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In multi-gate technology, the DG-FinFET is an emerging structure due to its better electrostatic control
over the channel. This paper shows a systematic study of the structure, double gate (DG) FinFET, which has
been modified using the high-K dielectric material as the gate stack (GS) and spacer engineering which is
going to boost its properties. The analyzed SCEs are sub-threshold slope (SS), drain induced barrier lower-
ing (DIBL), and the switching current ratio (Jon/Iorr ratio). The analog performance of the devices is studied
on the basis of parameters are transconductance (gm), trans-conductance gain factor (TGF), the output con-
ductance (ga), drain current (Ip), early voltage (Vka), intrinsic gain (Av). The RF performance is analyzed on
the merits of parasitic gate capacitance (Cg, Cgs and Cg), cutoff frequency (fr), gain frequency product
(GFP), and transconductance frequency product (TFP). With this we intended to provide a comparative
study to suggest the possibility for better performance of the GS-DG structure at Vps=0.05V and 1.0 V.
Here, DIBL exhibits 49.8 % and SS value is decreased by 32.65 %. For the analog performance study, the
VEa is raised by 4.31 %, the TGF of the device is improved by 33.9 % and the gain has been also improved as
compared to the conventional one. The simulation is carried out considering 45 nm node parameters accord-
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ing to the ITRS road map for the high-speed applications and low power consuming circuits.
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1. INTRODUCTION

High-K dielectric materials are vital for next-
generation low power, low leakage and high performance
logic devices [1, 2]. The gate oxide leakage increases with
decrease in SiOz thickness, and also SiOz is running out
of atoms for further scaling [3]. Due to these reasons, the
continual gate oxide scaling will require the use of high-
K dielectric materials. FinFETs were introduced to avoid
problems due to downscaling of MOSFET size, i.e. to re-
duce short channel effects (SCEs) like drain induced bar-
rier lowering (DIBL), hot electron effects etc. [4, 5]. The
spacer engineering is a technique, which can be used for
further improvement of device performance by reducing
the SCEs [6]. Use of high-K spacer enhances the fringing
electric fields through the spacer [5, 6].

The fin shaped field effect transistor (FinFET) is
widely adopted in semiconductor industries for its high
performance and low-power applications due to great
scalability and high electrostatic control. Gate-stack
(GS) high-K dielectrics are introduced in order to con-
trol the SCEs [8]. Double-gate (DG) FinFET is a suita-
ble structure because of its high performance, high
speed and low-power applications [7, 9, 10, 11].

It is in recent years that the FinFETs are being con-
sidered as the radio frequency (RF) technology of choice.
The rapid downscaling of FinFET structure is one of the
important parameters in the growth of IC industries. The
status of analog and RF figures of merit (FoM) is essential
to measure the reliability of the structure with very good
performance [12]. The performance can be analyzed by
showing low drain induced barrier lowering (DIBL), sub-
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threshold slope (SS) [13] and high gate transconductance
(gm), early voltage (VEa), cut-off frequency (fr), etc. The
dependence of these FoMs on the device structure will
help to understand the SCE challenges.

In this paper, the introduction section gives a brief
idea about the use of high-K dielectric material, spacer
technique, and GS-DG-FinFET and analog/RF perfor-
mances. The next section gives the pictorial representa-
tion of different DG-FinFET structures with proper di-
mensions. The first subsection deals with the analog per-
formance analysis of different parameters like variation
of transconductance (gm), transconductance gain factor
(TGF), the output conductance (ga), drain current (Ip),
early voltage (VEa), intrinsic gain (Av) as a function of the
gate over the drive voltage (Vas) for fixed drain to source
voltage (Vbs). The next subsection involves the RF per-
formance analysis which is observed through the varia-
tion of gate to source capacitance (Cys), gate to drain ca-
pacitance (Cga), total gate capacitance (Cgg), cut-off fre-
quency (fr), gain frequency product (GFP), transconduct-
ance frequency product (TFP) as a function of gate to
source voltage (Vis) with constant drain to source voltage
(Vps). Finally, section 4 contains the conclusions, which
summarizes the analog and RF performances performed
on the different DG-FinFET structures.

