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Abstract: In this paper we have presented the non-uniformly 

doped bulk Junctionless transistor (JLT) and investigated 
bulk-JLT and SOI-JLT with non-uniform doping in terms of its 
electrical performance parameters and short channel effects 
(SCEs) parameters comparatively. Effective thickness of channel 
depends on non-uniform doping distribution parameters and this 
affects the performance of bulk-JLT notably, however it is not so 
in case of SOI-JLT. The effect of non-uniform doping on 
electrical characteristics of JLTs (bulk and SOI) in terms of 
Subthreshold Slope (SS), ON-current, OFF-Current and 
ON/OFF current ratio has been investigated, and the 
non-uniformly doped bulk-JLT exhibits high ON/OFF ratio (109 
for 20 nm Gate Length). Moreover, the non-uniformly doped 
bulk-JLT also shows improved short-channel effects (SCEs) 
parameters (such as Drain Induced Barrier Lowering, Threshold 
Voltage variations etc.) compared to SOI-JLT. Lastly, the effect of 
standard deviation, dielectric constant, substrate doping, and well 
biasing on the device performance are examined to further 
improve the performance of bulk-JLT independently.  

 
Index Terms: Bulk-JLT, Non-Uniform (NU) Doping, SOI-JLT.  

I. INTRODUCTION 

The introduction of various device architectures namely 
(FinFET and gate all around (GAA) etc.) and new material 
system (such as fully depleted silicon-on-insulator) leads to 
better controllability of channel of the scaled devices. 
Multi-gate devices provide the better control of mobile 
charge carriers in the channel, and hence short channel 
effects (SCEs) are alleviated substantially. However further 
scaling of devices to the sub-micron regime puts stringent 
condition to form ultra-steep impurity profile at junctions 
(source-channel and drain-channel) and also require higher 
thermal budget [1]. Recently a device named junctionless 
FET (JLFET) has been presented as future device which has 
simpler fabrication process as no doping concentration 
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gradient between channel and source/drain is required [2-5].  
To turn the JL-SOI devices OFF completely, either a narrow 
channel width or uniform ultrathin channel required however 
fabrication of JL-SOI devices are technologically difficult 
and expansive. The self-heating effects arise from its buried 
oxide in JL-SOI device reduces the ON-state performance 
whereas JL-Bulk devices have better scalability and 
improved immunity towards SCEs [6-8]. Also in JL-Bulk 
devices, its performance can be improved by optimizing 
additional parameter like substrate doping and substrate bias. 
Non-uniformly (NU) doped JL devices have shown improved 
SCEs and subthreshold behaviors over the uniformly doped 
JL devices, as reported in various literatures. In 2013, 
Mondal et al. [9] reported that non-uniform (Gaussian) 
doping in channel vertical direction can be used to improve 
ON to OFF current sratio and suppress short channel 
behavior.  Also, Bal et al. [10] demonstrated that laterally 
graded double gate (DG)-JLT have better ION/IOFF ratio than 
uniformly doped its counterpart. Step doping profile has been 
used in Multigate JLTs for better scalability and improved 
SCE immunity as suggested by Song and Li [11]. Further 
vertical doping profile has been used in SOI-JL FinFET in his 
extended work to enhance sub-threshold behavior [12]. 
Recently, Singh et al. [13] demonstrated numerically that 
Gaussian-like function (in place of Gaussian doping profile) 
in DG-JLT can be used for optimization of subthreshold 
characteristics. By employing Gaussian-like doping 
(maximum and minimum at gate surfaces) in DG-JLT as 
demonstrated recently in Ferhati et al. [14], the self-heating 
effect can be suppressed. In 2017, Ferhati et al. [15] 
demonstrated that graded channel doped JL MOSFET can be 
used for high performance and ultralow power application.  
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Figure 1. Schematic structure of (a) Bulk-JLT and (b) SOI-JLT  
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The numerical investigation of non-uniformly doped 
DG-JLT shows that Leakage current and SCEs can be 
improved (reduced) by optimized non-uniform doping 
profile parameters, as shown in Vandana  

