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IoT Market Growth by Market Segments 2015-2020 
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Intelligent IoT Infrastructure with IoT Nodes
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IIoT nodes and edges are capable of sensing and 
performing applications and analytics locally 
where the data is generated for actionable 
insights. IIoT node/edge only updates key 
information to the cloud with to enhance data 
security, reduce latency, and save power.

Source: ARM



PolyIC Philips

Flexible Electronics for Edge Computing/IoT
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• Printable, light-weight and low-cost
• Bendable, stretchable, and durable
• Suitable for high-volume manufacturing

– Industrial-grade multi-jet printing 
– Roll-to-roll imprinting (nano-to-micro scale)

• Complementary to Si-CMOS VLSI 
– Low non-recursive expense (NRE) for small-volume high-variety



Flexible Hybrid Electronics for Intelligent IoT Nodes
–By heterogeneous integration of flexible active and passive devices (ex. 
transistor, interconnect, resistor, capacitor, antenna, and battery etc) with 
ultra-thin low-power silicon chips, our research goal is to bring the machine 
intelligence to various “things” and make them smarter with learning 
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Carbon-Nanotube Logic Glucose Sensor SOC

HPE/Stanford/UCSB  
Pseudo-CMOS logic chip
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NextFlex is Established by US DoD/FlexTech in 2015 

$75M federal fund
$181M with cost-share
2015 – 2020
Self-sustainable afterward

Mission:
Usher in the era of 
“electronics on 
everything” and advance 
efficiency of our world
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Process Design Kit for Flexible Hybrid Electronics

• Funded by US DoD NextFlex for 
$3M/18months project 

• Partnership of HPE, UCSB, Stanford, 
Georgia Tech, Boeing, Cadence, 
ANYSYS

• Open-source to NextFlex members 

Ref: NextFlexPC2.0 Proposal



Open Ecosystem for Flexible Hybrid Electronics
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Healthcare Supply Chain 
Management

Industrial 
IoT

Energy 
Efficiency

Ecosystem 
for FHE

• Create an ecosystem 
connecting applications/product 
companies and third party 
OEM/ODM vendors

• Interface between system 
architect/circuit designer and 
manufacturer

• Protecting IP from competitors; 
open-source for R&D purposes



Driving Technology: 
Carbon-nanotube Flexible Electronics
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Comparison Among Flexible Thin-Film Transistors  
TFT 

Technology Amorphous Si Metal-Oxide SAM-Organic Ink-Jetted
Organic

Carbon 
Nanotube

Process 
Temperature 250 ℃ < 100 ℃ < 100 ℃ Room Temp. Room Temp.

Process
Technology Lithography Roll-to-Roll

Lithography Shadow Mask Ink-Jet 
Printing

Roll-to-Roll/Inkjet
/Lithography

Feature Size 8 μm 2 μm 50 μm 50 μm 2 μm

Substrate Glass/plastics Glass/plastics Wafer/plastics Glass/plastics Wafer/plastics

Device Type N-type N-type N/P-type P-type N/P-type

Supply Voltage 20V 5V 2V 40V 2V

Mobility
(cm2/Vs) 1 10 0.01/0.5 0.01 >25

Cost / Area Medium Low Low Low Very Low

Lifetime Good Good Poor/Medium Poor Poor/Good
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Design Challenges for Flexible Hybrid Electronics
•Circuit design:

–Slow carrier mobility (~ 1-25 cm2/Vs)  limited operation speed
–Large feature size (LMIN ~ 20 µm)  large parasitics (R/C)
–Mono-type devices  poor noise margin; high static power
–Inferior reliability (bias-stress or chemical)  poor operation lifetime
–Large process variations (>50%)  device mismatches 

•Design Verification:
–Lack of design rule checking  prone to manufacturing yield loss
–Lack of layout versus schematics checking  prone to design errors
–Lack of layout parasitic extraction  inaccurate simulation results
–Lack of co-simulation environment of printed circuit and silicon chips  need to 
perform physical verification and simulation separately; lower productivity
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Top View:

M1: Gate
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CNT
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Measured CNT-TFT I-V curves, channel=25um

Ultra-thin Flexible CNT-TFTs on 1-µm Thick Foil
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• P-type device only
• High mobility ~25cm2/Vs
• Low operation voltage ~2V
• ON/OFF ratio ~ 102

