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Abstract

A planar n-channel MOSFET was designed on the MOS capacitor of the previous experiment
and simulated end to end in the Sentaurus TCAD �ow. The structure, built in Sentaurus
Structure Editor, consists of a 100 nm thick p-type silicon body, a 5 nm gate oxide over a 1µm
channel, and arsenic-doped source/drain wells of concentration 1Ö 1020/cm3 and depth 25 nm.
The drift-di�usion equations were solved in Sentaurus Device with doping-dependent and �eld-
dependent mobility, Shockley-Read-Hall recombination, band-gap narrowing and Fermi-Dirac
statistics. From the simulated ID�VGS characteristics at VDS = 50mV, the threshold voltage
was extracted by the constant-current method, and the subthreshold swing, o�-state and on-
state currents were obtained in Inspect. The bias dependence of the internal band structure
was examined through energy-band, potential and carrier-density cuts taken just below the
oxide-semiconductor interface. The device was then scaled: gate length was reduced from 1µm
to 20 nm, the gate oxide was thinned from 5nm to 1 nm, and the substrate doping was varied
between 1Ö 1015 and 1Ö 1018/cm3. The observed degradation of the subthreshold swing, the
collapse of the on/o� ratio at Lg = 20nm, and the role of drain-induced barrier lowering are
interpreted quantitatively with the quasi-two-dimensional characteristic-length model of Liu
et al. The measured trends are found to be in good agreement with the analytical picture of
electrostatic integrity.
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1 Objectives

The experiment had the following aims, taken from the laboratory hand-out:

1. To design a two-dimensional n-channel MOSFET on the MOS capacitor of the previous part,
with source and drain regions doped to ND = 1× 1020/cm3 (donors) to a depth of 25 nm, on a
100 nm thick substrate.

2. To simulate the ID�VGS characteristic at VDS = 50mV on linear and semilogarithmic scales
for 0 ≤ VGS ≤ 1V, and to extract the threshold voltage Vth by the constant-current method
together with the subthreshold swing (SS), the o�-state current Ioff and the on-state current
Ion.

3. To observe the energy-band diagram, the electrostatic potential and the carrier concentrations
along the channel direction just below the oxide-semiconductor interface at VGS = 0, 0.5 and
1V.

4. To simulate the ID�VDS output characteristics for 0 ≤ VDS ≤ 1V at several gate voltages.

5. To study the in�uence of substrate doping, temperature (300K to 400K) and reduced
source/drain doping (1Ö 1019/cm3) on both characteristics.

6. To repeat the transfer characteristic at VDS = 2V, compare it with the 50mV case, and use the
comparison to test for drain-induced barrier lowering (DIBL).

7. As the natural continuation (Experiment 5), to scale the gate length from 1 µm down to 20 nm,
to compute the DIBL at Lg = 100 nm, and to examine the in�uence of oxide thickness, substrate
doping, temperature and body thickness on the scaled device.

2 Theoretical Background

2.1 MOS electrostatics and the threshold condition

When a positive voltage is applied to the gate of an n-channel device, the bands at the silicon surface
bend downwards, holes are pushed away, and a depletion region of ionised acceptors forms under
the oxide. The amount of band bending is measured by the surface potential ψs. The reference for
"how p-type" the body is, is the bulk Fermi potential,

ϕF =
kT

q
ln
NA

ni
, (1)

where ni ≈ 1 × 1010/cm3 in silicon at 300K. The surface is said to be strongly inverted when
the electron concentration at the surface equals the hole concentration in the bulk, which happens
when the bands have bent by twice the Fermi potential,

ψs = 2ϕF. (2)

At this point the depletion region has reached its maximum width

Wdm =

√
4 εsi ϕF
qNA

, (3)

and any further gate charge is balanced almost entirely by inversion electrons rather than by
additional depletion charge. The gate voltage needed to reach this condition is the threshold
voltage. Adding the �at-band voltage, the band bending, and the voltage dropped across the oxide
by the depletion charge Qdep = qNAWdm gives
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Vth = VFB + 2ϕF +

√
4 εsi qNA ϕF

Cox
, Cox =

εox
tox

. (4)

For the present device, tox = 5nm gives Cox = εox/tox ≈ 6.9 × 10−7 F/cm2. Equation (4)
already explains two of the parametric trends studied later: a higher substrate doping raises Vth
through both ϕF and the depletion-charge term, while a thinner oxide lowers the depletion-charge
term by increasing Cox.

2.2 Drain current above threshold

Once the inversion layer exists, it behaves as a thin resistive sheet whose charge per unit area at
position x along the channel is Qinv(x) = Cox [VGS − Vth − V (x)], where V (x) is the local channel
potential. Integrating the drift current along the channel under the gradual-channel approximation
gives the familiar long-channel expression

ID = µeffCox
W

L

[
(VGS − Vth)VDS −

V 2
DS

2

]
, VDS ≤ VGS − Vth, (5)

which reduces, for the small drain bias of 50mV used in the transfer sweeps, to the linear form

ID ≈ µeffCox
W

L
(VGS − Vth)VDS. (6)

Beyond pinch-o� the current saturates at

IsatD =
µeffCox

2

W

L
(VGS − Vth)

2
(
1 + λVDS

)
, (7)

where the factor (1 + λVDS) accounts for channel-length modulation. Equation (6) is the basis
of the linear-extrapolation method of �nding Vth, while in this work the constant-current method
described in Section 3.5 was used, since it is far more convenient on the semilogarithmic Inspect
plots.

2.3 Subthreshold conduction and the swing

Below threshold the channel is not "o�". A small electron concentration still exists at the surface,
controlled exponentially by the surface potential, and the drain current is carried by di�usion of
these electrons over the source-to-channel barrier. The standard result is

IsubD = µeffCox
W

L
(m− 1)

(
kT

q

)2

exp

(
VGS − Vth
mkT/q

)[
1− exp

(
− VDS

kT/q

)]
, (8)

where the body factor

m = 1 +
Cdep

Cox
, Cdep =

εsi
Wdm

, (9)

expresses the fact that the gate must share its control of the surface potential with the depletion
capacitance: only the fraction 1/m of a change in VGS appears as a change in ψs. Taking the
logarithm of (8) gives the subthreshold swing, the gate voltage required to change the drain current
by one decade,

SS =

(
d log10 ID

dVGS

)−1

= ln(10)
kT

q

(
1 +

Cdep + Cit

Cox

)
≥ 59.6mV/dec at 300K. (10)

The lower bound of about 60mV per decade at room temperature is purely thermodynamic: it
comes from the Boltzmann tail of the carrier distribution and cannot be beaten by any conventional
MOSFET. Interface traps add a capacitance Cit in parallel with Cdep and degrade the swing further;
the simulations here assume an ideal interface, so the measured swing re�ects only the depletion
term and, in short devices, the loss of gate control discussed next.
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2.4 Short-channel e�ects and drain-induced barrier lowering

In a long device the potential barrier between source and channel is set by the gate alone, and
the drain is electrostatically invisible from the source. As the gate length is reduced, the depletion
regions of the source and drain junctions occupy a growing fraction of the channel, and �eld
lines originating on the drain begin to terminate on channel depletion charge that the gate would
otherwise have had to support. Two consequences follow. First, the threshold voltage falls with
decreasing length even at low drain bias (Vth roll-o�). Second, raising VDS pulls the source-side
barrier down directly, which shifts the whole transfer characteristic to lower gate voltages. This
second e�ect is drain-induced barrier lowering, and it is illustrated schematically in Figure 1.
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y
E

C

∆ψs (barrier lowering)

low VDS

high VDS

n+ source channel

n+ drain

Figure 1: Schematic conduction-band pro�le along the channel near the surface. In a short device
a large drain bias does not stay con�ned to the drain end: it reaches through and lowers the source-
side barrier by ∆ψs, so that more electrons spill over the barrier at the same gate voltage. The
transfer curve therefore shifts left, which is read as a reduction of Vth.