TABLE 1 

Parameter SOI-JLT Bulk-JLT 

Effective oxide 
thickness (TOX) 

1 nm 1 nm 

Device layer/channel 
thickness /Device 
Width (Tsi) 

6-10 nm 6-10 nm 

Gate length (Lg) 20-60 nm 20-60 

Source/channel/drain 
doping (Nd), Peak 
Concentration (N0) 

N type 
1.5×1019cm-3 

N type 
1.5×1019cm-3 

Substrate doping 
(Nsub) 

- 
P-Type 

1.5×1018cm-3 

Gate Workfunction 
(øm) 

5.1 eV 5.1 eV 

Supply voltage 
(VDD) 

1V 1V 

 
et al. [12]. Recently a Gaussian Channel (GC) JL FinFET 
proposed with optimized parameter for future digital and 
analog application [17]. All of the above works of 
non-uniformly doped JLT are based on the SOI technology. 
In this work we have explored the non-uniformly doped Bulk 
Junctionless Transistor. Electrical performance of bulk-JLT 
is compared with SOI-JLT with uniform and non-uniform 
doping. Also performance of NU doped bulk-JLT has been 
estimated on the basis of parameters (gate oxide thickness, 
gate dielectric constant, gate length, standard deviation of 
Gaussian doping profile, well biasing as well doping).  

II. DEVICE STRUCTURE 

Fig.  1 shows simulated structures of SOI-JLT and bulk JLT 
using Sentaurus TCAD [18]. Both devices have same device 
dimensions as given in Table 1 except buried oxide thickness 
(TBOX) in SOI-JLT. The basic principle behind JL device is a 

uniformly doped channel having high doping without any 
metallurgical junction. In our simulation we have taken 

non-uniform doping profile, where maximum concentration 
is  

 
Figure 2. Calibration of  models with refrence data (SOI-JLT) 

considered at the interface between gate oxide and channel 
and concentration decreases gradually (Gaussian 
distribution) across the channel thickness and reaches its 
minimum value at channel-BOX/substrate interface. 
Practically non-uniform doping in the channel is feasible; it 
can be implanted by proper control of impurities dose and 
energy of ion-implantation. The impurity doping distribution 
model in the device channel is Gaussian-like for our 
simulation, and is specified by equation Eq. (1). In this 
equation, ND (y) represents the doping concentration in 
vertical direction (y-axis), σ stands for standard deviation, 
and N0 denotes the extreme value of doped quantities at its 
mean position µ. In our simulation µ changes from 3 nm to 6 
nm across device thickness. The extreme value of 
non-uniform doping is chosen as equal as uniform doping 
concentration (1.5×1019 cm-3). 
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III. RESULT AND DISCUSSION 

This section comprises detail discussion of electrical 
characteristics of non-uniformly doped JLTs and parametric 
variation. Our main motivation to use non-uniform doping  
(Gaussian doping) in bulk-JLT is to achieve better electrical 
characteristics. The non-uniformly doped JL device has 
similar operation as uniformly doped JL device, as the 
SOI-JL with non-uniform doping and its improved 
characteristics shown in [9]. Here we have studied the effect 
of non-uniform doping on bulk JLT.  

 
Figure 3.  Gaussian doping distribution function and electron-density 

variation across the Silicon-channel of bulk-JLT/SOI-JLT 

A. Comparison between the NU Doped JLTs (Bulk and 
SOI) 

The transfer characteristics of JLTs (bulk and SOI) with 
uniform and NU doping are plotted in Fig 4. As in bulk-JLT 
substrate-channel junction develops a depletion region which 
reduces effective channel thickness and provide more control  
of gate than SOI-JLT. Non-uniform doping in both SOI-JLT 
and bulk JLT further improve the gate controllability as 
carrier concentration decreases from top of gate/channel 
interface to BOX/substrate interface. Due to non-uniform 
doping, OFF state current is reduced substantially (order of 
104) in comparison to ON-state current in both JLTs (bulk 
and SOI). 
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Figure 4. IDS-VGS characteristics of JLTs (Bulk and SOI) with 

