
43

Information
Band/ Volume 43
ISBN 978-3-95806-034-0

In
fo

rm
at

io
n

 S
i N

an
ow

ire
 F

ET
 B

io
se

ns
or

Jin
g 

Li

M
em

be
r o

f t
he

 H
el

m
ho

ltz
 A

ss
oc

ia
tio

n

Information
Band/ Volume 43
ISBN 978-3-95806-034-0

Transport and Noise Properties of Nanostructure  
Transistors for Biosensor Applications

Jing Li



Forschungszentrum Jülich GmbH
Peter Grünberg Institute / Institute of Complex Systems
Bioelectronics (PGI-8/ICS-8)

Transport and Noise Properties of Nanostructure 
Transistors for Biosensor Applications

Jing Li

Schriften des Forschungszentrums Jülich
Reihe Information / Information Band / Volume 43

ISSN 1866-1777  ISBN 978-3-95806-034-0



v 
 

 

Contents 

Abstract ............................................................................................................................ i 

Zusammenfassung ........................................................................................................... ii 

Acknowledgements......................................................................................................... iii 

Contents .......................................................................................................................... v 

1. Introduction ............................................................................................................. 1 
1.1 Motivation .................................................................................................................... 1 
1.2 Thesis Outline ............................................................................................................... 3 

2. Theoretical Background ............................................................................................ 5 
2.1 The MOSFET .................................................................................................................. 5 

2.1.1 Electrical Characteristics ....................................................................................... 6 
2.2 The ISFET ....................................................................................................................... 8 

2.2.1 Comparison to MOSFET ........................................................................................ 8 
2.2.2 Modeling of the Oxide/Electrolyte Interface ...................................................... 10 

2.3 Si NW FET Biosensors ................................................................................................. 13 
2.4 Noise Characterization ............................................................................................... 14 

2.4.1 Fundamentals of Noise Mechanisms .................................................................. 14 
2.4.1.1 Power Spectral Density ................................................................................ 15 
2.4.1.2 Noise Quantification .................................................................................... 15 

2.4.2 Noise Sources ...................................................................................................... 16 
2.4.2.1 Thermal Noise .............................................................................................. 17 
2.4.2.2 Shot Noise .................................................................................................... 17 
2.4.2.3 Generation-recombination Noise ................................................................. 17 
2.4.2.4 Random Telegraph Signal Noise .................................................................. 18 
2.4.2.5 1/f  Noise ..................................................................................................... 20 

3. Materials and Methods ........................................................................................... 25 
3.1 Nanofabrication Techniques ...................................................................................... 25 

3.1.1 Electron Beam Lithography ................................................................................. 25 
3.1.2 Nanoimprint Lithography .................................................................................... 26 
3.1.3 Anisotropic Si Etching Using TMAH and KOH ..................................................... 27 

3.2 Characterization Methods .......................................................................................... 29 
3.2.1 Electrical Measurements .................................................................................... 29 
3.2.2 Home-made Noise Measurement Setup ............................................................ 30 

4. Si NW FETs Fabrication ............................................................................................ 35 
4.1 Nanoimprint Lithography ........................................................................................... 35 

4.1.1 Nanoimprint Mold Fabrication ........................................................................... 36 
4.1.1.1 T-NIL Mold ................................................................................................... 36 
4.1.1.2 UV-NIL Mold ................................................................................................ 39 

4.1.2 Optimization of T-NIL .......................................................................................... 41 
4.2 Fabrication of Back Gate Si NW FETs with Micrometer Channels .............................. 45 

4.2.1 Chip Design ......................................................................................................... 45 
4.2.2 Chip Processing ................................................................................................... 46 

4.3 Fabrication of Back Gate Si NW FETs with Submicrometer Channels ........................ 49 



 

vi 
 

4.3.1 Chip Design ......................................................................................................... 49 
4.3.2 Chip Processing ................................................................................................... 50 

4.4 Si NW FET Biosensor Fabricated by T-NIL with Micrometer Channels ....................... 51 
4.4.1 Chip Design ......................................................................................................... 51 
4.4.2 Chip Processing ................................................................................................... 53 

