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The MOSFET simulator on nanoHUB.org (http://nanohub.org/
resources/mosfet) simulates the equilibrium electrostatics and non-
equilibrium current-voltage (I-V ) characteristics of i) bulk, ii) dual-gate,
and iii) SOI based field effect transistors. In this chapter, we will de-
scribe: i) the structure and basic operational principle of MOSFETs; ii)
the physical models used in the MOSFET simulator; iii) the graphical
user interface (GUI) and how to prepare the input decks for a device
with specific geometry, numerical meshing, a set of model parameters,
temperature, and biasing; iv) simulation outputs and post-processing
options; and v) the limitations as well as the scopes for improvement of
the simulator. The Chapter, from a classical viewpoint, is expected to
help the users better understand the technologically important figures-
of-merit (FOM) associated with both conventional and emerging FETs,
extract the parameters of interest from the simulation results, and shed
light on how to design FETs for improved performance.

1. Structure and Operational Principle of MOSFETs

Silicon based MOSFET is the most widely used semiconductor device in

existence today, constituting about 90% of the device market [1]. The

tremendous growth in semiconductor industry, over the past four decades,

has been achieved through continuous downscaling of Si-MOSFETs, which

was described by Moores law [2]. MOSFET channel lengths were once
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several micrometers, but modern integrated circuits (ICs) are incorporating

MOSFETs with channel lengths of less than 20 nanometers [3]. As a result,

product pricing has declined 35% per year while maintaining gross margin.

Nevertheless, device scaling is finally facing its limits! Scaling will continue

at least until the year 2016, when devices with a physical gate length of

9 nm should become commercially available and integration densities are

expected to be over 1 billion transistors/cm2. However, excessive power

consumptions (due mainly to leakage currents) will restrict the use of these

high-performance devices only in the critical regions of the system. To

fabricate devices beyond current scaling limits, IC companies are exploring

alternative gate stack materials (high-k dielectric and metal gates [4,5]),

band engineering methods (using strained Si or SiGe [6,7]), and alternative

transistor structures (such as multi-gated devices [8]).

1.1. Structure

The metal-oxide-semiconductor field-effect transistor (MOSFET) is a de-

vice used to amplify or switch electronic signals. It is by far the most com-

mon transistor used in both digital and analog circuits. Traditionally, the

MOSFET (as shown in Fig. 1) has a structure where the semiconductor ma-

terial (substrate) and the top metal or polycrystalline silicon contact (gate)

are separated by a thin oxide layer (insulator). Therefore, looking verti-

cally, it has a structure like an MOS capacitor; but includes two additional

structurally and electrostatically identical highly-doped ion-implanted ter-

minals (source and drain) that are separated by the bulk substrate region

yet having an opposite polarity as compared to that of the substrate.

1.2. Qualitative Description of MOSFET Operation

The channel of a MOSFET can be of n-type or p-type, and the device is ac-

cordingly called an n-MOSFET or a p-MOSFET. The body (or substrate)

of the MOSFET is normally connected to the source terminal, essentially

making it a three-terminal device like other field-effect transistors. The

four basic types of MOSFETs and the corresponding circuit symbols and

transfer (input) characteristics are shown in Fig. 2. For example, when

fabricated as an n-type enhancement-mode device, the MOSFET is turned

on by inverting the p-type substrate into an n-type channel via the appli-

cation of a positive voltage at the gate terminal. The thin (1-3 nm) channel

is created below and in the vicinity of the oxide layer allowing, with a posi-

tive voltage connected to the drain terminal while the source and substrate
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Fig. 1. Physical structure of a MOSFET

being grounded, unhindered transport of charged carriers (electrons) from

the source end to the drain terminal. The minimum gate voltage, which is

required to induce the channel, is known as the threshold voltage, VT . Nor-

mally, we say the positive gate voltage of an n-MOSFET must be greater

than VT to create the negatively charged conduction channel. Similarly, for

a p-MOSFET (having an n-type substrate and highly doped p-type source

and drain regions), the gate voltage has to be more negative than some VT
to allow conduction of positive charges (holes) via the channel region. For

a detail description of MOSFET, please refer to Refs. [9–11] and [12].