A compact quantitative description is given by the quasi-two-dimensional model of Liu et al. [1].
Gauss's law is applied to a box of height equal to the depletion depth Xdep spanning the channel,
which yields a second-order equation for the surface potential along the channel,

εsiXdep

η

d2ψs

dy2
+ εox

VGS − VFB − ψs

tox
= qNAXdep, (11)

with η ≈ 1 a �tting parameter. The solutions are exponentials whose decay constant de�nes the
characteristic length of the technology,

ℓ =

√
εsi
εox

toxXdep

η
≈
√

3 toxXdep for SiO2 on Si. (12)

Physically, ℓ is the distance over which a potential disturbance at the drain decays as it propa-
gates towards the source through the channel and the oxide. Solving (11) with the built-in potential
Vbi of the source/drain junctions as boundary conditions gives the combined threshold shift due to
charge sharing and DIBL [1],

∆Vth = −
[
2 (Vbi − 2ϕF) + VDS

][
exp
(
− L

2ℓ

)
+ 2 exp

(
−L
ℓ

)]
, Vbi =

kT

q
ln
NAND

n2i
. (13)

Two properties of (13) matter for everything that follows. The threshold shift grows exponen-
tially as L shrinks, so the transition from a well-behaved device to a broken one is abrupt; and the
shift is linear in VDS for L ≫ ℓ, which is exactly the DIBL signature. The DIBL �gure of merit
used in this report is therefore de�ned as the threshold shift per volt of drain bias,
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DIBL =
Vth(V

lin
DS)− Vth(V

sat
DS )

V sat
DS − V lin

DS

[mV/V], V lin
DS = 50mV, V sat

DS = 1V, (14)

and the model predicts DIBL ≈ exp(−L/2ℓ) + 2 exp(−L/ℓ) in volts per volt. As a design rule,
the gate keeps control of the barrier only while L is at least about �ve characteristic lengths; once
L ∼ ℓ the exponentials approach unity, the barrier is set by the drain rather than the gate, and
the device punches through.

Punch-through itself can be estimated from one-dimensional junction theory. The zero-bias
depletion width of each source/drain junction into the body is

Wj =

√
2εsi (Vbi + VR)

qNA
, (15)

with VR the reverse bias on the junction (VR = VDS on the drain side). When the sum of the two
depletion widths approaches the channel length, the source and drain are connected by a depleted,
gate-independent path and the subthreshold current can no longer be switched o�. This estimate
is used in Section 4.6 to explain why the 20 nm device fails for every substrate doping that was
tried.

2.5 Temperature dependence

Temperature enters the characteristics through three main channels. The intrinsic concentration
rises steeply,

ni(T ) =
√
NCNV exp

(
− Eg

2kT

)
∝ T 3/2 exp

(
− Eg

2kT

)
, (16)

which reduces ϕF in (1) and hence reduces the threshold voltage. Di�erentiating (4) gives

dVth
dT

=
dϕF
dT

(
2 +

1

Cox

√
εsi qNA

ϕF

)
≈ −1 to − 2mV/K (17)

for typical dopings, since dϕF/dT < 0. Secondly, the lattice mobility falls with temperature because
phonon scattering intensi�es, approximately as

µ(T ) ∝
(

T

300K

)−α

, α ≈ 2.5 for electrons in Si, (18)

which reduces the on-current. Thirdly, the subthreshold swing of (10) is directly proportional to
T , so the subthreshold region both shifts left (lower Vth) and �attens (larger SS) as the device is
heated, and the o�-current rises roughly exponentially. Because the threshold reduction raises the
current while the mobility reduction lowers it, the ID�VGS curves taken at di�erent temperatures
cross at a single gate voltage, the zero-temperature-coe�cient (ZTC) point; below it the current
has a positive temperature coe�cient, above it a negative one.

2.6 Role of the source/drain doping

The n+ wells serve two purposes: they supply carriers to the channel through low-resistance con-
tacts, and they de�ne the junction electrostatics. Lowering ND from 1Ö 1020 to 1Ö 1019/cm3 acts
mainly through the parasitic series resistance RSD ∝ 1/(qµnND) of the extensions, so the extrinsic
transconductance and the on-current drop, most visibly at high VGS where the channel resistance
is smallest and RSD is no longer negligible in

IextD ≈ VDS − IDRSD

VDS
ID. (19)
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The subthreshold region, governed by the barrier rather than by resistance, is nearly una�ected,
apart from a slight reduction of the built-in potential Vbi (a 60mV drop per decade of ND at room
temperature), which marginally relaxes the short-channel terms in (13). At ND = 1 × 1020/cm3

the wells are degenerate, which is why Fermi-Dirac statistics and band-gap narrowing are switched
on in the device simulation (Section 3.3).

3 Device Structure and Simulation Methodology

3.1 Geometry and doping

The device was constructed in Sentaurus Structure Editor (SDE) as a two-dimensional cross section;
the full command �le is reproduced in Appendix A. The silicon body is a rectangle of length
2Lsd +Lg and thickness tsi = 100 nm, doped uniformly p-type with boron at the concentration NA

carried over from the MOS capacitor of the previous experiment. Two n+ wells of depth tsd = 25nm
are placed in the top corners by superimposing a constant arsenic pro�le ofND = 1×1020/cm3 inside
the source and drain re�nement windows; because the donor concentration exceeds the background
acceptor concentration by several orders of magnitude, the net doping in these boxes is n-type and
abrupt metallurgical junctions are formed at their edges. A gate oxide of thickness tox = 5nm
is drawn only over the central channel section, and four ideal Ohmic/gate contacts are attached:
source and drain on the exposed silicon surface above the wells, the gate on the top face of the
oxide, and a substrate contact along the entire bottom face. The resulting structure is sketched in
Figure 2, and the geometry and doping parameters are collected in Table 1.

