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The intensive decrease of channel length for a MOS transistor imposes extensive constraints notably for
controlling the short channel effects (SCEs) in nanoscale MOSFET. These constraints can degrade the device
performance, hence determining the limits of miniaturization of MOSFET in nanoelectronics applications. In
order to reduce the degree of SCEs, a number of new architectures have been reported. Due to their higher
scaling capabilities, the double-gate (DG) MOSFETSs are expected to be maintained in future nanoelectronics
applications. However, with the continuous miniaturization other serious challenges related to the maximum
power dissipation and the fabrication cost still persist owing to the high cost techniques used for the elabora-
tion of the p-n junctions. Recently, a new design called junctionless MOSFET without source/drain junctions
has been proposed to be an excellent alternative to the conventional MOSFET. The major advantage of this
structure resides on the enhanced fabrication procedure through the elimination of the p-n junctions. In this
work, the impact of channel length and high-k gate dielectrics materials on the subthreshold characteristics of
junctionless trial material cylindrical surrounding-gate MOSFETs (JLTMCSG-MOSFETSs) with high-k gate
dielectrics and trial material (TM) structure has been studied using two-dimensional analytical model. This
model is based on the solution of Poisson’s equation in continuous cylindrical regions using superposition me-
thod, where the Fourier-Bessel series and separation method have been used to obtain the accurate solution.
The performance of low power JLTMCSG-MOSFETs is investigated in terms of surface potential distribution,
electrical field, subthreshold current, drain induced barrier lowering (DIBL), subthreshold slope (SS) and
threshold voltage (Vth). This study is carried out over a wide range of channel lengths and using high-k gate
dielectrics. This study confirms that the analytical model used is useful not only for circuit simulations, but
also for device design and optimization for both logic and analog RF circuits applications.
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1. INTRODUCTION

Since several decades ago, the size of the metal-
oxide-semiconductor field-effect transistors (MOSFETS)
did not cease to be miniaturized. The old MOSFET
transistors used in the past were made of two p-n junc-
tions with an effective channel length designed between
them. MOSFET technology has reached its limits from
the point of view of miniaturization, imposed by the
gate tunneling current and the adverse short channel
effects (SCEs) [1, 2]. This is why many new multiple
gate structures such as double-gate (DG) [3], triple-gate
(TG) [4], m-gate [5], 2-gate [6], quadruple-gate (QG) and
surrounding gate MOSFETSs [7, 8] have become coveted
research topics because of their high gate control ability
and their high scaling [6]. Among these developed struc-
tures, the cylindrical surrounding-gate (CSG) MOSFET
is considered as one of suitable candidates giving the
possibility to reduce the SCEs for a specified oxide
thickness and channel length [9, 10]. To overcome these
challenges, junctionless (JL) transistors are suggested
[11]. These transistors are known for their doping con-
centration, constant in the three regions; source, chan-
nel and drain, which allow junctionless technology with
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many advantages, for example, no abrupt junctions,
difficult to control at the nanoscale, simpler manufac-
turing process and volume conduction. This is the prob-
able cause of minimizing of the surface roughness scat-
tering and flicker noise [12-15].

There are new structures proposed called Dual [16]
and Trial [17] Material JLCSG-MOSFETs with differ-
ent work function to improve carrier transport efficien-
cy, which reduces the SCEs. In our previous work [18]
we found that L.1:1.2:1.3 = 1:2:3 is the best device struc-
ture of JLTMCSG-MOSFET to achieve high perfor-
mance. It is for the first time to our knowledge that a
trial material (TM) structure with a gate electrode and
high-k gate dielectric was used to study the SCEs in
JLTMCSG-MOSFETs. By the use of full two dimen-
sional (2D) analytical model, the JLTMCSG-MOSFETs
have been studied by solving the two dimensional Pois-
son’s equation. Based on this model, surface potential,
electrical field, subthreshold current, drain induced
barrier lowering (DIBL), subthreshold slope (SS) and
threshold voltage (Vth) have been investigated. Subth-
reshold current can be easily studied in both cases with
and without high-k gate dielectrics permittivity.
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2. DEVICE STRUCTURE

The JLTMCSG-MOSFET consists of three gate ma-
terials ¢,, =4.7e.V, ¢,,=4.4eV, ¢, .=4.4eV, the

channel region can be divided into three parts. Due to
the cylindrical symmetry of the device structure, a
cylindrical coordinate system, consisting on a radial
direction (r) and a horizontal direction (z), was used.
We use both SiO2 and high-k dielectric TiO2 (k = 80) as
a high-k gate dielectric oxide [19, 20]. To avoid surface
scattering because of the use of high-k dielectric as a
gate oxide, SiO2 is deposed near the silicon region with
the SiO2 thickness of tsioz =1 nm and high-k dielectric
thickness of 1 nm.
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Fig. 1 - Cross-section view of JLTMCSG-MOSFETs

