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Abstract
In this study, novel n-type double-gate (DG) junction-less (J-less) polycrystalline silicon
(poly-Si) nanostrip transistors with different channel doping concentrations (NC) have been
fabricated and investigated. The effects of channel doping concentration on device
characteristics were examined comprehensively in this work. The experimental data show that
as the channel doping concentration of the J-less device increases, the threshold voltage (VTH)
becomes more negative. Besides, the drain-induced barrier lowering and the subthreshold
swing of the J-less transistors become larger as the channel doping increases. We also found
that as the channel doping increases, the off-current (IOFF) increases and the on-current (ION)
actually decreases due to the doping-dependent mobility degradation. The conduction
mechanisms under different channel doping concentrations were also investigated by TCAD
simulation. The experimental results suggest that the n-type DG nanostrip J-less transistor
with lower channel doping will have superior device characteristics.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Over the past decades, the size of metal-oxide-semiconductor
field-effect transistors (MOSFETs) has continually been
shrunk. A traditional MOSFET contains two p–n junctions
and between the two junctions the effective channel length is
defined. To mitigate the short-channel effects (SCEs), the ultra-
sharp and ultra-shallow source/drain (S/D) junctions were
introduced. However, this solution poses severe constraints
regarding the doping techniques and the thermal budgets
[1, 2]. Another remedy for SCEs is the nonplanar device
structures with the multiple-gate configuration such as the
FinFET structure. The channel regions of most modern
FinFETs are lightly doped or even intrinsic to minimize
the device variability caused by random dopant fluctuation
[3] and their S/D regions are formed by doped epi growth.

Therefore, for the modern FinFETs, the precisely-controlled
doping profiles for the S/D p–n junctions are intentionally
avoided. Nevertheless, the adjustment of the threshold voltage
(VTH) of the modern FinFETs relies on the different work
functions of the gate materials which make VTH adjustment
difficult and costly. Recently, a lot of attention has been paid
to junction-less (J-less) transistors, which feature the same
type of heavy doping across the S/D and the channel [4–9].
For J-less transistors, of course, the precisely-controlled p–n
junctions are avoided. Furthermore, there are some advantages
for J-less devices compared with the inversion mode devices
reported in the literature, such as lower electric field and higher
mobility [5–8]. In fact, J-less devices have been investigated
for applications in flash memory [10–12] and DRAM [13, 14].

The operation mechanism of J-less devices is quite
different from that of the conventional inversion-mode (IM)
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Figure 1. Schematic process flow of the p-type IDG J-less poly-Si
nanostrip transistor.

devices [5, 7, 15–17]. Unlike IM devices, most of the
conducting carriers of the J-less devices are away from the
gate/channel interface and thus, lower surface scattering rate
is expected. On the other hand, to effectively turn off the
J-less devices, the channel layer must be thin enough to
allow full depletion of carriers in the channel. The multiple-
gate configuration can be further applied on the J-less
devices to improve the gate controllability and suppress the
SCEs. Although the theoretical and simulation works of J-
less transistors are many [4, 6, 8, 16–20], comprehensive
experimental studies on J-less transistors are still few. In
this work, we fabricated, measured and analyzed n-type J-
less double-gate (DG) nanostrip transistors with different
channel doping concentrations (NC). Besides comprehensive
examination of the effects of channel doping concentration on

J-less device characteristics, we will discuss the conduction
mechanisms of J-less devices under different channel doping
concentrations. This paper is organized as follows. In section 2,
we briefly introduce the fabrication of n-type J-less DG poly-
Si nanostrip transistors. In section 3, we will present and
discuss the electrical characteristics of the fabricated devices
with different channel doping concentrations. The effects of
channel doping on device characteristics will be examined
comprehensively. The conclusions will be drawn in the final
section.

