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The need for semiconductor device modeling:

1.

2.
3.

Increased costs for R&D and production facilities, which are becoming too
large for any one company or country to accept.

Shorter process technology life cycles.

Emphasis on faster characterization of manufacturing processes, assisted by
modeling and simulation.

Computer simulations, often called technology for
computer assisted design (TCAD) offer many advantages
such as:

. Evaluating "what-if" scenarios rapidly

. Providing problem diagnostics

. Providing full-field, in-depth understanding
. Providing insight into extremely complex

problems/phenomena/product sets

. Decreasing design cycle time (savings on hardware build

lead-time, gain insight for next product/process)

. Shortening time to market
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Some TCAD prerequisites are:

1.

Modeling and simulation require enormous technical depth and expertise
not only in simulation techniques and tools but also in the fields of physics
and chemistry.

. Laboratory infrastructure and experimental expertise are essential for

both model verification and input parameter evaluations in order to have
truly effective and predictive simulations.

. Software and tool vendors need to be closely tied to development

activities in the research and development laboratories.
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Historical Development of Device Simulations

1964: Gummel introduced the decupled scheme for the solution of the
Poisson and the continuity equations for a BJT

1968: de Mari introduced the scaling of variables that is used even today
and prevents effectively overflows and underflows

1969: Sharfetter and Gummel, in their seminal paper that describes the
simulation of a 1D Silicon Read (IMPATT) diode, introduced the so-called
Sharfetter-Gummel discretization of the continuity equation

Existing Device Simulators

2D MOS: MINIMOS, GEMINI, PISCES, CADDET, HFIELDS,
CURRY, PADRE

3D MOS: WATMOS, FIELDAY, MINIMOS3D, PADRE

1D BJT: SEDAN, BIPOLE, LUSTRE

2D BJT: BAMBI, CURRY, PADRE

MESFETs: CUPID
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Drift-Diffusion Model:
#* Good for devices with Lg>0.5 pm
#* Can’t deal with hot carrier effects

Hydrodynamic Model:

#* Hot carrier effects, such as
velocity overshoot, included
into the model

#* Overestimates the velocity at
high fields

Particle-Based Simulation:
#* Accurate up to classical limits

#* Allows proper treatment of the
discrete impurity effects and
discrete impurity effects, e-e and e-i interactions
electron-electron interactions #* Time consuming

nanoHUB.org What is Padre?
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Padre is a computer program that numerically
solves the semiconductor equations (Poisson,
Continuity, and/or Energy Balance), thus
allowing one to simulate the performance of
electronic devices.
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More about Padre

To find out more about Padre....

From www.nanohub.org, select the Padre tool, and then
select Padre Tool Information. From there, you can
download the complete Padre manual or access an online
manual.

nanoHUB.org = “where Can | Find the Padre Tool?
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Some Hints on the PADRE Syntax

A PADRE command file is a list of commands for PADRE to execute.
This list is stored as an ASCII text file using any text editor.
The input file contains a sequence of statements.

Each statement consists of a keyword that identifies the statement and a
set of parameters.

The general format is:
<STATEMENT> <PARAMETER>=<VALUE>

The statement keyword must come first, but after this the order of parameters
within a statement is not important.

Any line beginning with # is ignored. These lines are used as comments. Note
that the "#" can be put on any PADRE input line; all information to the left of the
character is processed, and that to the right is ignored.

PADRE can read up to 256 characters on one line. However, it is best to spread
long input statements over several lines to make the input file more readable.

The character + at the begining of a line indicates continuation.
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Some Hints on the PADRE Syntax, Cont’d

Group Statements

1. Structure Specification MESH
REGION
ELECTRODE
DOPING

2. Material Models Specification MATERIAL
MODELS

CONTACT
INTERFACE

3. Numerical Method Selection METHOD

4. Solution Specification LOG
SOLVE
LOAD
SAVE
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PN Junction Simulation

Your First PADRE Simulation:

A PN Junction Example
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Opening new session

When you start a Padre session, a window appears with a pull-down menu
on the top right that allows you to upload/download individual source files or
use some sample files for typical device structures such as a Double Gate
MOS Capacitor, MOSFET, ....

