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Display construction
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Plastic Logic - OTFT Backplane

Counter electrode

Proprietary frontplane from E Ink
(electrophorectic / bi-stable /

EP media - reflective)

Plastic Logic OTFT backplane process

J \

|
Pixel electrode

Gate i

Dielectric

Interlaygr I Photolithography Wet etching
dielectric

Via —

Low temperature

72

processing
_ _ _ - Direct write / IArea coating and
Data Drain Pixel capacitor solution based metallisation
printing and
Nottoscale  PET substrate patterning

15 Mar 2016 3



Electrophoretic Display Medium
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J Principles of Operation

® Oppositely charged reflective
submicron pigments are
encapsulated in a clear liquid

® Particles move in opposite
directions in an electric field

® Partial capsule imaging is
possible enabling high resolution
capability

Cross-Section of Electronic-Ink Microcapsules

A Sub-capsule addressing
Top Transparent enables hi-resolution
Electrode — \_ / display capability
Negatively X o Positively
charged white charged black
pigment chips pigment chips
Clear Fluid
. f Bottom Electrode
- - - +  + +
Light State Dark State
Note: For illustration purposes only - not drawn to scale. Copyright E Ink, 2003. DE'INK




Display, electrical

T T T 1 Active-pixel circuitry
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Plastic Logic simulation case study

SimUIation Objecti\les Xyce pixel simulation

o reduce cost / save time

o "fast prototyping" ]

o "look inside" S —

o sensitivity / uncertainty analysis | o

o optimization ] v

— Vi

0.:)0 0.:)5 O.I‘IO 0.|15

Time [ms]

Simulation applications
o electrical pixel operation Xyce pixel simulation
error voltage (DRAM: clock feed through)

Charge transfer ratio (CTR)

Line delays .
Current consumption |
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©)
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Plastic Logic simulation-framework

T S S

version 2.0WR git-56a8789

equation(s) Poisson drift-diffusion Kirchhoff
dimension 3D 2D

input surface geom. geometry, bias circuit
tessellation user provided Octree, Triangle

solver GMRES UMFPACK, GMRES, Trilinos 11.6.2

and seven others (UMFPACK,
MUMPS, and five
others)

output capacitances |-\ curves, spatial  [-V curves
solution

o Additionally: FiPy 1D drift/diffusion ("multi-physics simulation”)
o Just open-source simulation tools due to cost restrictions and required set of models


http://en.wikipedia.org/wiki/Jacob_K._White
https://github.com/cogenda/Genius-TCAD-Open
http://xyce.sandia.gov/
http://en.wikipedia.org/wiki/Poisson_equation
http://en.wikipedia.org/wiki/Drift-diffusion_equation
http://en.wikipedia.org/wiki/Drift-diffusion_equation
http://en.wikipedia.org/wiki/Drift-diffusion_equation
http://en.wikipedia.org/wiki/Kirchhoff's_circuit_laws
http://en.wikipedia.org/wiki/Polygon_mesh
http://en.wikipedia.org/wiki/Octree
http://www.cs.cmu.edu/~quake/triangle.html
http://en.wikipedia.org/wiki/Gmres
http://en.wikipedia.org/wiki/UMFPACK
http://en.wikipedia.org/wiki/Gmres
http://trilinos.org/
http://trilinos.org/
http://trilinos.org/
http://en.wikipedia.org/wiki/UMFPACK
http://en.wikipedia.org/wiki/MUMPS_(software)
http://www.ctcms.nist.gov/fipy/

Pixel structure and circuit simulation

Lest STD

> * raw

* 1ib —T Trilinos |« Aztec - * csv

A
o Xyce is open source (GPL 3.0) SuperLU
o No schematic capture, but support
via gEDA's gschem
o No visualization, but .measure UMFPACK
command

o Short computation times
o Convenient on-line support
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(1) OTFT compact model
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TFT: Shichman-Hodges model

o Circuit model for Spice-like simulators
o Verilog-A implementation, 118 lines of code, 14 parameters

o Theoretically to be used with many circuit simulators, but limited to Xyce
practically

o (previous model was by O Marinov and M J Deen)