2. DEVICE DIMENSION AND SIMULATION
SETUP

Here, three different structures of DG-FinFET with
high-K material as GS with an interfacial oxide SiO2
and spacer are considered to compare their digital pa-
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rameters, analog and RF FoMs. The analysis is carried
out through these structures to study the improvement
in the carrier mobility, reduction in the leakage current
and increase in the output conductance. (Fig. 1) shows
the cross-sectional view of the three different device
structures with GS and the spacer engineering, wherein
Fig. 1a is a conventional DG-FinFET denoted as D1,
Fig. 1b is GS-DG-FinFET denoted as D2 and Fig. 1c is
GS-DG-FinFET with spacer denoted as D3. The device
description has been considered in accordance with the
ITRS roadmap [11] and it is shown in Table 1.
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Fig. 1 - Schematic view of DG-FinFET (a), GS-DG-FinFET (b),
GS-DG-FinFET with spacer (c)

In all three structures, both the length of the gate
(Lg) and the ratio of length of the source (Ls) to length
of the drain (Lp) i.e. Ls/Lp are taken as constant. The
silicon layer thickness (7%s) is taken as 10 nm. The dop-
ing concentration is uniformly distributed throughout
the channel of about 1016 ¢m —3 for p-type semiconductor
material and 1020 cm —3 for n-type source and drain re-
gions. The effective oxide thickness (EOT) is fixed for all
three structures at 0.7 nm. The three different models
named as D1, D2 and D3 have been presented here in
Fig. 1. The structures are calibrated to meet to re-
quirement of the ITRS roadmap [11] semiconductor for
45 nm physical gate length. In our investigation, the
HfO2 and SisNy are considered as high-K dielectric ma-
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terial and spacer material respectively [16]. In all cases,
the gate metal work function is maintained at 4.6 eV.
The threshold voltage is chosen as 0.45 V for better re-
sult (among the different values of Vru). Two different
sources to drain voltages (Vps) have been tested with
the values of 0.05 V and 1.0 V, respectively.

The 2D device sentarus tool [13], TCAD, is used to
simulate the DG-FinFET with high-K or metal gate. As
per ITRS rule, the supply voltage Vpp is kept fixed at
1.0 V [11]. To study the analog performance, the simu-
lation is carried out with variation of Vas from 0 to
— 1.0 V keeping the drain to source Vps = 0.5 V (which is
half of the Vbp/2), as per the literature study [17]. The
Vru 1s extracted using constant drain current Ip. The
Vs is extracted from the Vru value and it is an im-
portant parameter due to which the circuit is amplified
as it decides the operated region. The Vgs value in-
creases with increasing drain current till it reaches the
saturation point. Hence the analysis is carried out for
all analog and RF FoMs against Vgs. By the help of the
tool, various modeling methods are taken into consider-
ation to obtain the accuracy of the device. The mobility
degradation model is being carried out inside the inver-
sion regions. Due to the scattering effect, the degrada-
tion, which occurs near the interfacing layers of the
semiconductor to insulators, the simulation is carried
out by activating Arora mobility model, to determine
the doping dependence parameter set. This model de-
scribes the carrier velocity, which works under the sat-
uration with the impact of the high electric field. It also
describes that the mobility of the carriers is degraded
due to the influence of the Coulomb scattering effect.
The Shockley-Read-Hall (SRH) [14] recombination mod-
el is used to include the carrier generation and recom-
bination model. Furthermore, the simulation is incorpo-
rated using the enhanced Lombardi model for the study
of the effect of high-K mobility degradation of carriers
in the silicon inversion layer [15].

Table 1 — Device parameters taken for the simulation

Parameters Values
n*-type (Arsenic doplpg cor}centratlon) 1020 ¢m -3
at source/drain regions
p-type (Boron doping copcentratlon) 1016 ¢m -3
at channel region
Channel length (L) 20 nm
Effective oxide thickness (EOT) 0.7 nm
Silicon body thickness(7’s;) 10 nm
The thickness of SiOz layer (Tox1) 0.2 nm
The thickness of HfOz layer (Toxz) 0.5 nm
Gate thickness (T%) 10 nm

