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Introduction 

This paper presents a compact model of the Vertical-Slit Field-Effect Transistor 
(VeSFET),  a novel junctionless device based on  majority-carrier flow, featuring 
two  symmetric,  independent  gates. The  VeSFET is  the  crucial  component 
Vertical Slit Transistor-based ICs (VeSTICs) – a novel class of circuits, proposed 
by W. Maly [1 – 3], characterized by very  small static power consumption as 
well as high density and extreme regularity of the layout.

Vertical slit 3D device architecture 
enables:
• high density and extreme regularity of the 

layouts (litho-friendly),
• integration of various kinds of devices 

(field-effect and bipolar transistors),   
and also can deliver:

• simplification of critical lithography steps,

• high manufacturing efficiency, 

• fast and inexpensive design.

Simulation-based studies and measurements 
of device prototypes reveal many attractive 
properties of the n-channel and p-channel 
VeSFETs [4-6], such as: 
• Ion/Ioff > 1e8, 

• nearly ideal subthreshold slope, 

• extremely small leakage 
current < 100 fA/µ m, 

• high symmetry of the influence of the 
independent gates on drain current. 

Device structure
The  VeSFET  is  manufactured  on  standard  SOI 
substrates.  Because  all  its  horizontal  cross-
sections are identical, VeSFET’s operation can be 
analysed in two dimensions corresponding to the 
top view of the devices (see right).
The  transistor  has  four  terminals  in  the  form  of 
metal pillars accessible from the top and bottom of 
the device. The spaces between the contacts are 
filled with STI (SiO2). 

VeSFET’s geometry is dimensioned in terms of r – 
the radius of the smallest disk that can be printed 
with the available technology, and simultaneously 
the radius of electrodes and STI fillers as well as 
the radius of cylindrical part of gate trenches filled 
with polysilicon after sidewall oxidation.  

Principle of operation
VeSFETs  operation  is  based  on  majority-carrier 
flow  through  the  bulk  of  the  source-drain  (S-D) 
silicon passage. Carrier concentration in the central 
part of this passage, called the slit, is controlled by 
potentials of two independent cylindrical MOS-type 
polysilicon gates (G1 and G2).  
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Electron concentration in the n-channel VeSFET 

Simulation tool
Numerical  simulations are carried out  using Synopsys’  Sentaurus Device tool [8]  using 
physical models verified by measurements of the test structures [4, 5]

Comparison of simulated and measured transfer characteristics 
for exemplary test device (Vds = 1 V)

Simulation-based feasibility  study [5]  indicates  very  promising  properties  of  VeSFETs )
(especially  in  low  power  applications).  Also,  some relations  between  the  physical  and 
electrical  parameters are different from the MOSFET. Specifically, the threshold voltage 
decreases (and the drain current grows), as:
– substrate doping concentration (Nsub) increases,
– polygate doping concentration (Npoly) decreases,
– metallurgical channel thickness (slit width ws) grows,
– gate oxide (tox) gets thicker.

It means that a decrease in device dimensions need not be accompanied by thinner GOX. 

VeSFET DC model

TCAD numerical experiments are used to develop a compact model for VeSFET for circuit 
simulation. This model is based on equations describing predominant physical phenomena 
combined with some empirical coefficients in order to preserve high accuracy. The model 
was tuned to best fit the numerical simulation. 

The  DC  model  is  based  on  partitioning  of  VESFET 
structure into three regions of analysis
• Cylindrical shapes are approximated by step 

function preserving boundary length (see top view)

• The channel of voltage dependent width 2s0, and 
voltage independent length L is located in region II
• Resistances of the source (I) and drain (III) regions 

(voltage dependent)

Modulation of electrical channel width is determined by dependence of local 
depletion layer thickness xd on surface potential φs in gate-oxide-substrate capacitor, 
related to the position-dependent gate-substrate voltage:

where:
  q – the elementary charge
  εSi, εox – the permittivity of silicon and gate-oxide
  relation Npoly >> Nsub is assumed
  φfb – the flat-band voltage
  Cox = εox / tox 

In the case of the depletion operation mode, the 
charge induced in silicon corresponds to the 
charge of ionized dopants in the depletion region

Drift current changes due to the modulation of resistance of the channel limited by 
depletion regions as in the junction field effect transistor (JFET)

where:
the channel is treated as a series connection of 
infinitesimal resistors dRch;
h – the height of the VeSFET structure
r – the resistivity of the substrate
G0 = h/r – the sheet conductance of the 
substrate

