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Simple Analytical Bulk Current Model for
Long-Channel Double-Gate Junctionless Transistors

Juan P. Duarte, Sung-Jin Choi, Dong-I1 Moon, and Yang-Kyu Choi

Abstract—A bulk current model is formulated for long-channel
double-gate junctionless (DGJL) transistors. Using a depletion ap-
proximation, an analytical expression is derived from the Poisson
equation to find channel potential, which expresses the dependence
of depletion width under an applied gate voltage. The depletion
width equation is further simplified by the unique characteristic of
junctionless transistors, i.e., a high channel doping concentration.
From the depletion width formula, the bulk current model is con-
structed using Ohm’s law. In addition, an analytical expression for
subthreshold current is derived. The proposed model is compared
with simulation data, revealing good agreement. The simplicity of
the model gives a fast and easy way to understand, analyze, and
design DGJL transistors comprehensively.

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

I. INTRODUCTION

S A RESPONSE to several problems resulting from

the scaling of gate length in metal-oxide—semiconductor
field-effect transistors (MOSFETSs), junctionless (JL) transis-
tors have recently been reported [1], [2] as an alternative
device. Indeed, it can be fabricated more simply [3] than regular
MOSFETs by virtue of its junction-free nature. In addition,
short-channel effects are more effectively suppressed [1]-[6]
in comparison with their counterpart enclosing conventional
junctions. Double-gate (DG) JLFETs have basically the same
structure as standard DGFETs [7]. However, in the proposed
JL transistor, its channel, its source, and its drain have a homo-
geneous doping polarity and a uniform doping concentration.
Therefore, as shown in Fig. 1(a), the formation of junctions is
not needed.

The operational principle of an n-channel DGJLFET is
different from that of a standard n-channel DGFET. In the
subthreshold region [see Fig. 1(b)], a highly doped channel
is fully depleted; hence, it can hold a large electric field. By
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Fig. 1. (a) Cross section of the DGJL transistor. (b) Fully depleted chan-
nel in subthreshold mode. (c) Semidepleted channel in bulk current mode.
(d) Flatband mode. (e) Accumulation mode.

increasing gate voltage, the electric field in the channel reduces
until a neutral region is created in the center of the channel.
At this point, it is possible to define threshold voltage because
bulk current starts to flow through the center of the channel
[see Fig. 1(c)]. Then, by further increasing the gate voltage,
depletion width reduces until a completely neutral channel is
created [see Fig. 1(d)]. This occurs when the gate voltage equals
flatband voltage. At the onset of this condition, the bulk current
reaches its maximum value. Thereafter, by increasing the gate
voltage further, negative charges accumulate on the surfaces
of the channel [see Fig. 1(e)]. These charges result in surface
current, which is similar to the current in a standard n-channel
DGFET. However, the surface current flows at a gate voltage
that is much higher than the threshold voltage for the bulk
current [8]. Hence, the bulk current drives the total current in
the JL transistors. In this letter, simple analytical expressions
to describe the bulk current in DGJLFETs are proposed. The
model is verified by a numerical simulation with the aid of
Silvaco Inc. [9]. It provides a simple way to understand, ana-
lyze, and design DGJLFETSs comprehensively.

II. BULK CURRENT MODEL

In order to model the bulk current characteristics of
DGILFETsS, a depletion approximation is used to solve the
Poisson equation in the channel in a similar manner performed
in accumulation-mode transistors [10]. From this solution, it
is possible to determine the depletion width X4 in the bulk
current regime, which is given by

Xaep Va, V(y)) = (&si/Cox)

202,
Esiq]\/vsi

X | =14 4/1— (Ve —Ves = V(y))| (D
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where £ is the silicon permittivity, /N is the channel doping
concentration, Vi is the gate voltage, Vpp is the flatband
voltage, and V (y) is the channel potential at location y in the
channel. In expression Cox = €ox/tox, Eox 18 the oxide permit-
tivity, and t, is the gate oxide thickness. In a conventional
accumulation-mode transistor, the doping concentration at the
channel is approximately 10*® cm~3 [10]. However, the channel
is much more heavily doped (~10'? cm~3) in a junctionless
transistor [2]. Therefore, for the DGJLFETS, (1) can be sim-
plified using a Taylor expansion at the threshold voltage point
Viru that can be found in (1) by setting Xqep, = ti/2, where tg
is the channel thickness. Neglecting higher order terms, it gives
rise to the following equation for Xqep:

Xdep (VG7 V(y)) = _(Ceq/qNsi) X (VG — Vip — V(y))
+ (tsi/z) X (1 - (Cox/2 + Odep)/(cox + Cdep)) (2)

where Cycp, is the half-channel depletion capacitance, Cyep, =
2¢e4i/tsi, and Ceq is the equivalent capacitance given by the
series connection between Coy and Cyep. In the DGJLFETS,
channels are thin and comparable with dielectric thickness;
therefore, (Cox/2 + Cdep)/(Cox + Caep) tends to be 1. This
further simplifies X e, to

Xaep Ve, V(y)) = ~(Ceq/qNsi) x Va—Ves—=V(y)). 3)

The bulk current through the channel should satisfy Ohm’s
law, i.e., dV = IdR, where dR is the differential channel
resistance given by

dR = dy/ (2WMbQMi(tsi/2 - Xdep)) . 4)

Here, W is the channel width, and p; is the bulk electron
mobility. Using the gradual channel approximation, Ohm’s law
can be integrated with d R given by (3), yielding the following:

