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Characteristic of p-Type Junctionless
Gate-All-Around Nanowire Transistor
and Sensitivity Analysis

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

Abstract—The characteristics and sensitivities of p-type junc-
tionless (JL) gate-all-around (GAA) (JLGAA) nanowire transis-
tors are demonstrated by simulating a 3-D quantum transport
device with a view to their use in CMOS technology. The con-
centration of dopants in a p-type JL nanowire transistor is not
as high as that in an n-type device owing to solid solubility of
boron in silicon. However, we can use a midgap material as gate
electrode to design an appropriate device threshold voltage. The
p-type JLGAA transistor exhibits a favorable on/off current ratio
and better short-channel characteristics than a conventional inver-
sion-mode transistor with a GAA structure. Sensitivity analyses
reveal that the channel thickness and random dopant fluctuation
substantially affect the device performance in terms of threshold
voltage (V;},), on current (I,,,), and subthreshold slope because
of the full depletion condition of the channel. The channel length
and oxide thickness have less impact because the short-channel
effect is well controlled.

Index Terms—Gate-all-around (GAA),
nanowire transistor, sensitivity.

junctionless (JL),

1. INTRODUCTION

ATE-all-around (GAA) silicon nanowires are promising

candidates for use in next-generation high-speed and low-
power electronic devices owing to their excellent gate control-
lability, low leakage, and good carrier transport properties [1]—
[3]. Recently, the concept of the junctionless (JL) MOS device,
which contains a single doping species at the same level in its
source, drain, and channel, has been proposed and investigated
[1]-[6]. GAA architecture is extremely suitable for fabricating
JL devices as the gate creates a depletion region at all sides of
the device to turn off the device. However, the high surface-to-
volume ratio in nanowires improves its sensitivity to any change
in process [1]-[3], [7], [8]. Since the variability issue was more
pronounced in nanometer CMOS devices [7]-[10], variations
in process change should be considered carefully. Additionally,
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Fig. 1. Device structure and parameters of simulated JLGAA nanowire
transistor.

many studies have focused on the scaling of n-type devices [2]-
[6], [11], [12], but few have addressed the use of p-type JL
transistor for CMOS technology.

This letter studies the characteristics and sensitivities of a
p-type JL GAA (JLGAA) nanowire transistor by simulating a
3-D quantum transport device with a view to the integration of
such transistors in CMOS technology. This letter is organized as
follows. In Section II, the simulation technique for studying the
JLGAA transistor is introduced. In Section III, the performance
of the device is discussed. In Section IV, an analysis of sensitiv-
ity to the source of variation is presented. Finally, conclusions
are drawn.

II. SIMULATION METHODOLOGY

Fig. 1 shows the structure of the p-type JLGAA nanowire
device and the parameters that are used in this work. In the stan-
dard device architecture used in this study, the gate/source/drain
lengths are all 15 nm, the equivalent oxide thickness is 1 nm,
and the channel has a square cross section with a width of
5 nm. Owing to the solid solubility of boron in silicon, the
doping concentrations of the channel and the source/drain
are all 2 x 10'® cm™2 with continuous doping concentration,
which is lower than that of an n-type device [2]-[6]. The
gate work function is 4.66 eV for an appropriate threshold
voltage, which can be easily obtained by using a midgap metal
material, such as TiN. To obtain accurate numerical results for
a nanoscale device, the device is simulated by solving 3-D
quantum transport equations using the commercial tool Syn-
opsys SDevice [13]. For considering random dopant fluctuation
(RDF) in sensitivity analysis, dopants are randomly generated
following a Poisson distribution in a very long cuboid, which
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Fig. 2. 14—V curves of the p-type JLGAA nanowire transistor; the threshold
voltage (V;1,), SS, and DIBL are shown in the inset.

the equivalent doping concentration is 2 x 10'? cm~3. The long
cuboid is then partitioned into 300 subcuboids. The number of
dopants in each cuboid varies from 1 to 15, and the average
number is eight. These subcuboids are mapped into the device
Si region (including channel, source, and drain) for 3-D device
simulation with discrete dopants [7], [8], [13]. In quantum
transport equations, a density gradient model [14] is used, as
listed hereinafter

Er,— Ey — A
=Ny F —=r ¥ P
p 1% 1/2( kTp )
7h2 2 1 2
A= — —— 1 —(V1 1
» m, [V np+ Z(V np) (1)

where p is the hole concentration, N, is the effective density of
states of valence band (E,), F, is the Fermi-Dirac integral,
m,, is the effective mass of hole, and 7}, is the hole temperature.
The corresponding parameters are also used for electrons. The
mobility model used in the device simulation is according to
Mathiessen’s rule, expressed as

1 D D 1

- = + + 2
14 Hsurf_aps Hsurf_rs Hbulk_dop

where D = exp(x/leit), with = as the distance from the in-
terface and [y as a fitting parameter. The mobility consists
of three parts: surface acoustic phonon scattering (surt_aps)s
surface roughness scattering (surr_rs), and bulk mobility with
doping-dependent modification (ghuik_dop); the details are de-
scribed in [13] and [15]. The SRH recombination and band-to-
band tunneling are also considered in the simulation. However,
due to the JL devices using high-concentration p-type doping
in the channel, the band bending in vertical direction is much
smaller compared to the inversion-mode PMOS with n-type
channel doping. Therefore, the gate-induced drain leakage ef-
fect is not significant in JL devices.

