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MC alternative?

Purpose
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 Process variability introduces variations on the
transistors main electrical parameters
 Threshold voltage, mobility, channel dimensions…
 Circuit properties are affected accordingly

Organic Thin-Film Transistor (OTFT) based circuits
 Sensitive to process variability

Monte Carlo (MC) analysis
 Commonly used for variability study
 Determine circuit performance vs. parameter statistical 

variations
 Disadvantage: Time consuming

How can we save time AND maintain accuracy?



Outline
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 Experimental - Devices & Measurements

 Compact Modeling of OTFTs

Monte Carlo Analysis Set-up

Noise Based Variability Approach – NOVA

 Results

 Conclusions

Verilog-A + Cadence Virtuoso ADE     

vs.



Devices & Measurements
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 Population: 16 nominally identical p-type OTFTs
 W/L= 10µm/1µm

 Flexible polyethylene naphthalate (PEN) substrate
 125µm thickness

 Organic semiconductor: C10-DNTT
 Process temperature: 90 °C

 Stencil lithography
 High resolution silicon stencil masks

Fabricated PEN substrate

1.7cm

1.9cm

[†] Device structure – Bottom-gate
top-contact (inverted staggered)

[†] U. Zschieschang, R. Hofmockel, R. Rödel, U. Kraft, M. J. Kang, K. Takimiya, T. Zaki, F. Letzkus, J. Butschke, H. Richter, J. N.Burghartz,
and H. Klauk, “Megahertz operation of flexible low-voltage organic thin-film transistors,” Organic Electronics, vol. 14, no. 6, pp. 1516 – 1520, 2013



Devices & Measurements
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 Population: 16 nominally identical p-type OTFTs
 W/L= 10µm/1µm

 Flexible polyethylene naphthalate (PEN) substrate
 125µm thickness

 Organic semiconductor: C10-DNTT
 Process temperature: 90 °C

 Stencil lithography
 High resolution stencil masks

Measurement protocol
 Transfer characteristics @ saturation regime
 VDS= -2.0V
 VGS= 0V down to -2.0V, step-size= -25mV
 Room temperature



Compact model
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 OTFT charge-based physical model [§]
 Available in Verilog-A
 Single current equation valid for all operation regions

 Q’mS/D: Mobile charge density per area @ S/D end of the channel

 VTO: Threshold voltage
 S: Inverse subthreshold slope factor
 μeff: Effective mobility
 Lch: Channel length
 Wch: Channel width
 λ: Channel length modulation factor

[§] F. Hain, M. Graef, B. Iñíguez, and A. Kloes, “Charge based, continuous compact model for the channel current in organic thin-film transistors
for all regions of operation,” Solid-State Electronics, vol. 133, pp. 17 – 24, 2017



Compact modeling procedure
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Measured transfer characteristics of the 16 OTFTs

 Clear impact of process variability in below & above threshold
regimes



Compact modeling procedure
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 µ & µ±σ transfer characteristics from experimental data

 E[-IDS] and σ(-IDS) are calculated for every VGS step
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 µ & µ±σ transfer characteristics from experimental data

 E[-IDS] and σ(-IDS) are calculated for every VGS step



 µ model parameter set extraction

Compact modeling procedure
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 Fit model to the mean value transfer characteristic



Compact modeling procedure
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 µ model parameter set extraction

 Fit model to the mean value transfer characteristic
 One set of parameters is extracted
 Markers: measured data, solid line: model



Compact modeling procedure
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 µ±σ model parameter sets extraction
 Mean value model-card is used as the basis

µ model µ-σ model µ+σ model variation

vt0 -333mV -363mV -304mV ~±30mV

lch 1µm 1.023µm 0.975µm ~±25nm



Compact modeling procedure
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 µ±σ model parameter sets extraction
 Verilog-A parameters vt0 and lch are adjusted accordingly

µ model µ-σ model µ+σ model variation

vt0 -333mV -363mV -304mV ~-30mV

lch 1µm 1.023µm 0.975µm +25nm

±vt0

±lch



Compact modeling procedure

aristeidis.nikolaou@ei.thm.de 9/21

 µ±σ model parameter sets extraction
 Verilog-A parameters vt0 and lch are adjusted accordingly

µ model µ-σ model µ+σ model variation

vt0 -333mV -363mV -304mV ~+30mV

lch 1µm 1.023µm 0.975µm ~-25nm

±vt0

±lch



Compact modeling procedure
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 µ±σ model parameter sets extraction
 Markers: measured data, solid/dashed lines: model