3. ANALYTICAL MODEL
3.1 Electrostatic Potential

By solving Poisson’s equation in three regions of the
channel, the electrostatic potential in JLTMCSG-
MOSFET can be written as follows:

10( 0 s _9N; . _
rar(rarq)i(r’z)j+OZZq)i(r,Z)_ €si P=b23 W

By the use of superposition technique, the electros-
tatic potential in each region of the channel can be
written as [16]

i(r.2) = vi(r) +ui(r.2)
@,(r,2)=Vi(r)+Ui(r.z), i=1,2,3, 2)

where Vi(r) and Ui(r,z) are, respectively, the 1D

solution obtained from the Poisson’s equation and the
2D solution of the homogeneous Laplace equation ob-
tained considering the boundary conditions [21]:

! 2
Vi(r)= ZNL P+ Vgt Ousi —761]2\”% —7q€4VLR , (3
E€Si Eox €5i

1=1,2,3,

where @usi represents the work function of different
materials and is given by

J. NANO- ELECTRON. PHYS. 11, 02011 (2019)
Qi = Pai+ Psiv j _1 9.3, 4

where @,; is the metal work function and ¢@g; is the

silicon work function.
Using the Fourier-Bessel series and separation me-
thod, the general solution Ui(r,z) is expressed as [21]

(r2)=3| CDexp @ 1 pWexp—2E | 7 [Gn ] (5

Ulre) = 5| cOew e + DY exn=%E |1, %1,

1=1,2,3,

where an is the eigenvalue and satisfies the equation
(?DixRJo(an)—Jl(an)an=0, (6)

toxEsi

oJi(x) is the first term Bessel function of the i-th order.
The Fourier-Bessel series coefficients ¢” and D are
obtained by the boundary conditions.

3.2  Subthreshold Current Calculation

The current density (both drift and diffusion) can
then be written as [21, 22]

@ (2)
dz ™

J(r2) = -an(r2)

where n(r,z) is the carrier concentration and s is the

electron mobility.
By integrating the current density J(r,z) twice

and through the z direction, we obtain

dd,(z
I4s(2)= QMn%X

2N exp{q [©(r,2)- Q"(Z)%T}dr, (

3.3 Threshold Voltage Vin

8)

The threshold voltage is defined as the gate voltage
which produces a minimum surface potential equal to
twice the Fermi potential, i.e.,

CDl(r = R’Z = Zmin) =2 C§1)D§1)J0(a1)+

"R )

+Vgs — (DMS — M y
280x

(Dl(r = R7Z = Zmin) = 2q)F7 Vgs = Vtha (10)
where

@)
R.DY
20!1 CELD

Z min = (11)
Z min 18 the minimum surface potential in region 1.
The threshold voltage can be obtained as
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where

q 13)
4. RESULTS

Fig. 2 shows the surface potential with and without
high-% gate dielectric as a function of channel position
along the z direction. It can be noticed from the figure
that the surface electrostatic potential in the channel
region near the source is slightly higher when using
high-k permittivity as a gate dielectric. This means that
the injection of carriers from the source to the channel
is more efficient, therefore the use of high-k gate di-
electric improves the operation speed of the device.

The central horizontal electric field distribution for
JLTMCSG-MOSFETsS is shown in Fig. 3. It is found that
there is an electric field peak in the middle of the chan-
nel of the JLTMCSG-MOSFETSs that ensures a better
average electric field across the channel. Therefore, the
carrier transport efficiency and device speed increase.
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Fig. 2 — Surface potential profile for JLTMCSG-MOSFET with
various ratios of Li:Ls:Ls=1:2:3. The simulated device para-
meters are L=120nm, R=10nm, tx=1nm, Vx=0.2V and
Vds = 05 V
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Fig. 3 — Electric field versus channel distance of JLTMCSG-
MOSFET with various ratios of Li:Ls:Ls = 1:2:3. The simulated
device parameters are L = 120 nm, R = 10 nm, fox = 1 nm,
Ves=0.2V and Vs = 0.5V
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A higher electric field is obtained with the high-k gate
dielectrics.