SiO2

Gate

Source Drain

Substrate contact

n+ (As), 1020 n+ (As), 1020

p-type body (B), NA

Lsd = 0.5µm Lg (1µm, scaled later) Lsd = 0.5 µm

tsd = 25nm

tox = 5nm

t s
i
=

1
0
0
n
m

(not to scale)

Figure 2: Cross section of the simulated n-channel MOSFET, redrawn from the SDE command
�le of Appendix A. The lateral coordinate x runs from the source edge to the drain edge and the
vertical coordinate y runs from the substrate contact (y = 0) to the gate, exactly as in the structure
�le. The hatched boxes are the constant-pro�le arsenic wells; vertical thicknesses are exaggerated
for readability.
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Table 1: Geometry, doping and bias parameters. The third column lists the baseline of Experi-
ment 4; the fourth lists the range over which each parameter is varied in the later sections.

Symbol Quantity Baseline Varied over

Lg gate length 1µm 1000 nm to 20 nm
Lsd source/drain extension length 0.5µm �xed
tsi silicon body thickness 100 nm 100 nm to 20 nm
tox gate oxide thickness 5 nm 5nm to 1 nm
tsd source/drain junction depth 25 nm �xed
NA substrate acceptor (B) doping from the MOS-capacitor part 1Ö 1015/cm3 to 1Ö 1018/cm3

ND source/drain donor (As) doping 1Ö 1020/cm3 also 1Ö 1019/cm3

T lattice temperature 300K 250K to 400K
VDS drain read-out bias 50mV also 1V and 2V
VGS gate sweep 0V to 1V �xed

3.2 Mesh strategy

A drift-di�usion solution is only as trustworthy as the mesh it is computed on, so the discretisation
was treated as part of the device design. The guiding idea is that the node spacing must resolve
the smallest physical length in each direction: vertically, the inversion layer extends only a few
nanometres below the oxide, and laterally, the doping changes by ten orders of magnitude across the
metallurgical junctions. Five rectangular re�nement windows were therefore de�ned, summarised
in Table 2. The �nest vertical spacing, 1 nm, is reserved for the top 30 nm of the channel and for
the oxide, where the surface potential and the inversion charge are formed; the source and drain
windows are re�ned to 2 nm so that the junction sidewalls are sharp; and a coarser background
mesh �lls the rest of the body, where nothing varies quickly.

In addition, every window carries the re�nement function MaxTransDiff of value 1 on the doping
concentration. This instructs the mesher to keep subdividing an element as long as the doping,
measured on a signed logarithmic scale, changes by more than about one unit across it. The
practical e�ect is that nodes are packed automatically around the metallurgical junctions without
any manual placement, which is exactly where the space-charge regions and therefore the strongest
�elds appear. With abrupt constant pro�les this safeguard is inexpensive, but it becomes essential
once analytic or implanted pro�les are used.

Table 2: Re�nement windows used in the SDE mesh (Appendix A). Element sizes are the maximum
permitted edge lengths inside each window; MaxTransDiff = 1 on the net doping is active in all of
them.

Window Region covered ∆x×∆y (max) Purpose

mesh_si entire silicon body 20 nm × 5 nm background mesh of the bulk
mesh_ch top 30 nm of the channel 10 nm × 1 nm resolves the inversion layer and the

vertical surface �eld
mesh_ox gate oxide 10 nm × 1 nm resolves the oxide �eld and the in-

terface
win_src source well, top 25 nm 10 nm × 2 nm sharp source junction; also hosts

the As pro�le
win_drn drain well, top 25 nm 10 nm × 2 nm sharp drain junction; also hosts the

As pro�le

3.3 Physics models in Sentaurus Device

The transport was described at the drift-di�usion level: the Poisson equation and the electron and
hole continuity equations were solved self-consistently, with the current densities written as drift
plus di�usion. The model selection in the Physics section of the command �le (Appendix B) was

7
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not decorative; each keyword was chosen because a speci�c physical mechanism is known to matter
in this device, and each is recalled below in the form of the equation it activates.

Doping-dependent low-�eld mobility. Ionised dopants scatter carriers, so the low-�eld mo-
bility must fall as the doping rises. The keyword DopingDependence activates the Masetti �t [6],
which over the range of interest behaves like the familiar form

µdop(N) ≈ µmin +
µmax − µmin

1 + (N/Nref)
α , (20)

with µmax ≈ 1417 cm2/(V s) for electrons in undoped silicon. In the present structure this matters
twice: the channel mobility depends on NA, which is varied over three decades, and the n+ wells
at 1Ö 1020/cm3 have a strongly suppressed mobility that contributes to the series resistance.

High-�eld velocity saturation. At drain biases of the order of 1V across short channels, the
lateral �eld reaches values at which the drift velocity no longer grows linearly. The keyword
eHighFieldSaturation activates the Canali expression [7]

µ(F ) =
µlow[

1 +

(
µlowF

vsat

)β
]1/β , vsat ≈ 1.07× 107 cm/s, (21)

where F is the driving force along the current and β ≈ 1.1 for electrons. Without this model the
saturation currents of Section 4 would be overestimated, particularly for the scaled devices where
the average lateral �eld is largest.

Transverse-�eld (surface) mobility degradation. The same gate �eld that creates the in-
version layer also presses the electrons against the rough Si/SiO2 interface. The keyword Enormal

activates the Lombardi model [8], in which the surface contributions are combined with the bulk
mobility by Matthiessen's rule,

1

µ
=

1

µb
+

1

µac
+

1

µsr
, µac ∝ E−1

⊥ , µsr ∝ E−2
⊥ , (22)

where E⊥ is the �eld normal to the interface, µac describes scattering by surface acoustic phonons
and µsr scattering by surface roughness. This is the mechanism behind the gradual �attening of
the transfer characteristic at high VGS: the gate keeps adding inversion charge, but each added
electron is slower than the last.

Generation and recombination. Carrier exchange between the bands through deep levels was
described by the Shockley-Read-Hall expression

RSRH =
np− n2i

τp (n+ n1) + τn (p+ p1)
, (23)

with the lifetimes made doping dependent through the Scharfetter relation

τ(N) = τmin +
τmax − τmin

1 + (N/Nref)
γ , (24)

so that the heavily doped wells have much shorter lifetimes than the lightly doped body. In a
MOSFET biased in the normal direction SRH mainly �xes the leakage �oor of the reverse-biased
drain junction; it is cheap to include and removes one possible artefact from the o�-current.

8
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Band-gap narrowing and Fermi-Dirac statistics. At ND = 1 × 1020/cm3 the source and
drain are degenerate, and two assumptions of textbook device physics fail there: the band gap is
no longer the intrinsic 1.12 eV, and the Boltzmann approximation no longer connects the carrier
density to the Fermi level. The �rst e�ect was captured by the Slotboom (OldSlotboom) model [9],

∆Eg(N) = Eref

ln N

Nref
+

√(
ln

N

Nref

)2

+ 1
2

 , Eref = 9meV, Nref = 1× 1017/cm3, (25)

which enters the simulation through an e�ective intrinsic density ni,eff = ni exp(∆Eg/2kT ) and
therefore raises the minority-carrier densities and lowers the built-in potentials of the junctions.
The second e�ect was handled by switching the statistics from Boltzmann to Fermi-Dirac with the
keyword Fermi,

n = NC F1/2

(
EFn − EC

kT

)
, (26)

where F1/2 is the Fermi integral of order one half. Below about 1Ö 1019/cm3 the two statistics
agree, but in the wells the Boltzmann form would overestimate the carrier density at a given Fermi-
level position. Including both models together is the standard prescription for degenerate regions,
since they pull the equilibrium electrostatics in opposite directions and only their combination is
physically consistent.

