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ABSTRACT 
In order to sustain Moore's Law-based device scaling, principal attention has focused on toward 
device architectural innovations for improved device performance as per ITRS projections for 
technology nodes up to 10 nm. Efficient integration of lower substrate temperatures ( <300K) 
to these innovatively configured device structures can enable the industry professionals to keep 
up with Moore's Law-based scaling curve conforming with ITRS projection of device perfor-
mance outcome values. In this prospective review E-book, the authors have systematically re-
viewed the research results based on scaled device architectures, identified key bottlenecks to 
sustained scaling-based performance, and through original device simulation outcomes of con-
ventional long channel MOSFET extracted the variation profile of threshold voltage as a function 
of substrate temperature which will be instrumental in reducing subthreshold leakage current in 
the temperature range 100K-300K. An exploitation methodology to regulate the die temperature 
to enable the efficient performance of a high-density VLSI circuit is also documented in order 
to make the lower substrate temperature operation of VLSI circuits and systems on chip process 
compatible. 

KEYWORDS 
threshold voltage, substrate temperature, Fermi potential, intrinsic carrier concentra-
tion, bulk potential, depletion charge, metal-to-semiconductor work function differ-
ence, flat-band voltage, subthreshold leakage current, thin-film microcoolers 



vii 

Contents 

1 Review of Research on Scaled Device Architectures and Importance of 
Lower Substrate Temperature Operation of n-MOSFETs .................. 1 

1.1 Introduction and Scope ofthis E-book ... . ... . ... . ... . ........ . ........ 1 
1.2 Basic Overview and Operational Salient Features of n-channel MOSFET 

Device Transport . ... . .............. . ... . ... . ........... . .......... 2 
1.3 Review of Challenges and Bottlenecks Experienced Over Sustained 

MOSFET Device Scaling ... . . . . . . . . . .. . ... . .. .. ... ... . ... . . . ... . .. . 5 
1.4 Device Parameters Critical for Performance Enhancement for Generalized 

Scaling and at the End of Moore's Law .. .. .. . ... . .. ... .. .. .. . ...... . ... 9 
1.5 Role of Substrate Temperature Modeling and Control ... . ........ . ..... . . 11 

2 Step-by-Step Computation of Threshold Voltage as a Function of Substrate 
Temperatures ...................................................... 17 

2.1 Essential Modeling Equations for Computation of Threshold Voltage of 
N -channel MOSFET as a Function of Substrate/Lattice Temperature .. . .. . . 17 

3 Simulation Outcomes For Profile of Threshold Voltage As a Function of 
Substrate Temperature Based on Key Device-Centric Parameters ........... 23 

3.1 Simulation Outcomes of Various n-MOSFET Device Parameters 
Including Threshold Voltage as a Function of Temperature ................ 23 

3.2 Simulation Outcome oflntrinsic Carrier Concentration (ni) as a Function 
of Substrate or Lattice Temperature . .... . ....... . ......... . .... . ...... 23 

3.3 Simulation Outcome oflncomplete Ionization of Dopants Relevant for 
Lower Substrate Temperature Operation ........ . ..................... 25 

3.4 Simulation Outcome of Fermi Energy Level Ep (eV) as a Function of 
Temperature ..................... . ............................... 26 

3.5 Temperature Dependence of Flat Band Voltage <Pms (V) . . ... . .. ... .... ... 27 
3.6 P-type Substrate n-channel MOSFET Bulk Potential D ependence on 

Substrate/Lattice Temperature ....................................... 28 
3. 7 Dependence of Threshold Voltage Vr of n-channel MOSFET on Substrate 

Temperature for 1 Micro Channel Length MOSFET .. . ........ . ........ 29 



viii 

3.7.1 Modeling Impact oflncomplete Ionization on Threshold Voltage at 
the Freeze-Out Temperature Region: A Closer Look . ... . ... . ... . .. 30 

3.8 Threshold Voltage Dependence on Substrate Temperature for Different 
Substrate Doping Conditions for an n-channel MOSFET . . . . . . .. ... .. . .. 33 

3.9 Threshold Voltage Dependence on Substrate Temperature for Different 
Oxide Thickness for an n-channel MOSFET ........................... 34 

3.10 Threshold Voltage Dependence on Substrate Temperature for Negative 
Substrate Bias for an n-Channel MOSFET .. . . . . . .. . ... . ... . .. ... .. . .. 37 

3.11 Threshold Voltage Dependence on Substrate Temperature for Positive 
Substrate Bias for an n-Channel MOSFET .. . . . . . .. . ... . ... . .. ... .. . .. 38 

4 Scaling Projection of Long Channel 1hreshold Voltage Variability with 
Substrate Temperatures to Scaled Node . .. . .. . .. .. . .. . .. . .. . .. .. . .. . .. . 41 
4.1 Modeling and Simulation Results for a Long Channel MOSFET as 

Channel Length is Scaled Further .. . .... . ......... . ....... . .... . .. . .. 41 

5 Advantage of Lower Substrate Temperature MOSFET Operation to 
Minimize Short Channel Effects and Enhance Reliability ................. 49 
5.1 Low Substrate Temperature MOSFET Modeling Benefits in 

Consideration of Short Channel Effects .. . ................. . ....... .. .49 

6 A Prospective Outlook on Implementation Methodology of Regulating 
Substrate Temperatures on Silicon Die .. .. . .. . .. . .. .. . .. . .. . .. .. . .. . .. . 55 
6.1 A Short Outlook on Implementation of Low Substrate Temperature 

MOSFET Modeling and Control .. . ... . .......... . ... . ... . ... . ... . .. 55 

7 Summary of Research Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 
7.1 Summary of Research Outcomes . ... . ... . ...... . ... . ... . ... . ... . ... . . 57 

8 Conclusion .. . .. .. . .. . .. . .. . .. .. . .. . .. .. . .. . .. . .. .. . .. . .. .. . .. . .. . 61 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 

Authors' Biographies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 


	Copyright Page
	Title Page
	Contents