3. RESULT ANALYSIS

DIBL and SS are the SCEs, which are noted as im-
portant parameters for discussion. When the interac-
tion of the depletion regions of the drain and the source
takes place near the channel region for lowering the
surface potential barrier, this leads to the occurrence of
DIBL. It is enhanced due to the high drain voltages and
short channel lengths. Therefore, this induces leakage
current and injected hot carriers for the gate oxide layer
[18]. The parameters are calculated as per the equa-
tions (1) and (2) [20]:
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In (1), the threshold voltages Vru1 and Vrus are cal-
culated at Vps1 and Vps2, which are two different drain
voltages of 0.05 V and 1.0 V respectively. A steep SS is
an important measure for the device to get into turn-off
state and the ideal value is 60 mV/decade for conven-
tional multi-gate MOSFET [18]. The extracted values of
DIBL and SS for all three devices are tabulated in Ta-
ble 2. By comparing the values of the three devices, it is
observed that the structure D3 exhibits the lowest
DIBL value of 26.32 mV/V, whereas the SS and Ion/Iorr
ratio are found minimum for D3.

Table 2 — Extracted parameters for devices with different con-
figurations

SS (mV/decade) Ion/Iorr ratio
. DIBL
Device (mV/V) Vbs = Vbs = Vbs = Vbs =
0.06V 1.0V 0.05V 1.0V
D1 105.26 | 97.98 96.28 6.08x104 | 1.16x10°
D2 52.63 | 67.998 | 68.101 1.38x107 | 4.42x107
D3 26.32 | 68.330 | 68.320 | 2.43x107 | 4.82x107
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Fig. 2 — Ip-Vis characteristics for the devices under study at
(a) Vps=0.05V, (b) Vps=1.0V

The steep slope of SS is an important parameter of
the device due to which it turns off [16]. In this
investigation, among the three devices D3 shows a good
agreement with the typical value of SS which is nearly
equal to 60 mV/decade according literature survey and
due to which it can be claimed for better immunity to
the SCEs [19, 20].

The transfer curve of the Ip-Vas in linear and
logarithmic scale is shown in Fig. 2. Fig. 2a and Fig. 2b
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show the drain current responses at Vps=0.05 Vand 1.0V
respectively. The value of Vrn of the three devices is taken
around 4.5V from different values for better result. From
the results it is clear that the Iorr varies from 10-9 A/um
to 10-1° A/um for all three devices. From Fig. 2b, it is
observed that when the high-K material is introduced with
the single oxide layer device that is D2 and D3, results
increased Ion as well as Iorr due to fringing field effect.
The gate leakage current reduces due to stacking effect.
Also coupling capacitance increases by decreasing the
leakage current [16, 18].

3.1 Analog Performance

The important FoMs of the devices are transcon-
ductance (gm), output conductance (ga), early voltage
(VEa), intrinsic gain (Av), transconductance generation
factor (TGF) and cut-off frequency (fr) [20]. The FoMs
on RF performances are discussed in the subsection 3.2
of this paper as an extended work to make a compara-
tive study among the three devices.

In this section, the devices govern better SCEs, so it
is important to understand the analog performances,
taking the two parameters gm and the TGF all together
as a function of Vs as shown in Fig. 3. The higher trans-
conductance is achieved at lower values of Vgs and shows
better result in case of the device D3. Hence, incorporat-
ing the spacer engineering in the DG-FinFET with gate
stacking improves the device performances. The trans-
conductance (gm) value of the devices is calculated as:

g,=0Ip/dVs- 3)

At the minimum value of the sub-threshold, the
TGF enhances the performances of the analog circuit
when operating at low source voltages. From Fig. 3b, it
is evident that devices D2 and D3 that is double layer
(device with GS) and the device with the spacer concept
show better performances and result as compared to the
single layer device (D1).

The output conductance (ga) and drain current (Ip)
against the drain to source voltage are measured at two
different values of Vgs, i.e. at 0.05V and 1.0V, and are
shown in Fig. 4 for the above mentioned three different
devices. The output conductance is shown in linear scale
and Ip versus Vps curve is shown in logarithmic scale. The
output conductance (ga) is calculated as per the equation:

84=0Ip/dVps- 4)

As per the graph shown in Fig. 4a, the Ip against Vbs
increases with higher permittivity value of the high-K
material for the single layer configuration [18, 9]. So, D1
shows higher value of Ip versus Vbs as compared to other
three structures, whereas D2, D3 show close responses.