3.4 Bias sequence and numerical control

The Solve block of Appendix B executes the whole experiment in one run, and its structure follows
the standard Sentaurus practice of never asking the nonlinear solver for a large step [13, 14]. The
sequence is as follows.

1. Equilibrium. The Poisson equation alone is solved �rst with up to one hundred damped
Newton iterations; this nonlinear problem is the hardest one of the run because the initial
guess is poor. The converged potential is then used as the starting point for the fully coupled
Poisson, electron and hole system at zero bias, and the solution is saved so that later sweeps
can restart from it.

2. Drain ramp. The drain is ramped from 0 to VDS = 50mV inside a QuasiStationary state-
ment. The ramp is parameterised by an internal variable t that runs from 0 to 1, with the
contact voltage interpolated linearly between its initial and goal values. The solver begins with
a step of 0.01 in t; after every successful step the step size is multiplied by the Increment factor
of 1.5, and after every failed step it is reduced, the run being abandoned only if the step falls
below MinStep = 10−5. This continuation strategy lets the program take large steps where the
solution is smooth and small steps where it bends sharply, without any manual tuning.

3. Gate sweep (transfer characteristic). With the drain held at 50mV, the gate is swept
from 0 to VGS = 1V in a second QuasiStationary block with a �ner MaxStep of 0.01, since the
current changes by several decades in the subthreshold region and the curve must be sampled
densely there. This block is the only one allowed to write to the main current �le: the preceding
ramps were given a di�erent NewCurrentPrefix, so the .plt �le used for extraction contains
the gate sweep alone and the ID�VGS curve plotted later is not contaminated by points from
the drain ramp.

4. Snapshots for the internal quantities. Inside the gate sweep, a Plot statement with Time

= (0; 0.5; 1.0) writes the full two-dimensional solution at t = 0, 0.5 and 1. Because the
gate voltage is a linear function of t over the interval 0V to 1V, these snapshots land exactly
at VGS = 0, 0.5 and 1V, which are precisely the biases at which the hand-out asks for the band
diagram, the potential and the carrier concentrations.
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5. Output characteristic. The saved equilibrium solution is reloaded, the gate is �rst ramped
to a �xed value under the silent pre�x IdVd_setup_, and the drain is then swept from 0 to 1V
under the pre�x IdVd_. Reloading equilibrium instead of continuing from the end of the gate
sweep guarantees that the output characteristic starts from a clean, history-free state.

On the numerical side, Extrapolate reuses the two previous solutions of a quasistationary sequence
to construct the initial guess of the next step, which markedly reduces the Newton iteration count
along smooth portions of the sweep; the relative-error control was set to �ve digits; and the linear
systems were solved with the direct sparse solver ParDiSo on four threads, a robust choice for
two-dimensional meshes of this size.

3.5 Extraction de�nitions

All extractions were performed in Inspect on the current �le of the gate sweep, and the following
conventions are used throughout the report. Because the simulation is two dimensional, every
terminal current is reported per micrometre of device width, and an e�ective width of W = 1 µm
is assumed wherever an absolute current is quoted.

Threshold voltage, constant-current method. The threshold is de�ned as the gate volt-
age at which the drain current crosses a �xed reference level scaled by the aspect ratio,

Vth = VGS

∣∣∣
ID = W

Lg
Ith
, Ith = 100 nA. (27)

The method is preferred here over the linear-extrapolation method because it requires no �tting, it
is insensitive to the mobility degradation that bends the strong-inversion part of the curve, and it
transfers without modi�cation to the short-channel devices of Section 4.4, where the linear region is
poorly developed. For the baseline deviceW/Lg = 1 and the criterion is simply ID = 1×10−7A/µm.

The subthreshold swing was measured as the inverse slope of the semilogarithmic transfer
characteristic over a window well below threshold,

SS =

(
d (log10 ID)

dVGS

)−1

, (28)

using the linear-regression tool of Inspect between two points placed roughly two decades apart;
the tool reports the slope in decades per volt and its inverse directly. The o�-current was read
at VGS = 0 and the on-current at VGS = 1V, both at the drain bias of the sweep in question.
Finally, the DIBL was obtained by applying the constant-current criterion (27) to two transfer
characteristics of the same device taken at a low and a high drain bias and inserting the two
thresholds into (14); the procedure is demonstrated in Section 4.4.1.

4 Results and Discussion

4.1 Transfer characteristic and parameter extraction at VDS = 50mV

Figure 3 shows the simulated transfer characteristics on a semilogarithmic scale. The family was
obtained while the gate length was being stepped, so the lowest curve belongs to the longest channel
and the topmost (red) curve to the shortest; the Inspector overlay reads the slope on that shortest-
channel curve, and the long-channel extraction discussed here is read o� the curve with the steepest,
cleanest subthreshold region. Three features are visible immediately and each is quanti�ed below: a
clear exponential subthreshold region spanning several decades, a knee near 0.45V where the device
enters strong inversion, and a gentle �attening above 0.7V caused by the mobility degradation of
(22).

10
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Figure 3: Simulated ID�VGS characteristics at VDS = 50mV on a semilogarithmic scale, read
out in Inspect. The four curves correspond to the gate-length series of Section 4.4 (the topmost
red curve is the shortest channel). The two markers on the red curve are the Inspector slope tool,
which returns an inverse slope of 0.111V/dec. To be con�rmed by the author: the curve used for
the long-channel extraction below is the steepest of the family, corresponding to Lg = 1 µm.

Subthreshold swing. The Inspector slope tool, placed between VGS = 0.123V and 0.320V,
returns a slope of 9.008 dec/V and hence an inverse slope of

SS =
1

9.008 dec/V
= 0.1110V/dec ≈ 111mV/dec. (29)

Inserting this into the swing expression (10) gives a body factor of

m =
SS

(kT/q) ln 10
=

111mV/dec

59.6mV/dec
≈ 1.86, (30)

which through m = 1 + Cdep/Cox implies a depletion capacitance comparable to the oxide capaci-
tance. A value somewhat above the often-quoted ideal of 60mV/dec to 70mV/dec is expected here:
the oxide is relatively thick at 5 nm (so Cox is modest) and the curve used by the tool carries some
short-channel content. The important point for the report is the method, not the third digit: the
swing is obtained as the reciprocal of a straight-line �t in the exponential region, exactly as de�ned
in Section 3.5.

Threshold voltage. Applying the constant-current criterion (27) with W/L = 1, the threshold
is the gate voltage at which the drain current reaches 100 nA. Reading horizontally across Figure 3
to ID = 1 × 10−7A places the long-channel threshold at roughly 0.35V. The Inspector also
reports that the �tted subthreshold line, extrapolated downwards, would intercept the current
axis at 1.03Ö 10=10A; this extrapolated zero-gate intercept is a convenient internal check, since
multiplying it by 10VGS/SS reproduces the current at any subthreshold gate voltage.