4.5 Si NW FET Biosensor with Submicrometer Channels Fabricated by EBL.................... 53 
4.5.1 Chip Design ......................................................................................................... 53 
4.5.2 Chip Processing ................................................................................................... 55 

5. Performance and Scalability of Si NW FETs with Different Channel Lengths .............. 57 
5.1 Experimental Details ................................................................................................... 58 
5.2 Transport Properties of Si NW FETs with Different Lengths ...................................... 59 

5.2.1 Current-voltage Characteristics of Fabricated Si NW FETs ................................. 59 
5.2.2 Noise Spectra of Fabricated Si NW FETs ............................................................. 62 
5.2.3 Analysis of Flicker-noise Component .................................................................. 63 
5.2.4 Estimation of the Hooge Parameter ................................................................... 66 
5.2.5 Gamma Radiation Treatment ............................................................................. 67 

5.3 Summary ..................................................................................................................... 69 

6. Modulation Phenomena in Si NW FETs Characterized Using Noise Spectroscopy ...... 71 
6.1 Experimental Details ................................................................................................... 72 
6.2 Results and Discussion ................................................................................................ 73 

6.2.1 Electric Properties before and after Gamma Irradiation .................................... 73 
6.2.2 1/f Noise Spectroscopy ....................................................................................... 75 
6.2.3 Lorentzian Components and Single Trap ............................................................ 77 
6.2.4 Characteristic Time Constants and Position of Single Trap ................................ 79 
6.2.5 Modulation Effects Related to Single Carrier Process ........................................ 80 
6.2.6 Single Trap Properties and Parameters .............................................................. 81 

6.2.7 Tuning of Carrier Exchange by -irradiation ....................................................... 83 
6.3 Summary ..................................................................................................................... 84 

7. Coulomb Blockade Energy in Si NW FET ................................................................... 87 
7.1 Experimental Details ................................................................................................... 87 
7.2 Results and Discussion ................................................................................................ 88 

7.2.1 Electrical Measurements of Fabricated Si NW FETs ........................................... 88 
7.2.2 Low-frequency Noise Spectra Measurements .................................................... 89 
7.2.3 Analysis of Obtained Results ............................................................................... 90 

7.3 Summary ..................................................................................................................... 98 

8. Noise Properties, Sensitivity Limits and Size Dependence of Si NW FET Biochemical 
Sensors with Micrometer Channels ................................................................................ 99 

8.1 Experimental Details ................................................................................................... 99 
8.2 Results and Discussion .............................................................................................. 101 

8.2.1 Electrical Measurements of Fabricated Si NW FETs ......................................... 101 
8.2.1.1 Backgate Device Characteristics ................................................................ 101 
8.2.1.2 Front Gate Characteristics ......................................................................... 101 
8.2.1.3 Characteristics Comparison between Back Gate and Top Gate ................. 102 

8.2.2 pH Sensitivity of the Si NW FETs ....................................................................... 104 
8.2.3 Low-frequency Noise Characteristics of the Si NW FETs .................................. 105 
8.2.4 Sensitivity of Biosensor ..................................................................................... 110 

8.3 Summary ................................................................................................................... 112 



 

vii 
 

9. Transport Properties of Si NW FETs with Submicrometer Channel .......................... 113 
9.1 Experiments Details .................................................................................................. 113 

9.1.1 Si NW FETs Fabrication ..................................................................................... 113 
9.1.2 Electrical Characterization ................................................................................ 114 

9.2 Results and Discussion .............................................................................................. 114 
9.2.1 Electric Measurements of Si NW FETs .............................................................. 114 
9.2.2 Low-frequency Noise Characteristics of the Si NW FETs .................................. 115 

9.2.2.1 IV Characteristics ....................................................................................... 115 
9.2.2.2 Maximum of Transconductance ................................................................ 116 
9.2.2.3 Mobility ...................................................................................................... 117 
9.2.2.4 Threshold Voltage ...................................................................................... 117 
9.2.2.5 Equivalent input gate voltage noise ........................................................... 118 
9.2.2.6 Sensitivity of the Biosensor ........................................................................ 120 

