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Carbon nanotubes (CNTs) are promising materials for the formation of field-effect transistors (FETs)
due to their excellent electrical, thermal, mechanical and other properties. High productivity, low power
consumption, minimization of the impact of short-channel effects, etc., are of significant practical interest
primarily to coaxial CNTFETSs. This paper presents the results of numerical simulation of coaxial gate-all-
around (GAA) CNTFETSs. The structure of GAA CNTFETS is designed using Silvaco TCAD tools and their
electrical parameters are investigated. The drift diffusion model of transport, taking into account the
Bohm quantum potential, demonstrates excellent characteristics for three-dimensional models, in partic-
ular, valid values are obtained for the threshold voltage Vi, subthreshold swing SS, switching current o,
leakage current I and L./Loy coefficient. The influence of temperature on the specified electrical parame-
ters at low bias voltages is studied and the typical character of temperature dependences for semiconductor
devices is obtained. It is established that the values of the threshold voltage V; and subthreshold swing SS
decrease and increase, respectively, with increasing temperature from 250 to 500 K. Along with this, there
is a slight decrease in the switching current by 1.6 % in a given temperature range at the source voltage
Vop =— 1.0 V. The thermal stability of coaxial structures of nanotransistors with a channel in the form of a

single-walled CNT is evaluated by the temperature coefficients By, » Bss» Bi, and ﬂIoff , which at
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Vbs =0.10 V are respectively 3.2:.10-4 K-1, 3.2.10-3 K-1, - 6.2.10-5 K- and 1.0-10-4 K-1.
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1. INTRODUCTION

The development of modern microelectronics is
associated with the introduction and use of new
functional nanoscale materials in the form of
multicomponent and granular films based on metals
and semiconductors, multilayer film materials, high-
entropy alloys, etc. Field-effect transistors (FETs) are
the basic active elements of integrated circuits, in which
the channel can be nanowires or nanotubes, which
increases the efficiency of their parameters in terms of
thermal stability and performance. Devices and
equipment based on chips with FETs are widely used in
sensor electronics, wave optics and medicine [1-3].

Carbon nanotube (CNT) is a graphene sheet folded
in a certain direction — the chirality of the nanotube.
Depending on the chirality indices (n, m), CNTs can be
made either leading if (n—m) is divisible by 3 or
semiconductor if (n — m) is not divisible by 3. According
to the chirality indices, typical CNT structures are
distinguished: normal (n, m), “chair” (n, n) and “zigzag”
(n, 0). CNT semiconductors with the same chirality
have the same state density and similar properties. In
addition, the geometry of CNTs has a significant effect
on the transport of charge carriers [4-8]. CNT
diameters can be in a wide range of values from units
to hundreds of nanometers. On the one hand, CNTs
become more conductive with increasing diameter; on
the other hand, this worsens the controllability of the
gate. In addition, this increases the leakage current
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and, consequently, the power consumption, also
reduces the band gap and reduces the threshold voltage
of the transistor [4-10]. This significantly further
affects the electrical characteristics of FETs. Along
with this, the peculiarities of the transport of charge
carriers in such devices can be manifested by changes
in the conditions of their operation (changes in
temperature, strain, etc.).

In [4-6], planar and coaxial FETs with a channel in
the form of CNTs were studied. The influence of
source/drain doping and chirality on the leakage
current, volt-ampere characteristics was considered. In
addition, an analysis was made of the effect of CNT
length and gate thickness on the volt-ampere
characteristics, as well as the effect of high-k materials
on these characteristics. It was shown that the leakage
current increases with decreasing CNT length. Along
with this, the optimal value of the gate width of 5 nm
was obtained in [5]. It was noted that the electrical
parameters for such transistors were much better than
those of similar ones with a gate length of 2 or 3 nm.

In [7], it was noted that FETs with a channel in the
form of CNT have significant leakage currents in the
off state. This leads not only to an increase in power
consumption, but also to potentially incorrect logic
functionality. The authors experimentally
demonstrated a model with asymmetric valves built on
the basis of CNTs. The latter allowed to reduce the
leakage current in the off state by more than 60 times
at the same bias voltage.
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The work [8] is devoted to the study of electrical
conductivity taking into account quantum tunneling in
polymer nanocomposites based on single- and double-
walled CNTs with different chirality. The uncertainty
of geometric parameters and intersection points of the
latter was modeled by the Monte Carlo method. It was
shown that tunneling effects are most evident for short
single- and double-walled CNTs. For longer single-
walled CNTs and networks based on them, tunneling
effects play a minor role that can be neglected.