Fig. 4 shows the subthreshold current of transfer
characteristics of JLTMCSG-MOSFETSs with and with-
out high-% gate dielectric for the three different work
functions of gate materials. It can be seen from this
figure that the values of subthreshold current obtained
using high-k gate dielectrics are lower than those ob-
tained with SiOa.

DIBL is a SCE in JLTMCSG-MOSFETSs attributed
to a reduction of the threshold voltage of the device
under high drain bias. In JLTMCSG-MOSFETSs, the
DIBL effect is still a primitive problem and opened for
further study, it is deduced using the following equa-
tion [19, 23]:

DIBL = AV _ V=V (14)
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Fig. 4 — Subthreshold current versus gate voltage for JLTMCSG-
MOSFETSs with various silicon ratios of Li:Lg:Ls = 1:2:3. The
simulated device parameters are the following: L =120 nm,
R=10nm, tex=1nm and Vas=0.5V

50 T T T T
s —0O— Without High-K
wl —O— With High-K T

L1: L2 :L3=1:2:3

w
(3]
T

DIBL (mV/ V)
o 8

N
o
T

-
(5]
T

10 1 1 1 1 1 1 1 1
40 50 60 70 80 90 100 110 120 13

Channel length (n m)

Fig. 5 — Drain induced barrier lowering with channel length
for various ratios of Li:Ls:Ls=1:2:3. The simulated device
parameters are R=10nm, fx=1nm and Visiow=0.05V,

Viashigh =1V

In Fig. 5, the effect of different channel lengths on

drain-induced barrier lowering (DIBL) with and with-
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out a high-% dielectric gate is examined. We note that
the DIBL decreases substantially with increasing chan-
nel length. We have a reduction of around 92 % of
DIBL when Lg varies from 48 to 120 nm. It can be seen
from this figure that the use of high-k gate dielectrics
give an important reduction of DIBL.
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Fig. 6 - Subthreshold slope with channel length for various
ratios of Li:Le:Ls = 1:2:3. The simulated device parameters are
R=10nm, tox = 1 nm and Visiow = 0.05 V, Viasnigh =1V

The subthreshold slope (SS) is defined as the gate
voltage variation needed for the change of one decade
in the drain current [23] given by

SS=AvV,,/A(log ). (15)

A theoretical SS is around 60 mV/decade at room
temperature [24] that is desired for low-threshold vol-
tage and low-power operation of FETs scaled down to
small size.

Fig. 6 shows the subthreshold slope for JLTMCSG-
MOSFETSs with and without high-k gate dielectric for
different channel lengths. We observed a decrease in
SS when channel length increases. Moreover, it is ob-
served that the use of high-k gate dielectric significant-
ly reduces the SS for the channel lengths in sub
120 nm regime.

The variation of threshold voltage against channel
length is presented in Fig. 7 with and without high-k
gate dielectric. From this figure, we can observe easily
the effect of introducing high-k material as a gate
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dielectric on threshold voltage. Therefore, JLTMCSG-
MOSFETs with high-k gate dielectric has a superior
threshold voltage even channel length varies from 48 to
120 nm. Thus, the engineering of gate oxide is an im-
portant factor to improve device performances.

5. CONCLUSIONS

The impact of the channel length of nanoscale
JLTMCSG-MOSFETSs with high gate dielectric permit-
tivity has been studied by the use of an analytical mod-
el based on the solution of two dimensional Poisson’s
equation.

