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Abstract
The off-state currents of Side contacted Field Effect Diode (S-FED) and Double-Gate Field Effect Diode (DG-FED) structures
increase for the lengths of the channel shorter than 35 nm. This is owing to the minority carrier’s injection from the source and
drain into the channel and the band to band tunneling phenomenon caused by the high impurities of the drain, source, and
reservoirs. In this paper, a structure with a 25 nm channel length with low doping and without reservoirs has been presented. The
charge channel of the proposed structure modified using Multi Gate and Extended source/drain electrode. We have called the
structure as modified charge channel FED (MCC-FED). Themain idea in the proposed device is to modify the charge channel for
improving the electrical performance. This device achieved lower gate delay time and energy-delay production and a higher on-
current and on/off current ratio compared to conventional FEDs. In addition, two-dimensional analytical models for the surface
potential and the electric field at the channel surface are presented by solving the two-dimensional Poisson equation in three
distinct zones in the channel with appropriate boundary conditions. To verify the validity of the proposed model, the modeling
results are compared with the simulation results and appropriate matching between results demonstrates appropriate accuracy of
the proposed model.
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1 Introduction

Metal–oxide–semiconductor field-effect transistors
(MOSFETs) have been scaled down in the last four decades
[1, 2], which opens the way for improvements in the switching
speed, density, functionality, and cost of integrated chips. On
the other hand, the decreased channel length is caused to in-
crease in the leakage current and short channel effects [3–8].
Recently, new structures have been proposed to overcome the
effects of the short channel in MOSFETs. One of these de-
vices is a field-effect diode. In nanometer scales, field-effect
diodes act very quickly in switching and have a high Ion/Ioff
ratio and also low EDP compared to MOSFETs. The energy-
delay product (EDP) is one of the important parameters in
logic applications and an important factor for designing the

devices with high energy efficiency and high performance. A
small amount of EDP indicates less energy consumption at the
similar level of performance. Therefore, this device can be an
excellent alternative in digital applications.

Field-effect diode (FED) is a structure with two gates on
the channel region, called GS and GD, and the two source and
drain regions with different doping [9]. The Ion/Ioff current
ratio is a characteristic of logic transistors. The Ion/Ioff is the
figure of merit for having high performance (more Ion) and
low leakage power (less Ioff) for the transistors. On the other
hand, field-effect diodes have a higher Ion and lower Ioff
compared to those of the MOSFETs. Hence, compared to a
MOSFET with similar geometrical, this device has a higher
Ion/Ioff ratio [10, 11]. Field-effect diodes have interesting
applications including electrostatic discharge (ESD) [12, 13],
switch, memory cells [14–17], and also can be used to design
integrated circuits [18–20]. One of the advantages of field-
effect diodes is their small off-state current, but for the channel
length less than 100 nm, the off-state current will be increased
due to the minority carrier’s injection from the source and
drain into the channel [21, 22].
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To overcome this problem, the Modified-FED and Side
contacted-FED structures have been presented [22–27]. The
off-state currents of the S-FED and DG-FED [28] structures
increase for the channels shorter than 35 nm. This is owing to
the band-to-band tunneling phenomenon caused by the high
impurity of the drain and source. This effect can be relieved by
decreasing the impurities, but this in turn decreases the on-
state current. Hence, in this paper, a structure with low doping
and without reservoirs has been presented which a well-
modified charge channel (MCC-FED) using Multi Gate and
Extended source/drain electrode. Our results show that the
proposed structure improves the on-state current, Ion/Ioff ratio,
gate delay, and EDP parameters. All simulations are done by a
2-D device simulator, ATLAS, from Silvaco at the tempera-
ture of 300 K [29]. A two-dimensional analytical model for
field-effect diode channel potential is also presented. In this
model, using appropriate boundary conditions and solving the
equations in the x and y directions, surface potential and elec-
tric field at the channel surface are obtained. On the other
hand, the effect of physical parameters of a transistor such as
the gate oxide thickness and the gate work-function are inves-
tigated and appropriate matching between the results of the
proposed model and simulating the device with Silvaco, show
the correctness of the proposed model.