The authors of [10] designed a FET with a tunnel
channel in the form of a CNT with the so-called
electrostatic doping (ED-Tunnel CNTFET). Additional
electrodes around the source and drain replaced the
corresponding doping with impurities in these areas.
This avoided problems associated with low Fermi
levels, impurity deactivation, etc. and improved
productivity.

In addition, in our works [10-12], the materials of
transistor electrodes were analyzed in many aspects —
from their manufacturing technology, structure, and
electrophysical properties to the distribution of
individual components in the gate in terms of effective
output, and so on.

The aim of this work was to numerically model the
structure and electrical parameters of an n-type coaxial
FET with channels in the form of single-walled CNTs.

2. NUMERICAL SIMULATION PROCEDURE

Technology  Computer-Aided Design (TCAD)
software is widely used to design semiconductor
devices. It usually consists of two parts, the first of
which allows you to describe and simulate the
technological process of structure formation, and the
second — to model its electrophysical properties.

TCAD Silvaco was used in [13, 14]. According to the
initial data, the structure of the device was designed
(basic areas, functional materials, doping with
impurities, etc. were determined). Next, the selection of
transport models was made and test volt-ampere
characteristics were obtained. After that, the
parameters of the structure, material characteristics,
coefficients for transport models were specified.

As in our previous work on modeling cylindrical
devices, their general geometry was created by means
of the mesh cylindrical three.d operator, where
the parameter cylindrical allowed to set the radius,
angle and Z-coordinates, parameter three.d informed
that a 3D mesh was created. The features of charge
transport were determined using the models fermi
bgp.n SRH ni.fermi bgp.ngamma=1.089
bgp.nalpha=0.5 evsatmod=1 fldmob print
bgp.qdir=3 temp=300. The parameter fermi made
it possible to take into consideration the drift-diffusion
transport of charges within the framework of Fermi-
Dirac statistics. The parameter srh allowed to take
into account Shockley-Read-Hall recombination mecha-
nisms, bgp.n determines the Bohm quantum potential
for electrons, etc. [4, 15-19].

As known, ATLAS software from Silvaco TCAD
includes a drift-diffusion transport model and advanced
quantum models. Along with this, quantum effects are
included in ATLAS by changing the equations of
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transport models. In particular, Bohm quantum
potential can be considered [1, 13]. In this case, the
current equations for 3D channels will look like [4]:

J, =qD,Vn—qnu,V(y -Q)—u,n (kTV (Inn,, )), 2.1)

J, =—qD,Vp—qpu,V (v - Q)+ u,p(KTV (Inn,,)), (2.2)

where ¢ is the electron charge, D, and D, are the
diffusion coefficients for electrons and holes, n and p
are the concentrations of electrons and holes, u» and yp
are the mobilities of electrons and holes, respectively,
is the wave function, @ is the Bohm quantum potential,

k is the Boltzmann constant, 7 is the Debye
temperature, and is the effective internal
concentration.

Equations for the diffusion coefficients in terms of
Fermi-Dirac statistics for electrons (similar expressions
are used for holes):

kT,
(qL Fa j Ii/z{ki[gy” —g‘.]}

D= L , (2.3)

F,, {leL[sF - Sc:|}

kT, n
&p =—q¢, =y —TL ln[‘}

where Fu, &, &, ¢ and nie are the Fermi-Dirac integral
of order a, conduction band energy, quasi-Fermi level,
quasi-Fermi potential and effective intrinsic carrier
concentration, respectively.