As per the literature study, the CMOS analog circuits
having transistors should have low ga in order to achieve
high gain [19]. In saturation region, the value of gq is
high as the output resistance is low due to which there is
an increase in Ip versus Vps. Hence, lower value of ga
propagates a higher drain current (Ip) to output conduct-
ance ratio is known as the early voltage (Vea) [20]. Fig. 5
shows the plots of VEa and the intrinsic gain Av.

06028-3



A. PATTNAIK, Sruti S. SINGH, S.K. MOHAPATRA

\ 2 ‘x Vps=0.05V]25

e P s
| Yos=10V \ Jf—’ N

Fig. 3 — Transconductance (gm) and transconductance genera-
tion factor (TGF) for (a) Vbs=0.05V, (b) Vbs=1.0V
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Fig. 4 — Output conductance (ga) and Ip as a function of Vps for
Ves of (2) 0.05V, (b) 1.0V

Table 3 — Analog performance of devices for Vps=0.05 V

Devices Zm (S) g4 (S) Vea V) | TGF (V-1
D1 2.60x10-3 | 8.46x10-7 1.39 29.4
D2 2.83x10-3 | 5.96x10-? 1.23 32.6
D3 2.96x10-3 | 6.58x10-9 1.17 44.9
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VEA = ID/gd ’ (5)

Av=8,/84=(8w/Ip)Vra - 6)

The Vea and Av have been calculated from the equa-
tions (5) and (6). As per the results in Fig. 5, the device
D3 shows higher early voltage as compared to the other
three devices and in case of intrinsic gain. Intrinsic gain
is calculated from (6) and is represented in logarithmic
scale shown in the graph. There, D1 shows low gain as
compared to other structures and D3 shows better re-
sults for gain (in dB). By comparing the extracted data
among the three devices, shown in Table 3 and Table 4,
D3 shows better results for Vea, gain and TGF for the
two different voltages at Vps =0.05 V and Vps=1.0 V.
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Fig. 5 — Early voltage (Vea) and intrinsic gain (Av) for Vps of
(@ 0.05V,(b)1.0V

Table 4 — Analog performance of devices for Vps=1.0V

Devices Zm (S) g4 (S) Vea (V) | TGF (V-1)
D1 1.50x10-2 | 7.38x10-3 2.06 20.6
D2 1.66x10-2 | 5.32x10-3 2.20 37.0
D3 1.63x10-2 | 5.61x10-3 5.10 36.8

3.2 RF Performances

The important RF parameters include the transcon-
ductance frequency product (TFP), gain frequency prod-
uct (GFP) and gain transconductance frequency product
(GTFP). Intrinsic capacitances like gate to source capaci-
tances (Cgs) and gate to drain capacitances (Cga) [18, 20]
are shown in Fig. 6. The total gate capacitance (Cgg) [20]
is measured by taking all the capacitances of the device
in both the sub-threshold and strong inversion regions
against Vs as shown in Fig. 7.
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Fig. 7- Capacitance Cg against Vs for Vps (a) 0.05V, (b) 1.0V

The simulation has been carried out for the struc-
tures to study the AC small-signal analysis to extract
the values of Cgs, Cga and Cgg after the post-processing
simulation of DC analysis. The AC analysis is done for
the frequency of 1 MHz with a ramp voltage of 0 to 1 V
and with the step size of 0.025 V. By comparing the
three structures, it came into picture that the device
with the high-K gives high values of the capacitances.
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So, for D3 (GS-DG-FinFET), the values of the intrinsic
capacitances due to the use of spacer in the structure
show a contradictory result as compared to D2. This
puts an appreciable impact on the cut-off frequency,
which is discussed, in the next figure. The capacitances
Cgs, Cea and Cgg increase with increasing Vas until both
the values reach the saturation level. And after that
they become constant without putting any effect on the
junction. The cut-off frequency (fr) is an important RF
parameter and the performance is evaluated by using

- Em
fn 27(Cp +Cyy)’ ™

where gm, Cgs and Cga are the transconductance, the
gate to source capacitance and the gate to drain capaci-
tance respectively.

