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a b s t r a c t

A new charge-based continuous model for long-channel Symmetric Double-Gate Junctionless Transistors

(SDGJLTM) is proposed and validated with simulations for doping concentrations of 5 � 1018 and

1 � 1019 cm�3, as well as for layer thicknesses of 10, 15 and 20 nm. The model is physically-based, con-

sidering both the depletion and accumulation operating conditions. Most model parameters are related

to physical magnitudes, and the extraction procedure for each of them is well established. The model pro-

vides an accurate description of the transistor behavior in all operating conditions. Among important

advantages with respect to previous models are the inclusion of the effect of the series resistance and

the fulfilment of the requirement of being symmetrical with respect to Vd = 0 V.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Scaling of MOS transistor conduces to the reduction of the elec-

trostatic control of the charges in the channel. For transistors with

channel length in the order of tens of nanometers, with less tech-

nology requirements, the junctionless transistors (JLTs) with a con-

stant doping concentration from source to drain and surrounded

by the gate stack, represent a promising solution [1]. These transis-

tors present performance similar to FinFETs with inversion chan-

nel, but with reduced short-channel effects, practically ideal

subthreshold slope and high Ion/Ioff ratio. The development of spe-

cific models to describe the behavior of these devices is an impor-

tant task. Some work on physical, numerical and compact models

can be found. For nanowire JLT, in [2], an interesting analysis of

operation is done using numerical calculation and a piecewise

model with a division in three regions: subthreshold, depletion

and approximation in the accumulation. In [3], a model for the tri-

gate JLT was proposed, but the expressions used are not continuous

in the different operation regions. The solution was obtained sep-

arately in two operation regimes: bulk conduction and accumula-

tion. Regarding Double-Gate JLT, among published work, a bulk

current model was obtained using two expressions, one in the re-

gion of depletion and another in subthreshold [4]. Even with this

approximation, the coincidence with simulated data is not good

enough. Paper [5] presents another approximation for JLT model,

where some non-physical elements, as equivalent thickness and

the definition of threshold voltage are introduced. The numerical

solution is obtained in two regions: depletion and accumulation.

The agreement with simulation is only acceptable.

At present, much work is still needed to obtain higher

precision and to cover a wider range of operating conditions in

a continuous way, as well as to represent different possible

device structures. In this work we propose a new charge-based

model for Symmetric Double-Gate Junctionless Transistors

(SDGJLTM). The model is based on physical parameters and is

continuous in all operating regions; it also considers the series

resistance. The expressions derived can be a basis to develop

analytical solutions, including the variable mobility and short-

channel effects.

Validation was made using ATLAS simulator with constant

mobility l0, channel length and width of 1 lm, with channel dop-

ing concentration ND of 5 � 1018 and 1 � 1019 cm�3 and different

silicon layer thickness ts of 10, 15 and 20 nm.
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2. Model description

2.1. Potentials and charges

The analyzed JLT structure is shown in Fig. 1. Charge density in

the N-type silicon layer with doping concentration ND, and electron

mobile charge, is equal to:

q ¼ qND �e
us�V
ut þ 1

� �

ð1Þ

where ut = kT/q is the thermal potential at temperature T; us is the

surface potential and V is the potential drop across the silicon layer,

from source Vs = 0 to drain Vd. In JLT majority carriers, electrons are

present in the whole silicon layer that is considered the transistor

channel.

Applying the Poisson to the silicon layer from the surface inter-

face to the center of the Si layer of thickness equal to ts, the surface

electric field is equal to:

ES ¼ ut

Cox

es

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q2
bCS

Cox

signðaÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e
uS�V
ut � e

u0�V
ut �

uS �u0

ut

� �

s

v

u

u

t ð2Þ

where es – silicon dielectric constant; Cs = es/ts; Cox = eox/tox; eox is the

SiO2 dielectric constant; tox is the equivalent dielectric thickness; uo

is the potential at the center of the layer and qb is the total fixed

charge, Qb, in the silicon layer, normalized to Coxut:

qb ¼
qNDtS
Coxut

¼
Qb

Coxut

ð3Þ

The normalized difference of potential surface-center is defined

as:

a ¼
uS �u0

ut

ð4Þ

It is important to define the difference of potential at deep sub-

threshold regime, when full depletion is considered, leading to:

ast ¼ �
Qb

8Csut

¼ �
qbCox

8Cs

ð5Þ

JLT can operate in depletion mode when the applied gate volt-

age, Vg, is lower than flat band voltage plus the applied drain volt-

age, Vfb + Vd, or in accumulation mode if Vg > Vfb + Vd. In depletion

mode surface potential is lower that potential at center, that is,

a < 0, and the surface electric field is negative. In accumulation

mode a and Es are positive. For this reason the symbol of the sign

is included in (2).