It should be noted that online resources NanoHUB
and others are widely used and freely distributed for
the design of planar and coaxial structures of FETs
with a channel in the form of CNTs and others. They
are based on the ability to model nanoscale electronic
devices, which is implemented by finding solutions to
systems of Poisson and Schrédinger equations within
the Non-Equilibrium Green Function (NEGF)
approach. A 3D model is used to solve the Poisson
equation that connects charges and potentials inside
the channel of the device, and a mesh is built around
each atom of the structure. The 2D Schrédinger
function determines the possibility of finding the
charge carrier in the channel sections, and transport is
taken into account by a 1D equation [16-19]. In
addition, within the Landauer-Bittiker formalism
(ballistic transport), the current of 1D channels is
determined by the relation [5]:

IDS (VDS’VGS) =
2g *°
- quj (T (B, Vs, Vs )| fs (E - Epg) |~ fo [ E— Epp )| dE,
(2.4)

where T(E, Vps, Vas) is the transmission coefficient,
Ers and Erp are the source and drain Fermi levels,
fs(E, Ers) and fs(E, Erp) are the source and drain
Fermi-Dirac functions, respectively.
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3. DEVICE STRUCTURE

The results of modeling the coaxial structures of
FETs with a channel in the form of CNTs are presented
in this part of the work. The input data for GAA
CNTFET modeling are taken from [1-3] and Silvaco
TCAD libraries [13].

The GAA CNTFET gate was separated from the
channel by insulating layers of HfO2 and SiOz; Pd was
used as the material of the source and drain electrodes
located at the ends (Fig. 1a). The channel had the form
of a single-walled CNT (Fig. 1b).

Materials:
Vacuum
uent
HfO2
Conductor
Sio~2

Fig.1-3D structure of GAA CNTFET (a) and a separate
display of its channel and gate (b)

Table 1 shows the simulation parameters. The
effective output for the Pd gate was 5.22 eV [1]. HfOq
(k =25) with a thickness of 3 nm was taken as the
high-£ dielectric, and the SiOz2 (k= 3.9) barrier layer
under the high-% dielectric was 2 nm thick.

Table 1 — Various parameters used for modeling and
simulation of the CNTFET device with surround gate geometry

Device parameters Symbol Values
CNT chirality Ch(n, m) (6, 2)
CNT diameter Donr 1.41 nm
Channel length L 7 nm
Band gap Eq 0.61 eV
Density of states in CB DOS (N¢) 8.88e20
Density of states in VB DOS (NVv) 7.36e20
Inner oxide thickness T 9 nm
(Si02) o
Inner oxide dielectric Ko 39
constant
Stacked outer gate oxide T 3
(HfO2) thickness oxt nm
Stacked outer gate oxide K 95
(HfOz2) dielectric constant ot
Source/drain doping Nsp 108 ¢cm*
CNT dielectric constant Kenr 1
Electron affinity Eea 3.2eV
Metal gate work function Dn 5.22 eV
Permittivity e 9.7 Fm!
Mobility of electrons Hn 8.0-10* cm?/V s
Mobility of holes Ly 7.810% cm?/V - s

The geometry and dimensions of the main elements
of the studied structure of GAA CNTFET are given in
Fig. 2a. A CNT of a typical chiral structure with a
channel diameter of 1.41 nm was chosen as the
transistor channel. The gate was 5 nm long.

Note that the impurity concentration distribution in
the induced n-type transistor channel was taken from
the data of [5, 6], where a donor impurity with a
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concentration of 108 cm —?2 is introduced into the contact
areas of the source and drain. The configuration of the
channel doping profiles, which was used in this design,
is shown in Fig. 2b.

Nanometers

Materials.

-6.0 -4.0 -2.0 0.0 2.0 4.0 6.0
Nanometers

a

Donor Cone (fom3)
-8

Fig. 2 - Structure of GAA CNTFET: a - 2D structure of GAA
CNTFET with channel and gate lengths of 7 nm and 5 nm,
respectively; b — 3D structure of GAA CNTFET with impurity
concentration distribution in the channel

It should be noted that coaxial geometry of
CNTFETSs is considered more productive [4, 5] than
planar [6]. In the latter, both a horizontal metal
electrode and an additionally doped silicon substrate
under the insulating layer can be used as a gate.

4. SIMULATION AND RESULTS

Fig. 3a shows typical Ips-Vbs output characteristics
for the studied FET geometry at fixed values of the
gate voltage Vgs from — 1.0 to 1.0 V. The operating
temperature range was from 250 to 500 K. Typical Ips-
Ves transmission characteristics for fixed values
Vbs =0.05 V and Vps =0.10 V in the temperature range
from 250 to 500 K are shown in Fig. 3b.