In Fig. 8, the structure with gate stacking concept as
gate oxide shows better result as compared with single
layer device. Among the three devices, D3 shows higher
value of fr. This shows superiority on the gate control-
lability, higher transconductance and lower parasitic
capacitances as compared to other devices in our study.

GFP =(g,./gd)*fr ®)
GTFP=(g,,/8,)%(8/I)fr ©)

TFP=(g,./Iv)*fr-

The GTFP, GFP and TFP are some unique FoMs in
case of the RF analysis. GTFP is an important parameter
of discussion given in Table 5 and Table 6, which is cali-
brated by both the switching speed and the intrinsic gain.
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Fig. 8 — Cut-off frequency (fr) as a function of Vas for (a)
Vps=0.056V, (b) Vps=1.0V
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Fig. 9 — GFP and TFP as a function of Vgs for (a) Vbs=0.05V,
(b) Vbs=1.0V

Table 5 — RF performance of devices for Vps=0.056 V

Devices Cyg fr GFP TFP GTFP
(fF) | (GHz) (GHz) (GHz/V) | (GHz/V)
D1 4.34 | 162.00 | 1.35x10* | 1.41x105 | 7.72x105
D2 2.98 | 212.11 | 1.45x10* | 1.04x106 | 4.60x105
D3 3.63 | 236.59 | 1.50x10* | 1.23x106 | 8.95x105
Table 6 — RF performance of devices for Vps=1.0V
Devices Cge fr GFP TFP GTFP
(fF) | (GHz) (GHz) (GHz/V) | (GHz/V)
D1 4.09 | 135.00 | 1.65x10% | 1.22x10* | 1.42x105
D2 2.83 | 146.63 | 5.056x104 | 3.03x104 | 1.05%x105
D3 3.35 | 150.89 | 5.98x104 | 3.11x10* | 2.97x105

Here D3 shows better GTFP by trading off among the
gain, transconductance and speed. And this is due to the
higher value of fr, gm and lower value of ga. The other FoM
GFP calculated as per (8) is important for the operational
amplifier in high frequency applications. Similarly, TFP
given in (10) is represented as a trade-off between power
and bandwidth and its utilization takes place from medi-
um to high-speed applications.
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Both the GFP and TFP are shown in Fig. 9, which is
plotted in linear and logarithmic scale respectively
against Vs for the Vbs of 0.05V and 1.0 V. The plotting
shown for GFP and TFP gives an idea that the two pa-
rameters increase linearly as Vas increases in the sub-
threshold region and in the saturation region, the values
after decrease hold an optimal value. As per the compar-
ative study, GS structure shows better results for GFP
and TFP of about 7.09 % and 33.91 % respectively as the
gm and fr values are high for the same structure.

4. CONCLUSIONS

The analog and RF FoMs have been investigated con-
sidering three DG-FinFET structures. No high-K dielec-
tric and no spacer are used in D1; in the second struc-
ture, high-K dielectric material is used without spacer,
and in the third structure both high-K dielectric and
spacer are used. Complete device structure and simula-
tion have been performed on Sentarus TCAD software.
The different device performances have been analyzed by
keeping the work function constant of about 4.6 eV.

The simulation results in Table 2 show that the struc-
ture D3 exhibits the lowest DIBL value of 26.32 mV/V,
whereas by keeping a constant Vps value of 0.05V and
1V, the SS and Ion/Iorr ratio are found less for D2 and
D3 as compared to structure D1. Structure D1 shows low
gain as compared to other structures, and structure D3
here shows better results for gain (in dB). By comparing
the simulation results of the three devices, structure D3
shows better results for Vea, gain and TGF for the two
different voltages at Vps=0.05V and Vps=1.0V. The
structure with gate stacking concept as gate oxide shows
better result as compared with single layer device. Among
the three devices, D3 shows higher value of fr that is
equal to 150.89 GHz at Vps value of 1.0 V.

