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Purpose

*» Process variability introduces variations on the

transistors main electrical parameters
v" Threshold voltage, mobility, channel dimensions...
v Circuit properties are affected accordingly
% Organic Thin-Film Transistor (OTFT) based circuits
v Sensitive to process variability
“* Monte Carlo (MC) analysis

v' Commonly used for variability study
v" Determine circuit performance vs. parameter statistical

variations
v Disadvantage: Time consuming

* How can we save time AND maintain accuracy?

MC alternative?
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Devices & Measurements

¢ Population: 16 nominally identical p-type OTFTs
v' W/L= 10pm/Ilpm

% Flexible polyethylene naphthalate (PEN) substrate
v' 125pm thickness

% Organic semiconductor: C,,-DNTT
v" Process temperature: 90 °C

¢ Stencil lithography
v High resolution silicon stencil masks

Organic semiconductor AlO,/SAM gate dielectric

Source Drain

/ Al gate electrode \
Flexible PEN substrate

|t] Device structure — Bottom-gate
Fabricated PEN substrate top-contact (inverted staggered)

[f] U. Zschieschang, R. Hofmockel, R. Rodel, 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
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Devices & Measurements

¢ Population: 16 nominally identical p-type OTFT's
v. W/L= 10pm/1pm

% Flexible polyethylene naphthalate (PEN) substrate
v' 125um thickness

% Organic semiconductor: C,,-DNTT
v" Process temperature: 90 °C

¢ Stencil lithography
v High resolution stencil masks

¢ Measurement protocol
v Transfer characteristics @ saturation regime
v Vpe= -2.0V
V' Vig= 0V down to -2.0V, step-size= -25mV
v' Room temperature
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Compact model

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

kT QrmS_ QFmD QQmS_ QQmD
Ipe=p W, X (14+AVps Vpe
DS~ Heff (.h,( g L., 20,0 ( (Vos™ Visar))

v' Q.50 Mobile charge density per area @ S/D end of the channel

' VGS_/"'D_ VTO
C",, Lambert W{exp( S/In(10)

Q'rms/p= In(10)

Vro: Threshold voltage

S: Inverse subthreshold slope factor
ey Effective mobility

L.: Channel length

W : Channel width

A: Channel length modulation factor

AN NI N NN

[§] F. Hain, M. Graef, B. Iniguez, 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
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Compact modeling procedure
** Measured transfer characteristics of the 16 OTFT's

10_55
FW/L =10 pm/1 pm
10
g 10—7 |
wn
ﬁﬁ 1073 ¢
MEAS:
10~9F 16 samples /
) Vs =20V
0.0 0.5 1.0 1.5 2.0
—Vas(V)
v Clear impact of process variability in below & above threshold
regimes
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Compact modeling procedure

* 1 & pto transfer characteristics from experimental data

1077 o s
W/L=10pm/lpm _g0000°°° [0
6l C)00‘30 L »
107" ¢ 0° 1810
i o
—~ I Ooo ooo !
\ij? 10 _ OOO o0O 16-10-°
S S <&
T 10 é- Ooo oOo 141076
2 O o0 .
—9L o© _ »
10 O » 5.10
> 0C,ooo —Vps =20V ;
10— 10 beeowe0000—. . , .
0.0 0.5 1.0 1.5 20
—Vas(V)

v' E|-I,4 and o(-I,s) are calculated for every Vg step
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Compact modeling procedure

* 1 & pto transfer characteristics from experimental data

10_5 3 3%921.10°
?W/L: 10 pm/1 pm ¢¢¢Q¢¢9¢¢¢ 091 10
106} 00°®" 8106
§ 02? Q. '
—~ - CP_CPCPL q_QI-QF ]
< 1077} o® & 16:107°
5 Q Q-
T w0 & oo 14:1076
q_C'I— O wu q_q_q' '
1079 o +* #7° 0 12-1076
Q%_ QQQQ- _VDS =20V 1
1010 2"300.099@999?9 . ' ' :
0.0 0.5 1.0 1.5 2.0
—Vas(V)

v' E|-I,4 and o(-I,s) are calculated for every Vg step
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Compact modeling procedure

* 1 & pto transfer characteristics from experimental data

p )}
:@’Q’Qg Ko
0% o106
&% o
— 9 )é_;? _
< 2 16107
0 o
S )55’3
i S 14106
| .
. &
%jq 6
. ‘3_19-%'— 12 10—
wiﬁ#“ —Vps =20V -
1.0 1.5 2.0
—Ves(V)

v' E|-I,4 and o(-I,s) are calculated for every Vg step
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Compact modeling procedure

** 1 model parameter set extraction

—Ips(A)

107" 1,105
W/L = 10pm/1 pm ® w@@@@@’”gl 10
—6 2027 ol .
10 597 221810
® o
9 o
N o {610
10 | PR
&

s & :
10 S {2.10-¢
+ o h—b_

_ o8 )
1077 &80 12:10=6

;;ﬁ“ Vpg = 2.0V
1 —10 L St , . ,
Y00 : 1.0 1.5 2.0
—Vas(V)