B
| UPIoae
Cownlgad

Double Gate MOSCap
MOSFET

PH diode

Single G MOSCap
SO0

Refresh Steven
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Loaded Example

After we select the PN diode example, a list of statements appears in the
window as shown below. There is a strict logic on how these
statements have to be ordered, and this is illustrated in the slides that
follow on the example of simulation of pn-diode)

Files: [FN aiode

Input fily: 4 -le
nput i

3
i, hel00 iy L=l iy.bed salicon
5200 iy, L] iy hed silicen
1 3

o taundele-06 tauplele-06 trap. typsd straped

dels
arh cosmoh Flduch impact tewperatures30
m elections holes nevton

Rotrish Serion |

nanoHUB.org Step 1: Mesh Setup
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pn di ode (setup)
PO
rect nx=200 ny=3 wi dt h=1 outf=nesh
n=1 1=0r=1
n=100 |1 =0.5 r=0.8
n=200 |1 =1.0 r=1.05
n=1 1=0r=1
n=3 1=1r=1

* Thetitl e statement acts as a comment or reminder line. It is generally
useful to include a meaningful title to identify the content of the file.

» The nesh statement states that the mesh is tensor product mesh (r ect)
and there are 200 mesh points along the x-axis (left to right) and 3 mesh
points along the depth (top to bottom). The name nesh will be the output
filename (out f) which contains the mesh attributes. The mesh length

along x-axis and y-axis is 1 um, as specified in the example.
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Step 1: Mesh Setup (cont.)

pn di ode (setup)

PO

rect nx=200 ny=3 wi dt h=1 outf=nesh
n=1 1=0r=1

n=100 |1 =0.5 r=0.8

n=200 1 =1.0 r=1.05

n=1 1=0r=1

n=3 1=1r=1

» The three x. mstatements specify how we distribute the nodes. The first
attribute defines the mesh point n, the second one the | ocat i on, and
the third one the mesh expansion r at i o, i.e. the ratio of two neighboring
mesh spacing.

» Similarly, the two y. mstatements specify the mesh spacing in the y-
direction.
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Comment

Refer to the Padre manual for a complete discussion of the
mesh statement and the other statements to be discussed
in this tutorial.
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Silicon

ix=100
Mesh gets finer

towards the middle
section of the device.
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Step 2: Region and Electrodes

$ Regi ons specifications

region nunEl ix.l1=1 ix.h=100 iy.l=1 iy.h=3 silicon
region nunel ix.1=100 ix.h=200 iy.l=1iy.h=3 silicon
el ec nunl ix.1=1 ix.h=1iy.l=1iy.h=3

el ec num=2 i x.1=200 ix.h=200 iy.l=1iy.h=3

¢ In this block we define regions. The first r egi on statement states that
from node i x. | ow=1toi x. hi gh=100 andiy. |l ow=1toiy. hi gh=3
si | i con is the material. This region is defined as region nun¥1.
Similarly, the second r egi on statement states that from node
i X. | ow=100toi x. hi gh=200 andiy.low=1ltoiy.high=3silicon
is the material system. This region is also defined as region num=1.

The el ect r ode statement defines the box that the program will treat as
an electrode. In this case the box is defined with i x. | ow=1,

i X. high=1,iy.low=1 and iy. hi gh=3. This is the first electrode, or
the front electrode. The second (back) electrode is defined with the
statement i x. | ow=200, i x. hi gh=200, iy.low=1andiy. hi gh=3.
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Step 2: Region and Electrodes

Front Electrode Back Electrode

Silicon

ix=100

Mesh that gets finer
towards the middle
section of the device.

nanoHUB.org
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$ Dopi ng specification
dop reg=1 p.type conc=1le+1l7 x.1=0 x.r=0.5
+ y.top=0 y.bot=1 uniform
dop reg=1 n.type conc=1le+17 x.1=0.5 x.r=1.0 y.top=0
+ y.bot =1 uni form
pl ot . 1d | og dop abs a.x=0 b.x=1.0 b.y=0.5 a.y=0.5
+ poi nts ascii outf=dop

Step 3: Doping Specification

» The first statement says that in the region x. | ef t =0, x. ri ght =0. 5,
y.top=0 andy. bot =1(in um) we add a uni f or mconcentration of
acceptors (p. t ype) of 1e17 cm-3.