Finally one obtains the drain current:

where: 

Although the concept of threshold voltage is not required to derive the above current, it 
can be defined for a chosen gate as the voltage at the onset of the opening of a conducting 
channel for drift current flow between the depletion layers. 
If e.g. VGS2 is fixed, the threshold voltage for gate 1 
can be written as Vth01:

In the case of tied gates the threshold voltage 
takes a form:

Electron flow forced by high drain voltage VDS counteracts the depletion layer expansion with VGS and 
prevents the channel from entire pinch-off. This effect can be described as the threshold voltage 
reduction:

Signs “–“ and “+” correspond to n- and p-channel 
VeSFETs, respectively; aν and ν  are fitting 
coefficients extracted in the case of tied gates.

As the threshold voltage is not a parameter of the 
drift current characteristics, this effect is taken into 
account by modifying the channel width. 

Continuity of the model at the transition 
from “linear” to saturation regions has 
been ensured “classically” by replacing 
VDS in the drift-current expression by the 
effective drain-source voltage (A = 100) 

Characteristic formulated above for central part of the source-drain silicon passage (region II) is 
generalized replacing gate and drain voltages in expression describing Idch by the effective inner 
voltages reduced by the voltage drop on the source and drain resistances RS and RD , respectively: 

The evaluations of the source and drain resistances uses 
simple geometrical approximations taking into account 
changes of the depletion layer penetration depth. As a 
result functions RS(VGS) and RS(VGS,VDS) are derived.

After a simplifying linearization, the drift 
current can be evaluated with the equation: 
where:

Diffusion current (dominating in the 
subthreshold range) is described similarly to 
that in the MOS transistor
ms – reciprocal of the subthreshold slope
φ t  – thermal voltage

DC model verification 

Cut-off current and transfer characteristic for Vds = 50 mV

Transfer characteristics for Vds = 0.8 V 

Model implementation: Verilog-A (tests in Hspice and Spectre)

AND-type device (turns ON only when both gates biased high)
r = 50 nm,  h = 200 nm,  Nsub  = 1e17 cm-3, Ngate = 5e18 cm-3

Gate-capacitance model

The  gate-capacitance  model  [6]  allows  for  independent-gate  operation  .  The  formulae 
express the gate charge, rather than capacitance itself.  The core of this approach is a 
surface  potential  model  based  on  PSP expressions  [7]  modified  to  handle  cylindrical 
structures. The model contains two smoothing functions and a couple of fitting constants. 
However, the fitting parameters are independent of the device geometry, doping levels etc.

Capacitance-model formulation

Components of the total capacitance 
of either gate:

Csub is calculated as a voltage-dependent 
portion of a cylindrical MOS capacitor:

where Ccyl – capacitance of a cylindrical MOS 
structure with the same geometry and doping 
levels as in VeSFET, modeled as

where
• ψs = αψsp+β(V G−V FB)  – surface 

potential in the substrate,
• ψsp – equivalent planar-MOS surface 

potential (calculated using the PSP 
model),

• Cox – gate oxide capacitance, VG – gate-
substrate voltage, VFB – flatband voltage,
α , β – empirical correction terms 

accounting for the cylindrical shape.

Schematic representation 
of VeSFET capacitances

Interpretation of depletion 
„opening” angle θ

The depleted „opening” θ is calculated using the following flow:

where ψsx – substrate  potential  under  gate 

Gx (where x = {1, 2}), Qsx – substrate charge 
induced  by  Gx,  Ns – substrate  doping  level, 
dGx – depletion depth in substrate under  Gx, 
θx –  depletion  „opening  angle”  associated 
with Gx.

CSTI is approximated as 

where ASTI ~ tox, BSTI ~ 1/tox.

Capacitance-model verification

Verification of the gate-capacitance model for various VeSFET geometries

Conclusions

• The proposed compact model, implemented in Verilog-A, permits calculation 
of the drain current and gate capacitances. 

• It is valid for independently biased gates. 
• The drain-current model includes second-order phenomena like velocity 

saturation, parasitic S/D resistances, and threshold-voltage dependence on 
the drain voltage. 

• Numerical simulations confirm high accuracy of the model
• The model proved a useful tool for studying VeSFET-based circuits [1]
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