Vigg—Vig
ID f— ID'IIIE nVT < \/ss =n VT In(10)
I L Ju'ﬂcﬂ:[! W
n
2 L

ID — ﬁﬂcﬂm

sub-threshold

(VGS — L‘Eh)g saturation

(Vgg — L’;h)l"rﬂg linear
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Mobility: Gaussian disorder (GDM)

Arrhenius plot of the mobility:

Mobility vs Temperature

| —Vgs=-11V == Arrhenius \?Jictihsgrli;s
- — VgS =-21V e o GDM - E w/o DE1
e Vgs = 42V - = MTR = ] Arrhenius fit
— Vgs = -63V e \/RH = ]
S 2 S
E o7 g E
Q .O"/o'/ @ 7
9 4 GDM o757 g
5 i MIR| o
O o a8 07 T o
= T s E N
— VRH : ~u
_ —* 9
| | [ | | 2 10 12
280 300 320 340 360 1000/T [K_1]

Temperature [K]
Mobility extracted from the on-state, /e 1dVds curves
Only simple models are considered for numerical efficiency and robustness.
Gaussian disorder model (GDM) is most applicable, 6 = 0.07eV.
u~exp[-(2 6/3 k T)**2]
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Mobility: Poole-Frenkel- model

Linear scale Id
Linear scale Id

35 25  -15 5 0 35  -25  -15 5 0
Vds [V] Vds [V]
o OTFT does not reach complete saturation due to spatial disorder, which is
not included in GDM
o In(u) ~ sqrt(Ep), spatial disorder, Poole-Frenkel effect

o (Cannot be distinguished from channel length modulation, but channel is long
(70um)
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Mobility: Lombardi'model

Mobility vs Voltage Arrhenius plot

Ea =0.158eV
— Jo

w— T =10C S\

w— T =20C = |
= T=-30C = .p\\
= n T=40C o ) RT

e T = 50C . o N
= T=60C = \\Q
E == T-70C gt 8 O \
@ ST 52 2 .
g} = x U \
Q == : n _
0 ~ ©
| -
; : N
= 5 ®
O - \

T | | | I | I | | T | | |
-60 -50 -40 -30 -20 -10 29 3.0 3.1 3.2 33 34 35
Vgs [V] 1000/Temperature [1/K]

Surface roughness: usr = D/Et**y
Units: [usr] = cm2/Vs, [Et] = V/cm
Mathiessen rule: 1/pu=1/ub + 1/usr
ub follows Arrhenius law

O O O O

o usr follows Siformula, D, temperature dependent, scaled by mobility, same v.
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Model pa;é?wete;s

arameter [unt oot

| m Channel length

W m Channel width

tnom degC Temperature

tox m Physical oxide thickness
COX F/cm?2 Oxide area capacitance
muO cm2/Vs Bulk mobility at T = 300K
mea eV Mobility activation energy
ddo cm2/Vs*(V/cm)**dga Lombardi model prefactor
dte cm2/Vs*(\V/cm)**dga/K ddO temperature dependence
dga 1 Lombardi model exponent y
pfO \//cm Poole-Frenkel scaling field
vth V Threshold voltage

VSS \//dec Sub-threshold slope

rcn Ohm*cm Contact resistance

23/03/2016 14




\Verilog-A implementation (1/2)

“include "disciplines.vams"
“include "constants.vams"

“define attr(txt) (*txt*)

// Constants

“defineq 1.602176565e-19 // [As] Elementary charge

“define eps0 8.854187817e-12 // [As/\Vm] Vacuum permittivity

“define kbogq 8.6173324e-05 // [eV/K] Boltzmann constant
model name

module tft_v10 (dd, gg, ss) "attr(xyceSpiceDeviceName="tft_v10" xyceLevelNumber="1");
electrical dd, gg, ss; L . !
inout dd, gg, ss;
electrical id, is;