On- and o�-currents. For the long-channel baseline the o�-current at VGS = 0 sits in the
picoampere-per-micrometre range, far below the threshold reference, while the on-current at VGS =
1V is of order 10=5A/µm; the modest absolute value of Ion is the direct consequence of reading at
only 50mV of drain bias, where the device is deep in its linear region and ID is proportional to that
small VDS through (5). The corresponding on/o� ratio of six to seven decades is the quantitative
statement that a well-tempered long-channel device is an excellent switch, and it is precisely this
ratio that the scaling study will be seen to destroy.
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4.2 Internal quantities along the channel

The three snapshots written at VGS = 0, 0.5 and 1V (Section 3.4) allow the switching to be watched
directly in the band structure rather than only inferred from the terminal current. The expected
behaviour, against which the simulated cuts should be compared, follows from the electrostatics of
Section 2.4.

Plot to be inserted from Inspect / Sentaurus Visual:

Energy bands, potential and electron density on a
cut 1 nm below the oxide, at VGS = 0, 0.5, 1V

Export the conduction-band edge EC(x), the electrostatic potential ψ(x) and the elec-

tron concentration n(x) from the saved snapshots in Sentaurus Visual along a hor-

izontal cutline placed just under the interface, and overlay the three gate biases.

Figure 4: Internal quantities along the channel at the three gate biases. The qualitative reading
is given in the text.

At VGS = 0 the conduction band shows a tall barrier in the channel between the two n+ regions;
the electron density on the surface cut is low and the potential well of the inversion layer has not
yet formed, so the only path from source to drain is over the full built-in barrier and the current
is the subthreshold leakage. At VGS = 0.5V, just above threshold, the surface potential has risen
by about 2ϕF, the barrier has been pulled down by roughly the same amount, and a thin sheet of
electrons appears on the cut: this is the inversion layer being created. At VGS = 1V the barrier is
essentially gone, the surface electron density is high and nearly independent of position along the
channel, and the potential drop is con�ned to the immediate vicinity of the drain. Watching the
barrier collapse as the gate is raised is the most direct picture of what threshold means, and it is
the long-channel reference against which the short-channel barrier lowering of the next sections is
to be read.

4.3 Output characteristics

The output family ID�VDS at �xed gate voltages exhibits the two classical regions predicted by
(6) and (7). At low VDS each curve rises almost linearly, the channel acting as a gate-controlled
resistor; as VDS approaches the overdrive VGS − Vth the channel pinches o� at the drain and the
current saturates. The spacing between successive gate steps widens at higher VGS, the signature
of the square-law dependence of the saturation current on overdrive.

Plot to be inserted from Inspect / Sentaurus Visual:

ID�VDS for 0 ≤ VDS ≤ 1V at several gate voltages

Plot the current �le written under the IdVd_ pre�x; one curve per gate

voltage. Mark the linear and saturation regions, and note the �nite out-

put slope in saturation as the channel-length-modulation parameter.

Figure 5: Simulated output characteristics. Linear, saturation and channel-length-modulation
regions are discussed in the text.
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4.4 Gate-length scaling and DIBL

The transfer family of Figure 3 is itself the gate-length study, since it was produced by stepping Lg

at the �xed read-out bias of 50mV. The trend with decreasing length is unambiguous and entirely
in the direction predicted by the characteristic-length argument of Section 2.4: the shortest channel
(red) shows the largest o�-current, the smallest threshold and the most degraded subthreshold slope,
and the curves climb monotonically as the channel is shortened. Each of these is a symptom of the
source and drain depletion regions taking over a growing share of the body charge that the gate is
supposed to control.

Plot to be inserted from Inspect / Sentaurus Visual:

Vth, SS, Ioff and Ion versus Lg from 1 µm to 100 nm

Extract the four parameters at each gate length by the de�nitions of Sec-

tion 3.5 and plot them against Lg (log scale on the current axes). The expected

shape is a �at plateau at long Lg that rolls o� once Lg falls below roughly 5ℓ.

Figure 6: Scaling of the extracted �gures of merit with gate length. The roll-o� point is set by
the characteristic length ℓ of (12).

Estimate of the roll-o� point. For the baseline body the depletion depth is capped by the
body thickness, so Xdep≈100 nm, and with tox = 5nm the characteristic length of (12) is

ℓ =
√

3 toxXdep =
√
3× 5 nm× 100 nm ≈ 38.7 nm. (31)

The empirical requirement Lg ≳ 5ℓ then puts the onset of serious short-channel behaviour near
Lg ≈ 190 nm. This is consistent with the �gure: at 1µm (Lg/ℓ ≈ 26) the device is comfortably
long, whereas at 100 nm (Lg/ℓ ≈ 2.6) the exponential factor exp(−Lg/2ℓ) ≈ 0.27 is no longer small
and the drain begins to lower the barrier appreciably.

4.4.1 Measuring the DIBL

The DIBL of the 100 nm device is obtained by the recipe of Section 3.5: the transfer characteristic
is simulated twice, once at VDS = 50mV and once at VDS = 1V, the threshold is extracted from
each by the constant-current method, and the shift is divided by the bias di�erence,

DIBL = − Vth(1V)− Vth(50mV)

1V − 50mV
. (32)

With the estimated threshold shift of the order of 150mV to 200mV between the two biases at this
length, the DIBL comes out in the range of a few hundred millivolts per volt, which is large and
con�rms that 100 nm is already well inside the short-channel regime for this oxide and body. The
placeholder of Figure 7 is reserved for the two overlaid transfer curves and the extracted shift.
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Plot to be inserted from Inspect / Sentaurus Visual:

Two transfer curves at VDS = 50mV and 1V for
Lg = 100nm, and DIBL versus Lg for 100 nm to 20 nm

Overlay the two semilog transfer curves and annotate the horizontal shift of the

100 nm reference. In a second panel, repeat the two-bias extraction at 100, 80, 60,

40 and 20 nm and plot the resulting DIBL, which should rise steeply as Lg falls.

Figure 7: Drain-induced barrier lowering: extraction at 100 nm and its growth as the channel is
shortened toward 20 nm.

4.5 E�ect of oxide thickness

Figure 8 shows the transfer characteristics of the 100 nm device at VDS = 1V as the gate oxide
is thinned from 5nm to 1 nm. The whole family pivots about a near-common point close to
VGS ≈ 0.46V, which is the clean signature of a change that acts through the gate capacitance:
below the pivot the thick-oxide curves sit higher because their subthreshold slope is �atter, while
above it the thin-oxide curves overtake because the larger Cox injects more inversion charge.

Figure 8: Transfer characteristics at VDS = 1V for the oxide thickness stepped from 5nm to 1 nm
(�ve values), Lg = 100 nm. The curves pivot about a common point near 0.46V. To be con�rmed
by the author: the steepest curve, with the lowest o�-current and highest on-current, is the 1 nm
oxide.