2. Physical Models used in the MOSFET Simulator

The MOSFET lab on nanoHUB.org is based on the Padre simulation toolkit

originally developed by Mark Pinto, R. Kent Smith, and Ashraful Alam

at Bell Labs [13]. Padre is a 2D/3D simulator for various types of elec-

tronic devices including the MOSFET transistors. It can simulate physical

structures of arbitrary geometry (including heterostructures) with arbitrary

doping profiles, which can be obtained using analytical functions or directly

from multidimensional process simulators such as Prophet (see Ref. [14]).

For each electrical bias, Padre solves a coupled set of partial differential

equations (PDEs). A variety of PDE systems are supported which form a

hierarchy of accuracy:
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Fig. 2. The four basic types of MOSFETs: structure, symbols, and transfer charac-
teristics. Here, ID is the drain (output) current, VG is the gate voltage, and VT is the

threshold voltage.

(i) electrostatics (Poisson equation);

(ii) drift-diffusion (including carrier continuity equations);

(iii) energy balance (including carrier temperature); and

(iv) electrothermal (including lattice heating).

A detail description of the models and methodologies used in the Padre

simulator (which also power the MOSFET lab under study) can be found

in Ref. [15].
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3. The GUI and How to Prepare the Input Decks

The MOSFET simulator on nanoHUB.org simulates the equilibrium elec-

trostatics and non-equilibrium current-voltage (I-V ) characteristics of i)

bulk, ii) dual-gate, and iii) SOI based field effect transistors. In this Sec-

tion, we describe the graphical user interface (GUI) of the simulator and

how to prepare the input decks for a device using specific geometry, numer-

ical meshing, a set of model parameters, temperature, and biasing.

To simulate a device using the MOSFET lab, we need to consider several

structural, model, bias, and plotting parameters. The tool has three major

input decks that allow the user to enter these parameters, namely, Structural

Properties, Model, and Voltage Sweep. In the following, we define various

input parameters used in the three phases of the simulator. For simplicity,

we have considered an n-type MOSFET (if not stated otherwise). Other

devices use the same parameter sets (with some noted exceptions in the

Structural Properties phase).

3.1. Structural Properties

Device Type: Allows the user to choose a device to simulate. As of today

(April 14, 2014), the simulator allows modeling of 7 (seven) different de-

vices as shown in Fig. 3.

Fig. 3. Devices that can be simulated using the MOSFET lab toolkit.

Doping Profile: Can be uniform or of Gaussian type for source, drain,

HALO, and channel. If Gaussian is chosen, the user is allowed to set the

characteristic length parameter that defines the shape (extent) of the Gaus-
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sian doping density in the source-channel and channel-drain edges. In case

of the HALO pockets introduced in the channel region, the user needs to

define the peak doping density within the HALO pockets and the Gaussian

parameters in both the x and y directions (see Fig. 4).

Fig. 4. Doping options in the MOSFET lab toolkit.

Source/Drain Length: Length of source and drain regions in nm.

Source/Drain Nodes: Number of data samples (numerical nodes) in the hor-

izontal direction across the source and the drain regions (must be greater

than 2, however, for better accuracy, use a finer mesh size, say, of 1 nm).

Channel Length: Physical length of the channel between the source and the

drain contacts in nm.

Channel Nodes: Number of data samples (numerical nodes) in the hori-

zontal direction across the channel (must be greater than 2, however, for

better accuracy, use a finer mesh size, say, of 1 nm).

Oxide Thickness: Thickness of the top gate oxide in nm.

Oxide Nodes: Number of data samples (numerical nodes) in the vertical di-

rection within the oxide layer (must be greater than 2, however, for better

accuracy, use a finer mesh size, say, of 0.2 nm).

Junction Depth: Depth of the source/drain junction in nm.

Junction Nodes: Number of data samples (numerical nodes) in the vertical

direction across the S/D junction (must be greater than 2, however, for

better accuracy, use a finer mesh size, say, of 1 nm).

Buried Oxide Thickness: Thickness of buried oxide (BOX) layer (used in

an SOI device) in nm.

Buried Oxide Nodes: Number of data samples (numerical nodes) in the ver-

tical direction within the buried oxide (must be greater than 2, however,

for better accuracy, use a finer mesh size, say, of 1 nm).

