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Display construction  
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Electrophoretic Display Medium  
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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 

 



Display, electrical 
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o Voltage driven display is very similar 
to DRAM, electrically 

o No refresh, no sense amplifiers 
o Each pixel "suffers" from an 

additional leakage path, the EPD 
medium 



Plastic Logic simulation case study 
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Simulation objectives 
o reduce cost / save time 
o "fast prototyping" 
o "look inside" 
o sensitivity / uncertainty analysis 
o optimization 
 
 
Simulation applications 
o electrical pixel operation 
o error voltage (DRAM: clock feed through) 
o Charge transfer ratio (CTR) 
o Line delays 
o Current consumption 



Plastic Logic simulation framework 
Program Fastcap Genius Xyce 
version 2.0WR git-56a8789 6.2 
equation(s) Poisson drift-diffusion Kirchhoff 
dimension 3D 2D 
input surface geom. geometry, bias circuit 
tessellation user provided Octree, Triangle 
solver GMRES UMFPACK, GMRES, 

and seven others 
Trilinos 11.6.2 
(UMFPACK, 
MUMPS, and five 
others) 

output capacitances I-V curves, spatial 
solution 

I-V curves 

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 
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o Xyce is open source (GPL 3.0) 
o No schematic capture, but support 

via gEDA's gschem 
o No visualization, but .measure 

command 
o Short computation times 
o Convenient on-line support 



(1) OTFT compact model 
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TFT: Shichman-Hodges model 
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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) 

sub-threshold 

saturation 

linear 

Vss = n VT ln(10) 



Mobility: Gaussian disorder (GDM) 
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o Mobility extracted from the on-state, i.e. IdVds curves 
o Only simple models are considered for numerical efficiency and robustness. 
o Gaussian disorder model (GDM) is most applicable, σ = 0.07eV. 
o μ ~ exp[-(2 σ/3 k T)**2] 
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Mobility: Poole-Frenkel model 
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o OTFT does not reach complete saturation due to spatial disorder, which is 
not included in GDM 

o ln(μ) ~ sqrt(Ep), spatial disorder, Poole-Frenkel effect 
o Cannot be distinguished from channel length modulation, but channel is long 

(70μm) 

Vds = -11V Vds = -21V 
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Mobility: Lombardi model 
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o Surface roughness: μsr = D/Et**γ 
o Units: [μsr] = cm2/Vs, [Et] = V/cm 
o Mathiessen rule: 1/μ = 1/μb + 1/μsr 
o μb follows Arrhenius law 

o μsr follows Si formula, D, temperature dependent, scaled by mobility, same γ. 

RT 
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Ea = 0.158eV 



Model parameters 
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Parameter Unit Description 
l m Channel length 
w m Channel width 
tnom degC Temperature 
tox m Physical oxide thickness 
cox F/cm2 Oxide area capacitance 
mu0 cm2/Vs Bulk mobility at T = 300K 
mea eV Mobility activation energy 
dd0 cm2/Vs*(V/cm)**dga Lombardi model prefactor 
dte cm2/Vs*(V/cm)**dga/K dd0 temperature dependence 
dga 1 Lombardi model exponent γ 
pf0 V/cm Poole-Frenkel scaling field 
vth V Threshold voltage 
vss V/dec Sub-threshold slope 
rcn Ohm*cm Contact resistance 



Verilog-A implementation (1/2) 
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`include "disciplines.vams" 
`include "constants.vams" 
 
`define attr(txt) (*txt*) 
 
// Constants 
`define q    1.602176565e-19            // [As] Elementary charge 
`define eps0 8.854187817e-12            // [As/Vm] Vacuum permittivity 
`define kboq 8.6173324e-05              // [eV/K] Boltzmann constant 
 
 
module tft_v10 (dd, gg, ss) `attr(xyceSpiceDeviceName="tft_v10" xyceLevelNumber="1"); 
  electrical dd, gg, ss; 
  inout dd, gg, ss; 
  electrical id, is; 
 
 
  // OTFT DC current model including temperature 
 
  // External parameters -- instance dependent 
  parameter real l = 7e-05 from (0:inf) `attr(info="Channel length [m]" type="instance"); 