The main electrical parameters were determined
using the ATLAS simulator: threshold voltage V4,
subthreshold swing SS, switching current I, leakage
current Lo and Ion/Ir coefficient (Table 2). As the
temperature increases, the values of the threshold
voltage and switching current decrease, but the value
of the leakage current increases exponentially. Such
dependences are considered typical of GAA CNTFETSs
[21, 22]. It should be noted that GAA CNTFETs are
characterized by some peculiarities in determining the
studied electrical parameters [7-10].

As an example, the threshold voltage can have
different values determined by the values of the work
functions of gate materials (channel conductivity type)
[10], Schottky barriers at the metal electrode/semi-
conductor nanotube contact points [23], charges on the
oxide surface near the nanotube [6] and other factors.
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Fig. 3 — Ips (a) and Ips-Vps (b) curves of n-type GAA CNTFET
as a function of temperature variation

Table 2 — Parameters used for GAA CNTFET as a function of
operating temperature for Vop=— 1.0V

Parameter Vbs=0.05V Vps=0.10V
aramerers 250 K | 500 K | 250 K | 500 K
V., V 0.26 | 028 | 025 | 0.27
/SS/, mV/decade | 108.24 | 194.76 | 101.18 | 182.45
Ion, pA 065 | 064 | 1.29 | 1.27
Lyx103, pA 2.85 | 3.08 | 3.17 | 3.25
(T Ly)x10—* 2.28 | 2.08 | 6.23 | 5.64
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The values of the temperature coefficients of the
threshold voltage ﬁvt , subthreshold swing fgg,

switching current f; and leakage current f; , were
on 0]

determined. The working ratios for determining the
latter are given by us in [22]. In the temperature range
from 250 to 500 K at Vbop=—1.0V and Vps=0.1V we

obtained: ﬂm =3.210-*K-1, fgg=3210-3K-1,
Py, =—6210-°K-'and g; =1.010-*K-".

It should be noted that the electrical characteristics
were obtained using diffusion equations to describe the
ballistic transport of charge carriers [15-20] in FETs
with 3D channels and contacts.

In addition, the compact simulation data of GAA
CNTFETs indicate high thermal stability of their
electrical parameters and the possibility of wide
application, although there is a problem of significant
leakage current, low reproducibility of parameters in
the manufacture of such devices, etc. In terms of heat
resistance, the results show an improvement in the
performance of CNTFETs compared to FETs with Fin
or nanowire channels [23].

5. CONCLUSIONS

The influence of temperature (in the range of 300-
400 K) on the volt-ampere characteristics and electrical
parameters of the 3D structure of n-type GAA
CNTFETs has been studied. The temperature
coefficients of current and voltage are estimated. The
values of the calculated temperature coefficients agree
well with the known experimental data. Coaxial struc-
tures of n-type GAA CNTFETSs, designed within the
framework of the drift-diffusion transport model, tak-
ing into account Bohm quantum potential, demonstrate
the allowable values of the electrical parameters:
threshold voltage Vi, subthreshold swing SS, leakage
current Io and Ion/lofr coefficient. For this reason, the
results can be used to further study and predict pa-
rameters of modern FETs with vertical gates.
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EnexTpuyHi Ta TeMmepaTypHi XapakTe pPHCTUKH TPAH3UCTOPIB 3 KAHAJIOM
Y BUIVIAII ByIJIelleBOI HAHOTPYOKH

LIL. Bypuxk!, .M. Maprunenko?, JI.B. Ogaonsopers2, A.B. Xumwxua?, H.I. [llymaxosa2, M.II. Bypux3

1 Konomoncokuli incmumym Cymcbko2o OepacasHo2o yrisepcumemy, npocnexkm Mupy, 24,
41615 Konomon, Ykpaina
2 Cymcvruil deporcasrull ynisepcumem, 8ys. Pumcovrozo-Kopcakrosa, 2, 40007 Cymu, Yrpaina
3 Hauiornanvruti mexuiunuli ynigepcumem «Kuiscorkuil nonimexniunuil yrisepcumem imeni Ieops Cikopcvrozon,
npocnexm Ilepemoeu, 37, 03056 Kuis, Yrkpaina

