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Nano-electronic applications have benefited enormously from the great advancement in the emerging
Nano-technology industry. The tremendous downscaling of the transistors’ dimensions has enabled the
placement of over 100 million transistors on a single chip thus reduced cost, increased functionality and
enhanced performance of integrated circuits (ICs). However, reducing size of the conventional planar tran-
sistors would be exceptionally challenging due to leakages electrostatics and other fabrication issues. Fin
Field Effect Transistor (FinFET) shows a great potential in scalability and manufacturability as a promis-
ing candidate and a successor to conventional planar devices in nanoscale technologies. The structure of
FinFET provides superior electrical control over the channel conduction, thus it has attracted widespread
interest of researchers in both academia and industry. However, aggressively scaling down of channel di-
mensions, will degrade the overall performance due to detrimental short channel effects. In this paper, we
investigate the impact of downscaling of nano-channel dimensions of Germanium Fin Feld Effect Transis-
tor (Ge-FinFET) on electrical characteristics of the transistor, namely; Ion/Iorr ratio, Subthreshold Swing
(SS), Threshold voltage (Vr), and Drain-induced barrier lowering (DIBL). MuGFET simulation tool was uti-
lized to conduct a simulation study to achieve optimal channel dimensions by considering channel length
(L), width (W), and oxide thickness (Tox) individually. In addition, the effects of simultaneous consideration
of all dimensions by exploiting a scaling factor, K was evaluated. According to the obtained simulation re-
sults, the best performance of Ge-FinFET was achieved at a minimal scaling factor, K= 0.25 with 5 nm

channel length, 2.5 nm width, and 0.625 nm oxide thickness.
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1. INTRODUCTION

Fin Field Effect Transistor (FinFET) has shown a
great potential in scalability and manufacturability as a
promising candidate in nanoscale complementary met-
al-oxide-semiconductor (CMOS) technologies [1, 2]. The
structure of FinFET provides superior electrical control
over the channel conduction, thus, it has attracted
widespread interest from researchers in both academia
and industry [3]. However, tremendous downscaling of
channel dimensions, mainly the channel length, will
degrade the overall performance due to detrimental
short channel effects (SCEs) such as to leakages, energy
consumption, electrostatics, in addition to other fabrica-
tion issues [4-6].

The applications of Nanoelectronic have benefited
enormously from the great advancement in the emerg-
ing Nano-technology industry [7, 8]. The name of Fin-
FET technology comes from the fact that the structure
of FET looks like a set of fins when viewed [9]. Such
type of gate structure provides an improved electrical
control over the channel conduction and it helps in re-
ducing leakage current levels and overcoming some
other issues related to short-channel such as electro-
static limits and source-to-drain tunneling [10]. These
issues represent constraints in the design and fabrica-
tion of transistors beyond Nano-Dimensional channel
length in conventional MOSFET [11, 12].

More new FET structures are being explored on a
large scale. One of these structures was the FinFET,
which has attracted a widespread of researchers in both
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academia and industry of semiconductors [13], thanks
to the vertical fin that determines the source channel
discharge. It will be appreciated that the FinFETs can
be used with (25 nm) gate length as they have the abil-
ity to provide high current immunity and high immuni-
ty to SCEs [6]. FinFET was born as a result of the con-
tinuous increase in integration levels. Control over the
reduced channel length of FInFET is more complicated
and more important. This is because the conduction
occurs thus in two parallel channels that are in vertical
planes the conduction remaining parallel to the sub-
strate surface between drain and source area. The
drain current is flowing on both sides of the fin is a way
to increase the discharge source for the same area in
the channel region. Thus, efforts and attentions to find-
ing a solution for this issues are highly increased.

