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A Full-Range Drain Current Model for Double-Gate
Junctionless Transistors

Juan Pablo Duarte, Sung-Jin Choi, and Yang-Kyu Choi

Abstract—A drain current model available for full-range oper-
ation is derived for long-channel double-gate junctionless transis-
tors. Including dopant and mobile carrier charges, a continuous
1-D charge model is derived by extending the concept of parabolic
potential approximation for the subthreshold and the linear re-
gions. Based on the continuous charge model, the Pao—Sah integral
is analytically carried out to obtain a continuous drain current
model. The proposed model is appropriate for compact modeling,
because it continuously captures the phenomenon of the bulk
conduction mechanism in all regions of device operation, including
the subthreshold, linear, and saturation regions. It is shown that
the model is in complete agreement with the numerical simulations
for crucial device parameters and all operational voltage ranges.

Index Terms—Bulk current, double gate (DG), junctionless (JL)
transistor, semiconductor device modeling.

I. INTRODUCTION

A CONVENTIONAL metal-oxide—semiconductor field-
effect transistor (MOSFET) consists of two p-n junc-
tions at the source and drain regions. As devices are scaled
further, the formation of such junctions requires a large dop-
ing concentration gradient and careful fabrication, consider-
ing a low thermal budget. These stringent demands push the
scaling of MOSFETs to their fundamental limits. Hence, a
new device, called a junctionless (JL) transistor [1], has been
proposed to alleviate the aforementioned problems. Its struc-
ture is similar to a conventional MOSFET; however, with
homogeneous doping polarity and a uniform doping concen-
tration across the channel, source, and drain, the device re-
quires no junctions, e.g., n source-n" channel-n™ drain for
an n-channel metal-oxide—semiconductor field-effect transistor
(NMOS). The main conduction mechanism in a junctionless
field-effect transistor (JLFET) relies not on the surface but on
the bulk current; moreover, it turns off by making the channel
fully depleted [2]. Utilizing a single gate, it is rather difficult to
fully deplete the channel, and acceptable threshold voltages are
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also difficult to obtain under such a condition [3]. Therefore, a
double-gate (DG) structure is a promising candidate for JLFETS
due to its good electrostatic control of the channel [4].

Due to the interesting characteristics of DG-JLFETs, ana-
Iytic compact current—voltage models are needed for circuit
simulators and to understand the fundamentals of device char-
acteristics. Recently, an analytic model for DG-JLFETSs has
been proposed [5]. It represents the main physical character-
istics of the device in a simple form; however, its piecewise
approach may cause convergence problems in compact mod-
eling applications [6]. In addition, a hybrid model has been
proposed for DG-JLFETS [7]; nevertheless, its hybrid approach
may also cause convergence problems [6]. One model that
continuously covers every operation region would overcome
these difficulties. The Pao—Sah integral [8], which is based on
Poisson and current continuity equations with gradual channel
approximation, can be used to describe all regions of operation
(subthreshold, linear, and saturation), because it includes the
drift and diffusion current components through the use of a
quasi-Fermi potential. In this paper, by extending the parabolic
potential approximation above the subthreshold region and
using Pao—Sah electrostatic assumptions [8], a 1-D continuous
charge model is developed for a symmetric long-channel DG-
JLFET, considering the dopant and mobile carrier charges. With
the derived charge model, the Pao—Sah integral is analytically
obtained, which leads to a continuous drain current model. The
proposed model does not use fitting parameters, and it captures
the phenomenon of the bulk conduction mechanism [2] in all
regions of device operation. Depending on the bias condition,
the model reduces to simple expressions that compressively
explain the working principle and device parameter dependence
of DG-JLFETs. These expressions have not been shown by the
hybrid model proposed in the previous report [7].

II. DEVICE WORKING PRINCIPLE

The working principle of a DG-JLFET differs from a con-
ventional inversion-mode DGFET. A transversal view of a
DG-JLFET with corresponding schematic band diagrams for
different gate voltages is depicted in Fig. 1. Both p* polysilicon
gates have the same work function, and the same voltage is
also applied to each gate. The electron quasi-Fermi level of the
source—drain is taken as a reference for the other energy levels.
The work function difference between the gate and the channel
is approximately given as E, /2 + qup In(Ng;/n;), where E, is
the band gap of silicon, v is the thermal voltage (k7/q), Ny; is
the doping concentration of the channel, and n; is the intrinsic
carrier density. At a gate voltage lower than the threshold
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Fig. 1. Schematic band diagrams for a symmetric DG-JLFET. (a) Fully
depleted and downwardly bent channel in the subthreshold mode. (b) Partially
depleted and downwardly bent channel in the bulk current mode. (c) Flattened
channel in the flatband mode. (d) Upwardly bent channel in the accumulation
mode.

