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Trends in Electronics

• Internet of things
• Pervasive and ubiquitous electronics
• Wearable electronics
• Energy efficiency



Paper and Cellulose as High Tech Materials

• Considerably lighter in weight than current circuit platforms
• Can be trimmed with scissors or perforated for easy tearing
• Accessible: quickly and cheap
• Flexible: storage in small spaces, 3D self-standing structures
• Everywhere: disposable cups, product packaging, envelopes, books
• Recyclable
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Technologies for Electronics on Paper: 
Organic  Electronics with Ink-jet Printing

• High throughput, solution-based processing
• Numerous potential materials: metals, semiconductors, insulators
• Low performance, high operating voltage, poor reliability/stability



Technologies for Electronics on Paper: 
Conventional 3D Materials (Si, GaAs, Cu)

• Numerous potential materials: metals, semiconductors, insulators
• Better performance, lower operating voltage, better stability/reliability
• Thickness limited due to surface defects
• Limited pathway to high-throughput, large area processing
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• Numerous potential materials: metals, semiconductors, insulators
• Hexagonal crystal structure with no out-of-plane bonds: no dangling 

bonds, monolayer thickness control, no strain
• High performance, low power, stable and reliable
• High-throughput manufacturing schemes

D. J. Jena, Proc. IEEE 101, 1585 (2013)

A. K. Geim and I. V. Grigorieva, 
Nature 499, 419 (2013).

Technologies for Electronics on Paper: 
2D Materials (Graphene, MoS2, hBN)

S. Bae, et al., Nature Nanotechnology 5, 574 (2010)



Device Applications of 2D Materials

Biosensors Solar Cells

L. Britnell et al., Science 340, 1311 (2013)

Inverters

Light Emitting Diodes

W. J. Yu et al., Nature Materials 12, 246 (2013)



Research Objective and Plan

• To develop a fundamental understanding of the impact of 2D and 
paper/nanocellulose processing, structure and properties on the 
performance of flexible electronic devices.

• The plan for this project is a three-pronged approach to understanding the 
physics and properties of the 2D layer-paper system:

• Characterization of the topography, surface functionalization, and 
structural properties of the paper surfaces and their effects on the 2D layer

• Mechanical testing of the interface between the 2D material and 
the paper substrate. 

• Electronic characterization of the 2D materials on paper substrates and 
fabrication of prototypical devices 



Graphene Synthesis

X. Li, C. W. Magnuson, A. Venugopal, R. M. Tromp, J. B. Hannon, E. M. Vogel, L. Colombo, and R. S. Ruoff, 
“Large-Area Graphene Single Crystals Grown by Low-Pressure Chemical Vapor Deposition of Methane on 
Copper,” Journal of the American Chemical Society 133, 2816-2819 (2011).

• CVD graphene grown on copper using methane.
• Graphene is a semimetal.
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MoS2 Synthesis

• We have previously developed a synthesis 
technique for highly uniform, high quality MoS2.

• MoS2 is a semiconductor with ~1.5 eV bandgap.

A. Tarasov, P. M. Campbell, M.-Y. Tsai, Z. R. Hesabi, J. Feirer, S. Graham, W. J. Ready, and E. M. Vogel, 
“Highly Uniform Trilayer Molybdenum Disulde for Wafer-Scale Device Fabrication,” Advanced Functional 
Materials (2014).
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Surface Characterization of Paper

Glossy Photo Paper Glassine Paper Copy Paper

• The glossy coating on the photo paper substrates helps smooth the surface 
by filling in deep trenches and areas between the fiber bundles 

• Supercalendered glassine paper has a highly smooth surface for an 
uncoated paper, which is ideal for device transfer

• Copy paper is likely to be unsuitable without additional surface treatment; 
its deep inter-bundle trenches and very rough fiber surfaces would cause 
issues in layer adhesion and thus device performance



Peel Tests of Graphene on Paper

• These initial tests failed at the graphene/adhesive 
interface, which did not allow for the absolute 
determination of the graphene adhesion (peel) 
strength, but only to set a lower bound. 

• However, with this lower bound at ~3 N/cm or 
greater, the graphene bond exceeds the peel 
strengths of many traditional coatings. 



Device Fabrication Followed by Transfer

Graphene patterning

Metal contact deposition

Dielectric and top gate deposition

      

 

     

 

  

    

Coating fabricated devices with PMMA/PDMS stamp 

Copper etching

Transfer of fabricated devices on paper



Device Fabrication Followed by Transfer

• Proof-of-concept transfers to SiO2 and flexible PET have 
been successfully performed and characterized. 

• These materials are more compatible with the solution-based 
transfer, and allow for optimization of the method prior to 
testing on paper.

 
Raman of MoS2



Device Fabrication Followed by Transfer

• Proof-of-concept transfers to SiO2 and flexible PET have 
been successfully performed and characterized. 

• These materials are more compatible with the solution-
based transfer, and allow for optimization of the method prior 
to testing on paper.

MoS2 Transistor Characteristics



Conclusions

• 2D nanomaterials are poised to revolutionize the electronics 
industry. 

• Being able to bring these cutting-edge technologies and 
merge them with the mature, pervasive paper product 
industry is a promising opportunity for innovation. 

• With the improvement of transfer methodologies, and an 
understanding of necessary paper surface characteristics, 
this project aims to bring those opportunities closer to reality.



Acknowledgements

• This work was supported in part by:
• Renewable Bioproducts Institute
• The Center for Low Energy Systems Technology 

(LEaST), one of six centers supported by the STARnet
phase of the Focus Center Research Program (FCRP), a 
Semiconductor Research Corporation program 
sponsored by MARCO and DARPA.


	Paper and Cellulosic Materials as Flexible Substrates for 2D Electronic Materials
	Trends in Electronics
	Paper and Cellulose as High Tech Materials
	Technologies for Electronics on Paper: Organic  Electronics with Ink-jet Printing
	Technologies for Electronics on Paper: Conventional 3D Materials (Si, GaAs, Cu)
	Technologies for Electronics on Paper: �2D Materials (Graphene, MoS2, hBN)
	Device Applications of 2D Materials
	Slide Number 8
	Graphene Synthesis
	MoS2 Synthesis
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Conclusions
	Acknowledgements