In this paper, we simulate and analyze the effects of
reducing channel dimensions [length (L), width (W),
and oxide thickness (Tox)] of Germanium Fin Feld
Effect Transistor (Ge-FinFET) on its performance in
terms of FOUR (4) electrical characteristics, namely, (i)
Ton/Torr ratio, (i1) Subthreshold Swing (SS), (iii)
Threshold voltage (Vr), and (iv) Drain-induced barrier
lowering (DIBL). Moreover, we propose a scaling factor
K to downscale all dimensions (L, W, and Tox) as once
and detect the best performance based on the selected
scaling factor. According to simulation results, we have
designed the best nanoscale channel dimensions of Ge-
FinFET based on the highest Ion/Iorr ratio and the best
SS characteristics.
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The remaining part of this paper is structured as
follows. Section II introduces the experimental methods
adopted for this research. Section III contains the sim-
ulation results and discussions. Finally, the conclusions
are presented in Section IV.

2. EXPERIMENTAL METHODS
2.1 MuGFET Simulator

The well-known MuGFET which is developed and
designed by Purdue University (USA) is utilized to
develop the simulation model of this study. There are
two modes of simulation in MuGFET either PADRE or
PROPHET. The PADRE is a device-oriented simulator
for 2D or 3D devices with arbitrary geometry, whereas
the PROPHET is a partial differential equation profiler
for one, two or three dimensions. These simulation
tools can generate different characteristics of FETs
transistors to understand the underlying physics be-
havior of FETs. It can also provide self-consistent solu-
tions to poison and drift-diffusion equations.

2.2 Simulation Model

MuGFET is utilized to investigate the characteris-
tics of the Ge-FinFET transistor by varying dimensions
of channel. Electrical characteristics based on the I-V
relation under various conditions and based on differ-
ent parameters are studied and evaluated. The effects
of wvariable channel dimensions, namely; channel
length, width and oxide thickness in addition to scaling
factor of the Ge-FIinFET transistor, are determined. In
particular, the I+Ve characteristics of Ge-FinFET at
the temperature of 300 K are simulated and analyzed.
The setting of simulation parameters in this study are
listed in Table 1.

In order to evaluate electrical characteristics of Ge-
FinFET based on channel’s dimensions, FOUR (4) sim-
ulation scenarios were designed for different simula-
tion parameters. The first scenario focused on impact of
varying channel length only, while keeping other di-
mensions (W and Tox) constant. The second scenario
investigated electrical characteristics based on various
channel widths, while both length and oxide thickness
of channel were unchanged. In the third scenario, only
oxide thickness was changed and other dimensions
were kept constant. The last scenario was designed for
simultaneous consideration of all dimensions, L, W,
and Tox by changing scaling factor K to decrease all
dimensions and evaluate transistor performance for
each value of K.

Table 1 — Simulation parameters
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3. RESULTS AND DISCUSSION
3.1 Downscaling Channel Length Scenario

In this scenario, the impact of scaling down of chan-
nel length L on the characteristics of Ge FinFET has
been studied. The channel length L was changed be-
tween 10 and 40 nm, whereas W and Tox were kept
constant at default values of MuGFET which are 5 nm
and 2.5 nm, respectively. The simulation of transfer
characteristics (drain current Iy — gate voltage V;) has
been conducted with different channel lengths L.

Based on the obtained results, the Ion/Iorr ratio pro-
portionally increases with channel length at both voltag-
es, Von=5V and 0.5V. As illustrated in Table 2, the
maximum value of the Ionx/Iorr ratio is more than 10* at
L =40 nm. For L range from 10 to 30 nm, the highest
IonlIorr ratio is for Vpp= 0.5V, while for 30 to 40 nm L
range the highest Ion/Iorr ratio occurs for Vpp=5V. The
relation between SS characteristic and channel lengths
is also investigated. Results show that the SS is im-
proved as the channel length increased and reached to
65 mV/dec the nearest value to the ideal SS at
L =40 nm. Similarly, the threshold voltage (V7) gains
some increment with increasing the channel length,
where Vr=0.43V at the maximum L of 40 nm and
Vr=0.20V at the minimum L of 10 nm. Conversely,
drain-induced barrier lowering (DIBL) of the Ge-FinFET
reduces with increasing channel length and reaches to
4.8 mV/V at L =40 nm.