uniform and NU doping (VDS= 1V, VGS= 1V, Gate Length = 20 nm, 
Thickness of Channel = 10 nm) 

 
i. Impact of Gate Length Variation on Device Performance 

The scaling behavior of non-uniformly doped JLTs (bulk and 
SOI based) are shown in Fig 5. Bulk JLT with non-uniform 
doping has improved ON to OFF current ratio (109-1011) than 
non-uniformly doped SOI-JLT (102-107) as similar to 
bulk-JLT with uniform doping has better short channel 
characteristics. 
Fig. 6 shows the deviation of threshold voltage, subthreshold 
slope (SS) and DIBL with gate length scaling. The 
controlling of channel by gate voltage decreases as channel 
length reduces means it requires smaller gate voltage to 
deplete the charge under the gate. So with decrease in gate 
length, threshold voltage also decreases. While increase in 
gate length results improved (reduced) subthreshold slope. 
Here, the change in SS, threshold voltage and DIBL against 
the varying gate length is smooth in bulk-JLT (10 % for 
20-60 nm GL) compared to SOI-JLT (> 57 % for 20-60 nm 
GL). 

 
Figure 5. ON-Current and OFF-Current of both JLTs ( NU doped 
bulk-JLT and SOI-JLT) for Gate length for 20 nm to 60 nm (Inset) 
ON/OFF current ratio of both JLTs against Gate length 20 nm to 60 

nm, Thickness of Channel = 10 nm, SD = 3 nm 
 

 
Figure 6. Variation of Threshold Voltage, Subthreshold Slope and 

DIBL (inset) against variation of Gate length (TOX=1 nm, VDS = 1 V, 
VGS= 1V, Thickness of Channel = 10 nm, SD = 3 nm) 

 
ii. Impact of Channel Thickness Variation on Device 

Performance 

The effect of scaling of device layer thickness on 
subthreshold slope (SS) and ON-to-OFF current ratio is 
plotted in Fig 7. Here non-uniformly doped bulk-JLT and 
SOI-JLT with thin device layer have higher 
ON-to-OFF-current ratio. However, JLTs having thick 
device layer show reduced ON/OFF current ratio, also in 
bulk-JLT extra depletion due to channel/substrate junction 
further reduces OFF-state current, hence large ON/OFF 
current ratio. Here variation of ON/OFF current ratio in 
SOI-JLT is more compared to bulk-JLT with  
increasing channel thickness. Also subthreshold slope 
decreases with decrease in device layer thickness in both 
bulk-JLT and SOI-JLT but variation of SS with increasing 
device layer thickness in SOI-JLT is rapid compared to 
bulk-JLT as the effective device thickness of bulk-JLT is 
less. 

 
i. Figure 7. ON to OFF current ratio and SS versus thickness of 

Channel (TSi) with Gate length = 20 nm, TOX=1 nm, VDS 
 

ii. Impact of Oxide Thickness Variation on Device 
Performance 

iii. = 1 V, VGS= 1 V, SD = 4 nm 
As the gate capacitance - which depend on oxide capacitance 
COX in conventional MOSFET, rely on gate oxide thickness 
TOX. As we increase oxide thickness TOX, current in 
conventional MOSFET changes inversely and it affects the 
subthreshold slope and ON state current.  
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For non-uniformly doped bulk-JLT and SOI-JLT, it is 
observed that from Fig. 8 ON to OFF current ratio and 
subthreshold slope changes as we vary oxide thickness (1 nm 
to 3 nm). Here ON/OFF current ratio reduces with increase in 
gate oxide thickness. Also subthreshold slope is deteriorated 
(increased) with increase in gate oxide thickness TOX. As in 
Fig 8, non-uniformly doped bulk-JLT with oxide thickness 
(TOX =1 nm) has ON/OFF current ratio 9.089×109 while 
bulk-JLT with oxide thickness (TOX =3 nm) has degraded 
ON/OFF current ratio 2.957×106. In the case of SOI-JLT 
ON/OFF current ratio also decreased however it has very 
poor ON/OFF current ratio. With increasing oxide thickness 
subthreshold slope is increasing but SS of NU (Gaussian) 
doped SOI-JLT degraded more than its bulk counterpart. 