Substrate Thickness: Thickness of the substrate in nm.
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Fig. 5. Input Deck - Structural Properties

Substrate Nodes: Number of data samples (numerical nodes) in the verti-

cal direction within the buried oxide (must be greater than 2, however, for

better accuracy, use a finer mesh size, say, of 5 nm).

Device Width: Width of the device (usually kept at 1000 nm or 1 µm).

Source/Drain Doping Concentration: Doping concentration of source and
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drain regions in cm-3.

Channel Doping Concentration: Doping concentration of the channel in

cm-3 (can be different from substrate doping density).

Substrate Doping Concentration: Doping concentration of the bulk sub-

strate region (wafer) in cm-3.

3.2. Model

Ambient Temperature: Environmental temperature around the device in
◦K.

Gate Electrode: Here the following options are available: aluminum, poly-

silicon, tungsten, or any material with a specific workfunction (for which

the user needs to enter the value for the workfunction in eV ).

Silicon Bandgap at 300K : Default value is 1.12 eV (energy bandgap plays

an important role in determining the intrinsic carrier concentration in a

material).

Silicon Dielectric Constant : Default value is 11.8. The semiconductor di-

electric constant is important since it is used in the Poisson solver to solve

for the electrostatic quantities (such as depletion width, junction capaci-

tances, charge densities, potential distributions, etc.).

Electron Saturation Velocity : This is a material dependent quantity. The

default value for silicon is 1.03× 107 cm/s. Saturation velocity of a mate-

rial is given by Vsat =
√

8EP /3πm0 where EP is the optical phonon energy

(∼0.063 eV for silicon).

Beta: As carriers are accelerated in an electric field their velocity will begin

to saturate at high enough electric fields. This effect has to be accounted

for by a reduction of the effective mobility since the magnitude of the drift

velocity is the product of the mobility and the electric field component

in the direction of the current flow. The following Caughey and Thomas

expressions are usually used to implement a field-dependent mobility that

provides a smooth transition between low-field and high field behavior:

µn(E) = µn0

[
1 +

(
µn0E

vnsat

)βn]− 1
βn

µp(E) = µp0

[
1 +

(
µp0E

vpsat

)βp]− 1
βp

where, E is the parallel electric field and µn0 and µp0 are the low-field elec-

tron and hole mobilities, respectively (which is defined in the next input
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Fig. 6. Input Deck - Model

box). The model parameters βn = 2 (BETAN) and βp = 1 (BETAP) are

the default values.

Electron Mobility : low-field mobility in bulk silicon in cm2/V/s

Oxide Barrier Height at 300K : The conduction band offset at the

semiconductor-oxide interface. The default value for SiO2/Si interface is

3.4 eV.

Oxide Dielectric Constant : Default value for SiO2 is 3.9. The semiconduc-
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tor dielectric constant is important since it is used in the Poisson solver

to solve for the electrostatic quantities (such as depletion width, junction

capacitances, charge densities, potential distributions, etc.). The user is

allowed to vary this parameter (for example, in case of high-k dielectric

HfO2, use 25.1).

Oxide Fixed Charge Density : Fixed charge density within the gate insula-

tor in cm-3. This introduces a shift in the threshold voltage.

The next three input parameters (Concentration Dependent Ionized Impu-

rity Scattering, Vertical Field Dependent Mobility Model, and Parallel Field

Dependence) are used to accurately model the carrier mobility within the in-

version layer (channel) of a MOSFET. Mobility models fall into three broad

categories: physically-based, semi-empirical, and empirical. Physically-

based models are those that are obtained from a first-principles calcula-

tion, i.e. both the coefficients and the power dependencies appearing in the

model are obtained from a fundamental calculation. In practice, physically-

based models rarely agree with experimental data since considerable sim-

plifying assumptions are made in order to arrive at a closed form solution.