2. Device fabrication

Figure 1 shows the process flow of the n-type J-less DG poly-
Si nanostrip transistor which basically follows the process
of the previously published n-type DG poly-Si nanostrip
transistor [21]. The fabrication started on Si wafers capped
with a 1000 nm thick thermal oxide. First, a stack consisting
of SiN (60 nm)/in situ doped n+ poly-Si (100 nm)/SiN
(50 nm) was deposited. After an anisotropic patterning of top
SiN/poly-Si (figure 1(i)), a chemical plasma etching with high
selectivity to SiN was used for lateral etching of the poly-Si
(figure 1(ii)) to form nanometer-level cavities at the two sides
of the stack. Note that the remaining n+ poly-Si serves as
the first gate of the completed device. Then a 15 nm thick
TEOS oxide and a 100 nm thick amorphous-Si (a-Si) were
deposited to fill the nanometer-level cavities. The a-Si was
subsequently transformed into polycrystalline by a 600 ◦C
annealing in N2 ambient for 24 h (figure 1(iii)). Subsequently
an ion implantation with phosphorus at the doses of 5 × 1013,
4 × 1014, and 1 × 1015 cm−2 was performed (figure 1(iv)),
and then the samples were annealed in nitrogen ambience at
900 ◦C for 30 min to drive the dopants into the nanostrip
channels (figure 1(v)). Since the deposition thickness of the
a-Si film for the nanostrip channels is 100 nm, the nominal
nanostrip channel doping concentrations would be 5 × 1018,
4 × 1019, and 1 × 1020 cm−3 for the corresponding implant
doses. However, actually the doping concentration of the poly-
Si film is not uniform and most of the doped phosphorus atoms
would not get into the nanostrip channel region even after
the annealing. Based on our process experience and TCAD
simulation results [22], we estimate that the actual nanostrip
channel doping concentration is only approximately one tenth
of the nominal value. To reduce S/D resistances, an additional
S/D doping was performed by implanting phosphorus at a
dose of 5 × 1015 cm−2 (figure 1(vi)). To avoid the possible
phosphorus diffusion into the nanostrips, the dopant activation
was done by the thermal budget of the following processes.
We defined the channel and S/D regions by reactive plasma
etching (figure 1(vii)), and subsequently the materials for
forming the second gate structure including a 15 nm thick
TEOS oxide and a 100 nm thick in situ doped n+ poly-Si
were deposited (figure 1(viii)). The device was completed after
standard metallization steps.

The layout of the n-type J-less DG poly-Si nanostrip
transistor is shown in figure 2(a). Figures 2(b) and (c) are
the cross-section views of the device along the dot-dashed line
A–B and the dashed line C–D in figure 2(a), respectively.
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(a)

(b)

(c)

Figure 2. (a) Top view, (b) cross-section view along the A–B line
and (c) cross-section view along the C–D line of the n-type DG
J-less poly-Si nanostrip transistor.

Two poly-Si nanostrips are surrounded by the gate oxide
and embedded in the ultra-thin cavities underneath the nitride
hard mask as shown in figure 2(b). The transmission electron
microscopic (TEM) image of the cross-section view of the
fabricated J-less transistor is given in figure 3. The horizontal
channel thickness (TSi) of the rectangular poly-Si nanostrip is
observed to be about 16 nm from figure 3. The gate dielectrics
is formed by the deposition of 15 nm thick TEOS oxide and
the vertical channel width (W Si) is about 70 nm since the gate
thickness is aimed at 100 nm. The gate material for both gates
is n+ poly-Si. In this paper, the channel lengths (L) of the J-less
transistors are all 400 nm.

3. Results and discussion

In this work, the threshold voltage (VTH) is defined as the value
of VG when ID is equal to 5 nA for the 400 nm channel length

Figure 3. The cross-section TEM image of the n-type DG J-less
poly-Si nanostrip transistor.

J-less transistors. The drain-induced barrier lowering (DIBL)
is defined as the difference in VTH when VD is increased from
0.1 V to 1 V. The on-current (ION) is defined as the ID under the
gate overdrive (VG−VTH) equals 1 V and VD equals 1 V. The
off-current (IOFF) is defined as the ID under VG−VTH = −0.5 V
and VD = 1 V.