Photo for Ultra-thin flexible CNT-TFTS



Ultra-Low Voltage (0.8V) Pseudo-CMOS CNT Circuits 
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Pseudo-CMOS for Printable Circuits 
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Source: [2-4] K. Myny et al, ISSCC17’, 16’, 15’; [5] B. Yang et al, ETRI Journal; [6] H. Ozaki et al, VLSI’11 



Flexible Carbon-Nanotube Resistor Array
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r2=10-µm

Measured I-V curves for CNT Resistor Array

r2=20-µm

r2=50-µm r2=100-µm



FHE-PDK Implementation

18



Database Structure for FHE-PDK
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CNT-TFT Modeling
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Observations:
1. Mobility enhancement at low gate bias

• Most acceptable theories are tail-distributed
traps (TDTs) and variable range hop-ping
(VRH). Both indicate the mobility dependency
on gate voltage by Eq. (1) .

2. Mobility degeneration at high gate bias:
• The degeneration of mobility at high VSG can be 

explained by the contact resistances RC=RS +RD at 
source/drain terminals;

• The contact resistances will cause a degeneration 
of the effective mobility as shown by Eq. (2)-(3).



Model Validation

CNT-TFT Model Validation
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Compact Model Schematic

Current Model

• Based on previous two observations, a
compact model for CNT-TFT is presented
here.

• Good match between measurements and
model further validate our analysis



CNT-TFT Model Validation and Parameter Extraction
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• A wide range of VGS ∈ [−2, 0]V
and VDS ∈ [−4, 0]V, covering
sub-threshold, linear and
saturation, are investigated;

• Device parameters are extracted
out of 52 fabricated CNT-TFTs,
where a Gaussian distribution is
assumed for process variations.
All extracted parameters are
summarized in Table III, where
the mean value μ and standard
deviation σ are provided.



CNT-Resistor Modeling
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Simplification: high frequency components,
such as parasitic capacitor and inductor are
ignored here.

Decomposition:
• Rtotal is composed of contact resistance Rc

and channel resistance Rch.
• Rc and Rch can be extracted from the right

figure, where the slope determines the Rch
and intersection determines the Rc.s

W=40um



Physical Verification Implementation Procedures
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Layer Derivation and Design Rule Checking
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Enclosure a b Spacing a Width b 

a

b

a OR ba NOT b a AND b

Layer Derivation of CNT-TFTS

Temp  =  CNT  AND Gate

Channel  =  Temp NOT Metal1

SD  =  Metal2 AND CNT

Layer Derivation Operators: 
NOT, AND & OR

Rule Checking Operators: 
Enclosure, Spacing and Width Once the critical regions,

such as channel, gate and
source/drain, are derived,
it is straightforward to
perform design checking.



1. With defined recognition
rules, netlists are
extracted from both the
schematic and the
layout.

2. Then, both netlists are
converted into graphs
and graph isomorphism
is used to check their
equivalence.

Device Recognition and Layout versus Schematic
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Parasitic Definition and Layout Parasitic Extraction
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Parasitic Definition 

Parasitic capacitor : intrinsic or coupling
C = Cplate * Area()+ C fringe * Perimeter() 

Parasitic resistor : conducting layers or vias
R = RSheet * Length()/Width() 

1. Similar to device recognition,
parasitic are extracted from
the layout.

2. Post-simulation can be
performed for more accurate
results



Parameterized Cell (P-Cell) for CNT Resistors 
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Conclusion and Future Outlook
–FHE is emerging for sensing and computing virtually anywhere

–US FHE-MII (NextFlex) established in 2015 to promote this field by collaboration 
(government/industry/academia)

–We aim to bring machine intelligence to billions of intelligent IoT nodes
–Solutions to solve circuit design and verification challenges 

–Compatible with ink-jet printing and roll-to-roll imprinting for mass production
–Pseudo-CMOS circuits demonstrated for RFID/NFC/Healthcare/Energy
–LSPC (IMEC ISSCC’17) using Pseudo-CMOS and > 2,000 TFTs becomes reality

–Process design kit for flexible hybrid electronics (FHE-PDK)
–Spice models for printed active and passive components
–Design rules and checking (DRC/LVS/LPE) for printed TFT circuits
–Integrated environment for printed circuit and silicon chip co-development
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