Therefore, to reconcile the model with experimental data, the coefficients

appearing in the physically-based model are allowed to vary from their orig-

inal values. In this process the power-law dependencies resulting from the

first-principles calculation are preserved, and the resulting model is termed

as semi-empirical. At the other end of the spectrum are empirically-based

models in which the power-law dependencies are also allowed to vary. Em-

pirical models have less physical content compared to the other two models,

and also exhibit a narrower range of validity. Empirical models are usu-

ally resorted to when the dependencies predicted by the first-principles

calculation do not allow a good fit between the experimental data and the

corresponding semi-empirical model. At low-fields and for bulk samples,

carriers are almost in equilibrium with the lattice vibrations and the low-

field mobility is mainly affected by phonon and Coulomb scattering. At

higher electric fields mobility becomes field-dependent parameter and it

decreases with increasing electric field due to increased lattice scattering at

higher carrier energies. However, to obtain accurate results for MOSFET

simulations, it is necessary to account for the mobility degradation that

occurs inside the inversion layers. The degradation normally occurs as a

result of the substantially higher surface scattering near the semiconductor

to insulator interface. The transverse electric field is often used as a pa-

rameter that indicates the strength of the inversion layer phenomena.

Impact Ionization: This flag is used to select/deselect the carrier impact
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ionization process within the channel region of the device. Impact ionization

becomes important when the drain voltage is increased beyond a critical

value and a sudden increase in the drain current is observed in the output

characteristic. The impact ionization process introduces non-linearity in

the models (requiring longer simulation time) and leads to floating-body or

kink effects in SOI based devices.

Solve Bipolar Carriers: MOSFET, when fully turned on, is essentially a

unipolar device governed mainly by the drift current conducting mecha-

nism. However, in the subthreshold regime, the current could heavily de-

pend on the carrier diffusion and recombination process. When such recom-

bination becomes important, one should consider simulating both electron

and hole transport equations and set the flag to yes.

Choose the Transport Model : The available options are Drift-Diffusion and

Energy-Balance. For use with the latter model, the user is allowed to vary

the relaxation time for electrons and holes.

3.3. Voltage Sweep

The I-VG Section (if enabled) in this phase allows the user to set the min-

imum and maximum values for the gate voltage, the number of gate bias

points, a set of drain voltages to be used as parameters for the I-VG transfer

characteristic. Note that the back-gate or the substrate voltage is usually

set to zero (that is substrate is tied to the source end).

The I-VD Section (if enabled) in this phase allows the user to set the

minimum and maximum values for the drain voltage, the number of drain

bias points, a set of gate voltages to be used as parameters for the I-VD
output characteristic. Note that the back-gate or the substrate voltage is

usually set to zero (that is substrate is tied to the source end).

The third Section in this phase allows the user to plot quantities of

interest in the x and y directions. To plot the quantities in the x direc-

tion, one has to specify the depth (from the oxide/semiconductor interface

proper) where to plot the 1-D plots. Similarly, to plot the quantities in the

y (vertical/growth) direction, one has to specify the x position (from the

source end of the device).

4. Simulation Outputs and Analysis

The MOSFET simulator generates a variety of output plots to help better

understand the physical processes involved in the operation of the device,
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Fig. 7. Input Deck - Voltage Sweep

to extract important figures-of-merit (FOM), and thereby explore different

routes for device optimization. The various outputs that are available from

a typical simulation of an n-MOSFET (using the input decks as depicted

in Fig. 5, Fig. 6, and Fig. 7) are listed in Fig. 8.
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Fig. 8. List of output plots available in MOSFET simulator.

In the following, we describe some of the important plots/characteristics

that are routinely used by device designers and show how one can extract

useful performance parameters from these plots.

4.1. ID-VG Characteristic

ION : The ION is the maximum current that the MOSFET can deliver and

is the current at VGS = VDS = Vmax. From Fig. 9, I ON ≈ 630 µA/µm at
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VGS = VDS = 1V (note that the device width used in the simulation is 1

µm).

IOFF : The maximum IOFF (off current) is the current at VGS = 0V and

VDS = Vmax. From Figure 9, I OFF ≈ 0.003 µA/µm at VGS = 0V and

VDS = 1V.

Fig. 9. The transfer characteristics in a) log-linear and b) linear-linear axes.

S : Above the threshold voltage, VT , the drain current is assumed to flow

by drift and ID = 0 for VG < VT . However, it is well known that ID 6= 0 for

VG < VT . This is the region of weak inversion or subthreshold conduction.