Considering that our model is for a symmetric double-gate de-

vice, the total charge in one half of the channel, calculated from the

surface interface to the center, is equal to:

Q sem ¼ �signðaÞCoxut

ffiffiffiffiffiffiffiffiffiffi

q2
bCs

Cox

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e
uS�V

ut ð1� e�aÞ � a

q

ð6Þ

2.2. Difference of potential between surface and center

The surface potential as function of the potential at the center

[5] can be calculated as:

uS ¼ u0 þ
Qb

8Cs

e
u0�V

ut � 1

� �

ð7Þ

After some mathematical manipulation the difference of poten-

tial can be calculated by the following expression:

a ¼ ast þ LW �aste
�aste

uS�V
ut

� �

ð8Þ

where LW is the Lambert function.

From (5) and (7) the following relation is obtained:

e
u0�V
ut þ a ¼ �1� a 1�

1

ast

� �

ð9Þ

Eq. (6) can be rewritten considering (9) and normalizing the

charge in the semiconductor to Coxut. The following expression is

obtained:

qsem ¼ �signðaÞ

ffiffiffiffiffiffiffiffiffiffi

q2
bCs

Cox

s
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e
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1

ast

� �
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s

ð10Þ

The normalized electron charge is equal to:

qn ¼ qsem �
qb

2
ð11Þ

Expressions (10) and (11) consider all the charges inside the sil-

icon layer, from the surface to the center, meaning that both sur-

face and bulk charges are included.

Considering (8) and (10), the electron charge is only function of

the surface potential and drain voltage.

From the voltage drop across the MOS structure, the relation be-

tween the applied gate voltage and the surface potential is given

by:

Vg � V fb ¼ us þ signðaÞut

ffiffiffiffiffiffiffiffiffiffi

q2
bCs

Cox

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e
uS�V

ut � 1�
1

ast

� �

a� 1

s

ð12Þ

This transcendental equation can be solved only numerically.

2.3. Current calculation

Drain current is calculated including all electron charge inside

the silicon layer using (11) by:

Id ¼ Kut

Z Vd

V s

qn dV ð13Þ

where the current factor K, without the consideration of series

resistance, is defined as,

K ¼ 2
W

L
Coxl0 ð14Þ

2.4. Threshold voltage

A precise definition of threshold voltage, VT, is necessary for

each MOSFET model. For JLT, VT has been defined in different ways,

as for example, in [4] where it is obtained from the approximated

I–V expression. In [5,6], VT is calculated under the consideration of

electron charge equal to zero. This consideration is not physically

correct for a continuous model, because when Qn = 0, the transistor

is in deep depletion with practically no current through it, while at

VT, it is well known that the drain current is already important. In

[7], the threshold voltage is extracted from the voltage at whichFig. 1. JLT structure.
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(gm/Id) is equal to one half of its maximum value. The extraction is

done using measured or simulated characteristics. For DG transis-

tors with inversion channel, the use of the physically based double

derivative method for the extraction of threshold voltage provides

very good results [8]. In this work, the same method will be used

for DG JLT. The maximum of the second derivative of the current

corresponds to the condition where the third derivative of the cur-

rent is equal to zero. The same result is obtained if the third deriv-

ative of the surface potential is used.

From the analysis of different JLT structures and silicon layer

doping concentrations, the behavior of the third derivative of the

surface potential around VT is always the same, showing a very

abrupt transition around zero, as shown in Fig. 2. At the same time,

the electron charge, qn, begins to increase abruptly at gate voltage

values close to Vg = VT + Vd, see Fig. 3, where the value of electron

charge becomes equal to value �0.25, see inset in Fig. 3. From this

figure it is clear the physical meaning of the extracted value of VT.

The behavior just described, was observed for all analyzed

structures, for which the silicon thickness and doping concentra-

tion were varied, confirming that this condition can be used for

the determination of VT. From Eqs. (7), (11), and (12) the difference

of potentials a at VT and the extracted VT are calculated, respec-

tively, as:

aT ¼
ast

1� ast

1� ast 1�
1

2qb

� �2
" #

ð15Þ

VT ¼ V fb �ut

qb

2
�
1

4
� aT � ln 1�

aT

ast

� �� �

ð16Þ

As shown in Table 1, the threshold voltage values calculated

from (16) and extracted from the second derivative method VTd

agree very well.

2.5. Series resistance

Extensions in source and drain are inherent to the JLT, with

length indicated as Lext in Fig. 1. These extensions introduce an

important series resistance that had to be taken into account even

for long channel transistors. Using the typical expression used in

MOSFETs the series resistance R is considered in the factor, [9]:

F ¼ K R Vg � VT � nVd

	 


ð17Þ

In order to avoid the unnecessary effect of this factor in the sub-

threshold regime, in this region, it is made equal to zero. In satura-

tion, the effect of the saturation voltage is considered through an

effective drain voltage, Vdeff, as usual.

Taking the saturation voltage equal to Vg � VT, as in long chan-

nel MOSFET, the effective drain voltage value, Vdeff, is calculated by:

Vdeff ¼V sat þ
1

2
Vd�V sat þ

ut

3
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Vd �V sat þ
ut

3

� �2

þ4V sat
ut

3

r
" #

ð18Þ

Eq. (17) can be rewritten as:

F ¼ K R Vg � VT � nVdeff

	 
1

2
1þ tan h Vg � VT � nVdeff

	 
� �

ð19Þ

After the inclusion of limits in subthreshold and in saturation,

considering R and n as adjusting parameters, the drain current

can be written as:

Id ¼
Kut

1þ F

Z Vd

Vs

qn dV ð20Þ

In (18) and (20) the source voltage Vs is considered as an exter-

nal source voltage equal to zero, and Vd is the external drain

voltage.

