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The operation of the basic functional element of the integrated circuit — the field-effect transistor — is
based on the drift of electrons and holes in the Si channel. With the use of stretching-compression of the
crystal lattice of the Si substrate, by introducing impurity atoms, the mobility of carriers is somewhat re-
duced. At the same time, considerable interest to nanowires (NWs) based on Si (Ge) solid solution as ele-
ments for the formation of highly efficient channels of field-effect transistors necessitates studies of their
structural, electrical and temperature characteristics. The paper presents the results of numerical simula-
tion of coaxial Si-channel gate-all-around (GAA) FET structures. The structure of the n-type GAA NWFET
and its volt-ampere characteristics were constructed using Silvaco TCAD tools. Within the framework of
the diffusion-drift model of carrier transport, taking into account the Bohm quantum potential, effective
operating parameters were obtained: permissible values of the threshold voltage, leakage current and
Lon/Lyss coefficient, and their dependences on temperature. It was obtained that the values of the threshold
voltage Vi and subthreshold scattering SS remain almost unchanged with increasing temperature in the
range from 280 to 400 K, which is primarily due to the additional influence of quantum effects for a given
channel thickness and impurity concentrations. In addition, a typical decrease in the switch-on current by
45.5 % and leakage current by 46.4 % in a given temperature range was recorded. To assess the thermal
stability of the studied transistor systems, the temperature coefficients fw, fss, Sin and S were calcula-
ted. Their values were respectively 8.63-10-5; —0.53-10-5; — 3.87-10-2 and — 3.80-10-3 K-, The results of
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numerical simulations showed good agreement with the experimental data.
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1. INTRODUCTION

The linear dimensions of complementary metal-
oxide-semiconductor =~ CMOS-devices with  planar
transistors decreased by 30% approximately every two
years [1-4]. With the advent of transistors with a metal
gate and high dielectric constant of the gate dielectric
and other components, this pattern has become more
complicated. After Field-effect transistors (FinFET) (see,
for example, [3]) structures were introduced, the
development of production technologies became much
broader. FInFET in modern functional electronics are
widely used in industrial, sensor [4] and medical
equipment [5].

Of practical interest [1-4] is the formation of a
transistor channel in which the distance between
atoms is not equal to the crystal lattice parameter
(asi=0.5431 nm). They are primarily associated with
the use of nanowires (NW) or nanotubes (NT) as
channels for three-dimensional (3D) transistors [3, 10-
13]. In addition, it is necessary to improve the
performance of short-channel devices. An experimental
problem is the experimental study of the
microstructure and electrophysical properties of
functional materials of nanoelectronics in the form of
multicomponent and multilayer films [14-18].

Nanowires can be obtained by two methods:
electrochemical deposition or the method of molecular
beam epitaxy Ge on a Si substrate. When using the
first method, the substances are deposited inside the
porous membrane [6]. Transistor field structures with
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a built-in channel in the form of a nanowire can be
formed by molecular beam epitaxy on a Si substrate by
increasing the Ge layer or Si/Ge/... Si/Ge/S (S -
substrate) layer structure. If a one-component
nanowire with Ge is formed, the Ge and Si lattices will
be conjugated. Solid solutions are formed in the contact
area [7]. In layered molecular epitaxy, the entire two-
component nanowire, which in the transistor field
structure will act as a built-in controlled channel, can
be formed us s.s. germanium atoms in silicon Ge (Si)
and vice versa silicon atoms in germanium Si (Ge)
depending on the atoms of individual components
concentration [7, 8].

The aim of the work was to numerically model the
structure and electrical parameters of the strained-Si
GAA NWFET - a 3D n-type field-effect transistor with a
strained-Si nanowire channel and a Gate-all-around

(GAA).

2. NUMERICAL SIMULATION PROCEDURE

The structure of a strained-Si GAA NWFET was
designed and investigated using Silvaco TCAD tools
[15, 16]. The general cylindrical geometry was created
using the corresponding mesh cylindrical three.d,
where the cylindrical parameter specifies the radius,
angle and Z-coordinates, and the three.d parameter
creates a 3D grid [18, 19]. ATLAS [18] tools from
Silvaco TCAD include both a diffusion-drift transport
model and advanced quantum models. The current
equations of the diffusion-drift model for electrons and
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holes have the following form [11]:
J,=g¢D,Vn —qnynV(//—,unn(kTV(lnnie)), 1.1)
J, =—qD,Vp —qp,ume+,upp(kTV(lnnie)), (1.2)

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; p»and pp
are the mobilities of electrons and holes; g is the wave
function; % is the Boltzmann constant; 7' is the Debye
temperature; n;, is the effective internal concentration.