The semiconductor surface potential under this condition is nearly constant

from source to drain. Hence, the lateral electric field intensity ξ(x) ≈ 0 and

the current density due to diffusion is given by:

ID = IT e
q(VGS−VT )

nkT

(
1− e

−qVDS
kT

)
Here,

IT is the thermionic current constant,

k is the Boltzmanns constant,
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T is the temperature in ◦K

The factor n, which is very important for subthreshold operation, is given

as n = 1 + Cb/COX , where Cb is the semiconductor/bulk capacitance and

COX is the gate oxide capacitance.

The subthreshold drain current is independent of the drain voltage for

VDS > (4kT )/q for long channel devices. For short channel devices ID de-

pends on drain voltage due to drain induced barrier lowering (DIBL) effect,

to be discussed later. An important characteristic for MOSFETs is that

gate voltage change required to reduce ID from the on to the off state. Ob-

viously, this change should be as low as possible. The ID-VG characteristic

of a MOSFET in the below threshold and above threshold regimes is shown

in Fig. 9. Below VT , the characteristic is linear on a semilog plot. The slope

of the subthreshold characteristic is given by slope = d[log(ID)]/dVgs , and

the MOSFET subthreshold behavior is usually expressed as S = 1/slope

where S represents the subthreshold swing or the gate voltage necessary to

change the drain current by one decade or log(ID) by one. From Fig. 9,

one obtains S ≈ 95 mV/dec. Analytically, S is given by:

S ≈ ln(10)
kT

q

[
1 +

γ

1
√
ϕss

]
= ln(10)

kT

q

[
1 +

Cb
Cox

]

where, ϕss is the surface potential in weak inversion. This also tells us

that S depends strongly on the semiconductor/bulk and the gate oxide

capacitances.

V T: The threshold voltage, VT , of a MOSFET, from among many methods,

can be calculated using the constant current method. In this approach, the

threshold voltage is defined as the gate voltage needed to generate a specific

amount of current flow at the drain terminal (say, 10 µA/µm). For example,

from Fig. 9, VT1 ≈ 0.22 V and VT2 ≈ 0.14 V.

Drain Induced Barrier Lowering (DIBL): With increasing VDS , the

drain space charge region (scr) moves towards the source scr, leading to

electric field penetration from drain to source. This lowers the potential

barrier at the source/channel junction by ∆ϕ (Fig. 10), giving increased

electron injection over the reduced barrier, known as DIBL, i.e, the drain

lowers the barrier at the source.

The threshold voltage also gets reduced and DIBL is equivalent to this

reduced voltage as is expressed asDIBL = |∆VT /∆VDS |, and the DIBL has

a unit of mV/V. For example, from Fig. 9, DIBL = |0.08/0.95|×1000 ≈ 84

mV/V.
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Fig. 10. Influence of drain potential in long (left) and short (right) channel devices.

4.2. ID-VD Characteristic

The simulated ID-VD characteristic of the n-MOSFET is shown in Fig. 11.

The user can extract the following important parameters (that eventually

can be used in SPICE models) from this characteristic:

ION: The ION is the maximum current that the MOSFET can deliver and

is the current at VGS = VDS = Vmax. From Fig. 11, ION ≈ 630 µA/µm at

VGS = VDS = 1 V (note that the device width used in the simulation is 1

µm).

V T: The threshold voltage can be calculated from the drain saturation

voltage, VDsat = VG − VT . From Fig. 11, knowing VG = 0.5 V, VT ≈ (0.5

0.27) V = 0.23 V.

µ: Carrier (electron) mobility can be extracted from the slope in the linear

region. From Fig. 11, we get, µCOX ≈ 1000/100×0.27 = 2.7 V. Now, since

COX = (ε0KOX)/TOX ≈ 0.01725 F/cm2, µ ≈ 157 cm2/V/s.

r0: The intrinsic output resistance can be calculated from the inverse

slope in the saturation region. From Fig. 11, one obtains r0 ≈ (1 −
0.270)/(0.00022− 0.0002) ≈ 0.73/0.00002 ≈ 36.5 kΩ.