Xyce "boilerplate”

// OTFT DC current model including temperature

// External parameters -- instance dependent
parameter real | = 7e-05 from (0:inf) “attr(info="Channel length [m]" type="instance");

23 March 2016 15




\Verilog-A implementation (2/2)

// Only for PFET
if (vcro < vodr)
// Sub-threshold region
I(id, is) <+ sgn*idO0*exp(-vodr/ssIn);
else
begin
if (abs(V(id, is)) < abs(vodr))
// Linear region
vfac = abs(vodr*V(id, is)) - .5*pow(V(id, is), 2.);
else
// Saturation region
vfac = .5*pow(vodr, 2.);
// Drain current [A]
I(id, is) <+ sgn*mob*cox*w/I*vfac;
end
end

endmodule

23 March 2016

]» sub-threshold region

linear region

saturation region
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Run-time dynamic'library plug=in

o Rebuild Xyce to use shared libraries

_ _ #include <N DEV ADMStft v18.h=
o Edit bootstrap file

struct Bootstrap

{
Bootstrap()

{
I Ayce::Device: :ADMStTL v10::registerDevice();

}
};

Bootstrap s bootstrap;

o Edit Makefile.am (one search/replace operation)

o Use model via Y-device

#* Pixel transistor -- Verilog-A implementation
Ytft v1e tftl s g p 1 = 78u

23 March 2016 17




(2) EPD medium model
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Medium: Capacitance and resistance

_ -
g = & -
e g o
o — * AN —
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Capacitances in Spice simulations

Dielectric capacitance
== c1212p o Fixed capacitance value
(o]
[ Paraelectric capacitance o Capacitance depends on applied
= C12C-= 'V(ce) < {Vth} ? {Clow} : {Chigh} field without a memory effect
s (hysteresis). Expression can be
given.
7 Ferroelectric capacitance _
L o (Capacitance depends on the
? coercive voltage previous driving. Hysteresis

Bias voltage Hysteresis occurs. Not available as Spice
e . & model.

Voltage [V]
0
|
0.0
|

0 100 300 500 -4 -2 0 2 4

Time [a.u.] Voltage [V]
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The ferroelectric model of Hong et al.

o Two-state model, 1T and |.

o Model parameters are coercive voltage V¢ [V], thermal voltage VO [V], and

saturation polarization Ps [C/cm2].

o f1is the transition probability to the up state and p1 is the corresponding

polarization: dp;

— (1 —
v = A f
up sweep down sweep
Vi<W Vi<W

1

1

P =% T iV - /W
1+ exp[(Vi = Vo) /Vi

Prt = 1 — (1 _pTi) 1 —|—eXp[(Vf — V;;)/‘/O]

C=2F(1-p) f

1 1

hV)= Vo 1+exp[(Ve +V)/ V)

Pre = P

1 + exp[(=Vi — Vo) / V]

1+ exp[(—=V; — Vo) / V0]
C = 2PSprT

S JHong et al,, J. Korean Phys. Soc. 41(4), 557-561 (2002).

23/03/2016



http://mipd.snu.ac.kr/Admin/thesis/JKPS41_557_2002.pdf
http://mipd.snu.ac.kr/Admin/thesis/JKPS41_557_2002.pdf
http://mipd.snu.ac.kr/Admin/thesis/JKPS41_557_2002.pdf
http://mipd.snu.ac.kr/Admin/thesis/JKPS41_557_2002.pdf
http://mipd.snu.ac.kr/Admin/thesis/JKPS41_557_2002.pdf
http://mipd.snu.ac.kr/Admin/thesis/JKPS41_557_2002.pdf
http://mipd.snu.ac.kr/Admin/thesis/JKPS41_557_2002.pdf
http://mipd.snu.ac.kr/Admin/thesis/JKPS41_557_2002.pdf
http://mipd.snu.ac.kr/Admin/thesis/JKPS41_557_2002.pdf
http://mipd.snu.ac.kr/Admin/thesis/JKPS41_557_2002.pdf
http://mipd.snu.ac.kr/Admin/thesis/JKPS41_557_2002.pdf
http://mipd.snu.ac.kr/Admin/thesis/JKPS41_557_2002.pdf

Medium: Spice circuit model

L Mandache et a/(2008): Spice model for magnetic cores (swap currents and voltages).