In the nanowire channel, the carriers are limited in
one direction. This affects the radial density of charges
as well as the density of states. Quantum effects can be
modeled in the Self-Consistent Coupled Schrodinger-
Poisson Model, but it cannot solve transport problems on
its own. Therefore, the latter is used in combination with
the Drift-Diffusion Mode-Space Method or the Mode
Space Non-Equilibrium Green’s Function Approach. To
model the electrophysical properties of NW devices, the
Schrodinger equation in cylindrical coordinates is solved
[18]. Along with this, quantum effects are included in
ATLAS by changing the equations of transport models.
In particular, the Bohm quantum potential (BQP) can be
considered. In this case, the current equations (1.1) and
(1.2) will have the form [11, 19]:

J,=9D Vn—qnuV (1// - Q) —,unn(kTV (lnnie )), (1.3)
3, =—qD,Vp—qpu,V (v - Q)+ 1,p(kTV (Inn,)). (1.4)

In equations (1.3) and (1.4), the additional term @
represents the BQP, which is defined as [8, 16]

i A[M ()]

; ", (1.5)

Q=

where A is the Planck's constant, M is the effective
mass, n is the concentration (electrons/holes), y and «a
are the fitting parameters.

The BQP model has a number of features and
advantages over other modeling approaches. The value of
the fitting parameters y and a is determined by the
quantum constraint condition. As an example in [11, 19],
the values of yand a were 1.4 and 0.3, respectively.

Features of charge transport were modeled using
operators models fermi ni.fermi cvt srh bqp.n. The fermi
parameter allows to take into account the drift-diffusion
charge transport within the framework of Fermi-Dirac
statistics, cvt parameter — features of the inversion layer
mobility, srh — Shockley-Read-Hall recombination
mechanisms, bqp.n — BQP for electrons [18].

3. DEVICE STRUCTURE

The results of numerical simulation of the structure
of a strained-Si GAA NWFET are presented in this
part of the work.

We designed a 3D transistor with a strained-Si
nanowire channel. Input data for modeling all
materials are taken from Silvaco TCAD libraries [18].
The polysilicon gate was separated from the channel by
insulating layers of HfO2 and SiOs, Al was used as the
material for leakage and source electrodes, which are
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located at the ends (Fig. 1a). The strained-Si channel
had the shape of a cylindrical tube with a length of
80 nm (Fig. 1b).

The geometric dimensions of the elements of the
field-effect transistor are shown in Fig. 2. The diameter

Materials:
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Fig. 1 - 3D structure of a strained-Si GAA NWFET (a) and
separate display of its channel and gate (b)
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Fig. 2 - 2D structure of a strained-Si GAA NWFET with
display of individual areas

and length of the s.s. Si(Ge) orientation rod were 4 nm
and 80 nm, respectively, and the length of the
polysilicon gate was 14 nm. The effective work function
of selectrons from the gate electrode was 4.75 eV [16].
HfO2 (k=22) of 2nm thick was used as the high-k
dielectric, and the SiOz barrier layer under the high-£
dielectric was 1 nm thick.

Fig. 3a shows typical 3D sections of the structure of
a 3D transistor, for which numerical simulation of
electrical parameters was performed, taking into
account the short-channel effects (SCEs).
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Fig. 3-3D slices in the structure of a strained-Si GAA
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NWFET with reflection of separate areas (a) and
concentration distribution of impurity in the channel (b)

The concentration distribution of the donor
impurity in the transistor channel is shown in Fig. 3b.
The following configuration of channel doping profiles
was used in the design: in the channel volume, the
concentration of the acceptor impurity was 1018 cm —3; a
donor impurity with a higher concentration equal to
102'¢cm—2 was introduced into the contact areas of
leakage and source.

An analysis of the electrical parameters of the
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transistor structures designed by us obtained on the
basis of volt-ampere characteristics at different
temperatures is given in the next section.

