esi toqud = ‘ 2“ (7) 2
_32 eox esi (¢gs _¢0(x)) 2 eox qutsi + —16 ESiZ thZqZNdZ
4 esi toqud
At, W, = tg, V. =Vn where, V.= the gate to source Vi =4 (x)+V, - 39 emze”
voltage, V, =flat band voltage and Vj, = threshold
P laer et
2y, 41 _ G772
{(V, +CA%)e -——le
_ _ ds L
L+L seff
deff 9 1
(V +Cﬂ,2)€ A - Ca L+L L ¢ L
ds Lot o Tideff  ,Vseff  Useff .
- 2 A A y) =
A _
Vi = L+L Lo e . Ze e Ap-ca?
9 deff o seff 9 deff — _o seff
(e A e A (e A e A )
[26 gN t .+4e .t gN :|2—16€ 2t 2q2N2
Vo ox = dsi si ox” ' d si__ox d
fb 32 e 2 € .
ox st
Considering quantum confinement effect, ¢, 1s re- Equating the central minimum potential to zero,
placed with ¢, , where AV, is the shift in threshold Dy chmin(X) = 2(@b)2+¢c=0 (11)
voltage on account of quantum mechanical effects given L+Lgefr-3Lsefs 3L+3Lgeff+Lsefs L+Lgeff-Lsefy
in Eq. (10) as [17], P = A%[-2e 1 —e 2 +e 2

_glserr GLtLserr ZLsiff N

1
+ e 1 +e" 2 —e =]
aErf( tzﬂ Zq;s:vqu) \ 4

AV =in | —— . = | (10)
1 AmkT Rg [2mg, ¥ne kKT +4mg,Yne KT |

h2 N¢ L+Ldef/{—Lseff L+Lgesr—3Lsesr

q = A%[e? —2V,.e
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L+Lgeff-Lsefr
+ Vdse A

3L+3LaesfeLsefs
Vdse 4

2L+Ldeff—Lseff
r = 2V4e

Solving (11),

co 1V —4pr
2p
Again,

Ng 1 Ng 1
C=—qit— st = a2 =SV —Vp)  (12)
Threshold voltage is the minimum gate to source
voltage ge required for current conduction between S-D
terminals nd is obtained as,

_Jqz= N
Ven = Vi + [ — q 0t 22 (13)

Esi

Similarly the flat band voltage can be obtained as,

_ A1 q1%—4p111 Ng 2
Vip ==——————q_1h (14)
14 si

. LtLgepf_3lseff 3L+3LgeffiLseff

Py =1,"[-2e M1 —e A1 +
LtLgepf_Lseff _4Lseff LtLsefs
e M + e M t+e M —
2 seff 1

e M +-]

2L+Ldeff—Lseff L+Lgesf-3Llserf

G =Ml A —2Vge A
3L+3LgerriLsesf Ltlgesf-Lseff
—Vdse A1 + Vdse A1 ]

L+Laesf—Lsesy
r = Vdse A

Lsisitox
280x

5. RESULTS AND DISCUSSION

Where, A;

In Fig. 2, the variation of Vin with channel thickness
is displayed and as the channel thickness increases,
channel resistance decreases and degrades gate control
at the center, causing decrease in threshold voltage.
Fig. 3 shows shorter channel length results in lower
threshold voltage. Fig. 4 shows the variation of Vin with
temperature and it is evident that the threshold voltage
falls as the temperature increases. Fig. 5 shows the Vin
fluctuation with gate oxide thickness, showing that a
thicker oxide results in a lower threshold voltage due to
reduced gate control. A graph of the threshold voltage is
shown for different drain-to-source voltages in Fig. 6 It
is demonstrated that the threshold voltage drops with
increase in drain-to-source voltage. Fig. 7 illustrates the
influence of gate work function on the threshold voltage,
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showing a progressive increase in threshold voltage with
increasing gate work function.
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Fig. 2 — Threshold voltage vs channel thickness (nm)
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Fig. 3 — Threshold voltage vs channel length(nm)
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Fig. 4 — Threshold voltage vs temperature (K)
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Fig. 5 — Threshold voltage vs gate oxide thickness (nm)
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AnaniTHaHNEA ODigXig 70 MOgeIIOBAHHS IIOPOrOBOI HANIPYrU B 0e3nepexiiHOMY MOJILOBOMY Tpa-
H3HWCTOPIi 3 MONEePeYHUM nepepiaoM mecTukyTHOI hopMu

