
®

A publication of the

VOLUME 29 • NO 3

FEBRUARY 14, 2014  

FO
CUS IS

SUE

Gra
phene a

nd B
eyo

nd

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

13
.0

22
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1557/jmr.2013.022


Journal of MATERIALS RESEARCH
JOURNAL OF MATERIALS RESEARCH (JMR) is an interdisciplinary 
journal serving the materials research community through publication of 
original research articles and invited reviews encompassing the synthe-
sis, processing, characterization, properties, and theoretical description 
of materials. 

JMR publishes new research that demonstrates a signifi cant impact or 
advance of scientifi c understanding of interest to the materials research 
community. Engineering studies and applications to commercial products 
are beyond the scope of JMR and should be submitted elsewhere. Manu-
scripts that report data without giving an analysis, interpretation, or dis-
cussion are only acceptable if the data are suffi ciently important that 
publication is expected to lead to signifi cant new studies or advance-
ments in science or technology. 

Manuscripts must be submitted to the Journal of Materials Research 
electronically via ScholarOne manuscripts, at the following website 
address: http://mc.manuscriptcentral.com/jmr. Electronic submission ex-
pedites the review process and also allows authors to track the status of 
their manuscripts at any time. Complete instructions are available on the 
ScholarOne site and authors will be prompted to provide all necessary 
information.

Manuscripts must be prepared in English, using a word processing pro-
gram, formatted to fi t 8½ ×11 in. paper, and saved as .doc, .pdf, .rtf, or .ps 
fi les.  Separate graphics fi les (.eps and .tif) must be uploaded for each 
fi gure.  Authors may also upload .xls or .ppt supplemental fi les as part of 
the manuscript submission process. All of these fi les will be converted 
to .pdf format. Detailed instructions are available on the submission web 
site. During submission, authors must enter all coauthor names and 
e-mail addresses. Manuscripts will not be considered for peer review until 
this information is provided. Authors must also enter manuscript keywords 
using the JMR keyword list (located on the submission web site).  Authors 
who are not fl uent in English must have their manuscript edited for correct 
English grammar and sentence structure before submission. 

Authors are expected to follow the conventional writing, notation, and il-
lustration style prescribed in Scientifi c Style and Format: the CSE Manual 
for Authors, Editors and Publishers, 7th edition, 2006. Authors should 
also study the form and style of printed material in this journal. SI units 
should be used. Authors should use an identical format for their names in 
all publications to facilitate use of citations and author indexes. 

Manuscripts are accepted with the understanding that they represent 
original research, except for review articles, and that they have not been 
copyrighted, published, or submitted for publication elsewhere. Authors 
submitting manuscripts to JMR who have related material under consid-
eration or in press elsewhere should send a copy of the related material 
to JMR at the time of submission. While their manuscripts are under 
consideration at JMR, authors must disclose any such related material. 
To expedite the review process, authors may provide names and contact 
information for up to four possible reviewers. 

Articles are original research reports that include complete, detailed, 
self-contained descriptions of research efforts. All articles must contain 
an abstract and section headings. 

Commentaries and Reviews: Journal of Materials Research occasionally 
publishes commentaries on topics of current interest or reviews of the 
literature in a given area. If an author proposes a review, the title, ab-
stract, and a brief outline should be submitted to the Editorial Offi ce 
via e-mail for prior consultation on the appropriateness of the topic. 

Color policy: It is not necessary for authors to indicate that a fi gure 
should be displayed in color online. JMR will assume that any author 
who submits fi gures in color wants and agrees to their being produced in 
color online. Figures may be printed in color at the author’s request for 
an additional charge. Color fi gures must be submitted before the paper 
is accepted for publication, and cannot be received later in the process. 
Authors cannot submit two versions of the same fi gure, one for color and 
one for black and white; only one version can be submitted. Authors need 
to carefully consider the following when submitting fi gures in color that will 

be published in color online only: 1) The colors chosen must reproduce 
effectively and the colors should be distinguishable when printed in black 
and white; 2) The descriptions of fi gures in text and captions must be 
suffi ciently clear for both online and print copy. When submitting fi gures 
to be in color online only, authors should include the phrase <<color on-
line>> in the fi gure captions. This is the author’s responsibility. Authors will 
see these color fi gures when viewing their author page proofs on screen. 
Authors  should always print their page proofs in black and white to see 
how they will appear in print. Authors will NOT be allowed to submit color 
fi gures to replace black and white fi gures in the page proof stage. To 
maximize the probability that fi gures will be published in color online and 
also print as good quality black and white or grayscale graphics, authors 
are encouraged to follow these fi gure submission guidelines: 1) Submit a 
color graphic in Tagged Image File Format (.tif); 2) Submit color graphics 
with a resolution of at least 300 dpi (600 dpi if there is text or line art in the 
fi gure); 3) Submit color graphics in CMYK format; 4) Submit fi gures sized 
to fi t the actual column or page width of the journal so that reduction or 
enlargement is not necessary; 5) Submit multipart fi gures in one single 
electronic fi le.