voltage (Vry), the channel is fully depleted, and the device is
under a subthreshold state [see Fig. 1(a)]. For a voltage higher
than Vg, the channel is partially depleted, and the current can
flow through the center of the channel by the bulk conduction
mechanism [see Fig. 1(b)]. When the gate voltage is equal to
the flatband voltage (Vrg), a completely neutral channel is
created, and the current can flow through the entire channel [see
Fig. 1(c)]. In DG-JLFETSs, Ng(~1 x 10" cm™?) is relatively
high compared to a conventional inversion-mode FET. This
condition makes the work function difference approximately
equal to E,, i.e.,, 1.1 eV. At a gate voltage larger than Vg,
the mobile carrier (electrons in NMOS) density is increased
at the surfaces, and the surface current conduction is governed
by the mobile carriers that accumulate at the channel interface
[see Fig. 1(d)]. This way, in the linear and subthreshold regions,
the DG-JLFET current mechanism is primarily composed of
the bulk current [2]. In contrast, electrons in conventional
inversion-mode DGFETs are distinctively confined near the
interface (surface inversion) in the linear region producing the
surface current, whereas they are concentrated at the center of
the channel (volume inversion) in the subthreshold region [6].

III. CHARGE MODEL

Considering only mobile charges (electrons for NMOS) and
using the Pao—Sah gradual channel approximation [8], the
Poisson equation in the silicon channel region can be writ-
ten as

22 Ny v

where ¢ is the channel potential, €y is the permittivity of
silicon, and V is the electron quasi-Fermi potential. Note the
defined coordinate and brief sketch of the potential in Fig. 1.
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Unfortunately, an analytical solution for ¢ cannot directly be
integrated from (1) [9], [10]. To obtain an analytical expression
of the channel potential, parabolic potential approximation has
been used [11], [12]. Thus, the channel potential is repre-
sented by

o(x) = (422 /t3) X (@s — Po) + Po )

where ¢ and ¢, are the potential at the surface and the center
of the channel, respectively. Parabolic potential approximation
is commonly used in the subthreshold region [11], where mo-
bile carrier charges are neglected. Therefore, to implement par-
abolic potential approximation in the subthreshold and linear
regions, a different approach is needed to obtain expressions for
s and @,. Using the Gauss law and a boundary condition at the
interface, it is possible to determine the relationships among ¢,
o, and the gate voltage (V) as

Eox d 4651
*7(VG — VrB — 903) = —&si Ld =

— Agp.
. dr . (3)

r=tsi/2 tsi

Here, ¢,y is the permittivity of the oxide, and Ap = ¢, — @s.
Note that the right part of (3) is equivalent to the assumption
of a uniform charge distribution in the channel [13], i.e.,
Ap = (tsi/8esi) X (Qmobile + ¢Nsitsi). In addition, a thresh-
old criterion can directly be obtained from (3) by assuming
a fully depleted channel and approximating ¢, to zero at
VTH, i.e.,

Vi = Vi — ¢Nsitsitox/260x — qNsitZ /8¢ “4)

Equation (4) shows that Vpyy increases as tg; or ¢ decreases.

An additional equation is necessary to relate ¢s and ¢,,
because (3) alone cannot directly be applicable to determine
those values. The left and right terms in (3) are related to the
half-channel charge of the device. The total charge can also
be obtained by integrating the charge density over the entire
channel using the channel potential given by (2) as

tei/2
Qtotal :qNsitsj — qNsi / e(‘/’fv)/UT dr
—tsi/2
(po—V)/vr A
=qNsitsi X [1_8\/WxErf< @)] .
2 AQO vr

(&)

Equation (5) is not an analytical expression at this point;
however, if Ap/vr is equal to or greater than one, the error
function tends to be unity. This condition is always valid, except
when the applied gate voltage is approximately equal to Vpp.
Therefore, a new expression relating to ¢s and ¢, can be
formulated as

deg; elpo=V)/vr TUT
~ A = qNgitg; l————— /|- 6
tsi 4 g si X < 2 A(p) ( )

The aforementioned expression is formulated by equating the
simplified expression of (5) and the left-hand side (although the
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Fig. 2. Electric channel potential ¢ as a function of the position in the silicon
channel for different gate voltages.

right-hand side is also possible) of (3) with an additional factor
of two to account for the charge of the entire channel. Equations
(3) and (6) form a self-consistent equation that can be used to
determine 5 and .