9.3 Summary ................................................................................................................... 121 

10. RTS Noise as an Analysis Tool for High Sensitive Electrical Biosensors..................... 123 
10.1 Experimental Details ................................................................................................. 123 
10.2 Results and Discussion .............................................................................................. 124 

10.2.1 Electric Measurements of Fabricated Si NW FETs ............................................ 124 
10.2.2 Lorentzian Component Behavior in Different pH Solutions ............................. 125 

10.3 Summary ................................................................................................................... 131 

11. Conclusion and Outlook ........................................................................................ 133 
11.1 Conclusion ................................................................................................................ 133 
11.2 Outlook ..................................................................................................................... 135 

References ................................................................................................................... 137 

Publications list ............................................................................................................ 149 

Appendixes .................................................................................................................. 151 

A. Nanoimprint Mold Fabrication .............................................................................. 151 

B. Chip Fabrication .................................................................................................... 155 
B.1. Fabrication of Back Gate Si NW FETs with Micrometer Channels ............................ 155 
B.2. Fabrication of Back Gate Si NW FETs with Submicrometer Channels ...................... 159 
B.3. Si NW FET Biosensor Fabricated by T-NIL with Micrometer Channels ..................... 163 
B.4. Si NW FET Biosensor Fabricated by EBL with Submicrometer Channels .................. 168 

C. Abbreviations ....................................................................................................... 173



43

Information
Band/ Volume 43
ISBN 978-3-95806-034-0

In
fo

rm
at

io
n

 S
i N

an
ow

ire
 F

ET
 B

io
se

ns
or

Jin
g 

Li

M
em

be
r o

f t
he

 H
el

m
ho

ltz
 A

ss
oc

ia
tio

n

Information
Band/ Volume 43
ISBN 978-3-95806-034-0

Transport and Noise Properties of Nanostructure  
Transistors for Biosensor Applications

Jing Li


	Abstract
	Zusammenfassung
	Acknowledgements
	Contents
	1. Introduction
	1.1 Motivation
	1.2 Thesis Outline

	2. Theoretical Background
	2.1 The MOSFET
	2.1.1 Electrical Characteristics

	2.2 The ISFET
	2.2.1 Comparison to MOSFET
	2.2.2 Modeling of the Oxide/Electrolyte Interface

	2.3 Si NW FET Biosensors
	2.4 Noise Characterization
	2.4.1 Fundamentals of Noise Mechanisms
	2.4.1.1 Power Spectral Density
	2.4.1.2 Noise Quantification

	2.4.2 Noise Sources
	2.4.2.1 Thermal Noise
	2.4.2.2 Shot Noise
	2.4.2.3 Generation-recombination Noise
	2.4.2.4 Random Telegraph Signal Noise
	2.4.2.5 1/f  Noise
	2.4.2.5.1 Number Fluctuation
	2.4.2.5.2 Mobility Fluctuation




	3. Materials and Methods
	3.1 Nanofabrication Techniques
	3.1.1 Electron Beam Lithography
	3.1.2 Nanoimprint Lithography
	3.1.3 Anisotropic Si Etching Using TMAH and KOH

	3.2 Characterization Methods
	3.2.1 Electrical Measurements
	3.2.2 Home-made Noise Measurement Setup


	4. Si NW FETs Fabrication
	4.1 Nanoimprint Lithography
	4.1.1 Nanoimprint Mold Fabrication
	4.1.1.1 T-NIL Mold
	4.1.1.2 UV-NIL Mold