The second statement says that in the region x. | ef t =0. 5,
X.right=1.0,y.top=0andy. bot =1(in um) we add a uni f orm
concentration of donors (n. t ype) of 1e17 cm-3.

The last statement is a pl ot statement along the x-axis and the middle
of the y-axis. The output file (out f ) where doping is stored is called dop.

10
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Front Electrode Back Electrode

Silicon

: .nan(.)HUB'Org Step 4. Materials Specification
online simulations and more

& Materials specifications
mat eri al name=silicon taunO=le-06 taupO=1e-06
+ trap.typ=0 etrap=0

» Within the mat eri al statement we can specify a variety of material
properties such as minority carrier lifetime for electrons (t aun0=1 us),
minority carrier lifetime for holes (t aup0=1 us), the type of traps
(trap. t yp=0 means no traps), and the energy level of the traps (in this
case the energy level iset rap=0 eV).

11
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Step 5: Specify Models

$ Specify nodel s
nodel s srh connob fl dnmob i npact tenperature=300
system el ectrons hol es newt on

» Under the nodel s statement we specify that we include sr h (Shockley-
Read-Hall generation-recombination), connmob (concentration dependent
mobility model), f | dnob (field-dependent mobility model needed under
high bias conditions) and i npact (impact ionization process), and the
t enrper at ur e is 300 K.

Under the syst emstatement we specify that we have both el ect r ons
and hol es and that the newt on method will be used for the solution of the
equations.

nanoHUB.org
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Step 6: Solve Initial and Save Data

$ Solve for initial conditions

solve init

plot.1d pot a.x=0 b.x=1.0 a.y=0.5 b.y=0.5 ascii outf=pot

pl ot.1d band.val a.x= . . . . =0.5 ascii outf=vband
pl ot. 1d . . . . . . =0.5 ascii outf=cband
pl ot. 1d . . . . . . .5 ascii outf=gfn

pl ot. 1d . . . . . . .5 ascii outf=qgfp

pl ot. 1d . . . . . . .5 ascii outf=ele

pl ot. 1d . . . . . .5 ascii outf=hole

pl ot.1d net. b.y=0.5 ascii outf=ro
plot.1d e.field a.x= 0 . X= 1 a.y= 0 b.y=0.5 ascii outf=efield
plot.1d reconb a.x=0 b.x=1.0 a.y=0.5 b.y=0.5 ascii outf=reconb

* sol ve init statement specifies that we need to solve for the initial
conditions, i.e. without bias applied to the electrodes.
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$ Solve for initial conditions
solve init

pl ot. 1d

pl ot. 1d

pl ot. 1d

pl ot. 1d

pl ot. 1d

pl ot. 1d

pl ot. 1d

.y=0.5 ascii outf=pot
b.y=0.5 ascii outf=vband
b.'y

S S

<K< -
o< 1 unnoo

=0.5 ascii outf=cband
0.5 ascii outf=gfn

0.5 ascii outf=qgfp
0.5

o P
< <
cooll Il o

ascii outf=ele

5 ascii outf=hole

pl ot.1d net.charge b.y=0.5 ascii outf=ro
plot.1d e.field a.x= 0 a.y= 0 b.y=0.5 ascii outf=efield
plot.1d reconb a.x=0 b.x—l.O a.y=0.5 b.y=0.5 ascii outf=reconb

0.
.5

<U
U'III

» The 10 plot statements save the data for 1D plots along the middle of the
device in corresponding files. The variables that get plotted are pot (for
potential), vband (valence band), cband (conduction band), gf n
(quasi-Fermi level for electrons), qf p (quasi-Fermi level for holes), el e
(electron density), hol e (hole density), r o (total charge density),
ef i el d (t(he electric field) and r econb (net recombination rate).
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Step 7: Solve for Applied Bias