2 Device Structure

The schematic cross-sections of the Modified-FED and Side
contacted-FED structures are shown in Fig. 1. In a forward-
biased FED, the voltage polarities of the drain and its adjacent
gate are opposite. Hence, the pinch-off phenomenon does not
occur in field-effect diodes, so that, unlike short channel FETs,
the device will be safe from the hot electron effects [9, 30].

In these structures (Fig. 1), the regions with opposite doping
as reservoirs have been added to the typical source and drain
FEDs. These reservoirs in the off-state current mode, with the
injection of majority carriers into the channel causes the reduc-
tion in minority carrier injected from the source and the drain
regions into the channel, which improves the off-state current.

The schematic cross-section of the proposed nano-scale
FED is shown in Fig. 2. As it is seen in Fig. 2, this structure
has multi gates and an extended source/drain electrode, which
helps to modified the charge channel and improve the gate
control over the channel compared with a conventional
FED. All the device parameters which are used in the simula-
tion are listed in Table 1.

In field-effect diodes, gate junctions are biased so that the
channel between the source and the drain regions, which is an
intrinsic or a low-doping region, is replaced by an n-p/p-n.
Since this diode is created by the field of the gates, it is called
a field-effect diode. The on and off modes of the device are
presented in Table 2.

In the off mode, the injection of additional minority
carriers occurs across forward bias coupling (n + −p on
the source side) and (n-p + on the drain side), which leads
to increased concentration of electrons and holes in the
region p (below the GS) and the n region (below GD),
respectively. This increased concentration of electrons and
holes prevents the formation of the p-n reverse bias in the
channel. Hence, to achieve an appropriate off mode cur-
rent, the redundant electrons and holes below GS and GD
should be reduced. In field-effect diodes, as source and
drain regions’ impurities decrease, the injection of addi-
tional minority carriers in the channel decreases, and off-
state and on-state currents will be reduced as well.

But in the structures with low doping, due to control of the
channel through multi gates, the charge channel is modified.
Therefore, n and p areas are well created for on- and off-states,
also without need to reservoirs, volume of the source and drain
get larger which results in a larger on-state current.

The models used in this simulation are: Band-to-Band
Tunneling (BTBT) model for accurate consideration of
band-to-band tunneling effects, Shockley-Read-Hall (SRH)
and Auger generation/recombination, field-dependent mobil-
ity, concentration-dependent mobility in the high doping con-
centration, and Band-gap-narrowing (BGN) model.

3 Result and Discussion

Figure 3 shows the electron density profile for the presented
structure and the S-FED in the off-state. As shown in this

Fig. 1 The cross-section views of (a) M-FED and (b) S-FED
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figure, due to control of the channel through upper and lower
gates, the charge channel is modified and also n and p areas
are well created in depth of the channel in spite of the S-FED
structure. Hence, the reservoirs are not necessary, so we can
have larger source and drain areas than the S-FED structure, to
achieve a larger current.

Figure 4(a) shows the energy band diagram for the pro-
posed and S-FED structures at the depth of the channel in
the off state. As expected, in this figure, the charge channel
is improved by the multi-gate technique, and also the p-n
junction is well-formed in the channel. Figure 4(b) and (c)
shows the carrier concentrations of the structures.

In Fig. 5a, the drain current for the proposed device is
depicted at 25 nm channel length (LG + LG + LSP), in both
the on and off-states. As it is shown in the figure, using ex-
tended source/drain electrode, low doping, and multi-gate, the

injection of carriers is reduced. Hence the off-state current of
the device is decreased, dramatically.

In Fig. 5b, the current-voltage curves are compared
for the proposed and conventional structures, at the on-
state regime. It is obviously seen that the driving ability
of the proposed transistor is increased significantly. The
main physical reason for improving the electrical perfor-
mances of the proposed structure is the ability of the gate
to control the channel and the well p-n junction formed
in the channel.

Figure 6 shows the effect of a dielectric constant on the
current of the MCC-FED structure in the on and off states.
As shown in Fig. 6, when the dielectric constant increases, the
off current increases due to tunneling in the channel area.
Therefore, the Ion/Ioff ratio decreases with increasing dielectric
constant, so the proposed structure by the oxide dielectric has
a better performance.

Intrinsic time delay of the gate, which characterizes
the switching response of the transistor is an important
metric for logic applications This delay is given by ex-
pression (1) using the time needed to charge the constant
gate capacitor, Cg to the Vdd at a constant Ion [18].

