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Complementary afin field-effect transistors (FInFET) with high parameter stability and low power con-
sumption are used as power supplies, amplifiers, frequency converters in sensors and electronic equip-
ment, as well as high-frequency switching generators and modulators in medical devices for welding bio-
logical tissues. Results of 3D numerical simulation of p- and n-types of SOI TG FinFET transistors are
presented. The structure of 3D devices based on SOI (Silicon-On-Insulator) technology with TRI-GATE
(TG) shutter is described and modeled using SILVACO TCAD tools. The current-voltage characteristics
have been constructed, and allowable values of leakage current and threshold voltage of n- and p-
transistors with gate electrodes have been calculated on the basis of film systems with effective outputs of
4.40 eV and 4.85 eV. The implementation of multi-gate film electrodes based on Ni and Ta is essential for
the digital design of ultra-large integrated circuits (VLSI). The simulation results allow us to determine
the permissible values of the threshold spread, the DIBL, the leakage current, and the coefficient Ion/Ios.
The basis of the design of transistor structures is to study the operating parameters of the transistor in the
open state and the geometric dimensions of the individual structural elements. These results may be used
for designing the 3D CMOS transistors.
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1. INTRODUCTION

A fin field-effect transistors (FinFET) are the basis
for modern complementary metal-oxide-semiconductor
(CMOS) technology. Miniaturization of the components
and low energy consumption make it possible to use
them as switching power supplies, amplifiers,
frequency converters in electronic equipment [1, 2],
sensors [3-6], as well as high-frequency switching
generators and modulators in medical surgical devices
for high-frequency and ultrasonic welding of biological
tissues [7, 8].

Nowadays, as CMOS components the «Silicon-on-
Insulator» TRI-GATE FinFET (SOI TG FinFET)
transistors are most commonly used. But, while the
general geometric parameters (gate length (L),
structure’s thickness (Trmv), height (Hrv), etc) are
decreased there are observable short-channel effects
(SCEs). Besides, with decreasing L¢ value the following
parameters change: subthreshold swing (SS), drain
induced barrier lowering (DIBL). Moreover, as an
additional negative effect the decrease in the threshold
voltage V¢ is observed [9-11].

Fin alloying impurities concentration is also a key
parameter that influenses the SS and DIBL values and
carrier mobility. In case of high electron mobility the
doping concentration must be as low as possible. But,
decrease in doping concentration leads to DIBL
increase and SS decrease. It is well-known that for
FinFET technology a pure fin-channel is desirable.

However, to improve leakage current control, low
level of Fin-channel doping is acceptable with inpurities
concentration of 10'5-1017 cm—3. In case of leakage and
drain contact areas the higher impurities concentration
(1019-1021 cm —3) are necessary [11, 12]. As a solution of
described problems the following modern techniques are
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used: ion implantation, in situ epitaxial doping close to
leakage and drain, etc. So, in this case it is possible to
observe the increase of Fin-channel’s resistance.

In recent years 3D numerical simulation techniques
are widely used [11-15] and they allow to obtain the
necessary data in technology designing and
electrophysical properties. In [12], a three-dimensional
conical SOI TG FinFET model is presented that is
similar to a real device. This model was designed using
Silvaco TCAD program package with description of
type of materials and Fin-channel doping profile.

Study of FinFET’s working parameters in condition
of their conductivity and model’s geometric dimensions
is used as a basis of these structures designing.

2. NUMERICAL SIMULATION PROCEDURE

SOI TG FinFET transistor structures are designed
using the Silvaco TCAD [15]. This program package is
a set of specialized programs connected with each other.
«DeckBuild» application is a basis program because of
its possibility to create and implement the command
files. This program can also set the actions order and
allows to implement other programs and their further
co-ordination. Other general applications are «Atlas»
device simulation package and «Tony Plot»
visualization set. «Atlas» forms three types of excluding
files: the first file is outgoing working time which
represents the information about simulation progress
and provides the information about errors and alerts
during simulation; the second file is a log file which
accumulates all terminal voltages and currents during
the device analyzing; the third file is a solution file
which accumulates the 2D- and 3D-grafical data, that
are connected to changes in values in a determined
working point.
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Fig. 1 presents the FInFET transistors simulation
algorithm in Silvaco TCAD environment using «Atlas»
application. On the basis of experimental data there
were simulated a corresponding devices and their
working characteristics.

Experimental Data
from Real

Fabricated FinFET
Devices

Extract
Parameters

.