Table 2 — Summary of main findings

Scenario/ | Characteristics | Value

Scenario 1 IonlIorr 2.29-10°
SS, mV/dec 65

L Best L, nm 40

Scenario 2 Ionllorr 2.29-10°
SS, mV/dec 62

w Best W, nm 5

Scenario 3 | Ion/Iorr 3.53-104
SS, mV/dec 67

Tox Best Tox, nm 1.5

Scenario 4 | Ionl/lorr 3.56-104
SS, mV/dec 68.9

K Best K 0.25

Parameters value

Channel length, L (10, 15, 20 and 40) nm

Channel width, W (5,10, 12, and 20) nm

Oxide thickness, Tox (1.5,2.5, 5 and 7) nm

Scaling factor, K (0.25, 0.5, 0.75 and 1.00)

channel concentration p- | 106 cm ~3
type
channel concentration n- | 101%cm ~3
type

According to the obtained characteristics in this
scenario, the best performance in terms of all perfor-
mance metrics can be achieved in case with 40 nm
channel length. Therefore, it is obvious that with consid-
ering channel length only, we cannot go far in downscal-
ing channel dimensions due to the degradation of tran-
sistor performance, especially in short length channel.

3.2 Downscaling Channel Width Scenario

The impact of scaling down channel width W on the
considered performance metrics of Ge-FInFET has been
evaluated in this scenario. The value of W was de-
creased from 20 nm to 5nm, while L and Tox were
fixed to 40 nm and 2.5 nm, respectively. Unlike the
previous scenario, the downscaling of channel width
improved the performance of transistor in terms of all
characteristics. The best performance was achieved
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with the smallest channel width, W=5 nm where the
Ton/IoFr ratio is more than 105 and SS =62 mV/dec
according to the results in Table 3.

The improvement in Ge-FinFET with shrinking
channel width is also obvious in terms of threshold
voltage and DIBL. The Vr is inversely proportional to
channel width, where V7=0.435V at the minimum
channel width of 5 nm and Vr=0.24V at the maxi-
mum channel width of 20 nm. Meanwhile, the DIBL is
proportional to channel width and it attains the mini-
mum and best value of 4.9 mV/V when W= 20 nm.

3.3 Downscaling Channel Oxide Thickness
Scenario

The behaviour of Ge-FinFET in terms of most elec-
trical characteristics with scaling down channel oxide
thickness is consistent with previous scenario of chan-
nel width variation. As the oxide thickness of channel
decreased, characteristics were enhanced, even though
the improvement is less comparing with the width-
based scenario. For the simulation scenario carried out
in this phase, the channel oxide thickness Tox has been
changed (1.5, 2.5, 5 and 7 nm), while both channel
length and width were kept constant at 40 and 10 nm,
respectively. The obtained results prove the variation
of Ion/Iorr ratio with the channel oxide thickness. The
best Ion/Iorr ratio was greater than 10* and was ob-
tained with Vpp=5V at minimum 7ox=1.5nm and
then decreased to 102 at Tox=7 nm. Almost similar
results were obtained for 0.5V voltage which repre-
sents the nearest voltage to OFF state voltage (0 V).
We noticed from the results that for a channel oxide
thickness Tox= 1.5 nm the Ge-FInFET has shown bet-
ter SS characteristics with the best SS value of
67 mV/dec compared to other Tox values. Conversely,
the farthest value from ideal SS (59.5 mV/dec) occurred
at Tox =7 nm, where SS is 229 mV/dec.