τ ¼ Cg � Vdd

Ion
ð1Þ

The energy-delay product (EDP) is one more significant
parameter in logic applications which is given using

Fig. 2 Cross sectional view of the proposed FED structure

Table 2 OFF and ON states of FED

VDS VGS VGD FED configuration from S to D state

+ + – n+npp+ on

+ – + n+pnp+ off

Table 1 ATLAS simulation
parameters for typical device of
the MCC- FED

Parameter name Parameter description Value in nano-scale

MCC-FED

Lch Channel length 25 nm

tox Gate oxide thickness (tox) 1 nm

LS/D Source/Drain length 30 nm

NS/D Source/Drain doping concentration 1019 cm−3

LG Gate length 10 nm

Lsp Spacer Gates 5 nm

Tch Channel thickness 10 nm

Wf Gate work function 4.17 eV

Nch Channel doping concentration 1014 cm−3

LGS/GD Source and Drain/Gate space 2 nm

KOX SiO2 Dielectric constant 3.9
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Fig. 3 A cross-sectional view of the electron density in OFF-state at (a) MCC-FED (b) S-FED structures
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Fig. 4 (a) Energy band diagram,
(b) Electron concentration and (c)
Hole concentration of the MCC-
FED and S-FED in the off state
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expression (2) [18]. The lower EDP means the lower energy
consumption of the device.

EDP ¼ Cg � Vdd

Ion

� �
Cg � Vdd

2
� � ð2Þ

By longer LGS, the control of the source and drain over
these regions is increased so the output characteristic im-
proves. As shown in Fig. 7, reduction in LGS/GD improves
Ion, Ion/Ioff ratio, Gate delay, and EDP. From the fabrication

point of view and optimum device performance, LGD = LGS is
chosen as 2 nm.

As shown in Fig. 8, the gate delay time of the MCC-
FED, DG-FED and S-FED is compared with respect to
channel length at Vdd = 1.2 V. The intrinsic capacity
(Cg) is calculated according to numerical simulation re-
sults at 1GHz. The proposed structure demonstrates an
excellent improvement in comparison to DG-FED and
S-FED, regarding Fig. 8. Since the on current of
MCC-FED is higher than conventional FED, then we
expect a lower time delay for this proposed structure.
According to analyzed data, the speed of the MCC-FED
devices is higher than the conventional FED.

In Fig. 9, the energy-delay product (EDP) has been
plotted in terms of channel length for the DG-FED, S-
FED and the MCC- FED. As expected, due to the high
on-state current and the low off-state current in the pro-
posed structure, this structure has a lower EDP than the
conventional FED.

As it is observed in Fig. 10, the ratio of Ion/Ioff in this
structure is larger than the conventional FED. Thus, it is
expected to have lower power consumption and higher
speed. According to the figure, decreasing the channel
length will cause an increment in the off-state current
due to the injection of additional minority carriers in
the channel, therefore the Ion/Ioff ratio will be reduced.

In Table 3, the on- and off-state currents, Ion/Ioff ra-
tio, EDP, gm, subthreshold slope and gate delay are
compared for the MCC-FED, G-FED [31], DG-SFED
and conventional FED. As shown in Table 3, the Ion/
Ioff, EDP, SS, gm and gate delay for the proposed struc-
ture have been excellently improved in comparison with
the conventional FED.

Fig. 5 (a) I–V characteristic of the MCC-FED in the on (VGS = 1.2 V and
VGD = −1.2 V) and off (VGS = −1.2 V and VGD = 1.2 V) states, (b)
Comparison of the I–V characteristic of the MCC-FED, M-FED, DG-
FED and S-FED in the on-state

Fig. 6 ION and IOFF for different values of dielectric constant for the
MCC-FED
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4 Model Derivation

4.1 Surface Potential and Electric Field

In the proposed structure the channel is divided into three
zones: 1- Area below GS, 2- Area below GD, and 3-
Distance between gates. Assuming a uniform distribution of
impurity density in the channel and neglectingmobile carriers,
the two-dimensional Poisson equations in the channel, before

the strong inversion, can be expressed as follows [32]:

∂2φ x; yð Þ
∂x2

þ ∂2φ x; yð Þ
∂y2

¼ q:NA

εSi
0≤x≤L; 0≤y≤ tsi

ð3Þ

Where Na is the doping concentration, εsi is silicon dielec-
tric coefficient, tsi is silicon thickness, q electric charge, andφ
electrostatic potential in the channel.