Isurk = 21qNsi(W/Low)

X |:(t; + ch’\e[:i (VG — VFB)) VDS —
where Loy is the channel length, and Vpg is the drain-to-
source voltage. Although Vg can be found in (1), it is possible
to extract a simpler Vpyy expression in (5), and Vg = Vg —
(¢Nsitsi/2Ceq). Saturation drain voltage can be also found
in (5), i.e., Vpg,sat = Vo — Vru, which represents the drain
voltage to induce pinchoff at the center of the channel in the
drain side. In the triode region, the drain-to-source voltage
square term is negligible, and (5) gives rise to linear dependence
on Vg and Vpg. Furthermore, as Vi tends to be close to Vgp
[2], the bulk current is simplified and, hence, can be represented
by Isurk (Ve = Vi) =~ ppqNsitsi(W/Lcu)Vps.
The subthreshold current is given by [11]

Ceq Vis
qNsi 2

®)

IsvLk = ¢Dn(W/Lcu)N(0) x [1 —exp(=Vps/Vr)] (6)

where Vp = kT'/q, and N(0) is the areal electron density near
the source as follows:

N(0) = Ny / exp (6()/ V) d )
0
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Fig. 2. Drain current versus drain voltage of the DGJL transistor for different
gate voltages.

where ¢(z) is the potential in the silicon channel, which is rep-
resented by ¢(x) =—(qNsi/224)(® —tsi/2)? +(qNsitZ /8esi) +
¢s; and ¢, is the surface potential. When the channel is
fully depleted, ¢, can be obtained from Vg = Vi + ¢ —
(¢Nsitsi/2Cox). Equation (7) can be expressed as

tsi/2

/mm&ﬁM—gﬂﬁﬁQﬁf)w
0

N(0) =«

where  a = 2N exp[(¢Nsit? /8es + Vo — Vep + ¢Nitsi/
2Cx)/Vr], and B = (¢Nsi/2¢s)/Vr. The solution of (8) is
not analytic. However, in the case of a DGJLFET where Ng;
is high, the error function gives an approximated value of 1
because its argument is much higher than 1. This gives the
following analytical expression for the subthreshold current:

W 1%
gy {1—exp<—‘fTS>} 9)

IguLk = —= X
[II. MODEL VERIFICATION AND DISCUSSION

D — =
T Ten 2\ B

A 2-D numerical simulation using ATLAS [9] is used for
the verification of the proposed model. An energy balance
model has been used because it is accurate for small dimensions
[9]. The Lombardi mobility model has been employed, which
accounts temperature, doping, and field dependence effects.
Fermi—Dirac carrier statistics along with standard recombina-
tion models have been used in the simulation. The param-
eters used in the simulation are as follows: Vpg = 0.05 V,
W=1pm, Lcy =1 pum, Lg = Lp = 10 nm, t5 = 10 nm,
tox =7 nm, Ny = 1 x 10 cm™3 (i.e., phosphorus), and a p*
polysilicon gate. For various sets of simulations, some parame-
ters are appropriately modified for each set. Source length and
drain length (Lg and Lp) are assumed to be small compared
with channel length in order to avoid parasitic resistance effects.
Other parameters used for the model correspond with those
used in the simulation. Only bulk electron mobility values were
extracted from each doping concentration using (5).

Fig. 2 shows the drain current versus the drain voltage
of the DGJLFETs. The model shows good agreement with
the simulation results. At higher Vpg voltages, the device is
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Drain current versus gate voltage of the DGJL transistor for (a) different channel lengths, (b) different channel doping concentrations, (c) different channel

thicknesses, and (d) different oxide thicknesses. Both linear and log scales are plotted.

saturated, as in the case of a conventional DGFET. However,
the pinchoff of the bulk current is at the center of the channel in
the drain side.

Fig. 3(a)—(d) shows the drain current versus the gate voltage
for various Lciyr, Vg, tsi, and £y, respectively. The bulk current
expressed in (5) is valid at a gate voltage lower than the
flatband voltage. For higher gate voltages, bulk current would
be constant. It is found that there is a good correlation between
the model and the simulation results. Therefore, (5) and (9) can
be used for multifacet purposes in relation to DGJLFETSs: a
simple way to understand bulk current dependence on device
parameters, a simple guideline for DGJLFET optimization, a
means of exploiting the variability according to each device
parameter, a model parameter extraction methodology, etc. For
example, using the Vpp equation, it is possible to calculate
threshold voltage sensitivity to the variation of ;. In the case of
a doping concentration of 5 x 101 cm~2, an oxide thickness of
2 nm, and a channel thickness of 6 nm, the variability derived
from (6) is approximately 347 mV/nm, constituting only a 4%
difference compared with the variability found previously for
the same case in [12].

IV. CONCLUSION

A model for the bulk current in long-channel DGJLFETS
was derived from the solution of the Poisson equation in
the channel using a depletion approximation. A high channel
doping concentration allowed a simplification of the depletion
width expression, which resulted in a simple equation for drain
current, and it also gives a simplification for area electron
density calculation, which results in an analytical expression for
subthreshold current. The model showed that DGJLFETs were
saturated at high drain bias, similar to conventional DGFETs.

The results were compared with simulation data, and good
agreement was found. The simplicity of the proposed bulk
current equation provides an easy and fast way to understand,
analyze, and design DGJLFETs comprehensively.
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