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CMOS Electronics: Past, Present and Future

mmhlabs.org npj Flex. Elect. 2018 9/4/2018 2

1995: Desktop PC
Performance

1997: Mobile Phone
Low Power

2007: iPhone
Integration (IoT) IoE: ???



Physically Compliant Interactive Electronics

Sensors Analog Digital Power RF Actuator
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1. Key metric: 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟 × 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑟𝑟
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

2. Interactive electronic system: AI enabled data collection, analysis, decision and execution
3. Every component – physically compliant
4. Use expanded CMOS technology for physically compliant CMOS electronics (data, RF)
5. Use low-cost materials and processes as applicable and as much as possible
6. Always multi-disciplinary efforts while maintaining core competency
7. Benchmark to move forward
8. Empower all with electronics



Materials–Flexible System Integration Paradox
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Manufacturable Heterogeneous 3D Integration
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� Flexibility in integration, role of flexible silicon is limited to data management
� Presently using commonly known polymeric materials as encapsulations

16 bit, 16 MHz, 516/4 kB (Flash/RAM) 
VDD = 1.8–3.6V, ILP = 0.1 µA 



Recent Innovations
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Not shown: smart dental brace, wearable stethoscope, security decal, fault detector, 
safe pill, add-on antenna
Application spectrum: Things to human to plants to marine species, birds and animals



Device Design Criteria for Brain-Machine Interfacing (BMI)
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Boundary Condition for BMI: 
� For non-invasive devices, power 

is delivered wirelessly
� Upper limit of RF power that the 

human tissue can withstand 
without damage is 40 mW/cm2

=> tissue temperature rises 
by 2 °C

� Dynamic power budget: 20% of 
total power budget  

=> 6 mW/cm2



Designing CMOS For Intracranial Space Implantable 
Electronics
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� W/L < 1 => Traditional CMOS are inapplicable for implantable electronics



3D Nanotube FET - Concept
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GAA Pros:
- GAA provides superior 
Electrostatics, 
- Volume inverted operation 
(d < 10 nm), 
- Enhanced carrier mobility

GAA Cons: 
- Poor non-normalized 
performance, 
- Requires arraying, 
- Massive contact losses

Silicon Nanotube as a new topology:
- Similar electrostatics as Si NW
- Higher non-normalized performance without device arraying
- New form of quantum confinement due to core/shell gate stack

Source

DrainGate-All-
Around



Si-Nanotube FET Performance
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Hussain M. M. et al., 
Nano letters 11, no. 
10, pp.  4393-4399, 
2011.

Hussain M. M. et al., 
Scientific reports 2, 
475, 2012

NTFET utilizes 
core-shell gates to 
capitalize on 
volume inversion in 
ultra-thin nanotubes



Silicon Nanotube Tunnel FETs for More-Moore
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Slope  - 60 mV/dec

Tunnel FET- turn on at lower supply voltage beyond the 
fundamental limit

Classical MOSFET

Power Dissipation α IOFF VDD
3 Æ Low VDD is needed

𝑆𝑆𝑆𝑆 = 𝑑𝑑𝑉𝑉𝐺𝐺
𝑑𝑑Ψ𝑠𝑠

𝑑𝑑Ψ𝑠𝑠
𝑑𝑑(log 𝐼𝐼𝑑𝑑)

= 𝐾𝐾𝐾𝐾
𝑞𝑞

ln(10) = 60 mV/dec @ RT

Over-the-barrier 
(MOSFET)

Through-the 
barrier(TFET)



Si NT TFET for More-Moore
Hussain M. M. et al., IEEE TED, vol. 60, no. 3, pp. 1034-1039, 2013
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Nanotube Tunnel FET device architecture may enable a higher Ion than GAA NWs by 
leveraging a larger physical tunneling area with  similar electrostatics



Source Material Selection for Low Power NT TFET
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Where m* is the carrier effective mass, λ is the screening tunneling length, Eg is the material 
bandgap, and △ 𝛷𝛷 is band offset

▪ A material with low bandgap, Eg , and carrier effective mass, m*, is needed to achieve higher 
tunneling rates.