4.3. 2-D Plots

Of the many 2-D plots that are generated from the simulation results, the

2-D surface plots of the potential and electron density distributions in the

active region of the device are of particular interest and are shown in Fig. 12.

The extent of source, drain, and the channel regions are clearly visible
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Fig. 11. The output characteristics.

from the Figure. Note that the channel, in clear contrast to a frequently

used assumption that it pinches off near the drain end, never in reality

disappears!

4.4. Short Channel Effects

Next, simulations were carried out to study the short channel effects in an

n-MOSFET. Here, we consider varying the channel length from 100 nm

down to 25 nm. The number of nodes in the channel region was adjusted

to ensure convergence in the simulation. The ID-VG characteristics of the

FETs are shown in Fig. 13. This Figure was prepared in a post-processing

tool (Microsoft Excel) after downloading the data from the nanoHUB in-

terfaces (using the download arrow). A quick look at the Figure reveals

pronounced short channel effects (SCEs) as the channel length of the FET

is scaled down. The SCEs are manifested by an increase (worsening) in

the subthreshold swing, reduction in the ION/IOFF ratio, reduction in the

threshold voltage, and increase in DIBL.
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Fig. 12. 2-D surface plots of (left) potential and (right) electron density distributions
in the active region of the device.

4.5. Comparison of Bulk, SOI, and Dual-Gate Devices

In this Section we compare the performance of three n-type FETs: a) con-

ventional bulk, b) silicon-on-insulator (SOI), and c) dual-gate structure. We

simulate these devices for ID-VG and ID-VD characteristics and extract the

following parameters: S, ION , ION/IOFF ratio, DIBL, and r0. The FETs

have identical size, meshing, doping densities, and use the same models and

voltage sweep inputs. In all these devices, S/D length = 50 nm, S/D nodes

= 15, channel length = 50 nm, channel nodes = 15, junction (channel)

thickness = 20 nm, device width = 1000 nm. The S/D doping density =

2×1020 cm-3, channel doping density = 1×1018 cm-3, and substrate doping

density = 5×1016 cm-3. The ID-VG and ID-VD characteristics of the FETs

are shown in Fig. 14. The extracted parameters are enlisted in the Table

below.

Clearly, the dual gate outperforms the other two devices, although the

ION/IOFF ratio in all three devices needs to be improved via appropriate

doping or gate-stack engineering. There is a virtual consensus that the

most practically scalable variety of all these devices, that are in the focus

of many researchers study today, are double-gate MOSFETs with a sub-10

nm gate length, ultra-thin, intrinsic channels and highly doped (degener-

ate) bulk electrodes [16]. In such transistors, short channel effects typical

for their bulk counterparts are minimized, while the absence of dopants in

the channel maximizes the mobility and hence drive current density. Such
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Fig. 13. The ID-VG characteristics as a function of channel length, L. Channel doping

density used is 1 × 1018 cm-3.

Fig. 14. The ID-VG and ID-VD characteristics of the FETs

advanced MOSFETs may be practically implemented in several ways in-

cluding planar, vertical, and FinFET geometries. However, several design

challenges have been identified such as a process tolerance requirement of

within 10% of the body thickness and an extremely sharp doping profile
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with a doping gradient of 1 nm/decade.

5. Conclusion

The MOSFET tool on nanoHUB.org numerically describes the I-V char-

acteristics of single-gate, dual-gate, and SOI based silicon MOS transistors.

The user can extract an array of important device parameters from the

I-V characteristic (such as the on and the off currents, the threshold volt-

age, the subthreshold swing, transconductance, channel resistances, and

short-channel parameters such as DIBL), which not only provide a better

understanding of the underlying physics, but shed light on how to design

FETs for improved performance. The MOSFET lab is based on the Padre

simulator with a noteworthy limitation that there is no models available for

the study of quantum mechanical effects in the inversion region. For semi-

classical (Boltzmann transport) modeling of FETs using the particle-based

Monte Carlo scheme, interested readers may find the QuaMC 2-D toolkit

on nanoHUB.org useful. For a full quantum-mechanical description using

the non-equilibrium Green function (NEGF) approach, please consult the

Chapter on the nanoMOS simulator.
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