Cireuit
Simulation

Silvaco

TCAD » Atlas

f

Change Structure
Change Materials
Change Phyvsical Models

Fig. 1 - Simulation algorithm

It should be noted that Silvaco TCAD library models
structure is universal, so the same module may be used
in all applications. The own C-interpreter is used in
“Silvaco”. It is designed especially for optimized machine
codes obtaining using the basis model description. Build-
in C-interpreter codes debugging interface allow to
significantly decrease the compilation time [14].

3. WORK FUNCTION

Vit threshold voltage saves almost the same values
for different channel’s doping concentrations but its
value significantly depends on the electron work
function for gate electrode or on the so-called “effective
work function” (EWF or Wep). In work [1], the optimal
value of Wefr for FinFETSs is determined as 4.40 eV and
4.85eV in case of n-type and p-type conductivity
devices, respectively. We values for planar n- and p-
MOS transistors are 4.2 eV and 5.0 eV, respectively
depending on their working regime.

Using the experimental data on Wey value of
individual components it is possible to calculate this
characteristic in case of film systems according to the
following concentration dependence:

W= Elci W, 1)

where Wesi and c¢; are the effective work function and
concentration of individual metal components in films
based on Ni and Ta, respectively.

As it has been shown earlier, Wy value for gate
electrode determines device’s type of conductivity. For
CMOS structures designing it is necessary to have data
on the corresponding Wes values of metal electrodes. But
this value significantly depends on a wide range of
factors, among which metal layers thicknesses and their
topologies [15], substrate (isolator) material, etc. [18, 19].

Among them the FinFETs designing technology
provides their thermal processing at high temperatures.
In work [18], it was studied the influence of
concentration and thermally activated diffusion in
different FInFET systems. TiN typical electrode was
additionally doped with chemical stable to oxidation
tantalum (Ta) and nickel (Ni) metals. These metals have
standard work functions in vacuum conditions
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Wr(Ta)=4.25eV and W;(Ni)=5.05eV. It has been
shown [16] that combination of materials with low and
high values of Wes influences general electrophysical
properties of the electrode. TiN(10)/Ta(10) structure is
characterized by low values of Wer: 4.35 eV and 4.40 eV
before and after thermal annealing at 500 °C,
respectively, while in TiN(5)/Ni(10)/Ta(2) system it was
observed the effect of Wer increase by 0.4 eV before
annealing procedure, ie. 4.75eV. Moreover, after
thermal annealing procedure (TiN/Ni/Ni,Ta,/Ta system)
at 500 °C this value is close to the previous (4.74 eV).
Carried out measurement based on equation (1) allows
us to determine the work function for described earlier
electrodes: 4.41 eV in case of Ta and 4.82 eV in case of
Ni, respectively. The difference in work function values
for p-type electrodes may be caused by the formation of
NisTay alloy or solid solution. So, this data was not
checked by us. It should be also noted that for gate
electrodes designing the complex nitrides and carbides of
metals, their alloys gain higher attention of researchers.

It is also necessary to highlight among them the
dependences of work functions on concentrations of the
individual components [1]. Moreover, a study of the
influence of condensation and thermally activated
diffusion on film systems phase compositions also gains
higher attention of researchers [17-21].

4. DEVICE STRUCTURE

In this section we present the results of 3D
numerical simulation of SOI TG FinFET structures
using Silvaco TCAD instruments.

Gate electrodes have the following values of work
functions: Wey=4.40eV in case of n-FInFET and
Wefr = 4.85 eV in case of p-FinFET, which may be formed
based on TiN(10)/Ni(10) and TiN(6)/Ni(12)/Ta(2) film
systems. So, the Wey value of film systems may be
matched by the variative part of corresponding
components concentrations. But, during the simulation
in Silvaco TCAD environment only electrodes EWF are
taken into acount. So, in our proposed models, Ni/Ta
conductor with described above characteristics was used
as EWF gate electrode. HfO2 (k=22) layer with a
thickness of 2 nm was used as a high-k dielectric. To
calculate the electrical characteristics of SOI TG n- and
p-FinFETs, taking into account the geometric
dimensions dependence, the following models were used.
The first model, according to measured in [12], has gate
length Le =30 nm, Fin-channel’s thickness and height
Triv =20 nm and Hry = 50 nm, respectively.

The second model (Fig.2) has the following
parameters: Le¢=14nm, Trn=8nm and Hrwn=20nm
respectively. According to [10], the geometrical ratios
Le:Triv and Hrin:Triv were 3:2 and 5:2, respectively.