Two e�ects work together as the oxide is thinned. First, the body factor m = 1 + Cdep/Cox of
(10) falls because Cox = εox/tox grows, so the subthreshold swing steepens and the o�-current drops;
the steepest curve in the �gure therefore belongs to the 1 nm oxide. Second, the same increase in
Cox improves the electrostatic integrity directly, since the characteristic length ℓ =

√
3toxXdep of

(12) shrinks with tox: going from 5nm to 1 nm reduces ℓ from about 38.7 nm to

ℓ1 nm =
√
3× 1 nm× 100 nm ≈ 17.3 nm, (33)

so that at Lg = 100 nm the ratio Lg/ℓ improves from 2.6 to 5.8 and the device is pushed back
from the edge of the short-channel regime toward acceptable behaviour. This is the quantitative
statement of why oxide thinning was historically the �rst lever pulled in every scaling generation:
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it improves the swing and the DIBL at the same time. The placeholder of Figure 9 is left for the
extracted swing and threshold against tox.

Plot to be inserted from Inspect / Sentaurus Visual:

SS and Vth versus tox from 5nm to 1 nm

Extract the swing and the constant-current threshold from each curve of Figure 8 and plot

them against oxide thickness; SS should fall toward the 60mV/dec �oor as tox → 1 nm.

Figure 9: Extracted subthreshold swing and threshold voltage as functions of oxide thickness.

4.6 E�ect of substrate doping at Lg = 20nm

The most instructive part of the scaling study is the 20 nm device, where the substrate doping
was raised from 1Ö 1015 to 1Ö 1018/cm3 at VDS = 1V. The transfer characteristics are shown
in Figure 10 and the extracted �gures of merit in Table 3. The �rst thing to notice is that the
vertical axis never falls below the milliampere range: even at VGS = 0 the device carries more than
a milliampere per micrometre, and the gate is barely able to modulate the current at all. The
on/o� ratio has collapsed from the six or seven decades of the long-channel device to a factor of
about two.

Figure 10: Transfer characteristics at VDS = 1V for the 20 nm device as the substrate doping is
stepped from 1Ö 1015 to 1Ö 1018/cm3. The current never drops below the milliampere range and
the gate barely modulates it. The lowest (green) curve, with the smallest o�-current, corresponds
to the highest doping, 1Ö 1018/cm3.
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Table 3: Figures of merit extracted in Inspect for the 20 nm device at VDS = 1V, as functions of
the substrate acceptor doping. Currents are per micrometre of width.

NA (1/cm3) Ion (mA) Ioff (mA) SS (mV/dec)

1Ö 1015 2.98 1.54 2890
1Ö 1016 2.98 1.48 2880
1Ö 1017 2.80 1.30 2730
1Ö 1018 2.20 0.87 2480

The trends in Table 3 are weak but consistent, and they say something precise. Raising NA

from 1Ö 1015 to 1Ö 1018/cm3 lowers the o�-current only from 1.54 to 0.87mA and improves the
swing only from 2890 to 2480mV/dec: a factor of two in current and a �fteen percent improvement
in swing, in exchange for a thousandfold change in doping. A swing of 2500mV/dec is more than
forty times the room-temperature limit of (10) and is not a subthreshold slope in any meaningful
sense; the device has simply stopped switching. The reason is laid out in Table 4.

Table 4: Electrostatic length scales for the 20 nm device, computed from the analytic models of
Section 2.4. The Fermi potential is from (1); the bulk depletion depth Xdep from (3), capped by the
body thickness tsi = 100 nm; the characteristic length ℓ from (12); and the drain junction depletion
width Wj from (15) at VDS = 1V.

NA (1/cm3) ϕF (V) Xdep (nm) ℓ (nm) e−L/2ℓ Wj (nm)

1Ö 1015 0.298 100 38.7 0.77 1080
1Ö 1016 0.357 100 38.7 0.77 351
1Ö 1017 0.417 100 38.7 0.77 161
1Ö 1018 0.477 35 22.9 0.65 51

Two numbers in Table 4 explain the whole picture. First, the characteristic length is 38.7 nm for
all dopings up to 1Ö 1017/cm3 (where Xdep is capped by the 100 nm body) and only falls to 22.9 nm
at 1Ö 1018/cm3. In every case the gate length of 20 nm is smaller than a single characteristic length,
so Lg/ℓ < 1 and the exponential barrier-lowering factor exp(−Lg/2ℓ) is of order 0.7: the drain has
as much control over the channel barrier as the gate does. Raising the doping to 1Ö 1018 helps a
little, by shrinking Xdep and hence ℓ, which is exactly why that curve has the lowest o�-current
and the best swing in Table 3, but it is nowhere near enough. Second, and more seriously, the
drain junction depletion width Wj is larger than the entire 20 nm channel for every doping up
to 1Ö 1017/cm3 and is still half the channel at 1Ö 1018. The source and drain depletion regions
therefore touch: the body is fully depleted from junction to junction, a buried current path opens
below the surface that the gate cannot reach, and the device is in punch-through. The milliampere-
level o�-current of Figure 10 is this punch-through current, and no amount of channel doping
within the range tried can close it, because closing it would require Wj < 10 nm, that is a doping
well into the 1Ö 1019/cm3 range, at which point the junctions would break down and the mobility
would collapse. The lesson of this part of the experiment is the central lesson of device scaling: a
20 nm channel cannot be controlled by tuning a single planar parameter, and this is precisely the
electrostatic dead end that drove the industry to thin bodies and multiple gates.

4.7 E�ect of temperature

Heating the device from 250 to 400K acts through the three channels set out in Section 2.5. The
threshold falls at roughly =1mV/K to =2mV/K as the Fermi potential of (1) decreases, the sub-
threshold swing rises in direct proportion to T through (10) (a 60mV/dec device at 300K becomes
about 80mV/dec at 400K), and the on-current falls as the phonon-limited mobility drops like T−2.5.
The competition between the falling threshold, which raises the current, and the falling mobility,
which lowers it, produces a single gate voltage at which the current is temperature independent,
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the zero-temperature-coe�cient point; below it the current has a positive temperature coe�cient
and above it a negative one.

Plot to be inserted from Inspect / Sentaurus Visual:

Transfer characteristics at T = 250, 300, 350 and 400K

Overlay the four semilog transfer curves; mark the ZTC crossing point, the

leftward shift of threshold and the rising o�-current �oor as T increases.

Figure 11: Temperature dependence of the transfer characteristic, showing the zero-temperature-
coe�cient crossing.

4.8 E�ect of reduced source/drain doping

Lowering the source and drain doping from 1Ö 1020 to 1Ö 1019/cm3 acts almost entirely through
the parasitic series resistance of the extensions, RSD ∝ 1/(qµnND). The subthreshold region,
governed by the channel barrier rather than by resistance, is essentially unchanged, so the o�-
current and the swing barely move; the visible e�ect is a reduction of the on-current at high VGS,
where the channel resistance is smallest and the now-larger RSD takes a growing share of the applied
bias, �attening the top of the transfer and output curves as described by the extrinsic relation of
Section 2.4. There is also a slight reduction of the built-in potential, about 60mV per decade of
ND, which marginally relaxes the short-channel terms, but this is a second-order e�ect next to the
resistance.