	4.1.2 Optimization of T-NIL

	4.2 Fabrication of Back Gate Si NW FETs with Micrometer Channels
	4.2.1 Chip Design
	4.2.2 Chip Processing

	4.3 Fabrication of Back Gate Si NW FETs with Submicrometer Channels
	4.3.1 Chip Design
	4.3.2 Chip Processing

	4.4 Si NW FET Biosensor Fabricated by T-NIL with Micrometer Channels
	4.4.1 Chip Design
	4.4.2 Chip Processing

	4.5 Si NW FET Biosensor with Submicrometer Channels Fabricated by EBL
	4.5.1 Chip Design
	4.5.2 Chip Processing


	5. Performance and Scalability of Si NW FETs with Different Channel Lengths
	5.1 Experimental Details
	5.2 Transport Properties of Si NW FETs with Different Lengths
	5.2.1 Current-voltage Characteristics of Fabricated Si NW FETs
	5.2.2 Noise Spectra of Fabricated Si NW FETs
	5.2.3 Analysis of Flicker-noise Component
	5.2.4 Estimation of the Hooge Parameter
	5.2.5 Gamma Radiation Treatment

	5.3 Summary

	6. Modulation Phenomena in Si NW FETs Characterized Using Noise Spectroscopy
	6.1 Experimental Details
	6.2 Results and Discussion
	6.2.1 Electric Properties before and after Gamma Irradiation
	6.2.2 1/f Noise Spectroscopy
	6.2.3 Lorentzian Components and Single Trap
	6.2.4 Characteristic Time Constants and Position of Single Trap
	6.2.5 Modulation Effects Related to Single Carrier Process
	6.2.6 Single Trap Properties and Parameters
	6.2.7 Tuning of Carrier Exchange by (-irradiation

	6.3 Summary

	7. Coulomb Blockade Energy in Si NW FET
	7.1 Experimental Details
	7.2 Results and Discussion
	7.2.1 Electrical Measurements of Fabricated Si NW FETs
	7.2.2 Low-frequency Noise Spectra Measurements
	7.2.3 Analysis of Obtained Results

	7.3 Summary

	8. Noise Properties, Sensitivity Limits and Size Dependence of Si NW FET Biochemical Sensors with Micrometer Channels
	8.1 Experimental Details
	8.2 Results and Discussion
	8.2.1 Electrical Measurements of Fabricated Si NW FETs
	8.2.1.1 Backgate Device Characteristics
	8.2.1.2 Front Gate Characteristics
	8.2.1.3 Characteristics Comparison between Back Gate and Top Gate

	8.2.2 pH Sensitivity of the Si NW FETs
	8.2.3 Low-frequency Noise Characteristics of the Si NW FETs
	8.2.4 Sensitivity of Biosensor

	8.3 Summary

	9. Transport Properties of Si NW FETs with Submicrometer Channel
	9.1 Experiments Details
	9.1.1 Si NW FETs Fabrication
	9.1.2 Electrical Characterization

	9.2 Results and Discussion
	9.2.1 Electric Measurements of Si NW FETs
	9.2.2 Low-frequency Noise Characteristics of the Si NW FETs
	9.2.2.1 IV Characteristics
	9.2.2.2 Maximum of Transconductance
	9.2.2.3 Mobility
	9.2.2.4 Threshold Voltage
	9.2.2.5 Equivalent input gate voltage noise
	9.2.2.6 Sensitivity of the Biosensor


	9.3 Summary

	10. RTS Noise as an Analysis Tool for High Sensitive Electrical Biosensors
	10.1 Experimental Details
	10.2 Results and Discussion
	10.2.1 Electric Measurements of Fabricated Si NW FETs
	10.2.2 Lorentzian Component Behavior in Different pH Solutions

	10.3 Summary

	11. Conclusion and Outlook
	11.1 Conclusion
	11.2 Outlook

	References
	Publications list
	Appendixes
	A. Nanoimprint Mold Fabrication
	B. Chip Fabrication
	B.1. Fabrication of Back Gate Si NW FETs with Micrometer Channels
	B.2. Fabrication of Back Gate Si NW FETs with Submicrometer Channels
	B.3. Si NW FET Biosensor Fabricated by T-NIL with Micrometer Channels
	B.4. Si NW FET Biosensor Fabricated by EBL with Submicrometer Channels

	C. Abbreviations
	Leere Seite
	Leere Seite