P. Saikia, A.K. Raibaruah, K.C.D. Sarma

Department of Instrumentation Engineering, Central Institute of Technology Kokrajhar, Kokrajhar BTAD, 783370
Assam, India

V¥ crarTi 3aIponoOHOBAHO HOBY CTPYKTYPY IIOJIBOBOIO TPAH3UCTOPA 3 IIOABIMHUM 3aTBOPOM 1 0e3 p-n-mepe-
xoxiB (junctionless), 110 Mae meCTUKYTHY KoHQpIrypario. J{/ia Bu3HaYeHHS IIOPOroBol HAIIPYTH CIIOUYATKY MO-
JleJII0eThCs IMNpUHA 301IHeHo01 061acTi Takoro Tpanaucropa. Ilpy 11boMy BUKOPHCTOBY€EThCA OOHOBAMIPHE Pi-
BusiHHA [lyaccona B ymoBax uacTkoBoro 30imHenHs. [loporoea Hampyra mpuCTPO BU3HAYAETHCSA HA OCHOBI
HOTeHIlaIy B IEHTPAJIBHIN YacTUHI KaHary (Y3HOBIK yclel HOro JOBKMHW) Ta IMUPUHU 301IHEHOI 00JacTi.
Pospobaena momesb Oysia mepeBipeHa LIISXOM MOPIBHSAHHSA 3 Pe3yJIbTaTaMK MOJEJIIOBAHHS 3a JOIIOMOIOI0

05029-5


https://doi.org/10.1038/nnano.2010.15
https://doi.org/10.1016/j.sse.2011.06.004
https://doi.org/10.1109/TED.2011.2159608
https://doi.org/10.21272/jnep.16(5).05016
https://doi.org/10.1109/IC3TES62412.2024.10877552
https://doi.org/10.1007/s12633-021-01084-6
https://doi.org/10.1109/TED.2012.2202119
https://doi.org/10.1109/TED.2016.2556227
https://doi.org/10.1109/TED.2017.2722044
https://doi.org/10.1016/j.microrel.2017.05.002
https://doi.org/10.1016/j.mejo.2021.105104
https://doi.org/10.1007/s10825-015-0700-6
https://doi.org/10.21272/jnep.14(4).04005
https://doi.org/10.1016/j.sse.2003.12.020
https://doi.org/10.1109/16.141237
https://doi.org/10.21272/jnep.17(5).05008
https://orcid.org/0000-0001-9331-6984

P. SAIKIA, A.K. RAIBARUAH, K.C.D. SARMA J. NANO- ELECTRON. PHYS. 18, 05029 (2026)

imcTpymentie TCAD. ¥V pamMrax 11boro mopiBHSHHS JOCTIIIMKEHO 3aJIE/KHICTh IIOPOTOBOI HATIPYTHM BIJI TAKUX
rmapaMerpiB, SK TOBIIVHA Ta JIOBKUHA KaHAJLY, TOBIIMHA OKCU/Y 3aTBOPA, JIeJIEKTPUYHA IIPOHUKHICTS JTieJie-
KTPHKA 3aTBOPA, TeMIIepaTypa, HAIpyra MisK CTOKOM 1 BUTOKOM, a TaKOK poboua QYHKINA BUX0ay. Pe3ysnb-
TaTU MOPIBHAHHS JTEMOHCTPYIOTh BUCOKY TOYHICTH MojiesIl nopieusHo 3 qanumu TCAD-monemoBauns.

Knrouoei cinosa: JLFET, lllecturyraa dopma, [llupuna 36imaenoi o6macti, [Toporosa mampyra.
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