Copyright © 2014, Materials Research Society.  All rights reserved. No 
part of this publication may be reproduced, in any form or by any means, 
electronic, photocopying, or otherwise, without permission in writing from 
Cambridge University Press.  Policies, request forms and contacts are 
available at: http://www.cambridge.org/rights/permissions/permission.
htm. Permission to copy (for users in the USA) is available from 
Copyright Clearance Center http://www.copyright.com, email: info@
copyright.com.

Journal of Materials Research Subscription Prices (2014) 
[includes on-line web access]

USA and
Poss. Non-US

Online 
Only

MRS Regular and Student 
 Members  $267.00  $303.00  $100.00

Institutions $1693.00 $1683.00 $1528.00

Journal of Materials Research (ISSN: 0884-2914) is published twenty-four 
times a year by Cambridge University Press, 32 Avenue of the Americas, 
New York, NY 10013 – 2473 for the Materials Research Society. Peri-
odical Postage Paid in New York, NY and additional mailing offi ces. 
POSTMASTER: Send address changes to Journal of Materials Research, 
c/o Journals Dept., Cambridge University Press, 100 Brook Hill Drive, 
West Nyack, NY 10994-2113, USA.

Subscriptions, renewals, address changes, and single-copy orders 
should be addressed to Subscription Fulfi llment, Journal of Materials 
Research, Cambridge University Press, 100 Brook Hill Drive, West Nyack, 
NY 10994-2133, USA (for USA, Canada, and Mexico); or Cambridge 
University Press, The Edinburgh Building, Shaftesbury Road, Cambridge, 
CB2 8RU, England (for UK and elsewhere). Allow at least six weeks 
advance notice. For address changes, please send both old and new 
addresses and, if possible, include a mailing label from a recent issue. 
Requests from subscribers for missing journal issues will be honored 
without charge only if received within six months of the issue’s actual 
date of publication; otherwise, the issue may be purchased at the single-
copy price. 

Reprints of individual articles in Journal of Materials Research may be 
ordered. For information on reprints, please contact Cambridge Univer-
sity Press. 

Individual member subscriptions are for personal use only.

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

13
.0

22
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1557/jmr.2013.022


CODEN: JMREEE

ISSN: 0884-2914

Journal of

MATERIALS RESEARCH
Editor-in-Chief: Gary L. Messing, The Pennsylvania State University

Associate Editor, Biomaterials: Adrian Mann, Rutgers University

Associate Editor, Metallic Materials: Jürgen Eckert, IFW Dresden, Germany

Associate Editor, Polymers and Organic Materials: Howard E. Katz, Johns Hopkins University

Guest Editors for Focus Issue: Graphene and Beyond

Joshua A. Robinson, The Pennsylvania State University

Mauricio Terrones, The Pennsylvania State University and Shinshu University, Japan

John J. Boeckl, Air Force Research Laboratory

Joshua Goldberger, The Ohio State University

Chakrapani Varanasi, US Army Research Office

Editorial Office: Eileen Kiley Novak, Director of Communications, Materials Research Society, Warrendale, PA

Ellen W. Kracht, Publications Manager, Materials Research Society, Warrendale, PA

Linda A. Baker, JMR Editorial Assistant, Materials Research Society, Warrendale, PA

Sarah E. Ashlock, JMR Production Assistant, Materials Research Society, Warrendale, PA

2014 Principal Editors:

Cover: FIG. 7(a). SEM image of three CNT films stacked together. [S. Fairchild, J. Bulmer, M. Sparkes, J. Boeckl, M. Cahay, T. Back,

P.T. Murray, G. Gruen, M. Lange, N.P. Lockwood, F. Orozco, W. O’Neill, C. Paukner, and K.K.K. Koziol: Field emission from laser cut

CNT fibers and films. p. 392].