$ Solve for applied bias

| og outf=iv

sol ve prev

sol ve proj vstep=0.03 nsteps=20 el ect=1

plot.1d pot a.x=0 b.x=1.0 a.y=0.5 b.y=0.5 ascii outf=potiv

pl ot . band. val a. b.y=0.5 ascii outf=vbiv
pl ot . band. con a. b.y=0.5 ascii outf=chiv
pl ot . ascii outf=qgfniv

pl ot . scii outf=qfpiv

pl ot . scii outf=eleiv

pl ot . .5 ascii outf=holeiv
pl ot . b.y=0.5 asci

+

pl ot . e.field a.x=0 b.x=1.0 a.y=0.5 b.y=0.5 asci

+ out f =efi

pl ot . reconb a

pl ot . j.electr

+ outfzjelectr
pl ot . j.-hole a.x=0 b.x=1.0 a.y=0.5 b.y=0.5 ascii outf=jhole
pl ot . j.total a.x=0 b.x=1.0 a.y=0.5 b.y=0.5 ascii outf=jtot
end

.5
.5
.5

a
a

oo o

P< 1l oo
_o~< nloo
ao:

.5 b.y=0.5 ascii outf=reiv
=0.5 b.y=0.5 asci

13
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Step 7: Solve for Applied Bias

| og outf states that afile called i v will be open for storing the IV-data.
sol ve prev resolves for previous bias conditions.

sol ve proj specifies that if necessary it will use the projection method
to converge. Also specified here is that the voltage step (vst ep) is
0.03V, the number of steps (nst eps) is 1, and the voltage is applied to
the el ect r ode nun¥1 which is the anode.

The meaning of the plot statements is the same as in Step 6. The
specified variables are plotted at the final bias point which in our case is
0.03x20 = 0.6 V. Additional variables that are plotted are the net electron
and hole current densities (j el ectr and j hol e) and the total current
density along the device (j t ot ) which must be constant to ensure
conservation of particles in the device.

nanoHUB.org
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In the next few slides we will show some
sample simulation results for both
EQUILIBRIUM and NONEQUILIBRIUM conditions
that will provide us with a better understanding of the
PN-diode operation.
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Result IE\ectrnstatm Paotential

04

lvA:o.ev

=}
[
|

Electrostatic Potential (V)
=}
|

&
[N
|

Position (um)

1 result

< Input

Refresh Screen |

The electrostatic potential in equilibrium gives the position of the Fermi level
with respect to the intrinsic level.

nanoHUB.org EQ/NEQ: Quasi-Fermi Level for
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Quasl e Lial (oV)
@

Electrons/Holes

In equilibrium, the Fermi level is
constant and represents a refe-
rence level.

Under applied bias, throughout
the most of the device, except the
contacts (where the quasi-Fermi
levels merge), we have

Erp — Era=0QVa

15
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electrons

Election Concertrson (fomd)

Increase of both
electron and hole
concentration
under forward bias.

Hoe Charge Concestrabon (omd)

nanoHUB.org EQ/NEQ: Total Charge Density
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Result |Net Charge Concentration

Met Charge Concentration {Cfom3)

T u T
0.4 0e
Fosition {um)

The boundaries of the depletion region are marked by the presence of a finite
charge in that segment of the device. In the example above, we clearly see
that the width of the depletion region shrinks under forward bias conditions,
As it is predicted theoretically with the depletion charge approximation.

16



nanoHUB.org EQ/NEQ: Electric Field Profile

online simulations and more

Result [Electric Field

o

Electric Field {V/cm)

T T T
04 06
Position (um)

A finite net charge at some point in the device implies a finite electric field.
Therefore, a finite electric field also means presence of a depletion region.
Again we see that under forward bias the width of the depletion region
decreases.
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NEQ: Current Densities

Aevslt [Euecaon Curerd

Electron current density +
. Hole current density =
Electron Current

Density for V, = 0.6 V Total current density
s vs. distance

A constant total current density is a
signature that we have conservation
of particles in the system. (i.e.
negligible recombination)

| Total Current
Density for V, = 0.6

Hole Current vs. distance

-| Density for V, =0.6 V
vs. distance

nIJ . a
Fousan fus)
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Result: |iv-11

1 result

< Input

nanoHUB.org How can | learn more about the
online simulations and more PADRE statements syntax?