i.  
ii. Figure 8. Variation of Subthreshold Slope and OFF-current 

against variation of Oxide Thickness (TOX) (Gate length = 20nm, VDS= 1 
V, VGS= 1V, Thickness of Channel = 10 nm, SD = 3nm) 

 
iii. ffect of Standard Deviation Variation on Device 

Performance 
The subthreshold behavior of devices (SOI-JLT & bulk-JLT 
with NU doping) can be improved by optimizing 
non-uniform (Gaussian) doping distribution variables. As in 
Fig. 9, SS and OFF-state current are plotted against standard 
deviation (𝞂) of Gaussian doping profile. The SS and 
OFF-state current deteriorated for large value of SD (as more 
carriers in channel). It also noted that subthreshold slope in 
SOI-JLT is increasing rapidly compared to non-uniformly 
doped bulk-JLT. 

 
i. Figure 9. Variation Subthreshold Slope and OFF current against variation 

of standard deviation (SD) (TOX=1 nm, VDS $ = 1 V, VGS= 1V, Thickness of 
Channel = 10 nm, Gate length = 20 nm) 

B. Effect of device parameters variation on the 
Electrical Performance of Non-Uniformly Doped 
Bulk-JLT 

i. Impact of Device thickness 

The behavior of NU doped bulk-JLT is observed as the 
effective device layer of bulk-JLT varies with doping (here 
Gaussian non-uniform doping with different standard 

deviation). Fig.10 shows change in threshold voltage and 
subthreshold slope with device layer thickness. It is noticed 
that with widen in channel thickness (6 nm- 10 nm) 
controlling of gate decreases. So JLT which have thin 
channel gives better subthreshold slope (SS). On the other 
hand, threshold voltage decreases with increase in device 
layer thickness as thick channel has large numbers of carriers 
compared to thin channel. It means a less voltage is required  
to turn on the device. It can be tune by choosing appropriate 
NU-doping (Gaussian) distribution profile. As shown in Fig. 
10, with the change in shape of non-uniform doping profile 
(standard deviation, σ) in bulk-JLT, we can improve its  
subthreshold behavior. For lower value of SD (σ), bulk-JLT 
has improved subthreshold slope while larger SD (σ) gives 
better (lower) threshold voltage.Fig.11 shows variation in 
ON-to-OFF current ratio and Drain-induced barrier  
lowering (DIBL) with device layer thickness. It is noticed 
that with increase in channel thickness (6 nm- 10 nm) 
ON-to-OFF current ratio decreases. ON current as well OFF 
current increases with increase in device layer thickness 
however rate of increase OFF current is more than that of ON 
current. It means ON/OFF current ratio decreases with 
increased channel thickness. Variation of DIBL against the 
change in device layer thickness suggests that the decrease in 
channel thickness reduces DIBL. Also, ON/OFF current ratio 
and DIBL can adjusted to appropriate value by selecting 
different non-uniform doping distribution (standard 
deviation, σ), as shown in Fig 11.  