▪ Possible choices are Ge for n-type, and InAs for p-type TFETs

▪ λ, is a function of the device electrostatics, i.e: λSG> λDG> λGAA 
Liu et al., IEEE DRC, pp. 17-18, 2010 

Careful design of both device architecture and choice of  source materialÆ Higher ION

𝑇𝑇𝑊𝑊𝐾𝐾𝑊𝑊 ≈ exp(−
4𝜆𝜆 2𝑚𝑚∗ 𝐸𝐸𝑔𝑔3

3𝑞𝑞 ħ(𝐸𝐸𝑔𝑔 + △ 𝛷𝛷)
)



InAs/Si Heterojunction NT TFET
Hussain M. M. et al., Scientific Reports, vol. 5, p. 9843, 2015
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10 nm thick NT TFET 
vs. GAA 10 nm NW 
TFET 

Tunneling is suppressed 
when no bias is applied 
due to large λ

𝐼𝐼10 𝑓𝑓𝑛𝑛𝑁𝑁𝐾𝐾 = 5 × 𝐼𝐼10 𝑓𝑓𝑛𝑛𝑁𝑁𝐾𝐾 (𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛)
𝐼𝐼10 𝑓𝑓𝑛𝑛𝑁𝑁𝐾𝐾 = 54 × 𝐼𝐼10 𝑓𝑓𝑛𝑛𝑁𝑁𝑊𝑊 (𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛)

for CGdia= 100 nm
𝑆𝑆𝑆𝑆10 𝑓𝑓𝑛𝑛𝑁𝑁𝐾𝐾 = 40mV/dec
𝑆𝑆𝑆𝑆10 𝑓𝑓𝑛𝑛𝑁𝑁𝑊𝑊 = 25mV/dec

Lower SS is achieved for NW due to lower λ



InAs/Si Heterojunction NT TFET
Hussain M. M. et al., Scientific Reports, vol. 5, p. 9843, 2015
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10 nm NW TFET10 nm NT TFET
1.7 × Higher volumetric peak BTBT generation rate for 10 nm NT TFET when compared with 10 
nm NW TFET.



InAs/Si Heterojunction NT TFET
Hussain M. M. et al., Scientific Reports, vol. 5, p. 9843, 2015
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� 8.4% higher volumetric band-band generation × NT additional cross sectional area gives 
48x anticipated increase in the current

� More than 1 order magnitude lower SRH recombination for NT compared to NW TFET
� NT has ~4× lower chip area compared to a NW array providing the same drive current

𝑰𝑰𝟏𝟏𝟏𝟏 𝒏𝒏𝒏𝒏𝑵𝑵𝑵𝑵 = 𝟓𝟓𝟓𝟓 × 𝑰𝑰𝟏𝟏𝟏𝟏 𝒏𝒏𝒏𝒏𝑵𝑵𝑾𝑾 (𝒏𝒏𝒏𝒏𝒏𝒏 − 𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏)



Ge/Si Hetero-junction In-Plane Nanotubes: A Better 
TFET solution for Low Power Electronics
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Placing tunneling junction normal to gate electric field improves tunneling efficiency leading to 
sharper turn-on tunneling currents



Ge/Si Hetero-junction In-Plane Nanotubes
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(a) (b)



Ge/Si Hetrojunction NT TFET for BMI Application
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� SS < 60 mV/dec for more than four decades of current
� Number of transistors can be increased up to 10 million/cm2 (with CGd ≈ 70 nm) to provide 

more functionality in the circuit without compromising the power budget
� Interesting potential exists for new architecture infused with new physics like negative 

capacitance to complementarily enhance overall functionalities (both logic and memory)
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▪ Can CMOS technology be expanded to add new features 
in CMOS electronics while maintaining and/or 
strengthening existing attributes? 
▪ By infusing emerging materials and processes 
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Some Fundamental Questions

▪ Can CMOS technology be expanded further to achieve 
new feature(s) in CMOS electronics while maintaining 
and/or strengthening existing attributes? 

▪ Will the functionalities over cost be beneficial? 

▪ Can the existing applications be further strengthened 
and/or diversified? 

▪ What new applications practically emerge and impact? 
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Evolution of Transistor Technology
Hussain M. M. et al., Scientific reports, vol. 2, p. 475, 2012
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SiGe Channel Material for High-Performance PMOS
Hussain M. M. et al., 8th IEEE NMDC, pp. 13-15, 2013
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Ultra-short channel junction-less(JL) devices have large amounts of direct source-drain tunneling

SiGe as an alternative channel material



SiGe Channel Material for High-Performance PMOS
Hussain M. M. et al., 8th IEEE NMDC, pp. 13-15, 2013
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Nanotube architecture + high mobility channel material = high performance PMOS



Future Electronics: Science and Engineering

Higher Ion and lower Ioff
in NTFET with core-
shell gates for 
healthcare devices
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Wavy device, width ↑

� Process 
induced impact

� Application 
related impact

� Mechanics

� Optimize 
device 
functionality

� Understanding 
nature