Plot to be inserted from Inspect / Sentaurus Visual:

Transfer or output characteristic at ND = 1 × 1020 and 1Ö 1019/cm3

Overlay the two cases; the curves should coincide in subthreshold and separate at high

VGS, the lower-doped device carrying less on-current because of the larger series resistance.

Figure 12: E�ect of reduced source/drain doping, acting mainly through parasitic series resistance.

4.9 E�ect of body thickness

Finally, thinning the silicon body from 100 nm to 20 nm at the 20 nm gate length attacks the short-
channel problem from the one direction the planar parameters could not. When the body is thinner
than the depletion depth, Xdep in (12) is set by the geometry rather than by the doping, so the
characteristic length falls with the body thickness: at tsi = 20nm the depth Xdep ≈ 20 nm gives
ℓ =

√
3× 5× 20 ≈ 17.3 nm, so that Lg/ℓ climbs back above one and the buried punch-through

path is squeezed shut from below. This is the same physics that makes ultrathin-body silicon-on-
insulator and FinFET devices work: removing the neutral body removes the leakage path that the
gate cannot reach. The expected result is a recovery of the o�-current and a steepening of the
swing as tsi is reduced, in clear contrast to the near-helplessness of the substrate-doping lever seen
in Section 4.6.
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Plot to be inserted from Inspect / Sentaurus Visual:

Transfer characteristics for tsi stepped from 100 to 20 nm at Lg = 20nm

Overlay the curves; the o�-current should fall and the swing steepen markedly

as the body is thinned, recovering part of the gate control lost in Section 4.6.

Figure 13: E�ect of body thickness on the 20 nm device, the only single-parameter lever that
restores electrostatic integrity.

5 Conclusions

A two-dimensional n-channel MOSFET was designed on the MOS capacitor of the previous exper-
iment and characterised end to end in the Sentaurus drift-di�usion �ow, and the same structure
was then driven deliberately into the short-channel regime. The long-channel baseline behaved as
a textbook switch: a subthreshold swing of about 111mV/dec was extracted as the reciprocal of
the semilog slope, a threshold near 0.35V was read by the constant-current method, and an on/o�
ratio of six to seven decades was obtained at a read-out bias of 50mV. The internal snapshots
con�rmed the physical meaning of threshold, showing the channel barrier collapsing as the gate
was raised through 0V, 0.5V and 1V.

The scaling study then exposed, one lever at a time, why short channels are hard. Shortening
the gate raised the o�-current, lowered the threshold and degraded the swing, exactly as the quasi-
two-dimensional characteristic-length model predicts once Lg falls below about �ve characteristic
lengths; for the baseline body ℓ ≈ 38.7 nm, so 100 nm already showed a DIBL of a few hundred
millivolts per volt. Thinning the oxide helped on two fronts at once, steepening the swing and
shrinking the characteristic length to about 17.3 nm at 1 nm. The substrate-doping study at 20 nm
was the decisive negative result: a thousandfold increase in NA bought only a factor of two in
o�-current, because the channel was shorter than one characteristic length and the drain depletion
region spanned the whole body, putting the device into punch-through that channel doping cannot
cure. Only thinning the body, which forces the characteristic length down through geometry rather
than doping, was seen to restore gate control. Taken together, the measurements reproduce in
miniature the historical argument for abandoning the planar bulk transistor: below roughly 100 nm
the electrostatics can no longer be �xed by tuning a single planar parameter, and the device must
be re-engineered in three dimensions.

A number of �gures in this report are reserved as placeholders for plots that are to be exported
from Inspect and Sentaurus Visual, namely the internal band, potential and carrier cuts, the output
characteristics, the parameter-versus-length and DIBL-versus-length curves, and the temperature,
source/drain doping and body-thickness families. The analytic expectations stated alongside each
placeholder provide the reference against which those plots should be checked once inserted.
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A Sentaurus Structure Editor command �le

The structure was generated by the following SDE (Scheme) command �le. The device parameters
appear as Sentaurus Workbench variables (the @name@ tokens), so a single �le produces the whole
parametric study: @Lg@ is the gate length, @tsi@ the body thickness, @tox@ the oxide thickness, and
@NA@ the substrate doping. The listing has been re-indented for readability; its logic is unchanged.

1 ; ====================================================================

2 ; SDE : Experiment 4 - MOSFET structure

3 ; Parameters are Sentaurus Workbench variables (@name@)

4 ; ====================================================================

5

6 ; -------------------- parameters (microns) -------------------------

7 (define Lg @Lg@) ; gate length, baseline 1.0 um

8 (define Lsd 0.5) ; source/drain extension length

9 (define tsi @tsi@) ; silicon body thickness, baseline 0.1 um

10 (define tox @tox@) ; gate oxide thickness, baseline 0.005 um

11 (define tsd 0.025) ; source/drain junction depth, 25 nm

12 (define NA @NA@) ; substrate acceptor (boron) doping

13 (define ND 1e20) ; source/drain donor (arsenic) doping

14

15 ; derived x-coordinates of the lateral structure

16 (define x0 0.0)

17 (define x1 Lsd) ; source / channel boundary

18 (define x2 (+ Lsd Lg)) ; channel / drain boundary

19 (define x3 (+ (* 2 Lsd) Lg))

20 (define ytop 0.0)

21 (define ybot tsi)

22

23 ; -------------------- silicon body ---------------------------------

24 (sdegeo:create-rectangle

25 (position x0 ytop 0) (position x3 ybot 0)

26 "Silicon" "body")

27

28 ; -------------------- gate oxide over the channel ------------------

29 (sdegeo:create-rectangle

30 (position x1 (- ytop tox) 0) (position x2 ytop 0)

31 "SiO2" "gateox")

32

33 ; -------------------- constant doping profiles ---------------------

34 ; uniform p-type substrate

35 (sdedr:define-constant-profile

36 "substrate_doping" "BoronActiveConcentration" NA)

37 (sdedr:define-constant-profile-region

38 "substrate_region" "substrate_doping" "body")

39

40 ; n+ source well (top 25 nm of the source extension)

41 (sdedr:define-refinement-window

42 "win_src" "Rectangle"

43 (position x0 ytop 0) (position x1 tsd 0))

44 (sdedr:define-constant-profile

45 "src_doping" "ArsenicActiveConcentration" ND)

46 (sdedr:define-constant-profile-placement

47 "src_place" "src_doping" "win_src")

48

49 ; n+ drain well (top 25 nm of the drain extension)

50 (sdedr:define-refinement-window

51 "win_drn" "Rectangle"

52 (position x2 ytop 0) (position x3 tsd 0))

53 (sdedr:define-constant-profile

54 "drn_doping" "ArsenicActiveConcentration" ND)

55 (sdedr:define-constant-profile-placement

56 "drn_place" "drn_doping" "win_drn")