4. SIMULATION AND RESULTS

Typical dependences of the current leakage-source
Ips versus gate voltage Vas at temperatures of 280, 300,
340, 360, 380 and 400 K for n-type GAA SINWFET at
fixed voltage values Vps =0.20 and 0.07 V are shown in
Fig. 4.
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Fig. 4 — Ips-Vas curves of a strained-Si n-type GAA NWFET as
a function of temperature variation and fixed values of the
drain-source voltage 0.20 V (a), 0.07 V (b). The arrow direction
indicates an increase in temperature

As an example, Fig.5 shows typical Ips-Vbs
characteristics for a 3D n-type transistor at fixed gate
voltage Vgs=1.0V. Using the ATLAS simulator, the
main electrical parameters were determined: threshold
voltage Vi, subthreshold scattering SS, switch-on
current Ion, leakage current Ly and Ion/los coefficient
(Table 1).

Table 1 — The parameters used for a strained-Si GAA
NWFET as a function of working temperature

Working temperature, K

Parameters 500" T 306 1 320 | 340 | 360 | 380 | 400
V.mV | 461.81 | 462.79 | 463.68 | 464.50 | 465.25 | 465.95 | 466.59
SS, 95.01 | 95.00 | 94.99 | 94.98 | 94.97 | 94.96 | 94.95

mV/decade

Iy<10'2, A | 9.03 | 809 | 7.27 | 655 | 591 | 534 | 4.84

I1onx105, A 5.05 4.53 4.08 3.67 3.33 3.02 2.75

(Il Ly)x10-5 | 56.92 | 55.99 | 56.12 | 56.03 | 56.34 | 56.55 | 56.81

The following equations can be used to determine

the temperature coefficients of the basic electrical
parameters of FETs: based on the temperature
dependences of V: and SS, their themperature
coefficients can be calculated, respectively, based on
the ratios

v, (1), (300)

=’ 4.1
A V,(300)(T -300) @D
and
SS(T)-SS (300
Bss = (™) ( ). 4.2)
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Fig. 5 — Ips-Vps characteristics of a strained-Si n-type GAA
NWFET

The thermal coefficients of the filling factor switch-
on current I, and leakage current I can also be de-
termined by the appropriate ratios:

_I,,(T)-1,,(300)
Pr. = I,,(300)(T -300)

(4.3)

and

/B] _ Ioff (T)_Ioff (300) . (44)
7 Iy (300)(T - 300)

Based on equations (4.1)-(4.4), in the temperature
range from 280 to 400 K, the temperature coefficients
Pwi, Pss, Pin and P are, respectively, 8.63-10-5;
—0.53:10-%; - 3.87-10-3 and — 3.80-10 -3 K- 1.

The obtained data on the values of the temperature
coefficients agree well with the experimental data for
transistors based on strained-Si [1-4, 20]. It should be
noted that the temperature dependences of the values of
the switch-on current I, and the leakage current Ioy are
typical for FETs [1-4. 13]. However, there is practically no
variation between the threshold voltage V: and the
subthreshold scattering SS with increasing temperature.
This is consistent with the results obtained in [21] and is
associated with a significant effect of quantum effects at
Si channel thicknesses less than 5nm and impurity
concentrations greater than 108 cm 3.

5. CONCLUSIONS

1. The influence of temperature in the range from 280
to 400 K on the volt-ampere characteristics and elec-
trical parameters of the 3D transistor structure of a
strained-Si n-type GAA NWFET is investigated.
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2.

—

10.

The calculated correlations for estimating the tem-
perature coefficients fvi, fss, flon and Puoff are pro-
posed, and their obtained values show good agree-
ment with the experimental data.