Lennart Bergström, Stockholm University, Sweden

Robert C. Cammarata, Johns Hopkins University

Edwin A. Chandross, MaterialsChemistry LLC

Ping Chen, Dalian Institute of Chemical Physics, China

Xiaobo Chen, University of Missouri-Kansas City

Yang-T. Cheng, University of Kentucky

Paolo Colombo, University of Padova, Italy; The Pennsylvania

State University

Franz Faupel, Universitäet Kiel, Germany
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José Arana Varela, University of Sao Paulo State, Brazil

William J. Weber, University of Tennessee/Oak Ridge National

Laboratory

Sam Zhang, Nanyang Technological University, Singapore

Yanchun Zhou, Aerospace Research Institute of Materials and

Processing Technology, China

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

13
.0

22
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1557/jmr.2013.022


Journal of MATERIALS RESEARCH

Volume 29, Number 3, February 14, 2014

GRAPHENE AND BEYOND

297–298 Introduction Joshua A. Robinson, Mauricio
Terrones, Joshua Golberger,
John J. Boeckl,
Chakrapani Varanasi

INVITED REVIEWS

299–319 Graphene synthesis and application for solar cells Santanu Das,
Pitchaimuthu Sudhagar,
Yong Soo Kang, Wonbong Choi

320–337 Complex oxide nanomembranes for energy conversion and
storage: A review

Kian Kerman,
Shriram Ramanathan

338–347 Characterizing mechanical behavior of atomically thin films:
A review

Changhong Cao, Yu Sun,
Tobin Filleter

INVITED PAPER

348–361 Two-dimensional layered materials: Structure, properties, and
prospects for device applications

Anupama B. Kaul

INVITED FEATURE PAPER

362–372 Characterizing phonon thermal conduction in polycrystalline
graphene

Yanlei Wang, Zhigong Song,
Zhiping Xu

INVITED PAPERS

373–382 Bilayers of transition metal dichalcogenides: Different stackings
and heterostructures

Humberto Terrones,
Mauricio Terrones

383–391 New methods of synthesis and varied properties of carbon
quantum dots with high nitrogen content

Sunita Dey, Pallellappa Chithaiah,
Sunita Belawadi, Kanishka Biswas,
C.N.R. Rao

392–402 Field emission from laser cut CNT fibers and films Steven B. Fairchild,
John S. Bulmer, Martin Sparkes,
John Boeckl, Marc Cahay,
Tyson Back, P. Terrence Murray,
Gregg Gruen, Matthew Lange,
Nathaniel P. Lockwood,
Francisco Orozco, William O’Neill,
Catharina Paukner,
Krzysztof K.K. Koziol

403–409 Copper oxide as a “self-cleaning” substrate for graphene growth Carl W. Magnuson,
Xianghua Kong, Hengxing Ji,
Cheng Tan, Huifeng Li,
Richard Piner, Carl A. Ventrice Jr.,
Rodney S. Ruoff

410–416 Epitaxial co-deposition growth of CaGe2 films by molecular beam
epitaxy for large area germanane

Igor V. Pinchuk,
Patrick M. Odenthal,
Adam S. Ahmed, Walid Amamou,
Joshua E. Goldberger,
Roland K. Kawakami

(Continued)

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

13
.0

22
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1557/jmr.2013.022


417–425 Vertical graphene by plasma-enhanced chemical vapor
deposition: Correlation of plasma conditions and growth
characteristics

Emil Sandoz-Rosado,
William Page, David O’Brien,
Joshua Przepioski, Dennis Mo,
Benjamin Wang,
Tam-Triet Ngo-Duc, Jovi Gacusan,
Michael W. Winter, M. Meyyappan,
Robert D. Cormia,
Shuhei Takahashi, Michael M. Oye

426–438 Properties of epitaxial graphene grown on C-face SiC compared
to Si-face

Leif I. Johansson,
Chariya Virojanadara

439–446 High-resolution x-ray analysis of graphene grown on 4H–SiC
(0001̄) at low pressures

Michael A. Capano,
Benjamin M. Capano,
Dallas T. Morisette, Alberto Salleo,
Sangwon Lee, Michael F. Toney

447–458 Adsorption on epitaxial graphene on SiC(0001) Han Huang,
Andrew Thye Shen Wee

ARTICLES

459–471 Prospects of direct growth boron nitride films as substrates for
graphene electronics

Michael S. Bresnehan,
Matthew J. Hollander,
Maxwell Wetherington, Ke Wang,
Takahira Miyagi, Gregory Pastir,
David W. Snyder,
Jamie J. Gengler,
Andrey A. Voevodin,
William C. Mitchel,
Joshua A. Robinson

472–484 Effect of graphitic filler size and shape on the microstructure,
electrical percolation behavior and thermal properties of
nanostructured multilayered carbon films deposited onto
paper substrates

Rachel L. Muhlbauer,
Timothy L. Pruyn,
Waylon T. Puckett,
Rosario A. Gerhardt

Journal of MATERIALS RESEARCH Vol. 29, No. 3, February 14, 2014

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

13
.0

22
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1557/jmr.2013.022