While comparing the GS-DG-FinFET, which is the D2
structure, with D3 structure, which is the GS-DG-FinFET
with spacer, structure D3 has shown improvement in the
DIBL, Vs, fr, GTFP, GFP, and TFP. By comparing the
above said parameters, D3 gives better result in case of
analog performances and has suitability towards RF per-
formances. Therefore, this structure is preferable for the
analog and RF performances of the circuit design giving
the key emphasis on the spacer engineering on the DG-
FinFET structure having GS engineering and without it.
Henceforth, in the future work further modification can
be done using gate-stacking concept with the spacer engi-
neering so that a single device can be simulated for the
analog and RF performance circuit design.
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Bruiue high-K niesrekrpuynoro marepiany ak 0ydgepa Ha aHAJIOrOBi Ta pagiouacToTHi
xapakrepuctuku GS-DG-FinFET

A. Pattnaik, Sruti S. Singh, S.K. Mohapatra

School Electronics Engineering, KIIT University, Bhubaneswar, India

V¥ 6ararorananbHii TexHosorii tparsucrop DG-FinFET e HOBo CTPYKTYpOIO 3aBISKN KPAIIOMY €JIeKT-
POCTATHYHOMY KOHTPOJIIO HaJ KaHaJaoM. Y poboTi mpejcraBjeHo gociimkenHs tTpansucropa FInFET 3 mo-
neitauM 3atBopoM (DG-FInFET), axwmit 6yB MogudikoBanuii 3a momomoromo high-K miesekTpudHOro MaTepi-
any ak crexa 3aTBopiB (GS) Ta creiicepHol 1HMeHepil, 10 3TaTHA TOKPAIIUTH MOr0 BJIACTUBOCTI. XapaKTe-
puctuku tpausuctopiB DG-FInFET, GS-DG-FinFET i1 GS-DG-FinFET 3i crmeiiceproio xoHbirypairien mpm-
PIBHIOIOTHCA [0 IIOKA3HUKIB SKOCTI KOpoTKokaHaIbHUX edekTis (SCEs), anasorosux i pamioJacToTHHX 3a-
crocyBanb. [IpoanamisoBani mokasuuku axocti SCEs, Taki ax migmoporosuit Haxmi (SS), iHIyKOBaHe CTO-
koM ameHmeHHs 6ap'epy (DIBL) ta simmomenusa crpymis nepermiouenHs (lox/Iorr). Y poboTi aHasorosa
epeKTUBHICTH IPUCTPOIB JOCIIPKY€ETHCSI Ha 0a3l TAKUX ITapaMeTpiB, SK TPAHCIPOBIIHICTD (gm), KoedillieHT
nocunenus tpancuposinuocri (TGF), Buxinua nposigaicts (ga), ctpyM crory (Ip), panus Hampyra (Vga), BHY-
TpiurHe ocusaeHHs (Av). PamiouacrorHa ederTHBHICTS aHAI3YETHCS HA OCHOBI IIOKA3HUKIB SIKOCT1 IIApa3nT-
Hol emHocTi 3aTBopa (Cgd, Cgs Ta Cgg), Oporosoi uacrotu (fr), Koedimienra mocumenas yacrotu (GFP) 1 uac-
ToTHOTO Koedirienty tpaucmposigaocti (TFP). Ilpu mpomy My HamaraJymcs IpoBeCTH ITOPIBHSIJIBHE JOCJII-
IKEHHs, 100 3ampOIOHYBATH MOJKJMBICTH MOJINIIeHHs xapakrtepuctur crpykrypu GS-DG  mpu
Vbs = 0,05 B ta 1,0 B. Tyr napamerp DIBL gemoncrpye Benuuuny 49,8 %, a 3HadyeHHST SS 3MEHIIINIIOCS HA
32,65 %. Buxomauu 3 mociIiasKeHHsT aHAJIOT0BOI edpekTuBHOCTI, Via migsummmsea Ha 4,31 %, TGF mpucrporo
mokpammBea Ha 33,9%, a M0ro MOCUJIEHHS MOPIBHAHO 31 3BruaiHuM. MoeIioBaHHA BUKOHAHE 3 ypaxXyBaH-
HAM ITapaMeTpiB 45 HM Byaja BIOMOBIOHO A0 A0poskHBOI KapTu ITRS [y BHCOKOIIBUAKICHUX JOHATKIB Ta
HU3bKOEHEPIOEMHHUX CXEM.

Kmiouosi cnosa: GS-DG-FinFET, Cueiicepna imkenepiss, Bayrpimmai emuocti, High-K, SCEs.
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