Ferroelectric capacitance

Polarization via B source (NDS)
\/oltage derivative via G source (VCCS)
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http://www.researchgate.net/publication/229010144_Modeling_of_Nonlinear_Ferromagnetic_Cores/file/d912f5098276b63f3d.pdf
http://www.researchgate.net/publication/229010144_Modeling_of_Nonlinear_Ferromagnetic_Cores/file/d912f5098276b63f3d.pdf
http://www.researchgate.net/publication/229010144_Modeling_of_Nonlinear_Ferromagnetic_Cores/file/d912f5098276b63f3d.pdf
http://www.researchgate.net/publication/229010144_Modeling_of_Nonlinear_Ferromagnetic_Cores/file/d912f5098276b63f3d.pdf
http://www.researchgate.net/publication/229010144_Modeling_of_Nonlinear_Ferromagnetic_Cores/file/d912f5098276b63f3d.pdf
http://www.researchgate.net/publication/229010144_Modeling_of_Nonlinear_Ferromagnetic_Cores/file/d912f5098276b63f3d.pdf

Medium: Xyce implementation

subckt ferro 31 32

*\/oltage time derivative N
G133 031 0-1.0
L133 01.0

Voltage [V]

Current [A]

T ! I !
0.0 0.2 0.4 0.6

* Polarization from time-dependent ODE
B1 032i={(0.5%(1.0 + s(v(33))) -
s(v(33))*v(32))*f(s(v(33))*v(31))*v(33) }

Time [s]

C132 01.0ic=0.5

* Auxiliary resistance in accordance with
Biolek et al.

R132 01T

Polarization [1]

.ends

s(x): sign function
f(x): Hong transition probability

23 March 2016

T T T T T ! T T
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Time [s]

Voltage [V]
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Medium: Verilog-A implementation

// External parameters -- instance dependent
parameter real vc = 1.8 from (0:inf) "attr(info="Coercive voltage [V]" type="instance");
parameter real ps = 2.5e-06 from (0:inf) "attr(info="Saturation polarization [C/cm2]"
type="instance");
parameter real vO = 6.0 from (0:inf) “attr(info="Thermal voltage [V]" type="instance");

\ J

analog I
begin Xyce required "boilerplate”

// \ariable declarations three external parameters: \/c, ps, vO

real sgn, cup, cdn;

// \loltage time derivative [V/s] ~
// Limit derivative within reasonable bounds
l(der) <+ “fac*ddt(V(top, pix));

// 1 Ohm resistance forces I(der) == VV(der)
l(der) <+ VV(der):

Simple to obtain the
= voltage derivative thanks to
analog operators

// \loltage derivative signum [1], avoiding 0/0 via adding eps
sgn = \/(der)/(abs(V(der)) + "eps);

23 March 2016 24




Medium: Model limitations

1. Attempt - _
// ODE, Eqn. (3) of Hong et al. Somethmg like this does not
(aux) <+ trm*ddt(V(pix, top)) - ddt{V(pol)); workwith the current ADMS
P, Top PO implementation
2. Attempt
// Polarization from time-dependent ODE (B1 is reversed)
l(pol) <+ -(0.5%(1.0 + sgn) - sgn*V(pol))/ sgn as defined before and
(1.0 + expl(vc - sgn*V(top, pix))/v0))/v0*\(der); without analog operators

// Ferroelectric capacitance per cm2 [F] |
l(cap) <+ -2.0*ps*(0.5*(1.0 + sgn) - sgn*V(pol))/ but next step, capacitance
(1.0 + exp((vc - sgn*\/(top, pix))/v0))/vO; computation, fails

