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Performance Comparison Between Bulk
and SOI Junctionless Transistors

Ming-Hung Han, Chun-Yen Chang, Life Fellow, IEEE, Hung-Bin Chen,
Jia-Jiun Wu, Ya-Chi Cheng, and Yung-Chun Wu, Member, IEEE

Abstract—The design and characteristics of a junctionless (JL)
bulk FinFET were compared with the silicon-on-insulator (SOI)
JL nanowire transistor (JNT) using 3-D quantum transport device
simulation. The JL bulk FinFET exhibits a favorable ON/OFF
current ratio and short-channel characteristics by reducing the
effective channel thickness that is caused by the channel/substrate
junction. The drain-induced barrier lowering and the subthresh-
old slope are about 40 mV and 73 mV/dec, respectively, with
an ON/OFF current ratio of 10° at W = 10 nm. The JL bulk
FinFET is less sensitive to the channel thickness than the SOI JNT.
Furthermore, the threshold voltage Vi, of the JL bulk FinFET
can be easily tuned by varying substrate doping concentration
Ngub. The modulation range of Vi, as Ng,, changes from 108
to 10" em—3, which is around 30%.

Index Terms—Fin-shaped field-effect transistor (FinFET), junc-
tionless (JL), 3-D simulation.

I. INTRODUCTION

S CONVENTIONAL MOSFETs shrink to the point that

their channel lengths are of the order of nanometers,
several critical challenges, such as the need to reduce short-
channel effect (SCE), to deliver a higher ON-state current, to
reduce power consumption, and to eliminate intrinsic parameter
fluctuations, must be addressed [1], [2]. Numerous approaches
for addressing these issues have been introduced in the past ten
years. These include the use of high-k/metal-gate technique to
suppress the direct tunneling current in gate oxides, to enhance
mobility using strain, and to develop multigate structure such
as FInFET and nanowire structures to reduce SCEs [3], [4]. Re-
cently, the concept of the junctionless (JL) nanowire transistor
(JNT), which contains a single-doping species at the same level
in its source, drain, and channel, has been investigated [5]-[12].
The advantages of JL devices include: 1) avoidance of the use of
an ultrashallow source/drain junction, which greatly simplifies
the process flow; 2) low thermal budgets owing to implant
activation anneal after gate stack formation is eliminated; and
3) the current transport being in the bulk of the semiconductor,
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Device structure and parameters of simulated JL bulk FinFET and

which reduces the impact of imperfect semiconductor/insulator
interfaces. However, the JNT devices require a silicon-on-
insulator (SOI) wafer and a uniform ultrathin channel to turn the
device off, making them technologically difficult and expensive
to produce.

This letter compares JL bulk FinFET performances to that of
the existing SOI JNT by using 3-D quantum transport device
simulation. The advantages of the JL bulk FinFET are as
follows. First, the absence of an SOI wafer lowers the cost and
improves scalability. Second, it is fully compatibility with the
industry standard bulk FinFET CMOS process flow. Third, an
additional design parameter, i.e., substrate doping concentra-
tion, helps tune the device performance. This letter is organized
as follows. In Section II, the simulation method and the setting
of the parameters of the devices are introduced. In Section III,
the characteristics of different devices are compared, and design
of the JL bulk FinFET device is presented. Finally, conclusions
are drawn.

II. SIMULATION METHODOLOGY

Fig. 1 presents the structure of the simulated devices and
the relevant parameters. The devices have an HfO5 high-£ gate
oxide with an equivalent oxide thickness (EOT) of 1 nm, a
gate length (L,) of 15 nm, and a channel thickness (T") of
10 nm. The gate material is TiN with a work function of 4.76
and 4.52 eV (can be tuned by Al incorporation) for n-channel
and p-channel JL bulk FinFET [2], [13], [14]. The doping
concentrations in the source/drain/channel in both n-channel
and p-channel JL Bulk FinFET and SOI JNT are all set to

0741-3106/$31.00 © 2013 IEEE
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Fig. 2. I4s—Vys curves of the n-channel and p-channel transistors with gate

length Ly = 15 nm, channel thickness 7" = 10 nm, and EOT = 1 nm. The SS

and DIBL are shown in the inset.

1.5 x 101 cm~2, as listed in Fig. 1. The substrate doping is an
opposite type with 5 x 10'® cm~2 in the JL bulk FinFET, which
can be obtained easily by the typical well-implantation process.
To adjust threshold voltage V4, the work functions of n-channel
and p-channel SOI JNTs are tuned to 5 and 4.3 eV, respectively.
To obtain accurate numerical results for a nanometer-scale
device, the device is simulated by solving 3-D quantum trans-
port equations using the commercial tool Synopsys Sentaurus
Device [15]. In quantum transport equations, a density gradient
model is used in the simulation. The bandgap narrowing model,
the band-to-band tunneling model, and Shockley—Read—Hall
recombination with the doping-dependent model are also con-
sidered. The direct tunneling model is not utilized because
high-k/metal-gate technology is used. The mobility model used
in device simulation is according to Mathiessen rule, which is
expressed as

1 D D 1
- = + + (1)

M Msurf_aps Hsurf_rs Hbulk_dop

where D = exp(x/leit), « is the distance from the interface,
and L is a fitting parameter. The mobility consists of three
parts: surface acoustic phonon scattering figurf_aps, Surface
roughness scattering [tsurf_rs, and bulk mobility with doping-
dependent modification fipuk_dop; the details are described
in [15].