 
Figure 10. Subthreshold slope and threshold voltage versus Channel 

Thickness (TSi) with Gate length = 20 nm, TOX=1 nm, VDS = 1 V, VGS= 1 
 

 
Figure 11. ON to OFF current ratio and DIBL versus Channel 

Thickness (TSi) with Gate length = 20 nm, TOX=1 nm, VDS = 1 V, VGS= 1V 
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ii. Effect of Dielectric Constant Variation on Device 
Performance 

In our numerical simulation we have used different dielectric 
(K= 3.9, 7.5, 25) to study its effect on drain characteristics 
and ON/OFF current ratio of non-uniformly doped bulk-JLT. 
From Fig. 12 it is noticed that OFF state current reduces when 
dielectric constant increases whereas ON state current 
remains same. As dielectric constant (K) changes, Effective 
oxide thickness also changes which in turn reduce gate 
leakage current and tunneling substantially. By changing K, 
the controllability of gate over the channel can be improved. 
Also from Fig. 13 we can see that OFF state current and 
ON-to-OFF current ratio improves as dielectric constant (K) 
increases. For dielectric constant (K= 3.9) ON/OFF current 
ratio is 4.093×106 while for K=25 it is 7.596×109. 

 
Figure 12. IDS-VGS characteristics of bulk-JLT with NU doping for 

various Dielectric constant (K) (VDS= 1V, VGS= 1V, Gate Length = 20 
nm, Thickness of Channel = 10 nm) 

 
Figure 13. ON and OFF current versus variation of Dielectric constant 

(K) in bulk-JLT (TOX =1 nm, VDS = 1 V, VGS= 1V) 
 

iii. Effect of Substrate Doping Variation on Device 
Performance 

Device thickness layer is reduced effectively due to depletion 
of carriers at substrate-channel junction. So, effective 
thickness of device layer can be controlled by substrate bias 
and substrate doping. In Fig. 14 it also observed that ON and 
OFF current decreases with increase in well doping 
concentration however OFF-state current decreases sharply 
(channel thickness deplete more with higher well doping) 
than ON-state current. Also in Fig.15 variation of threshold 
voltage and subthreshold slope (SS) are plotted against 
substrate doping. With increase in substrate doping effective 
thickness of device layer decreases, so, subthreshold slope of 
bulk-JLT improves (reduces) while threshold voltage 
increases.  

 
Figure 15. Variation of Threshold Voltage and Subthreshold Slope 

against variation of Substrate doping (Gate length =20 nm, TOX=1 nm, 
VDS = 1 V, VGS= 1V) 

 
Figure 14. ON and OFF current versus variation of Substrate doping 

(TOX=1 nm, VDS = 1 V, VGS= 1V) 

iv. Effect of Substrate Bias Variation on Device Performance 

By varying substrate voltage (well biasing) the electrical 
performance of non-uniformly doped bulk-JLT can be tuned. 
The results obtained from our simulation, as shown in Fig 16 
and Fig. 17, shows the variability of parameters (ION, IOFF, SS 
and threshold voltage) against the variation of substrate bias. 
From Fig. 16 it also observed that ON and OFF current 
decreases with decrease in substrate voltage however 
OFF-state current decreases sharply than ON-state current. 
Variation of subthreshold slope and threshold voltage are 
plotted in Fig. 17. It is observed that with decrease in 
substrate voltage subthreshold slope gets better (decreases) 
and threshold voltage increases.  

 
Figure 16. ON and OFF current versus variation of Substrate voltage 

(TOX=1 nm, VDS = 1 V, VGS= 1V) 
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Figure 17. Variation of Subthreshold slope and Threshold voltage 

against variation of Substrate voltage (Gate length = 20 nm, VDS = 1 V, 
VGS= 1V) 

IV. CONCLUSION 

In this paper we engineered channel doping (Gaussian 
Doping) of JLTs to explore its electrical characteristics 
numerically. It is shown that non-uniformly doped bulk-JLT 
has improved electrical behavior (such as lower SS, 
OFF-current, and higher ON/OFF current ratio) but 
NU-doped SOI-JLTs are superior in terms of higher ON 
current and lower Threshold Voltage. Effective Channel 
thickness largely depends on doping, so Gaussian doping 
profile (σ, N0) play an important role to enhance electrical 
performance of bulk-JLT in low power application, however 
it has negative impact on ON-current. Also high-k dielectric 
material has been used to weigh enhanced performance of 
non-uniformly doped bulk-JLT.  
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