Basis parameters of film structures for n- and p-type
devices are presented in Table 1. Devices working chara-
cteristics are simulated by Atlas Silvaco environment.

For n-type and p-type devices designing it was used
the corresponding doping procedure by p-type and n-type
impurities with low volume concentration of 5x101% ¢cm —3
of Fin-channel and with higher concentration of
5x107 cm -3 in drain and source contact areas. A
concentration distribution of impurities in SOI TG n-
FinFET channel is demonstrated in Fig. 2b.
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Table 1 - Basis parameters used for SOI TG FinFET simulation

Device parameters n-type device | p-type device
Bod}; doping concentration, 51015 51015
cm -~

Dram/SouI.'ce doping 51017 51017
concentration, cm -3

Gate length, nm 30/14 30/14
Equivalent oxide thickness 1.9 19
EOT, nm [8] ) )
Fin width, nm 20/8 20/8
Fin height, nm 50/20 50/20
Buried oxide thickness, nm 20 20
Substrate thickness, nm 30 30
Effective work function

EWF, eV 4.40 4.85

5. SIMULATION AND RESULTS

During the 3D transistors simulation procedure the
following values of the work function are used:
Wesr = 4.40 eV in case of n-FinFET and W.y=4.85¢eV in
case of p-FinFET. Devices are simulated in case of
drain bias voltage of 0-1.2 V and in case of gate bias
voltage close to 0.8V for n- and p-FinFET the corre-
sponding value was used in a negative range. It was
estimated that drain saturation current lgse: for SOI
TG FinFETs with gate lengths of 30 nm and 14 nm was
1.14x10-6 A and 8.21x10-6 A in case of n-type devices
or 2.99x10-7A and 8.04x10-6A in p-type devices,
respectively. Fig. 3a presents the typical Ips-Vps curves
for n-SOI TG and p-FinFET with the gate length
Le=14nm, Fin-channel’'s thickness and height
Triv=8 nm and Hpv = 20 nm, respectively. Threshold
voltage was estimated for drain’s bias of 0.1 V, while
the gate’s voltage was varied in the range of 0-1.2 V for
n-FInFET and 0-(— 1.2) V for p-FinFET (Fig. 3b).

Simulation results showed the following values of
threshold voltages Vi in case of devices with gate
lengths of 30 nm and 14 nm: 0.327 V and 0.318 V for n-
FinFET and 0.329 V and 0.326 V for p-FinFET, respec-
tively. It was also estimated that similar values of SS
for p-FInFET and n-FinFET are observed.

Estimated SS values for transistors with gate lengths
of 30nm and 14nm are 63.9mV/decade and
62.7 mV/decade (in case of n-FinFET) or 64.2 mV/decade
and 62.9 mV/decade (in case of p-FinFET), respectively.
Current in «switch-off» condition (Ioy) was estimated using
the drain voltage Vps= 1.2 V and gate voltage Ves=0V
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Fig. 3 - Ips-Vps (a) and Ips-Vas (b) characteristics of SOI TG
n-FinFET and p-FinFET

in case of n-FInFET; in case of p-FInFET the value of
drain voltage was Vps=— 1.2 V. In case of transistors with
gate lengths of 30 nm and 14 nm L was 7.85x10-13 A and
8.756x10-12 A (in case of n-FinFET), 4.72x10-12 A and
5.78x10-13 A (in case of p-FinFET).

Current in «switch-on» condition (l,» was estimated
using the drain voltage Vps=1.2V and gate voltage
Ves =0V in case of n-FinFET; in case of p-FinFET the
value of drain voltage was Vps=—1.2V. In case of
transistors with gate lengths of 30 nm and 14 nm I,
was 7.58x10-6A and 8.21x10-6A (in case of n-
FinFET); 4.42x10-6 A and 5.25x10-% A (in case of p-
FinFET). These data correlate well with the earlier
obtained results of other authors [11-13].

Current ratio coefficient Ln/Ioy has a significant role in
digital designing; it is also well-known as very large scale
integration (VLSI). VLSI coefficient was calculated in case
of drain voltage Vps=1.2V and in case of gate voltage
variation in the range of 0-1.2V for FinFET these data
were negative. In case of transistors with gate lengths of
30nm and 14 nm L./l coefficient was 9.6x106 and
9.4x10% (n-FinFET) or 9.3x108 and 9.1x10¢ (p-FinFET).
Simulation results allow us to conclude that designed
transistors have a high level of efficiency.