III. RESULTS AND DISCUSSIONS

Fig. 2(a) plots the I~V curves of the n-channel and
p-channel devices of interest, in which the linear threshold
voltage is adjusted to approximately 300 mV to enable a fair
comparison. Without applying channel engineering or strain
technology, the n-channel JL bulk FinFET has an ON-state
current of 322 pA/um (at Vyg =1 Vand Vg =1 V) and an
OFF-state current of 1.7 nA/pm (at Vys =0 Vand Vg =1 V),
respectively, which is normalized to the device width (W = 3T,
including top, left, and right sides). The subthreshold slope (SS)
is 73.1 mV/dec, and drain-induced barrier lowering (DIBL),
which is defined as the difference in Vi, between Vs =
0.05 V and V45 =1V, is only 40.4 mV. These simulation
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Fig. 3. (a) Electron density distributions in the middle of the channel at
oFF-state (Vgs =0 V) and ON-state (Vys =1 V) for Ly = 15 nm, T =
10 nm, and EOT = | nm. (b) DIBL and SS comparison with different channel
thicknesses 7" between the n-channel JL Bulk FinFET and the SOI JNT with
Lg = 15nm and EOT = I nm.

performances are comparable with similar JL. devices in recent
years [5], [8], [9]. Additionally, the extracted mobility is about
90 cmz/V -s at Vy, = 0.5V, which are also confirmed with
experimental mobility data [16]. The p-channel JL bulk FinFET
performs similarly. The comparison of the simulated DIBL and
SS in the inset in Fig. 2(a) reveals that the JL bulk devices
outperform the SOI devices for channel thickness W' = 10 nm.
To examine thoroughly the phenomena that are evident in JL
devices, the electron density distributions in the center of the
channel region is determined for both OFF-state (Vs =0 V)
and ON-state (Vs = 1 V), as shown in Fig. 3(a). The electrons
are concentrated in the middle of the channel region in both
the JL bulk FinFET and the SOI JNT because they are repelled
by the electric field at the channel/oxide interface [S]-[8].
Hence, the JL devices exhibit bulk conduction, which prevents
surface scattering of the current. Moreover, as presented in
Fig. 3(a), the electrons are more concentrated on the top of the
channel in JL bulk FinFET. Since the channel/substrate junction
produces an additional depletion region, the effective channel
thickness is reduced, improving the controllability of the gate
over that in the SOI JNT. Fig. 3(b) compares the DIBL and SS
characteristics of the JL bulk FinFET and the SOI JNT with
different channel thicknesses 7'. As T is reduced, although SS
and DIBL approach to their ideal values (60 mV/dec and 0 mV)
for both devices, the DIBL in the JL bulk FinFET remains
almost constant as 7" varies, indicating that its performance is
less sensitive to process variation. In addition, since the JL bulk
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Fig. 4. Threshold voltages and ON/OFF current ratios of JL bulk FinFET for
different substrate doping concentration.

FinFET with a large T perform similar short-channel control
as compared with SOI JNT with smaller 7', the large channel
volume in JL bulk FinFET may have a small random dopant
fluctuation (RDF) effect. However, the RDF is still a crucial
problem and further comprehensive analysis of the characteris-
tics fluctuation caused by the RDF is required. Fig. 4 displays
the Vi, and ON/OFF current ratio of the JL bulk FinFET versus
substrate doping concentration. Similar to the channel doping
concentration, the channel thickness, gate oxide thickness, and
gate work function [1], [4]-[9], the V};, can also be easily tuned
by controlling the substrate doping concentration. The range
of modulation of Vi, is about 30% as the substrate doping
concentration varies from 108 to 101 cm=3.

IV. CONCLUSION

In this letter, the electrical and physical characteristics of JL
bulk FinFET and SOI JNT have been explored. The results of
a 3-D quantum transport device simulation demonstrate that
the JL bulk FinFET has a higher ON/OFF current ratio and
better short-channel characteristics than that of the existing
SOI JNT. The electron density distributions indicate that the JL
bulk FinFET exhibited bulk conduction and did not suffer from
surface scattering. Additionally, the reduction in the effective
channel thickness by the channel/substrate junction helps to
reduce the SCE and the OFF-state current, and the sensitivity to
the physical thickness of the channel. With respect to device de-
sign, the JL bulk FinFET offers an additional design parameter,
i.e., the substrate doping concentration, for controlling device
performance.
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