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

** 1 model parameter set extraction

W/L =10 pm/1 pm

10—° 8.10—F

< 1077 6-10~°
3

“T 108 4.10~6

109 2.10°°

; " ~Vps =2.0V -
10—10 -6 8™ . 1 : L .
0.0 0.5 1.0 1.5 2.0
—Vas(V)

v" Fit model to the mean value transfer characteristic
v One set of parameters is extracted
v' Markers: measured data, solid line: model
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Compact modeling procedure

 ud

-0 model parameter sets extraction
v" Mean value model-card is used as the basis

10°°

W/L =10 pm/1 pm

107° 8.10~
I T 610~
3
- 1070 4-1076
10~ : 2109
" ~Vps =2.0V 1
10_10 5-0-0-0-0-0-0-0:0 8" . 1 : .
0.0 0.5 1.0 1.5 2.0
—Vas(V)
@ model | p-omodel | u+o0 model | variation
vt -333mV -363mV -304mV ~+30mV
Ich 1pm 1.023pm 0.975pm ~+25nm
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Compact modeling procedure

** uto0 model parameter sets extraction

v" Verilog-A parameters vt0 and Ilch are adjusted accordingly

10°°

58 1.107°

106 2 8.10—6
< 1077 610~
E’:D i
- 1070 410
10~ : 2109
5% . ~Vps =2.0V 1
10_10 .:‘ 3-0-010-0-0-0-85 wait 1 L L
0.0 0.5 1.0 1.5 2.0
—Vas(V)
1 model | p-omodel | u+o model | variation
vt0 -333mV -363mV -304mV ~-30mV
Ich 1pm 1.023pm 0.975pm +25nm
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Compact modeling procedure

** uto0 model parameter sets extraction
v" Verilog-A parameters vt0 and Ilch are adjusted accordingly

10 °¢ 528 1.1()—5
FW/L =10 pm/1 pm 1 10
1075 4 8.10—6
I T 610~
E’:D ]
- 1070 4106
10~ 2106
. —Vps =20V 1
10—10 H-0-0-0-0-R-0=Gers db 1 L L s
0.0 0.5 1.0 1.5 2.0
—Vas(V)
1 model | p-omodel | u+o0 model | variation
vt0 -333mV -363mV -304mV ~+30mV
Ich 1pm 1.023pm 0.975pm ~-25nm

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

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE



Compact modeling procedure

** uto0 model parameter sets extraction
v Markers: measured data, solid/dashed lines: model

1079 B1.101—>
FW/L =10 pm/1 pm ‘1 10
i i
107 %/18.107°
L1077 6-10~
: |
N LU: 4107
10~ 2109
Vps = 2.0V 1
10—10 OO il L ! .
0.0 0.5 1.0 1.5 2.0
—Vas(V)
@ model | p-omodel | u+o0 model | variation
vt0 -333mV -363mV -304mV ~+30mV
Ich 1pm 1.023pm 0.975pm ~+25nm
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Monte Carlo (MC) Analysis

*» Source follower configuration for MC analysis
v' Verilog-A 3-terminal p-type OTFT

Vo I v' Mean value model instance is used
——
L1
VGG v' Verilog-A parameters vt0 and Ich are
r affected during MC trials via vt0 stat and
QEL lch  stat variation
Vo
v vt0 and lch are statistically independent
1 model simulator lang=spectre Custom “.scs” library file
instance parameters vtO_stat =-0.333

parameters Ich_stat =1le-6

statistics {

process {

vary vtO_stat dist=gauss std=8.7 percent=yes
vary lch_stat dist=gauss std=2.5 percent—=yes }
mismatch {

vary vtO_stat dist=gauss std=8.7 percent=yes
vary lch_stat dist=gauss std=2.5 percent=yes }}
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Monte Carlo (MC) Analysis

» For every MC iteration
v’ New estimated wvt0 & Ich values are generated (Gaussian
Distributed)
v A new transfer characteristic is formed accordingly
% (a), (b) Histograms after a 5000 iteration MC simulation
v' Gaussian distributed histograms for vt0 & Ich

* Increased MC trials for improved accuracy

v Severe impact on simulation time
500 _ 500

| 5000 MC Tterations | 5000 MC Tterations ?\L
Evt0] = —332.983 mV Ellch] = 1.000 57 pm f ™
0 4005 (410) = 29.3421 mv j 0 400F 5(1ch) = 25.7801 nm;z *,‘
S 300t /] L\ S 300 4 S&
S / S /
: :
2 200f < 200
g -
=~ 100} =~ 100
I * . ! ! ) 0 ) . I . I
0.45 -0.4 -0.35 -0.3 -0.25 9.5.10~7 1.0-1079 1.1:10~6
(a) vt0(V) (b) lch(m)
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Noise Based Variability Approach - NOVA
** NOVA method — circuit topology