3. Attempt

// Use formula for sgn == +1
cup = -2.0*ps*(1.0 - V(pol))/(1.0 + exp((vc - V(top, pix))/v0))/v0;

// Use formula for sgn == -1
cdn = -2.0*ps*V(pol)/(1.0 + exp((vc + V(top, pix))/v0))/vO;
l(cap) <+ .5*(cup + cdn); ]— fake your way out
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Medium: "Preliminary* results

Voltage [V]
0 5 10 15
| l

-5
Polarization [1]

Polarization [1]

15

0.0 0.5 1.0 1.5 2.0

I
-1 .10 -5 0 5 10 15

Time [s] Time [s] Voltage [V]

o Atabout +/-Vc, the up and down rates differ drastically, so some residual
hysteresis develops.

o This seems to be the last issue of the Verilog-A implementation.

23 March 2016
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Xyce v6.3 release notes

Simetrix manual
Analog Operator Restrictions

A number of functions are classed as analog operators. These functions store state
information. That 1s. their return value depends on previous history and not just on the
current value of its arguments. Because of this. analog operators are subject to some
restrictions on where they may be used. These restrictions are as follows:

1. Analog operators may not be used inside a conditional statement (i £ or case) if the
conditional expression controlling that statement could change during the course of
a transient analysis. For example. the following is not permitted

if (V(nl)>0)
I(out) <+ ddt(cap*V(out)) =
Xyce 6.3 release notes
Interface Improvements

B Analytic derivatives are now computed for all ADMS-generated devices (VBIC, FBH HBET,
MEXTRAM, BSIMs&, BSIMCMG, PSP, EKV). Sensitivities computed for these devices will be
more accurate than the finite-difference method used prior to this implementation.

B ADMS back-end improved to more correctly support Verilog-A ternary operators.

23 March 2016 27


http://www.simetrix.co.uk/Files/manuals/6.0/Verilog-A.pdf
http://www.simetrix.co.uk/Files/manuals/6.0/Verilog-A.pdf
http://www.simetrix.co.uk/Files/manuals/6.0/Verilog-A.pdf

ADMS improvements in sight (17/2)

Eluthercat 281115 o .

Machrichi auf Deutsch ibersetzen

This announcement is for the release of a major refactoring of ADMS.
The new version of the tool converts Verilog-A source to JSON, a human
and machine readable format. A future milestone of the project is to
write scripts in the Python scripting language to process the data into
source code compatible with the different circuit simulators out there.

With this refactoring, the entire code base has been converted to the
GMNU Public License, Version 2.

Major Requirements:

C++ 11 compiler (g++ 4.6.4 (Ubuntu 12.04) or clang 7.0.0 (Mac OS X
Y osemite)).

cmake build system

flex and bison

python (regression testing and proposed future scripting language.

The code is available from here:
hittps://github.com/pyadms/adms

Discussion forum:
https-//sourceforge. net/p/pyadms/discussion/

https://sourceforge. net/p/pyadms/discussion/general/thread/fdadbed2#7656b
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ADMS improvements in sight (27/2)

E Guilherme Brondani Torri 6.Feb. 4 .

Andere Empfanger: qucs-.._ @lists.sourceforge.net, ngspic...@lists.sourceforge.net, Gnucap...@gnu.org

Machricht auf Deutsch dbersetzen

Hi,
The adms version 2.3.5 has been released.
The major changes include:

= License changed to GPLv3
= Replacement of constants vams and disciplines. vams headers by a GPL version.
= The LEM 2.4 version of these files is copyright of Accellera and are not GPL.
= Users can downlead the standard header files from:
» hitp:/accellera.org/downloads/standards/v-ams

Word of caution:

= Check the contents the constants.vams and disciplines.vams headers supplied with adms.

The full ChangelLog can be found at: hitps://github.com/Qucs/ADMS/blob/master/Changelog
Source tarball and Windows binaries are available at: hitps://sourceforge. net/projects/mot-adms/files/
Please report bugs and issues at: hitps://github com/Qucs/ADMS/issues

Best regards,
Guilherme
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