Xyce "boilerplate" 

model name 



Verilog-A implementation (2/2) 
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    // Only for PFET 
    if (vcro < vodr) 
      // Sub-threshold region 
      I(id, is) <+ sgn*id0*exp(-vodr/ssln); 
    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/l*vfac; 
    end 
  end 
 
endmodule 

sub-threshold region 

linear region 

saturation region 



Run-time dynamic library plug-in 
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o Rebuild Xyce to use shared libraries 
 

o Edit bootstrap file 
 
 
 
 
 
 

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

o Use model via Y-device 



(2) EPD medium model 
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Medium: Capacitance and resistance 
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white white black black 



Capacitances in Spice simulations 
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o Fixed capacitance value 
 
 

o Capacitance depends on applied 
field without a memory effect 
(hysteresis). Expression can be 
given. 
 

o Capacitance depends on the 
previous driving. Hysteresis 
occurs. Not available as Spice 
model. 

coercive voltage 



The ferroelectric model of Hong et al. 
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S J Hong et al., J. Korean Phys. Soc. 41(4), 557-561 (2002). 

o Two-state model, ↑ and ↓. 
o Model parameters are coercive voltage Vc [V], thermal voltage V0 [V], and 

saturation polarization Ps [C/cm2]. 
o f↑ is the transition probability to the up state and p↑ is the corresponding 

polarization: 

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

Voltage derivative via G source (VCCS) 
Polarization via B source (NDS) 

Ferroelectric capacitance  

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 
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.subckt ferro 31 32 
 
* Voltage time derivative 
G1 33  0 31  0 -1.0 
L1 33  0 1.0 
 
* Polarization from time-dependent ODE 
B1  0 32 i = { (0.5*(1.0 + s(v(33))) - 
s(v(33))*v(32))*f(s(v(33))*v(31))*v(33) } 
 
C1 32  0 1.0 ic = 0.5 
* Auxiliary resistance in accordance with 
Biolek et al. 
R1 32  0 1T 
 
.ends 
s(x): sign function 
f(x): Hong transition probability 



 // 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 v0 = 6.0 from (0:inf) `attr(info="Thermal voltage [V]" type="instance"); 
 
  analog 
  begin 
 
    // Variable declarations 
    real sgn, cup, cdn; 
 
    // Voltage time derivative [V/s] 
    // Limit derivative within reasonable bounds 
    I(der) <+ `fac*ddt(V(top, pix)); 
    // 1 Ohm resistance forces I(der) == V(der) 
    I(der) <+ V(der); 
 
    // Voltage derivative signum [1], avoiding 0/0 via adding eps 
    sgn = V(der)/(abs(V(der)) + `eps); 

Medium: Verilog-A implementation 
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Xyce required "boilerplate" 

three external parameters: Vc, ps, v0 

Simple to obtain the 
voltage derivative thanks to 
analog operators 



    // ODE, Eqn. (3) of Hong et al. 
    I(aux) <+ trm*ddt(V(pix, top)) - ddt(V(pol)); 

Medium: Model limitations 
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Something like this does not 
work with the current ADMS 
implementation 

1. Attempt 

2. Attempt 
     // Polarization from time-dependent ODE (B1 is reversed) 
    I(pol) <+ -(0.5*(1.0 + sgn) - sgn*V(pol))/ 
      (1.0 + exp((vc - sgn*V(top, pix))/v0))/v0*V(der); 
 
    // Ferroelectric capacitance per cm2 [F] 
    I(cap) <+ -2.0*ps*(0.5*(1.0 + sgn) - sgn*V(pol))/ 
      (1.0 + exp((vc - sgn*V(top, pix))/v0))/v0; 

sgn as defined before and 
without analog operators 

but next step, capacitance 
computation, fails 

    // 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))/v0; 
    I(cap) <+ .5*(cup + cdn); 

3. Attempt 

fake your way out 



Medium: "Preliminary" results 
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o At about +/-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. 



Xyce v6.3 release notes 
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Simetrix manual 

Xyce 6.3 release notes 

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 (1/2) 
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ADMS improvements in sight (2/2) 
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