From the Padre tool input select window, select a few
example input files. Work through each one line by line
with the Padre manual to understand how to set up various
kinds of Padre simulations.

18



nanoHUB.org

online simulations and more

Your Second PADRE Simulation;

MOS Capacitor

nanoHUB.org Simulation of a MOS Capacitor
online simulations and more With Padre

$ Mesh Specification

nmesh rect nx=3 ny=60
n=1 [=0r=1
n=10 | =0.001 r=0.8
n=60 | =0.1 r=1.05
n=11=0 r=1
n=3 =1 r=1

$ Regi ons specification

region nunFl ix.1=1 ix.h=3 iy.l=1iy.h=10
+ name=si 2 | NS

region nunm2 ix.1=1 ix.h=3 iy.l=10 iy. h=60
+ nane=silicon SEM

$ El ectrodes specification

el ec nunrl ix.1=1 ix.h=3 iy.l=1iy.h=1
el ec nun2 ix.1=1 ix.h=3 iy.l=60 iy.h=60
$ Dopi ng specification

dop reg=2 p.type conc=1el8 uniform

19
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MOS Capacitor Syntax

$ Contact specification

contact all neutral

contact numel al um num

$ one can add as options: n.polysilicon, p.polysilicon
$ tungsten

$ Specify nodel s

nodel s srh connob fl dnob

system el ectrons hol es newt on

$ Solve for initial conditions

solve init

plot.1ld pot a.y=0 b.y=0.1 a.x=0.5 b.x=0.5 asci

+ out f =pot . pl ot

plot.1d ele a.y=0 b.y=0.1 a.x=0.5 b.x=0.5 asci

+ outf=el e. pl ot

pl ot.1d net.charge a.y=0 b.y=0.1 a.x=0.5 b.x=0.5 asci
+ outf=ro. pl ot

plot.1d e.field a.y=0 b.y=0.1 a.x=0.5 b.x=0.5 asci

+ outf=efield.plot

nanoHUB.org
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MOS Capacitor Syntax

$ Solve for applied bias

sol ve prev

sol ve proj vstep=0.2 nsteps=10 elect=1

plot.1ld pot a.y=0 b.y=0.1 a.x=0.5 b.x=0.5 asci

+ outf=potne. pl ot

plot.1ld ele a.y=0 b.y=0.1 a.x=0.5 b.x=0.5 asci

+ outf=el ene. pl ot

pl ot.1d net.charge a.y=0 b.y=0.1 a.x=0.5 b.x=0.5 asci
+ outf=rone. pl ot

plot.1d e.field a.y=0 b.y=0.1 a.x=0.5 b.x=0.5 asci
+ outf=efieldne. pl ot

end

20
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Consider a simple MOS capacitor. The gate is made of aluminum, the
thickness of the SiO, layer is t,,=4 nm and the doping of the p-type
substrate is N,=10% cm. For this device structure plot:
At equilibrium
(a) the electrostatic potential,
(b) the total charge density,
(c) the electric field profile.

Under applied gate bias of 2V

(a) the inversion electron density vs. position

nanoHUB.org Electrostatic Potential
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device | voltage sweep |
Crdde thickness WIIJ':IIIIIH Rasul:[Enecirostine Ponna (equiibeium)
Body(SC) hickniss mm-l:lnz
Mt reumbi af Critie rogion:[ |1

Ovide Body Semiconducha

[

1618 o

Elecirasate Patensal (V)

Te+18/em3

T T
L] 002

Doping (iema)

L10) 008
Fosition {um)

2 resulty Clear
A | Qe thickness (um)
[

F 10004

Question: Comment on the variation of the electrostatic potential in the semiconduc-
tor and in the oxide.

Answer: Since there are no charges in the oxide, the variation of the electrostatic po-
tential in the oxide region is linear. In the semiconductor, due to the presence of the
depletion region, we have quadratic variation of the potential vs. depth.
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7 MO0% - capacitor (FADRE version)

Electron Density

deice | vetage sweep |

g thickaess funl: [
Body{SC) thicknss fum): 0z
Hode runber af Ceade regien:[ 1o

i Giody Samkanductr

1E13

Dogng (fzmdy

7

Dopng

Question: Comment on the charge density components and their variation with dis-

tance.