Fig. 2 shows a numerical example calculated from the
aforementioned equations. It compares the electric potential
in the channel for different gate voltages calculated from the
proposed model and the value extracted from simulations.
The simulated data were extracted through the Silvaco tool
[14]. The Fermi—Dirac carrier statistics was employed in the
simulation. At a lower voltage, the potential profile is bent, and
its shape does not show gate—voltage dependence, given that the
channel is fully depleted and the mobile charge density is much
smaller than the doping charge density. This condition implies
that Ay is a positive constant. For this gate bias, the device is
in the subthreshold region. As the gate voltage increases, the
potential profile becomes flatter; thus, A tends to be smaller.
In this region, the channel is partially depleted, i.e., above the
subthreshold region. When the gate voltage approaches Vg, ¢
and ¢, tend to be equal, and the potential is constant through
the channel.

Based on the results of ¢4 and ¢,, it is possible to extract
the sheet charge density of the mobile carriers by subtracting
the dopant charge term (qNgts) from (5). However, after
replacing A with (tsi/8¢si) X (Qmobile + ¢Nsilsi) and with
simple subsequent algebraic manipulations of (3) and (6), it is
possible to obtain a closed form of the expression for the mobile
charge within the channel as

2€0x
——— (Ve -V -V)= mobile
ﬁtox( ¢ — Vru ) = Qmobil
2e0xUT qNsitsi + Qmobile
— 2T Qs . a
ﬁtox . Q obile ZESi’R'UquNS%tSi ( )

Here, 3 = 1 + eoxtsi/4esitox, and Vry is given by (4). Fig. 3
shows the normalized sheet charge density of the mobile carri-
ers —Qmobile/qNsitsi, as obtained from (7). The modeled data
are compared with the simulated data. In the subthreshold and
linear regions, the modeled data show good agreement with the
simulated data. There is no notable difference in the behavior
of the mobile carriers at different dielectric thicknesses, except

4221

2 10 . | T 12 >
o r O Simulation .—A:u——d-—,_}"_ o
8 107" f ——Model to,=7 nm =p=F 110 8
& - Model to,=2 nm |
2 10° o
= 3 p* Poly Gate 408 8
S q0%F Ns —1x1019cm 1 )
3 - 1= 10nm ; 106 3
% 107k Vgs=0\"' r_f } 1 @
2 F ' ’ ’ 104 2
e 107°F /:; P 1 [=]
£ -1 3 'J‘ / +40.2 E
B10F / 4 / ] 3
N : N
b 10-13[ D—0— ——t --n-—f:;'—;.—ﬂ—-c-vp 400 &
g 15E ?’ 1 §
Z 10 L : . : L 02 z
-2 -1 0 1

Gate Voltage (V)

Fig. 3. Normalized sheet charge density of the mobile carriers obtained from
(7) —Qmobile/qNsitsi as a function of the gate bias for dielectric thicknesses
of tox = 7 and 2 nm.
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Fig. 4. Normalized sheet charge density of the mobile carriers obtained from
(8) —Qmobile/qNsitsi as a function of the gate bias for dielectric thicknesses
of tox = 7 and 2 nm.

that a thinner gate oxide shows a higher Vg value due to the
improved electrostatic control of the channel. In other words, a
lower gate voltage with respect to Vg is required to deplete
the channel for a thicker gate dielectric, which is expected
from (4). As the gate voltage approaches Vg, the sheet charge
density of the mobile carriers tends to be ¢ Ng;ts;. This condition
always occurs at Vpp and is independent of the gate dielectric
and the channel thickness. This case is clearly different from
the behavior of conventional inversion-mode DGFETSs, where
the mobile carrier density is sensitively affected by the gate
dielectric thickness at any gate voltage.
Equation (7) can be simplified to

2eox
Ve —Vru -V
Bl Ve TV Y)
2{':ova 7Qmobile
— Wmobile — 1 8
Q obile ﬁtox . < V 2f':si’/TfUTqJ\fsi) ( )

because in the subthreshold region, Qmobile << ¢Nsitsi- Equa-
tion (8) is approximately equivalent to (7), because above the
subthreshold region, (7) and (8) are dominated by the first
term; thus, the aforementioned approximation does not affect
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the relationship between the charge and voltages in this region.
Fig. 4 shows the normalized sheet charge density of the mobile
carriers obtained from (8). Equation (8) can be evaluated above
VrB, where mobile charges accumulate on the surface of the
channel. It is an accurate approximation in this region for
0 < 1.1, ie., ts < 12t,y, which is the common case for thin
channels used in JLFETS [1].