Figure 4 shows the ID–VG characteristics under VD = 0.1 V
and VD = 1 V of the J-less transistors with different channel
doping concentrations. Note that the chosen transistors are
those whose threshold voltages are closest to the average values
for each doping condition. The device characteristics under
different channel doping concentrations will be discussed in
the following based on the statistics. Figure 5 shows the
statistics of the threshold voltages of the J-less transistors
with different channel doping concentrations. The numbers
of samples for the channel doping concentrations 5 × 1017,
4 × 1018, and 1 × 1019 cm−3 are 10, 11, and 24, respectively,
which are subject to the device yield. The VTH fluctuation is
mainly due to the process variation since the intrinsic variation
is insignificant for the dimensions of our devices. The VTH of
the n-type J-less transistors becomes more negative as the
channel doping concentration increases. This indicates that the
higher the channel doping concentration the J-less transistors
have, the harder it is for the J-less transistors to be turned off
at VG = 0 V. Therefore, a more negative gate bias is necessary
to deplete the channel and shut off the leakage current as the
channel doping concentration increases.

The conduction mechanisms of the J-less transistors under
different channel doping concentrations were examined by
the TCAD tools, Sentaurus, from Synopsys [22]. Figure 6(a)
shows the TCAD simulation results of the electron density
distribution along the horizontal channel thickness direction
at the middle channel of the J-less transistors with different
channel doping concentrations under VG–VTH = 1 V and
VD = 1 V. In the TCAD simulation, the drift–diffusion (D–
D) model serves as the transport model with the quantum
correction made by density gradient model [22]. Note that,
in the TCAD simulation, the nanostrips are assumed to be
uniformly doped and the doping concentrations are one tenth
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Figure 4. The ID–VG characteristics under (a) VD = 0.1 V and
(b) VD = 1 V of the J-less transistors with different channel doping
concentrations. The chosen samples are those whose threshold
voltages are closest to the average values for each doping condition.
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Figure 5. The statistics of threshold voltage under different channel
doping concentrations for the n-type DG nanostrip J-less transistors.
The error bar is determined by the standard deviation of the data.
The actual channel doping concentration is estimated to be about
one tenth of the nominal channel doping concentration.
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Figure 6. The TCAD simulation results of (a) the electron density
distribution, (b) the electron current density, and (c) the electron
mobility along the horizontal channel thickness direction at the
middle channel of the J-less transistors with different channel
doping concentrations under VG–VTH = 1 V and VD = 1 V.

of the nominal values as mentioned in the previous section.
Besides, the doping concentrations of the S/D and gates are
set to be n-type 1 × 1020 cm−3. The geometric structure
of the simulated device is identical to the fabricated one.
From figure 6(a), we can see that for the lower channel
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Figure 7. The statistics of DIBL under different channel doping
concentrations for the n-type DG nanostrip J-less transistors. The
error bar is determined by the standard deviation of the data.

doping, the conduction current is contributed by both the
accumulation layers and the carriers in the central part
of the nanostrip. However, as the channel doping increases,
the conduction current is only contributed by the carriers in
the nanostrip central part. This can be further confirmed by
figure 6(b), which shows the electron current density along the
horizontal channel thickness direction. The transition from the
partial accumulation conduction to the complete central-part
conduction of our J-less devices is estimated to occur around
the channel doping concentration of 1018 cm−3.

Figure 7 shows the statistics of the DIBL of the J-less
transistors with different channel doping concentrations. As
the channel doping concentration increases, the DIBL value
of the J-less transistor becomes larger, i.e., the SCE becomes
worse. Figure 8 shows the statistics of the subthreshold swing
(SS) under VD = 1 V of the J-less transistors with different
channel doping concentrations. The SS of the J-less transistor
becomes larger as the channel doping concentration increases.
Both phenomena can be explained by figure 9 which shows
the two-dimensional electron density distribution at the drain-
side end of the gated channel under different channel doping
concentrations when VG = VTH and VD = 1 V. From figure 9,
the electron density distribution is more uniform under lower
channel doping and more centralized under higher channel
doping. That means the average distance between conducting
carriers and gate is longer for higher channel doping device.
Consequently, the J-less transistors with lower channel doping
concentration possess better gate controllability on conducting
carriers and hence better DIBL and SS. This can be further
confirmed by figure 10, which shows the one-dimensional
electron density profiles along the horizontal channel thickness
direction at the drain-side end of the gated channel under
high/low channel doping concentrations and VG = VTH or
VTH −0.2 V when VD = 1 V. Note that the drain-side end of
the gated channel should be the current bottleneck since the
carrier density is lowest therein. From figure 10, the reduction
of carriers for low channel doping is significantly larger than
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Figure 8. The statistics of SS under VD = 1 V for the n-type DG
nanostrip J-less transistors with different channel doping
concentrations. The error bar is determined by the standard
deviation of the data.