Answer: The total charge density in this particular case equals the N,(x) + n(x) —
p(x). The electron density is negligible, which means that the inversion layer has not
formed yet. Therefore the net charge density is N,(X) - p(x) and depicts the exten-
sion of the depletion region in the semiconductor.

nanoHUB.org
online simulations and more

% M5 - capacilor (PADRE versbon )

Electric Field Profile

device | vomage sweep |

Ot thicknwss qum [ Jo.004
Buty(SC) hicknnss um:[ oz
Mt rumbo af Cride roguon:[ |10

Codde Body Semiconducion

1618 o

Te+18/em3

Doping (iem3)

1617 =

Eleciic Field (1006 Viom)

+«—— Linear in Si

o om oM am  om
Fosition {um)

Daping |

Clear

| it thicknuss (um)
[ A 1000

Question: Comment on the electric field variation with distance.

Answer: The electric field is constant in the oxide, varies linearly in the
semiconductor since the doping is constant and the ratio of the electric fields in the
oxide and in the semiconductor at the sc/oxide interface equals the ratio of sc/oxide

dielectric constants.

22



nanoHUB.org

online simulations and more

Electron Density Under Bias

5 M0 - capacitor (PADRE version}

device ] vosage sweep | i I

e ictnass umy [ Jo.0o4 Resut [Elecron Cnarge censity 103 (3ppied 133 = 21 (V)
Body(3C) thickness um):[__[0.2
Hode number 8 Oide region: |10 1E20

Codde Body

a

sty fom™ )

1E19 =

Charge Cen

El
L

Te+18em3

Tk | ok am ok
Position (um)

Deging (fem3)

2 vty Clear
e Imm thickness (um}

1617

[Cvpina |
Question: Comment on the electron density variation for V=2V.
Answer: For Vg=2V, the inversion layer has formed. Since the potential is peaked at
the sc/oxide interface, the electron density peaks at the interface and then decays

exponentially into the bulk semiconductor region. This is what the classical picture
predicts.

A0.00e
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Example 2

Consider a MOS capacitor structure found in conventional MOSFET
devices. The thickness of the oxide region equals 4 nm and the substrate
is p-type with doping N,.

(a) Assume that N,=107 cm-3. Plot the conduction band profile
under equilibrium conditions assuming aluminum gate, n+-
polysilicon and p+-polysilicon gate.

(b) Vary the gate voltage from -2 to 2 V and calculate the high-
frequency CV curves using f=1MHz. How does the change in
the type of the gate electrode (aluminum vs. n+-polysilicon vs.

p+-polysilicon) reflects on the HF CV-curves.

(c) Assume aluminum gate and plot the HF CV-curves for f=1MHz.
How does the change in substrate doping reflects itself on the
HF CV-curves. Support your reasoning with a physical model.
Assume that N,=10¢, 10%” and 108 cm-3.
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Question: Comment on the variation of the electrostatic potential in the semiconduc-
tor and in the oxide versus the choice of the gate electrode at equillibrium.

Answer: The aluminum and the n+-polysilicon gate make the MOS capacitor to be
in the depletion/inversion mode. The very large value of the workfunction of the p+-
polysilicon gate completely switches the picture and reverts it to accumulation mode.
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CV-Curve - Different Electrode
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Question: Comment on the modification of the HF CV-curves with the variation of the

type of the gate electrode.

Answer: The change in the type of the gate electrode affects the metal-semiconducto
workfunction difference and leads to rigid shift of the HF CV-curves. There is no dis-
tortion of the curves that can be produced, for example, by interface traps.
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CV-Curve - Different Doping
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Question: Comment on the variation of the HF capacitance under depletion condition
due to the variation of the substrate concentration.

Answer: The total gate capacitance under depletion conditions is a serial combination
of the oxide and of the depletion layer capacitance. Since the thickness of the deple-
tion layer varies as N,/2, with increasing N, the depletion capacitance increases.
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