Vb —
D ¥
Vo i— } Vo s Vuto
‘ G i\ L : Vlch

[ ———

Noisy
R, voltage
sources

Identical circuit configuration with MC
5-terminal p-type OTFT suitable for NOVA

Additional terminal number depends on the
parameters of statistical interest

Here V5 & 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 & Ilch Verilog-
A parameters during circuit simulation

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

aristeidis.nikolaou@ei.thm.de 12 / 21



Noise Based Variability Approach - NOVA
** NOVA method — AC voltage sources setup

v" For Gaussian distributed noise standard
deviation 0 = RMS value of noise

v | v' DC voltage value = E|parameter]
];r = 1 model parameter value
Vo I— 4_\./2@@ v" Mean square noise value = o?(parameter)
of k@ = Calculated f imental dat
1 ~ s—E—" alculated from experimental data

_______ ) v — — 37 — 20 —0 H +o +20 +30
(@]

Noisy
R, voltage
sources

|

Gaussian PDF

—>
Noise signal RMS Value
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Noise Based Variability Approach - NOVA
** NOVA method — Noise analysis

Noisy
R, voltage
sources

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 Vg value)

2
Unl
Vin
*— 7)7212

Vout
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Results — NOVA vs. MC

“» Standard deviation of output current o(-Is) vs. Vg
v Blue circles: extracted from measured population

10_6§
10_7§

1078 ¢

o(—Ips)(A)

0.0 0.5 1.0 1.5 2.0
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Results — NOVA vs. MC

% Standard deviation of output current o(-I) vs. Vg

v' Blue circles: extracted from measured population
v" Black line: 5000 iteration MC simulation

10—10( v O MEAS 16 C10-DNTT TFTs
— SIM 5000 iteration MC
1 11 L . . . . , , |
¥ 0.0 0.5 1.0 1.5 2.0
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Results — NOVA vs. MC

% Standard deviation of output current o(-I) vs. Vg

v' Blue circles: extracted from measured population
v" Black line: 5000 iteration MC simulation
v" Red crosses: NOVA

=
E
7
© .
10—10§ O MEAS 16 C1o-DNTT TFTs
; — SIM 5000 iteration MC
I -+- SIM NOVA
10_11 ; ] . 1 L 1 :
0.0 0.5 1.0 1.5 2.0
—Veas(V)
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Results — NOVA vs. MC

\/

% (a) Standard deviation of output current o(-Ips) vs. Vg
v' Blue circles: extracted from measured population

v" Black line: 5000 iteration MC simulation

v" Red crosses: NOVA

% (b) Relative errors x 100
v' NOVA & MC describe bias dependent variability coherently
v' NOVA vs. MC deviation always close to 10%

—6 _ =101
. e i 101 : @ NOVA vs. MC
i PP 4-10 -3k- MEAS vs. MC
71 nl . -+ MEAS vs. NOV.
. 10 3 101 >I¢F v .+”rﬁ'+
ST - — 101 pedl
8 ,;E": 23_\(_:, 0- 100 ﬁ +_1_'+ 4-****
[ 7B = & o
T o0k o110t % +++*
ry e 210" e
10 0% O MEAS 16 C1p-DNTT TFTs _3.10'F 0
3 — SIM 5000 iteration MC 1 8 -j*'
i -4+- SIM  NOVA -4-10°
10—1]_ . 1 . 1 . . 1 \ _r.lol . I . | . | .
0.0 0.5 1.0 1.5 2.0 °70.0 0.5 1.0 1.5 2.0
(a) —Ves(V) (b) —Ves(V)
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Results — NOVA vs. MC

 p-type OTFT diode loaded inverter - NOVA vs. MC
v T1, T2: W/L= 10pm/1pm, V =2V
v' NOVA circuits for (a) mismatch & (b) process variations
I NOVA mismatch: different voltage sources for T1 & T2

I NOVA process: same voltage sources for T1 & T2

NOVA-

Process

| L!n'u.i

NOVA-
Mismatch
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Results — NOVA vs. MC
» p-type OTFT diode loaded inverter - NOVA vs. MC

. _2 . _2
5 10 i o-Mismatch 1 10 i o-Process
fﬁ) 410721 8103
= = ' = ' n
g, ;3-10—2 - ;6-10_3 A
= E V4 ) E ' O
B =210 2pF [ 41073 o
= <0 % ol 5
L1072 F e 2-1077
[ -4 NOVA
. 0 A R R B X 0
0 100.0 0.5 1.0 1.5 2.0 X 100.0 0.5 1.0 1.5 2.0
(a) Vin(V) (b) Vin(V)

¢ Simulation processing times - NOVA vs. MC
v' Time improvement close to 99%

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
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Conclusions

“* NOVA is capable for producing comparable results with
those of MC analysis

** NOVA can only be used for Gaussian shaped statistical
distributions

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

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