Furthermore, an improvement in terms of both Vr
and DIBL characteristics of Ge-FinFET was achieved
by decreasing channel oxide thickness. While the volt-
age threshold increased linearly with decreasing 7Tox,
the DIBL was not consistent and its value fluctuating
with different oxide thickness. The best and highest
threshold voltage was Vr=0.35 V at the smallest chan-
nel oxide thickness of 1.5 nm. Similarly, DIBL achieved
the smallest value of 19 mV/V at the minimal Tox.

3.4 Scaling Factor of Channel Dimensions

According to the aforementioned scenarios, the best
performance in terms of the considered electrical char-
acteristics was achieved at channel length L =40 nm,
channel width W=5 nm, and channel oxide thickness
Tox=1.5nm. Thus, Ge-FInFET has not achieved a
proper performance with a shrinking channel length
where it attains better performance at the longest
channel case. In order to scaling down all channel di-
mensions as once, we have applied a scaling factor K on
all dimensions including length, width and thickness.
Following we study the electrical characteristics based
on scaling factor, the reference value of K is defined as
“1” with its highest channel dimensions. Then, all di-
mensions are scaling down to reach to new physical
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limits for the channel of Ge-FinFET. All corresponding
dimensions to the defend scaling factors are shown in
Table 3.

Table 3 — Channel dimensions based on scaling factor K

K L,nm | W.nm Tox, nm
1.00 | 40 20 6
0.75 | 20 10 3
0.5 | 10 5 1.5
0.25 | 5 2.5 0.625
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Fig. 1 —Impact of varying dimensions scaling factor of Ge-
FinFET on Ion/Iorr ratio
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Fig. 2 —Impact of varying dimensions scaling factor of Ge-
FinFET on subthreshold swing
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Fig. 3 —Impact of varying dimensions scaling factor of Ge-
FinFET on threshold voltage

Fig. 1 shows the relation between Ion/Iorrratio with
the scaling factor K from 0.25 to 1. Obviously, we can
notice the improvement in Ion/Iorr characteristics with
downscaling all channel dimensions together. The best
value of Ion/Iorr ratio is higher than 10* which is
achieved at scaling factor of K =0.25 for both Vpp=5V
and for Vpp = 0.5 V. The worst Ion/Iorr ratios, less than
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102 were occurred at the reference value of scaling
factor for both Vpp voltages.
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Fig. 4 — Impact of varying dimensions scaling factor of Ge-
FinFET on drain-induced barrier lowering

Fig. 2 shows the worst SS characteristic value (100
mV/dec) that is obtained at K=1. In contrast, the
nearest value to the ideal SS is 68.9 mV/dec was ac-
quired at K = 0.25. It can be notice that with increasing
K, the SS value increases significantly. Likewise, the
impact of changing Scaling Factor (K) on Vr and DIBL
is illustrated in Fig. 3, where the highest value of
Vr=0.64V is obtained at K =0.25, compared to the
lowest value Vr=0.33 V at K=1. On the other hand,
the DIBL value ranges from 356 mV/V to 111 mV/V
between minimum and maximum value of K, respec-
tively, with inconsistent behaviour in between as illus-
trated in Fig. 4.
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According to the simulation results of this scenario,
we have achieved very small physical limits for Nano-
channel dimensions by applying a scaling factor K. The
overall results of this study were summarized in Ta-
ble 2 with highlighting on the channel dimensions for
best performance in all scenarios. The best results are
highlighted in different color.