III. CHARACTERISTICS OF DEVICE

Fig. 2 shows the I;-V/, curves of the standard p-type JLGAA
device of interest: The threshold voltage (V;},) is approximately
—300 mV, and the on current (I,,) and off current (I,g) are
238 pA/pm and 0.3 nA/um, respectively, without the use of
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Fig. 3. (Top) Hole density and (bottom) electric field distributions in the

channel at the device OFF (V; =0 V) and ON states (V; = —1 V). The
positions of A and A’ in the figure are shown in Fig. 1.

any channel engineering or strain technology. A subthreshold
slope (SS) of 62 mV/dec approaches the ideal value, and
drain-induced barrier lowering (DIBL), defined as the differ-
ence in Vi, between V; = —0.05 V and V; = —1 V, equals
only 24.8 mV. The results of the simulation indicate that
JLGAA devices have excellent short-channel characteristics
for device scaling because their channels have a high doping
concentration and a small depletion region. Fig. 3 shows the
hole density (top) and electric field (bottom) distributions in the
middle of the channel when the devices are operated in the OFF
(Vy =0V) and ON (V, = —1 V) states. The positions of A
and A’ are shown in Fig. 1; the electric field in the oxide region
is not shown. The holes are concentrated in the middle of the
channel region when the device is either off or on, because
they are repelled by the electric field at the channel/oxide
interface [2]-[4]. When the device is in the OFF state, the GAA
structure and the narrowness of the channel cause the channel
region to be almost completely depleted, creating a relatively
uniform electric field, and the bulk conduction of holes is
reduced. However, when the device is operated in the ON state,
the electric field is reduced in the middle of the channel and
increased close to the surface of the channel, promoting the
conduction of the holes. Accordingly, the JL transistor has a
high on/off current ratio.

IV. SENSITIVITIES OF DEVICE

Fig. 4 shows the sensitivities of the devices to changes of
+10% and £20% in gate length (L), oxide thickness (1),
and channel thickness (W) and with RDE. The AV, /Viy,
Al /Ion, and ASS/SS summarized in Table I are defined as
the difference between the respective maximum and minimum
values divided by the performance of the standard JLGAA
transistor with no variation in L, T, W, and RDF. In Fig. 4(a),
a change in L only slightly affects AV4y, /Vin, Alon/Ion, and
ASS/SS, indicating excellent control of the short-channel effect
because of the GAA structure. In Fig. 4(b), changing the
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Fig. 4. Sensitivity analyses for (a) gate length L, (b) oxide thickness 7", and
(c) channel thickness W changes of +10% and +20% and (d) considering
RDE.

TABLE 1
SUMMARY OF THE DEVICE PERFORMANCE DEVIATIONS
FOR DIFFERENT SOURCE OF DEVIATIONS

p-type Gate Oxide Channel Random Dopant
JL GAA Length (L) Thickness (T) | Thickness (W) Fluctuation
AVip/Vin 10.5% 16.3% 45.3% T1%
Alon/lon 3.6% 1.5% 77.1% 22%
ASS/SS 4.6% 7.3% 11.8% 15.1%

oxide thickness has a greater effect on V;;, but a weaker effect
on the device [, than does changing L; it also shows less
impact on the device performance. Since the depletion region
of the channel dominates the characteristics of a JL device [4],
the I,, is observed to be highly sensitive to W because of
the full depletion condition of the channel. The AV;y,/Vip,
Alon/Ion, and ASS/SS of such a transistor are 45%, 77%, and
12%, respectively. Fig. 4(d) shows the IV characteristics with
RDF, in which the red symboled line is the standard device
with continuous doping concentration. The RDF significantly
affects the device Vi, and SS more than other systematic
process variations. However, for device operation at high gate
bias, the high concentration of carriers screens the influence of
impurities, resulting in a smaller deviation of /.

V. CONCLUSION

In this letter, the characteristics and sensitivities of p-type JL-
GAA nanowire transistors have been explored for potential use
in nano-CMOS technology. The simulation results demonstrate
that p-type JLGAA transistors can be fabricated from a midgap
gate material and have a high on/off current ratio and excel-
lent short-channel characteristics. The electric field distribution
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when the device is on differs considerably from that when the
device is off, explaining the excellent switching current ratio.
In systematic process variation, since the depletion region of
the channel of a JL device is important, the channel thickness
significantly influences the device performance. The RDF has
the greatest effect on the threshold voltage and subthreshold
slope but a limited influence on ON-state current. This is due to
the screening effect of carriers at high gate voltage bias.
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