IV. DRAIN CURRENT MODEL

A drain current expression can be derived by integrat-
ing the current continuity equation Ipsdy = —puW QmobiledV’
from the source—drain region [6] and expressing dV as
(dV/dQmobile) X dQmobile- Here, u is the effective mobility,
and W is the device width. This approach gives the following
form of the Pao—Sah integral, which includes the diffusion and
drift current components

Vbs

/ Qmobllcdv

IDSZ*#L

av
- K L /Qmoblle deOblle deoblle (9)

Here, L is the gate length of the device. Utilizing (8) to obtain
(9), integration can analytically be performed to yield

Btox @p

]DS__ML (45

@ p and Qg are obtained from (8) by replacing V' by Vpg and
0, respectively.

(10)

mobile —ur Qmobile)
Qs

V. RESULTS AND DISCUSSION

To validate the proposed model, a 2-D numerical simulation
using ATLAS [14] was carried out. The Lombardi mobility
model is employed; it accounts for the temperature, doping,
and field-dependence effects. The Fermi—Dirac carrier statis-
tics, along with standard recombination models, is used in the
simulation. Through the simulations, the channel length and the
device width are equal to 1 pum. In addition, the source and
drain length (Lg and Lp) are assumed to be small (10 nm)
compared to the channel length. This way, parasitic resistance
effects can be neglected. The parameters used for the modeled
data are identical to the parameters used in the simulations. The
effective mobility values used in the model were extracted from
the simulations in the linear region, and their approximated
values are 110 ¢cm?/Vs and 130 cm?/Vs for devices with
doping concentrations of 1 x 10'? cm™3 and 5 x 10'® cm™3,
respectively. Fig. 5 shows the drain current versus the drain
voltage of a DG-JLFET. Figs. 6-9 show the drain current versus
the gate voltage of DG-JLFETs for different drain voltages,
oxide thicknesses, channel doping concentrations, and chan-
nel thicknesses, respectively. In addition, Fig. 10 shows the
transconductance (g,,) versus the gate voltage for different
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devices, and Fig. 11 shows the output conductance (gps) versus
the drain voltage for different gate biases. Good correlation
between the model and the simulation results validate the
proposed model. It continuously predicts the characteristics of
DG-JLFETs: in all regions of operation (in this case, the linear,
saturation, and subthreshold regions). For example, in the linear
region, the first term on the right-hand side of (8) and the first
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term of (10) are dominant; therefore, in this region, the drain
current is given as

Eox W 1%
Ips ~ 2u—2 (VG — Vi — DS) Vos. (1)

Equation (11) has the same form as the linear current expres-
sion for conventional inversion-mode DGFETs [6]; however,
the total capacitance is reduced by 5 = 1 + eoxlsi/4€sitox. In
addition, it has the same form as a recent piecewise model
proposed for DG-JLFETs [5], which also accounts for the
reduction in the gate capacitance. This reduction in the capaci-
tance comes from the bulk current mechanism of JL transistors.
When mobile carriers are confined at the center of the channel,
additional capacitance appears in a series connection with the
gate capacitance due to the depletion formed between the gate
dielectric and the mobile charges, reducing the total capacitance
that drives the current in JL transistors. Fig. 7 shows how
the oxide thickness affects the device characteristics in the
linear region. In the case of a thinner oxide, the current slope
increases according to (11). When the doping concentration is
reduced, the threshold voltage increases, as shown in Fig. 8. The
current slope also increases due to the increment of the carrier
mobility resulting from the reduction of impurity scattering
in the channel. Although /3 depends on tg, its dependence is
rather small. This condition is shown in Fig. 9, which shows
two devices with different channel thicknesses. In this case, the
current slope is similar in both devices. Utilizing (11), for a gate
voltage equal to Vg, the drain current in the linear region can
be expressed as follows:

Ips ~ N%qNsitsiVDS (12)
This equation is the common current expression for a resistor
(I =V/R), which is also expected for JL transistors [1]. It
shows that, in the linear region and for a gate voltage equal to
VrB, the current does not depend on the dielectric thickness.
This condition can be observed in Fig. 7, where both drain
current curves meet at Vpp, although their gate dielectric thick-
nesses are different.
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In the saturation region, the device experiences a pinchoff
at the center of the channel on the drain side [2], [5]. In this
operation region, for the drain charge and the source charge, the
second and first terms of the right-hand side of (8) are dominant,
respectively. Hence, the second term of (10) is dominant for the
drain charge @) p, and the first term is dominant for the source
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Fig. 12.  Drain current versus drain voltage of a DG-JLFET for different oxide
thicknesses. The transistors are biased at a gate voltage equal to 1.1 V (~ Vgp).

charge Q5. Therefore, in the saturation region, the drain current
is given by

Eox W

UTﬁtox
ﬁtox L

EOX

X \/Me(VG*VTH ~Vbs)/vr

Ins = p (Vg — Vrn)? —

13)

Equation (13) has the same form as the saturation current ex-
pression for conventional inversion mode DGFETs [6], which
also includes a term that exponentially decreases with Vpg. This
term is not included in the piecewise model for DG-JLFETSs
[5], where the current is made to be constant in saturation.
Neglecting the exponentially decreasing term in (13), the sat-
uration current at a gate voltage equal to Vpp is approximately
given as
Btox W

—(qNgts)?.
ZEOXL( sitsi)

Ips = p (14)
Equation (14) shows that the drain current also depends on the
gate dielectric thickness when the gate voltage is equal to Vip
in the saturation region. This trend in the saturation region is
clearly different from the linear region, as expressed by (12).
Fig. 12 shows the drain current versus the drain voltage for
the devices in Fig. 7, with the applied gate voltage equal to
1.1 V (~Vpp). In the linear region, both drain currents are
approximately equal, as expected based on Fig. 7; however, as
the devices approach the saturation region, the drain current
values are no longer similar. The ratio between the saturation
currents for the devices shown in Fig. 12 can be obtained from
the ratio of their 3¢,y values. The proposed model gives a ratio
equal to 2.76, which is similar to the value extracted from the
simulation, i.e., 2.48.

In the subthreshold region, the second terms on the right-
hand side of (8) and in (10) are dominant. Therefore, the
subthreshold current is approximately given by

W
Ips = ufvT\/me(VG’VTH)/”T(l -

G*VDS/UT).

5)
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This expression is identical to the subthreshold current of the
piecewise model proposed for DG-JLFETsS [5]. In a manner dif-
ferent from the subthreshold current in conventional inversion-
mode DGFETs [6], (15) is not proportional to the channel
thickness. Therefore, for devices with the same width, length,
doping concentration, and threshold voltage, the subthreshold
current in DG-JLFETs would be the same and independent of
their dielectric and channel thickness values. For example, a
device with t5; = 10 nm and ¢, = 4 nm would have the same
threshold voltage as a device with t5; = 6 nm and ¢, = 4.2 nm,
which is expected from (4). These devices would have the same
subthreshold current, as described in (15). This behavior is
shown in Fig. 13. Although the devices’ subthreshold behaviors
are equivalent, their linear behaviors are different. In the case
of a smaller dielectric thickness, the device exhibits higher on-
state current, as shown by (11). Fig. 14 shows the drain current
versus the gate voltage of two devices with equivalent threshold
voltages but with different channel doping characteristics. The
device with less doping has a slightly lower subthreshold cur-
rent; however, its linear current is clearly increased due to the
increment in mobility [15].
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VI. CONCLUSION

In conclusion, a 1-D continuous charge model has been
developed for a symmetric long-channel DG-JLFET with
Pao—Sah electrostatic assumptions and by extending the par-
abolic potential approximation in the subthreshold and the lin-
ear regions, considering the dopant and mobile carrier charges.
The Pao—Sah integral is analytically carried out by utilizing
the continuous charge model, obtaining a continuous drain
current model that captures the phenomenon of the bulk con-
duction mechanism in all regions of device operation, i.e.,
the subthreshold, linear, and saturation regions. It has been
shown that the continuous model is in complete agreement with
the numerical simulations. In addition, the model predicts the
main differences with respect to conventional inversion-mode
DGFETs: a reduction of the gate capacitance and subthreshold
current proportional dependence only on the channel doping.
To complete the proposed model, additional physical effects,
e.g., quantum mechanical effects, short-channel effects, field-
dependence mobility, and parasitic resistance effects, should be
added as future work.
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