4. CONCLUSIONS

We have demonstrated the electrical characteristics
of Ge-FinFE based on various channel dimensions. Our
calculation of the best performance was achieved at
highest Ion/Iorr ratio and the nearest SS to the ideal
value in different simulation scenarios using MuGFET.
We have changed dimensions individuality to study the
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propriate performance. We observed that by variation
of the dimensions scaling factor, it can be possible to
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increasing the Ion/Iorr ratio and enhancing SS, Vr and
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Enexrpuuna xapakrepucruka rpaaaucropa Ge-FinFET
HA OCHOBi HAHOPO3MIiPHUX KAHAJIIB
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3acTocyBaHHA HAHOEJIEKTPOHHUX IPHJIALIB HAA3BUYANHO BUI'PAJIO BiJ CTPIMKOrO Iporpecy B rajIysi Ha-
"orexHoJsorii. KosocaibHe 3MeHIIEHHS PO3MIPIB TPAH3HUCTOPIB JO3BOJIMJIO po3MicTUTH Oiabire 100 Muix
TPAH3KUCTOPIB HA OJHOMY YiIIl, II0, B CBOIO YePry, IPU3BEJIO [0 3HUKEHHSA BUTPAT, 30L/IbIIeHHA (PYyHKITIOHA-
JIBHOCTI Ta IIBUINEHHS IIPOYyKTUBHICTI iHTErpaabHUX MikpocxeM. IIpoTe, 3MeHIIEHHST po3Mipy 3BUYAMHIX
IJIaHAPHUX TPAH3UCTOPIB OyJI0 O HAJ3BUUYANHO CKJIAJHAM Yepe3 eJIeKTPOCTATHYHI BTPATH Ta 1HIII BHPOO-
unul nurauus. [lompoBuit Tpausucrop Fin Field Effect Transistor (FinFET) mokasye Besmkmit moTeHIiam y
MacImTaboBaHOCTI T4 TEXHOJIOTTYHOCT] SIK IMEePCIIEKTUBHUN KAHIUAAT TA HACTYIHUAK 3BUYAWHUX ILUIAHAPHUX
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mpucTpoiB y HaHorexHosoriax. Crpyrrypa FInFET 3a6esmeuye uymoBuil eleKTpUYHUN KOHTPOJIb HAJ IPO-
BIJHICTIO KAHAJIIB, 1, TAKMM YMHOM, IIPUBEPTAE IIMPOKUN IHTepeC MTOCIITHUKIB K 3 HAYKOBOI, TAK 1 3 IIPUK-
J1aIHOI TOYOK 30py. OgHak pidke 3MEHIIEHHS PO3MIPIB KAHAJIIB IPU3BOIUTD JI0 HOTIPIIEHHS 3araJabHOI IIpo-
JIYKTABHOCTI 32 PAXyHOK ITKIIJTUBUX €eKTIB KOPOTKOTO KaHAaJy. Y JaHiil poOOTI JOCTIKEHO BILIMB 3MEH-
IIeHHsA PO3MipiB KaHasiB Tpauaucropa 3 repmanioo (Ge-FinFET) na enexkrpruni xapakTeprCTUKY TPAH3UC-
Topa, a came Ha BigHomeHHs lon/Iorr, TAIOPOTOBE KOJMBAHHS, IOPOTOBY HAMPYTY Ta 1HAYKOBAHE CTOKOM
sumskenus 6ap’epy. MuGFET Oye BukopucrTauuii y MOIEIOBAHHI I JOCATHEHHS ONTUMAJIBHUX PO3MIpPiB
KaHAJIy, BPAXOBYIOYH 1HAMBLIyaIbHY TOBMKUHY KAHAJY, IIUPHHY 1 TOBIIMHY okcuay. Kpim Toro, Oysn orri-
HeHl epeKTH 0JHOYACHOTO POSTJIALY YCIX BUMIPIB, BUKOPUCTOBYIOUN KoedilieHT MaciurrabyBauHsa. 3rigHo 3
OTPUMAHUMHU Pe3yIbTATaAMU MOJIEJIOBAHHs, Hankpama npoaykrueHicTs Ge-FinFET 6yna nocsraena sa mi-
HiMaJbHOrO Koedirmienra MacirabyBanaa K = 0.25 3 IOBKMHOI KaHAJIY 5 HM, IIAPUHOI 2.5 HM 1 TOBIIH-
HOW0 okcuay 0.625 HM.

Knrouogi ciosa: Ge-FinFET, Poamipu kauasmis, Ion/Iorr BinHomenss, [linmoporose konusauus, MuGFET.
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