Byrienesi mamorpyoru (CNTs) — mepcmexkTwBHI MaTepiayim A (POPMYBAHHS KAaHAJNB II0JIBOBUX
tpauaucropiB (FETs) saBmsakm iX BIIMIHHHUM eJIEKTPHYHUM, TEPMIYHAM Ta MEXAHIYHUM BJIACTHBOCTSIM.
Bucoka mpomgykTHBHICTE, HU3bKE €HEPrOCIIOKMBAHHS, MIHIMI3allls BILIMBY KOPOTKOKAHAJIBHUX e(QeKTIB
00yMOBJIIOIOTH 3HAYHUN IIPAKTHYHUM iHTepec Hacammepend no koakciaabaux CNTFETSs. ¥V po6ori HaBemewi
pe3yabTaTH YMCJIOBOrO MojeaioBaHHA KoakciaabHux crpykryp CNTFETs i3 sarBopamu tumy Gate-all-
around (GAA), sxi Gy 3Mo/e/IbOBaHl 3 BUKopucTanuaM iHcrpyMmenTiB Silvaco TCAD nyisa mocmimxeHHs ix
€JIEKTPUYHUX IIapaMeTpiB. ¥ paMkax aperiip-audy3iiinol Mogesi TpaHCIOPTY 13 BpaxyBaHHSAM KBaHTOBOIO
noTeHIfiany Boma mpomeMoHCTpOBaHO BIIMIHHI XapaKTEPHUCTUKU I TPUBUMIDHHX MOJesIel, 30KpeMa,
OTPUMAHO JOIYCTHMI 3HAYEHHS ITOPOrOBOI HAIPYIH, IOMOPOrOBOTO PO3CIIOBAHHS, CTPYMY BKJIIOUEHHSD,
CTPYyMy BHUTOKY Ta KoedirienTa mmiacuiieHHs. J[ocimiIsKeHo BIUIMB TeMIlepaTypy Ha BKA3aHl eJeKTPHUYHI I1a-
paMeTpu IpU MaJIMX HAMIPYTaX 3MIIeHHs, OTPUMAHO TUIIOBUI XapaKTep TeMIIePATyPHUX 3aJIEMKHOCTeH IS
HAITIBIIPOBITHUKOBAX IIPUJIAJIB. Y CTAHOBJIEHO, 10 BEJWYWHU IIOPOrOBOI HAIPYTH 1 JOMOPOTOBOIO PO3CIIO-
BaHHSA 3MEHIIYIOTHCS Ta 30LIBIIYIOTHCA, BIAIOBIIHO, 13 3pocTaHuaM TemiepaTtypu Bix 250 go 500 K. ITopsan 3
UM (hiKCyeThCs He3HAUYHE CIIaJaHHsS CTPYMYy BBIMKHEHHsS Ha 1,6 % y 3aJjaHOMYy 1HTepBaJIl TeMIlepaTyp Ipu
Hanpysi mxepena Vpp =—1,0 B. Tepmiuna cTifikicTh TPAH3MCTOPHUX HAIIBIPOBIIHUKOBUX CTPYKTYp Oyiia

OILIHEHA HAa OCHOBI BH3HAYEHWX TEMIIEPATYPHHUX KOe(II[lE€HTIB ﬂv, , Bss» P Ta B ;o SIKl TIpK HAIpy3i
t - on 0]

Vps = 0,10 B masm suavenns 3,2:10-4 K-1, 3,2.10-3 K-1,-6,2.10-5 K-171a 1,0-10-4 K- 1.

Knrouori ciosa: GAA CNTFET, Mogemosanus, Cumyisitisi, TemmepatypHi kKoeiIlieHTH eJIeKTPUIHIX

mapaMeTpis.

01024-5


https://doi.org/10.1142/10440-vol1
https://doi.org/10.1142/10440-vol1
https://doi.org/10.1142/10440-vol2
https://doi.org/10.1142/10440-vol2
https://doi.org/10.21272/jnep.12(5).05027
https://doi.org/10.21272/jnep.12(5).05027
https://doi.org/10.1155/2012/532625
https://doi.org/10.1155/2012/532625
https://aip.scitation.org/author/He%2C+Yu
https://aip.scitation.org/author/Zhang%2C+Jinyu
https://aip.scitation.org/author/Hou%2C+Shimin
https://aip.scitation.org/author/Wang%2C+Yan
https://aip.scitation.org/author/Yu%2C+Zhiping
https://doi.org/10.1063/1.3093677
https://doi.org/10.1063/1.3093677
https://doi.org/10.21272/jnep.13(4).04030