Table 1. Summary of the average values of the device characteristics
of the n-type DG nanostrip J-less transistors under different channel
doping concentrations.

NC (cm−3)
characteristics 5 × 1017 4 × 1018 1 × 1019

VTH(V)@VD = 0.1V 0.427 −0.213 −0.934
VTH(V)@VD = 1V 0.254 −0.420 −1.208
DIBL(V) 0.17 0.21 0.27
SS(mV/dec) 118.3 119.4 150.1
@VD = 1V
ION(A) 9.92 × 10−7 1.16 × 10−6 7.66 × 10−7

IOFF(A) 1.82 × 10−12 2.95 × 10−12 1.36 × 10−11

that for high channel doping as the gate bias is reduced by an
amount of 0.2 V in the subthreshold region.

Figure 11 shows the statistics of the ION of the J-less
transistors with different channel doping concentrations. As
the channel doping concentration increases, the ION of the
J-less transistor tends to decrease. This phenomenon can be
explained by figure 6(b). For the J-less transistor with higher
channel doping concentration, although the electron density is
higher as shown in figure 6(a), the electron mobility is lower,
as shown in figure 6(c). The mobility model used in the TCAD
simulation takes account of high-field velocity saturation,
doping-dependent mobility degradation, and transverse-field-
dependent mobility degradation [22]. Since the mobility
degrades as the doping increases, the J-less transistor with
higher channel doping concentration has lower mobility and
thus lower ION by integrating the current density curves in
figure 6(b). Figure 12 shows the statistics of the IOFF of the J-
less transistors with different channel doping concentrations.
The IOFF of the J-less transistor increases as the channel
doping concentration increases. Since the SS of the J-less
transistor increases as the channel doping concentration
increases, consequently the IOFF increases as the channel
doping concentration increases. Table 1 is the summary of

5



Semicond. Sci. Technol. 29 (2014) 055001 K-M Liu et al

(a) (b) (c)

Figure 9. The two-dimensional electron density distribution at the drain-side end of the gated channel with the channel doping
concentrations of (a) 1 × 1019, (b) 4 × 1018, and (c) 5 × 1017 cm−3 under VG = VTH and VD = 1 V.
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Figure 10. The one-dimensional electron density profiles along the
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VD = 1 V.
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Figure 11. The statistics of on-current under different channel
doping concentrations for the n-type DG nanostrip J-less transistors.
The error bar is determined by the standard deviation of the data.

the average values of the J-less device characteristics under
different channel doping concentrations. In brief, as the
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Figure 12. The statistics of off-current under different channel
doping concentrations for the n-type DG nanostrip J-less transistors.
The error bar is determined by the maximum and minimum of the
data.

channel doping concentration increases, the performance of
the n-type DG nanostrip J-less transistor degrades.

4. Conclusion

Novel n-type J-less DG poly-Si nanostrip transistors with
different channel doping concentrations were fabricated and
characterized. The effects of channel doping concentration
on J-less device characteristics were presented and discussed.
The experimental results show that as the channel
doping concentration of the J-less transistor increases,
the VTH becomes more negative and the DIBL and SS
increase. Besides, the ION tends to decrease and the
IOFF increase as the channel doping concentration increases.
The conduction mechanisms of the J-less transistors under
different channel doping were also examined by TCAD
simulation. The simulation results show that at lower channel
doping concentration, the accumulation layers will form to
contribute to the conduction current. Our experimental results
indicate that the n-type DG nanostrip J-less transistor with
lower channel doping concentration will have better device
performance.
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