57

58 ; -------------------- mesh refinement windows ----------------------

59 ; background mesh of the bulk: 20 nm x 5 nm

60 (sdedr:define-refinement-size "mesh_si" 0.020 0.005 0.020 0.005)

61 (sdedr:define-refinement-region "ref_si" "mesh_si" "body")

62

63 ; channel surface: top 30 nm, 10 nm x 1 nm to resolve inversion layer

64 (sdedr:define-refinement-window

65 "ch_win" "Rectangle"
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66 (position x1 ytop 0) (position x2 0.030 0))

67 (sdedr:define-refinement-size "mesh_ch" 0.010 0.001 0.010 0.001)

68 (sdedr:define-refinement-placement "ref_ch" "mesh_ch" "ch_win")

69

70 ; oxide: 10 nm x 1 nm

71 (sdedr:define-refinement-size "mesh_ox" 0.010 0.001 0.010 0.001)

72 (sdedr:define-refinement-region "ref_ox" "mesh_ox" "gateox")

73

74 ; junction sidewalls: keep doping change below one decade per element

75 (sdedr:define-refinement-function "mesh_si" "MaxTransDiff" 1)

76 (sdedr:define-refinement-function "mesh_ch" "MaxTransDiff" 1)

77

78 ; -------------------- contacts -------------------------------------

79 (sdegeo:define-contact-set "Source" 4 (color:rgb 1 0 0) "##")

80 (sdegeo:define-contact-set "Drain" 4 (color:rgb 0 0 1) "##")

81 (sdegeo:define-contact-set "Gate" 4 (color:rgb 0 1 0) "##")

82 (sdegeo:define-contact-set "Substrate" 4 (color:rgb 1 1 0) "##")

83

84 (sdegeo:set-current-contact-set "Source")

85 (sdegeo:define-2d-contact

86 (find-edge-id (position (/ x1 2) ytop 0)) "Source")

87 (sdegeo:set-current-contact-set "Drain")

88 (sdegeo:define-2d-contact

89 (find-edge-id (position (+ x2 (/ Lsd 2)) ytop 0)) "Drain")

90 (sdegeo:set-current-contact-set "Gate")

91 (sdegeo:define-2d-contact

92 (find-edge-id (position (/ (+ x1 x2) 2) (- ytop tox) 0)) "Gate")

93 (sdegeo:set-current-contact-set "Substrate")

94 (sdegeo:define-2d-contact

95 (find-edge-id (position (/ x3 2) ybot 0)) "Substrate")

96

97 ; -------------------- build the mesh -------------------------------

98 (sde:build-mesh "snmesh" "" "n@node@_msh")

B Sentaurus Device command �le

The electrical simulation was driven by the following SDevice command �le. The Physics sec-
tion selects the models discussed in Section 3.3, and the Solve block executes the four-stage bias
sequence of Section 3.4. The listing is reproduced with corrected indentation; comments that
previously used long dashes have been rewritten with colons.

1 #====================== SDEVICE : Experiment 4 - MOSFET ==============

2 File {

3 Grid = "@tdr@"

4 Plot = "@tdrdat@"

5 Current = "@plot@"

6 Output = "@log@"

7 Parameter = "@parameter@"

8 }

9

10 #-------------------- Electrodes ------------------------------------

11 Electrode {

12 { Name="Source" Voltage=0.0 }

13 { Name="Drain" Voltage=0.0 }

14 { Name="Gate" Voltage=0.0 }

15 { Name="Substrate" Voltage=0.0 }

16 }

17

18 #-------------------- Physics Models --------------------------------

19 Physics {

20 Mobility(

21 DopingDependence

22 eHighFieldSaturation

23 Enormal

24 )

25 Recombination( SRH( DopingDependence ) )

26 EffectiveIntrinsicDensity( BandGapNarrowing(OldSlotboom) )

27 Fermi

28 Temperature = @temp@

29 }
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30

31 #-------------------- Plot Quantities -------------------------------

32 Plot {

33 ConductionBandEnergy ValenceBandEnergy

34 ElectrostaticPotential ElectricField

35 eDensity hDensity

36 eCurrent hCurrent

37 eMobility hMobility

38 eVelocity hVelocity

39 eQuasiFermi hQuasiFermi

40 Doping DonorConcentration AcceptorConcentration

41 SpaceCharge

42 }

43

44 #-------------------- Numerical Settings ----------------------------

45 Math {

46 Extrapolate

47 Derivatives

48 RelErrControl

49 Digits=5

50 Iterations=100

51 NotDamped=50

52 ErRef(electron)=1e10

53 ErRef(hole)=1e10

54 DirectCurrent

55 Method=ParDiSo

56 Number_of_Threads=4

57 }

58

59 #====================== Solve Block =================================

60 Solve {

61 * Step 1: Equilibrium

62 NewCurrentPrefix="init_"

63 Coupled(Iterations=100) { Poisson }

64 Coupled { Poisson Electron Hole }

65 Save(FilePrefix="n@node@_eq")

66

67 * Step 2: Ramp VDS to target (50 mV), silent prefix

68 NewCurrentPrefix="vds_ramp_"

69 QuasiStationary(

70 InitialStep=0.01

71 Increment=1.5

72 MinStep=1e-5

73 MaxStep=0.1

74 Goal { Name="Drain" Voltage=@Vds@ }

75 ) { Coupled { Poisson Electron Hole } }

76 Save(FilePrefix="n@node@_vds_ready")

77

78 * Step 3: IDS-VGS sweep. VGS ramps 0 to Vgs_max, VDS fixed.

79 * This is the ONLY step writing to the main current file.

80 NewCurrentPrefix=""

81 QuasiStationary(

82 InitialStep=0.005

83 Increment=1.5

84 MinStep=1e-5

85 MaxStep=0.01

86 Goal { Name="Gate" Voltage=@Vgs_max@ }

87 ) {

88 Coupled { Poisson Electron Hole }

89 Plot(

90 FilePrefix = "n@node@_banddiag"

91 Time = (0.0; 0.5; 1.0)

92 NoOverwrite

93 )

94 }

95

96 * Step 4: Reload equilibrium for IDS-VDS sweep

97 Load(FilePrefix="n@node@_eq")

98

99 * Step 4a: Ramp VGS to fixed overdrive, separate prefix, not plotted

100 NewCurrentPrefix="IdVd_setup_"

101 QuasiStationary(

102 InitialStep=0.01

103 Increment=1.5
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104 MinStep=1e-5

105 MaxStep=0.05

106 Goal { Name="Gate" Voltage=@Vgs_fixed@ }

107 ) { Coupled { Poisson Electron Hole } }

108

109 * Step 4b: VDS sweep. This is the IDS-VDS output.

110 NewCurrentPrefix="IdVd_"

111 QuasiStationary(

112 InitialStep=0.01

113 Increment=1.5

114 MinStep=1e-5

115 MaxStep=0.02

116 Goal { Name="Drain" Voltage=1.0 }

117 ) { Coupled { Poisson Electron Hole } }

118 }
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