Fig. 7 Optimization of the LGS/GD for the proposed structure in terms of (a) ON-state current and ION/IOFF ratio (b) Gate delay and EDP

Fig. 8 The variation of gate delay (logarithmic graph) versus channel
length for the MCC-FED, DG-FED, and S-FED

Fig. 9 The variation of EDP (Logarithmic graph) versus the channel
length for MCC-FED, DG-FED, and S-FED
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Electrostatic potential using a parabolic approximation for
the area below GS and area below GD in channel regions is
described as follows [33]:

φI x; yð Þ ¼ φSIð Þ xð Þ þ Z1I xð Þ:yþ Z2I xð Þ:y2
φIII x; yð Þ ¼ φSIIIð Þ xð Þ þ Z1III xð Þ:yþ Z2III xð Þ:y2 ð4Þ

Where φSI and φSII are surface potentials below the gates.
The values of Zi1 and ZiII coefficients are obtained by using
boundary conditions in silicon bonding with oxide (Si/SiO2).

The potential distribution in the zone 3 due to the short
length of this region can be assumed as a linear function of x:

φII xð Þ ¼ b:xþ c ; LG≤x≤L ð5Þ

where the values of the coefficients b1 and c1 are deter-
mined using horizontal boundary conditions.

In order to continuity sspotential and electric flux in the
channel, vertical boundary conditions is expressed as follows

[34]:

∂φi x; yð Þ
∂y

����
y¼0

¼ εox
εsi

:
φSi xð Þ− vGS−vFBð Þ

tox
∂φi x; yð Þ

∂y

����
y¼tSi

¼ εox
εsi

:
vGS−vFBð Þ−φbi xð Þ

tb

ð6Þ

Where tb/tox is the front / back side gate oxide thickness, εox
oxide permeability coefficient, and φb back surface potential.
On the other hand, due to symmetry, φbi = φSi and tb = tox.
Also VGS and VGD are the applied voltage to gates and VFB is
the flat band voltage as shown below [34].

VFB ¼ ϕGS−χ−
Eg

2
−VTln

NA

ni

� �
ð7Þ

Whereas ϕGS, χ, Εg, VT, and ni are working function of
gate, electron affinity, bandgap, thermal voltage and the in-
trinsic carrier concentration.

By applying boundary conditions (6) to eqs. (4), the coef-
ficients Z1I, Z2I, Z1III, Z2III are obtained as a function of the
surface potential ofφS. Then by replacing eq. (4) in eq. (3) and
solving it at y = 0 we will have:

∂2φSI xð Þ
∂x2

¼ φSI xð Þ
λ2 −

vGS−vFBð Þ−β:q:NA½ �
λ2

∂2φSIII xð Þ
∂x2

¼ φSIII xð Þ
λ2 −

vGD−vFBð Þ−β:q:NA½ �
λ2

ð8Þ

where

β ¼ tox:tSi
2:εox

; λ2 ¼ εsi:tox:tSi
2:εox

By solving eqs. (8), the surface potential of the channel is
acquired as follows:

φSI xð Þ ¼ Ae−
x
λ þ Be

x
λ þ vGS−vFBð Þ−β:q:NA½ �

φSIII xð Þ ¼ Ce−
x− LGþLspð Þ

λ þ De
x− LGþLspð Þ

λ þ vGD−vFBð Þ−β:q:NA½ �
ð9Þ

Fig. 10 Ion/Ioff ratio (logarithmic graph) as a function of channel length
for the MCC-FED, DG-FED, and S-FED

Table 3 Comparison of results of the conventional FED and MCC-FED structures)Vdrain = 1.2 V

Device Channel length ION IOFF ION/IOFF Gate delay (psec) EDP (j.sec) SS(mV/
dec)

gm(s)

S-FED 25 nm 3.2×10−3 mA 3.1×10−8 mA 1.03×105 114 5.023×10−26 95 7.7×10−7

DG-FED 25 nm 1.47×10−3 mA 1.6×10−7 mA 9.1×103 187 4.17×10−25 84 1.3×10−7

R-FED 25 nm 1.3 mA 0.14 mA 9.2 not turn off not turn off not turn off not turn off

G-FED 25 nm 14 mA 0.9 mA 1.17 not turn off not turn off not turn off not turn off

MCC-FED 25 nm 1.71 mA 3.37×10−7 mA 5.07×106 0.483 4.79×10−28 76 4.2×10−5
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Where A, B, C, and D are constant coefficients that is
obtained by applying horizontal boundary conditions (10) to
eqs. (9).