A low subthreshold current when using high-k gate
dielectric compared to the subthreshold current ob-
tained with SiOz oxide has been observed. Also, we can
see that the DIBL decreases substantially with increas-
ing channel length, a better reduction can be obtained
for a device with the high-k gate oxide. In addition, the
results elucidate the influence of channel length and
high-k gate oxide on SS and Vth. Better reduction of
SCEs and an improvement in the device reliability
have been also observed.
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EdexT BnuBy JOBKHHYU KaHAJIy Ha IIOPOrOBi XapaKTEePHUCTHKU 0e3rnepexiTHux
OUIHHAPUIHUX [IOJIOBUX TPAH3UCTOPIB i3 3aTBOPOM 3 AieJIeKTPUKIB
3 BHCOKOIO ITPOHUKHICTIO
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IHTeHCHBHE 3MEHINEHHS J[JOBKWHHM KAHAJIY JJIs IIOJBOBOTO TPAH3WCTOPA 3 KOHTAKTOM METAJI-
"amBnpoBinauK y sskocti 3ateopy (MOSFET) maknanae suauni oOMeskeHHs, 30KpeMa, Ha yIpaBJiHHS ede-
KTaMu KOpoTkoro KaHasuy B HaHopoamipaux MOSFET. 1Ii o0MesxeHHs MOKYTh IOTIPIIATH IPOJIYKTUBHICTH
mpucTpoo, mo BudHauae mexxl miniaTiopusamii MOSFET B mamoesnerrponnux mpuianax. Jus toro 1mob
3MEHIINUTH BIUIUB eeKTiB KOPOTKOrO KaHAaJLy, 0yJIO IIOBIIOMJIEHO IIPO PSJl HOBUX KOHQIryparii. 3aBmasaxu
01JIBIII BUCOKMM MOYKJIMBOCTSAM MACIITAOYBAHHS, B MAXOYTHBOMY OUIKYIOTBCS IIOJBOBI TPAH3UCTOPH 3 JTBOMA
sarBopamu (DG-MOSFET). Oguak, mpu mocTifHIN MiHIaTIOpU3aIlii 1HII cepiiodHi mpobiieMH, MOB'I3aHl 3
MAaKCHUMAJIHHOIO JIFICUTIAIIIEI0 TIOTYKHOCTI TA BAPTICTIO BUTOTOBJIEHHS, BCE 1€ 30epiraloThCsi BHACIINOK BHUCO-
KHMX BUTPAT, SIKI BUKOPUCTOBYIOTHCS [IJIsT PO3POOKU p-n-mepexomie. HemomaBHo Oyiia 3amporioHOBAaHA HOBA
KOHCTPYKIIA mig HasBow Oesmepeximauit MOSFET Ges mepexomis msxepesio/CTOK, 110 € BIAMIHHOIO aabTep-
"atugono 3suyaitiumM MOSFET. OcHoBHOW0 mepeBaroio Ifie€il CTpyKTypH € MOCHJIeHA IIPOIie/lypa BUTOTOBJICH-
HS [UIIXOM YCYHEHHS p-Nn-TIepexoiiB. Y JaHii poboTi JOCITIIKeHO BIUIMB JOBKUHY KAHAJY Ta MaTepialiB
BHCOKOI IIIJIBHOCT] Ha IIIIIOPOTOBl XapaKTEPUCTUKN Oe3MepexiTHIX IFIIHPUIHNX I0JIbOBUX TPAH3UCTOPIB
(JLTMCSG-MOSFET) 3 BHCOKOEJIEKTPUYHUMHE [TieJIEKTPUKAME 3aTBOPIB TAa IIPOOHUMH MarepiajaMu 3 BH-
KOPHCTAHHSM JBOBAMIpHOI aHamiTi4HOI Mozei. [{s momess 6asyersest Ha po3s'sizanHi piBHsHHS [lyaccona
B 0e3repepBHUX IMIIHIPUIHAX 00JIACTAX BUKOPHUCTOBYIOYM METOJ CYIIePIIO3HUIILil, /ie JJIsT OTPUMAHHS TOYHO-
ro po3p’siaky BuropucroByBasucs psg Dyp'e-Beccesnss Ta meron cemaparrii. Ilponyrrusaicts JLTMCSG-
MOSFET maJtoi moTysHOCTI JOCTIZKEHO 3 TOYKH 30PYy POSMOILITY ITOBEPXHEBOTO ITOTEHITIANY, €JIEKTPUYHOTIO
TOJIsA, MIIIOPOrOBOr0 CTPYMY, 3HUIKEHHS 1HIIyKOBAHOTO CTOKOM 0ap'epy, IiIIIOPOrOBOTO HAXHUJIIY 1 IIOPOrOBOI
"anpyru. [le JocitireHHS TPOBOAUTECS B IIIMPOKOMY JIAIIA30H] JOBKUH KAHAIB 1 3 BAKOPUCTAHHSAM BHCO-
KOEJIEKTPUYHUX 3aTBOPIB. JlaHe Moc/isKeHHS MiTBEP/KYE, 110 BUKOPHUCTAHA aHAJITHYHA MOJEeJIb KOPUCHA
He TIJIBKHU TSI MOJIEJIIOBAHHS CXeM, a U JJIs IPOEKTYBAHHS TA ONTUMI3aI(il IPUCTPOIB AK JJIsI JIOTIYHUX, TAK
1 JIJIsT AaHAJIOTOBUX PAi0YACTOTHUX CXEM.

Kmiouosi cnosa: Besnepexigai MOSFET, Edexr nopxunau kanamy, JlieJeKTpUKNM 3 BUCOKOIO IIPOHUKHICTIO,
MopesnoBaHHa HAHOPO3MIPHUX IIPUCTPOIB.
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