Moreover, in case of VLSI it is necessary to have a
lower value of the DIBL parameter. This parameter is
calculated as a two-threshold voltage ratio at fixed drain
voltages. The first voltage is a low drain voltage
Vbs:1=0.1V, the second is a higher level of drain voltage
Vbsz=1.2 V. At the gate lengths of 30 nm and 14 nm the
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DIBL values were 51 mV/V and 71 mV/V (n-FinFET);
58 mV/V and 77 mV/V (p-FinFET), respectively. These
DIBL values are higher than estimated in works [14-16]
that may be caused by the different structure geome-
tries. Decreasing DIBL values may be realized by using
an additional drain/source contact and by using the
drain with individual shielding plane [21].

6. CONCLUSIONS

SOI TG FinFET structures were successfully de-
signed and studied by the influence of EWF, gate mate-
rials and model geometries varying their working char-
acteristics. Models with the gate length of 14 nm have
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Yuciose mogenosanusg napamerpie FinFET tpausucropis

LIIL. Bypux!, A.O. I'onosual, M.M. Isamenxo!, JI.B. Oguogsopernn?

1 Kornomoncoruti incmumym Cymcbko2o Oepacasroz2o ynisepcumemy, np. Mupy, 24, 41615 Konomon, Ykpaina

2 Cymcorull Oepacasruil yuigepcumem, 8ysi. Pumcorozo-Kopcakosa, 2, 40007 Cymu, Yipaina

KommmemenTapsi mosmboBi Metan-okucen-Hamsaposigauk (MOH) TpausucTopu 3 BUCOKOIO CTAGLIBHICTIO
mapaMeTpiB Ta HU3bKUM €HEPrOCIIOKUBAHHAM BHUKOPHCTOBYIOTBHCA SIK JZKepeJia $KUBJIEHHS, IIJICHII0BAYIL,
IIepeTBOPIOBAYl YACTOTH B CEHCOPAX Ta EJIEKTPOHHOMY O0OJIaTHAHHI, 4 TAKOXK SIK BICOKOYACTOTHI KOMYyTAI[IN-
Hi TeHePaTOPH Ta MOJYJIATOPH B MEJIMYHUX IIPUJIAIAX JIJISI BUCOKOYACTOTHOTO 1 YIIBTPA3BYKOBOTO 3BAPIOBAH-
Hs 010JIOTIYHKMX TKAHWH. ¥ poboTi HaBemeHl pe3yabratu 3D-4nucI0BOr0 MOIEIIOBAHHSA p- TA N-THUIIB TPAH3U-
cropie SOI TG FinFET. Ilo6ynoBaso BosbT-aMIepHI XapaKTEPUCTUKY, PO3PAXOBAHI JOIIYCTHMI BEJIMYMHU
CHJIM CTPYMY BHTOKY Ta IIOPOTOBOi HATIPYT'H N- T4 pP- TPAH3UCTOPIB 3 €JIEKTPOJAMHU 3aTBOPY HA OCHOBI ILTiB-
KOBHX cucTeM 3 edekTuBHUMEU poboramu Buxoxy 4,40 eB 1 4,85 eB. Peamnizaris My 1pTH3aTBOPHUX ILITIBKO-
BUX eJeKTpoxiB Ha ocHoBl Ni i Ta Mae BamuBe 3HAUEHHS A4 IMU(POBOrO IPOSKTYBAHHA HAIBEJINKUX 1H-
TerpaJbHUX cXxeM. Pe3ysbratv MOJIe/IOBAHHS JO3BOJIUJIM BU3HAYNUTU JOMYCTUMI 3HAYEHHS J[OIIOPOTOBOTO
PO3KHY, SHIKEHHsA 0ap'epy, CIPUYNHEHE CTOKOM, CHJIy CTPyMy BHTOKY Ta KoedimmieHT Ion/loy. OcHOBOIO IIpo-
EeKTYBAHHS TPAH3UCTOPHUX CTPYKTYP € BUBUEHHS POOOUMX IMapaMeTpiB TPAH3UCTOPA Y BIAKPUTOMY CTaHI Ta
TeOMETPUYHMX PO3MIPIB OKPEMHUX CTPYKTYPHHUX €JIEMEHTIB. Pe3yIbTaTu MOAeIOBAHHS MOKYTH OyTH BHKO-
pucrani 1uist npoextryBanus 3D-rparsucropis CMOS.

Kurouosi ciiopa: SOI TG FinFET, Koporrorkauansri ederru, Edexrrsraa podora Buxoxy, Iloporosa mHampyra,
High-% mienexrpux.
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