µ model µ-σ model µ+σ model variation

vt0 -333mV -363mV -304mV ~±30mV

lch 1µm 1.023µm 0.975µm ~±25nm



Monte Carlo (MC) Analysis
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 Source follower configuration for MC analysis
 Verilog-A 3-terminal p-type OTFT

 Mean value model instance is used

 Verilog-A parameters vt0 and lch are
affected during MC trials via vt0_stat and
lch_stat variation

 vt0 and lch are statistically independent

Custom “.scs” library fileµ model
instance



Monte Carlo (MC) Analysis
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 For every MC iteration
 New estimated vt0 & lch values are generated (Gaussian

Distributed)
 A new transfer characteristic is formed accordingly

 (a), (b) Histograms after a 5000 iteration MC simulation
 Gaussian distributed histograms for vt0 & lch

 Increased MC trials for improved accuracy
 Severe impact on simulation time

(b)(a)



Noise Based Variability Approach - NOVA
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 NOVA method – circuit topology
 Identical circuit configuration with MC

 5-terminal p-type OTFT suitable for NOVA

 Additional terminal number depends on the
parameters of statistical interest

 Here VTO & L extra terminals are used

 AC noisy voltage sources are connected to
the extra terminals

 The 2 additional voltage sources are
modulating the values of vt0 & lch Verilog-
A parameters during circuit simulation

Noisy 
voltage 
sources



Noise Based Variability Approach - NOVA
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 NOVA method – AC voltage sources setup
 For Gaussian distributed noise standard

deviation σ = RMS value of noise
 DC voltage value = E[parameter]

 µ model parameter value
 Mean square noise value = σ2(parameter)

 Calculated from experimental data

Noisy 
voltage 
sources



Noise Based Variability Approach - NOVA
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 NOVA method – Noise analysis
 Input is set to zero

 All noise components are added to the
output port

 The result corresponds to variance of the
output

 Simulation type: Parametric noise analysis
(sweep VGS value)

Noisy 
voltage 
sources



Results – NOVA vs. MC
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 Standard deviation of output current σ(-IDS) vs. VGS
 Blue circles: extracted from measured population
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 Standard deviation of output current σ(-IDS) vs. VGS
 Blue circles: extracted from measured population
 Black line: 5000 iteration MC simulation
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 Standard deviation of output current σ(-IDS) vs. VGS
 Blue circles: extracted from measured population
 Black line: 5000 iteration MC simulation
 Red crosses: NOVA



(b)(a)

Results – NOVA vs. MC
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 (a) Standard deviation of output current σ(-IDS) vs. VGS
 Blue circles: extracted from measured population
 Black line: 5000 iteration MC simulation
 Red crosses: NOVA

 (b) Relative errors × 100
 NOVA & MC describe bias dependent variability coherently
 NOVA vs. MC deviation always close to 10%



Results – NOVA vs. MC 
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 p-type OTFT diode loaded inverter - NOVA vs. MC
 T1, T2: W/L= 10µm/1µm, Vdd=2V
 NOVA circuits for (a) mismatch & (b) process variations

! NOVA mismatch: different voltage sources for T1 & T2
! NOVA process: same voltage sources for T1 & T2

(a) (b)
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(b)(a)

 p-type OTFT diode loaded inverter - NOVA vs. MC

Results – NOVA vs. MC 

aristeidis.nikolaou@ei.thm.de 18/21

M
is

m
a
tc

h

P
ro

c
e
ss

5000 MC iterations NOVA method

Source Follower ~201 min ~2 min
Inverter mismatch analysis ~214 min ~2 min
Inverter process variation ~202 min ~2 min

 Simulation processing times - NOVA vs. MC
 Time improvement close to 99%



Conclusions
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 NOVA is capable for producing comparable results with
those of MC analysis

 NOVA can only be used for Gaussian shaped statistical
distributions

 NOVA can be used for both process & mismatch
statistical circuit analyses

 NOVA presents time improvement close to 99% vs. MC
analysis



Acknowledgments

aristeidis.nikolaou@ei.thm.de 20/21

This project was supported by:

German Federal Ministry of Education and
Research under project “SOMOFLEX” with
contract No. 13FH015IX6

German Research Foundation (DFG) under the
grant KL 1042/9-2 (SPP FFlexCom)

Max Planck Institute for Solid State Research,
Stuttgart 70569, Germany

AdMOS GmbH, Germany



Thank you for your attention!