φI 0; 0ð Þ ¼ φSI 0ð Þ ¼ Eg
2

φSI LGSð Þ ¼ φSII LGSð Þ
∂φSI xð Þ

∂x x¼LG ¼ ∂φSII xð Þ
∂x

����
����
x¼LG

φSII LG þ LSPð Þ ¼ φSIII LG þ LSPð Þ
∂φSII xð Þ

∂x x¼LGþLSP ¼
∂φSIII xð Þ

∂x

����
����
x¼LGþLSP

φSIII Lchð Þ ¼ vDS−
Eg
2

ð10Þ

Finally, the surface potential of the channel can be calcu-
lated from Eq. (9).

The lateral electric field of EX is calculated by an analytic
derivative of the potential as follows.

Es xð Þ ¼ −
dφs

dx
→EsII xð Þ ¼ −b ; LG≤x≤LG þ Lsp

EsI xð Þ ¼ A
λ
:e

−x
λ −

B
λ
:e

x
λ ; 0≤x≤LG

EsIII xð Þ ¼ C
λ
:e−

x− LGþLspð Þ
λ −

D
λ
:e

x− LGþLspð Þ
λ ; LG þ Lsp≤x≤L

5 Model Validation

To investigate the proposed analytical model, the field effect
diode with parameters of Table 1 is considered. Also, to con-
firm the proposed model, the field effect diode is simulated
with ATLAS software.

The surface potential changes relative to the gate voltage is
shown in Fig. 11. According to Table 2, different modes are
created for positive or negative gate voltages. By applying a
voltage to the gates, the potential level under the gates in-
creases or decreases. According Fig. 11, a np connection in
the channel and a total n+npp+ connection in the mode B, and
similarly a n+nnp+ connection in the mode C, a n+ppp+ con-
nection in the mode D and a n+pnp+ connection in the mode E
are created throughout the device by applying a positive volt-
age to the gate-source and a negative voltage to the gate-drain.
As shown in Fig. 11, the modeling results are in good agree-
ment with the simulation results.

Figure 12 shows the surface potential of the field effect
diode for different VDS. As you can see, the analytical model
is in good agreement with the simulation results.

Figure 13 shows the electric field changes relative to
the drain-source voltage at the channel surface. When VDS

increases, the field at the boundary of the drain and chan-
nel junction is reduced, causing carrier injections. The
results of the model are in good agreement with the
simulation.

In Fig. 14, for different oxide thicknesses, there is a good
match between the model results and the simulation results.
By decreasing the oxide thickness, the gate control on the
channel increases.

Fig. 11 Surface Potential Profiles at different gate voltages

Fig. 12 Surface potential profiles at different drain to source voltages
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Figure 15 shows the potential distribution for the various
working function of the gates on the device level. By decreas-
ing the working function of the gates, the potential at the
channel surface increases due to the flat band voltage change.
Also, this image shows the modeling results and simulation
results are similar.

6 Conclusion

In this paper, a new structure for field effect diodes at the
25 nm channel length is introduced. This device achieved
more control on the charge channel by low doping and the
multi-gate technique and extended source/drain electrode. The
designed FED improved on-state current and Ion/Ioff by 1000

and 50 times, respectively. Moreover, the gate delay is de-
creased to 0.483 ps and energy-delay product from 5.023 ×
10−26 to 4.79 × 10−28. It can be concluded that the proposed
structure is a promising candidate for high frequency applica-
tions. In addition, a two-dimensional analytical model with
parabolic approximation for the field-effect diode channel po-
tential is presented and Based on the electrostatic potential of
the channel, an electric field is obtained at the channel surface.
Channel surface potential analysis for various field effect di-
ode parameters such as gate oxide thickness and gate work
function have been done and also, the proposed model pre-
dicts their effects well.
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