3. Model validation

Validation of the proposed model was done using ATLAS simu-

lations of N-type JLT structures with fixed channel length of

L = 1 lm; channel width of W = 1 lm; P-type polysilicon doped

to 1020 cm�3; the charge at interface Nss = 5 � 1010 cm�2; EOT

tox = 2 nm; mobility l0 = 100 cm2/Vs and extension length

Lext = 50 nm. Two magnitudes were varied in these structures:

the silicon layer width and the doping concentration. All combina-

tions of silicon layer widths of ts = 10, 15 and 20 nm and doping
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Fig. 2. Third derivative of surface potential around VT.
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Vg = VT + Vd, marked with a vertical line for each value of VT + Vd. Inset figure shows a

zoom around qn = �0.25 for the three values of Vd.

Table 1

Extracted parameters for different transistors. VT is calculated by (16) and VTd is

extracted from de second derivative method.

Parameter Transistor

1 2 3 4 5

ND (cm�3) 5e18 5e18 5e18 1e19 1e19

ts (nm) 10 15 20 10 15

Vfb (V) 0.989 0.989 0.989 1 1

VT (V) 0.589 0.333 0.033 0.244 �0.253

VTd (V) 0.578 0.332 0.04 0.236 �0.252

R (X) 738 454 369 409 264

n 0.499 0.526 0.551 0.527 0.558
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concentrations of 5 � 1018, 1 � 1019 and 2 � 1019 cm�3 were ana-

lyzed. The simulated currents and device parameters are compared

with those obtained from the model, using (20). Calculations were

done in Mathcad.

After a detailed analysis, results for JLT with ND = 1019 cm�3 and

ts = 20 nm, as well as all corresponding to ND = 2 � 1019 cm�3, are

not presented in this work since these JLT present high negative

VT and a normally-on operation condition. The other five JLT are

analyzed and the extracted parameters corresponding to each case

are shown in Table 1.

The extracted parameters are the threshold voltage, VT, the ser-

ies resistance, R and the adjusting parameter n. VT is obtained from

the analytical expression (16), R is extracted from the linear trans-

fer characteristic at the maximum gate voltage and nwas extracted

from the saturation transfer characteristic at maximum gate volt-

age. It is important to remark that these three parameters are used

for considering the series resistance effect. The polydepletion effect

was calculated and considered by increasing the dielectric thick-

ness in 0.1 nm.

Comparison of the simulated I–V characteristics and the mod-

eled I–V characteristics calculated from (20) are shown in Figs. 4

and 5, corresponding to the linear and saturation transfer charac-

teristics at Vd = 50 mV and 1.5 V respectively. An important shift

in the characteristics and VT, is observed, indicating that VT reduces

when the silicon layer concentration increases for the same silicon

layer thickness. It also reduces when ts increases for the same dop-

ing concentration. The subthreshold slope S, calculated from simu-

lations and from the model is the same and equal to 61 mV/dec,

which was the value to be expected. Fig. 6 shows the transconduc-

tance in the linear region where the complex variation of the cur-

rent is clearly reproduced. Fig. 7 shows the transconductance in

saturation. Fig. 8 shows the output characteristics for the five tran-

sistors at Vg = 1.5 V. As expected, an important increase of current

in saturation is observed in these JLT when ts increases or when the

doping concentration increases, due to the contribution of the bulk

conduction.

The good agreement between simulated and modeled conduc-

tance curves is shown inFig. 9. The complex transition fromdifferent

regions of operation in the transconductance and in the gm/Id charac-

teristics are very well reproduced by the modeled curves, for which

the derivatives of the current must be calculated, see Fig. 10.

An important feature for any model is the proof of model sym-

metry around Vd = 0 V, for both the current and the derivative of

the current characteristics. In Fig. 11 it is seen that the proposed

model meets very well this requirement.

4. Conclusions

A new charge-based continuous model for long-channel Sym-

metric Double-Gate Junctionless Transistors (SDGJLTM) has been
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proposed and validated with simulations for doping concentrations

of 5 � 1018 and 1 � 1019 cm�3, as well as for layer thickness of 10,

15 and 20 nm. It is shown that the model represents transfer, out-

put, transconductance and conductance curves, as well as gm/Id
characteristic with an excellent agreement with respect to the sim-

ulated curves in all operating conditions. The model is based on the

device physics, considering both the depletion and accumulation

operating conditions. Most model parameters are related to phys-

ical magnitudes, and the extraction procedure for each of them is

well established. An analytical expression to calculate the thresh-

old voltage developed by the second derivative method was ob-

tained. Some of the main advantages with respect to previous

models are the inclusion of the effect of the series resistance and

the fulfilment of the requirement of being symmetrical with re-

spect to Vd = 0 V.
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