The designed 3D structures in the framework of the
diffusion-drift transport model taking into account
the BQP demonstrate the allowable values of the
electrical parameters such as threshold voltage Vi,
subthreshold scattering SS, leakage current Ly and
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YucespbHe MOOEJIIOBAHHA MOJHOBOr0 TPAH3UCTOPA 3 KAHAJIOM
Y BUTJIALI HAHOPOIPOTY

LIIL. Bypux!, A.O. l'onosua?, I.M. Mapruneunxo?, O.I1. Tkau2, JI.B. Oqaogsoperin?2

L Konomoncoruti incmumym Cymcbro2o depoicasHo2o yHisepcumemy, npocn. Mupy, 24, 41615 Konomon, Ykpaina
2 Cymcokuli Oepacasruil yuisepcumem, 8ys. Pumcorozo-Kopcakosa, 2, 40007 Cymu, Yipaina

PoGora 6a3oBoro dhyHKIIOHATIEHOIO €JIEMEHTA 1HTerpasbHOI CXeMH — IOJIBOBOI0 TPAH3UCTOPA 3aCHOBAHA
HAa JIperidi eJIeKTPOHIB Ta JIPOK y KaHAJI. [3 3aCTOCYBAHHAM PO3TATYBAHHA-3IABIIOBAHHS KPUCTAIYHOI pelri-
TKHM KPEeMHII0 Si, IIJIAX0M BIPOBAIKEHHS JOMIIIKOBIUX aTOMIB, [IEII0 3POCTAe PYXJIUBICTH HOCIiB. PasoMm 3 mum
3HAYHUN 1HTepec 10 HAHOAPOTIB HA OCHOBI TBepmoro posunHy Si(Ge) fK eleMeHTIB Iyt opMyBaHHSA BHCOKO-
ePeKTUBHUX KAHAJIIB II0JILOBUX TPAH3UCTOPIB 00YMOBJIIOE HEOOXIAHICTD JOCTIIKEHDb X CTPYKTYPHHUX, €JIEKTPH-
YHUX TA TEMIIEPATyPHUX XaPaKTEePUCTUK. Y PoOOTI HaBeIeH] Pe3ysIbTaTy YHCIOBOTO MOJIEIIOBAHHS KOAKCIaIb-
Hux Si-kaHabHuX Tpansuctopaux FET’s crpykTyp i3 3aTtBopom Gate-all-around (GAA). Crpykrypa TpaH3swuc-
topa n-turty GAA NW FET ra iioro BosibT-aMIepHi XapaKTepUCTUKYU OysIu Mo0yI0BaHl 3 BUKOPUCTAHHSAM 1H-
crpymenTiB Silvaco TCAD. ¥V pamrax mudysiiiso-apeiichoBol MoJIesIl TPaHCIIOPTY HOCIIB 13 BpaxyBaHHSIM KBaH-
ToBOro moreHrriany Boma orpmmani edperTrBHI pobodi mapameTpu: JOIyCTHMI 3HAYEHHS ITOPOTOBOI HAIIPYTH,
CHJIM CTPYyMy BHUTOKY Ta KoedirtienTa I/l Ta ix 3asesxHocTi Bl Temreparypu. OTpUMAHO, 10 BeJIMUNHU
TOPOrOBOI HATIPYTH V; Ta JOMOPOroBOTO PO3KHILY SS 3a/UIIAITECS Maiske 0e3 3MiH 13 3pOCTAHHSM TeMIIepaTy-
pu B inTepBam Big 280 mo 400 K, mo macammepes mmoB’s3aHO 3 JOAATKOBUM BILTMBOM KBAHTOBUX €(EKTIB I
3aJaHNX TOBIIMHYU KAaHAJIy Ta KOHIIEHTPAIii gomimok. [lopsanm 3 mum ¢ikcyeThCs TUIIOBE CHATAHHSA CHJIN CTPY-
My BBIMKHEHHS Ha 45.5 % Ta cTpyMy BUTOKY Ha 46.4 % B 3amaHoMy iHTepBaJIl TeMrepaTyp. JJis omiHKn Tepmiy-
HOI CTAOUIBHOCTI JIOCII/FKYBAHNX TPAH3UCTOPHUX CHCTEM PO3PAXOBaHl TeMieparypHi koedirienTst Svi, fss, Pion
and Sy, Ix Besmauem cranoBuz BignoBigHO 8.63-10-5; — 0.5310-5; — 3.87-10-3 and — 3.80.10-3 K-1. Peaybra-
TH YHCEJILHOTO MOEJIIOBAHHS IIOKA3aH J00pe Y3TOPKeHHS 3 €KCIIePUMEHTAILHUMY JAHUMHU.

Kmiouosi ciosa: [TonboBuii TpaH3MCTOP 3 KAHAJIOM HA OCHOBI HaHOApoTy, Momemosanus, TeMmneparypamit
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