
AFRL-AFOSR-UK-TR-2015-0034 
 
 
 
 
 
 

 
 

Studies by Near Edge X-ray Absorption  
Spectroscopies of Bonding Dynamics at the 

Graphene/Guanine Interface – A Proposal for High  
Mobility, Organic Graphene Field Effect Transistors 

 
 

Eva Campo 
  

 BANGOR UNIVERSITY 
 COLLEGE ROAD 

 BANGOR, GWYNEDD,  LL57 2DG 
 UNITED KINGDOM 

 
 

EOARD GRANT #FA9550-14-1-0099 
 
 

Report Date: July 2015 
 

Final Report from 15 April 2014 to 14 April 2015 
 

 
 
 

 
 
 

Air Force Research Laboratory 
Air Force Office of Scientific Research 

European Office of Aerospace Research and Development 
Unit 4515, APO AE 09421-4515 

Distribution Statement A:  Approved for public release distribution is unlimited. 



 

 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data 
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other 
aspect of this collection of information, including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information 
Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other 
provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. 
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1. REPORT DATE (DD-MM-YYYY) 

1 July 2015 

2. REPORT TYPE 

Final 
3. DATES COVERED (From - To) 

15 April 2014 - 14 April 2015 
4. TITLE AND SUBTITLE 

Studies by Near Edge X-ray Absorption Spectroscopies of Bonding 
Dynamics at the Graphene/Guanine Interface - A Proposal for High Mobility, 
Organic Graphene Field Effect Transistors 

5a.  CONTRACT NUMBER 

FA9550-14-1-0099 

5b. GRANT NUMBER 

Grant 14IOE041 

5c. PROGRAM ELEMENT NUMBER 

61102F 
6. AUTHOR(S) 

Eva Campo 
5d. PROJECT NUMBER 

5e.  TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

BANGOR UNIVERSITY 
COLLEGE ROAD 
BANGOR, GWYNEDD, LL57 2DG 
UNITED KINGDOM 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

EOARD 
Unit 4515 
APO AE 09421-4515 

10. SPONSOR/MONITOR'S ACRONYM(S) 

AFRL/AFOSR/IOE (EOARD) 

11. SPONSOR/MONITOR'S REPORT 
NUMBER(S) 

AFRL-AFOSR-UK-TR-2015-0034 
12. DISTRIBUTION/AVAILABILITY STATEMENT 

Distribution A: Approved for public release; distribution is unlimited. 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 

This project was a study of DNA-based polymers (specifically guanine) as gate dielectrics in organic FETs, to examine the 
molecular arrangement of guanine on graphene via synchrotron spectroscopy. 1 and 4 ML graphene samples stamped on 
Silicon Carbide (SiC) were examined using two possible substrate terminations. The result showed that CVD-grown 
graphene transferred to SiC substrates seems electronically healthy; the choice of substrate termination makes little 
difference to the 4ML graphene but 1ML graphene most closely resembles native graphene on SiC when used with the Si- 
terminated surface. Structural and chemical analysis suggest healthy dielectric epilayers, suggesting further exploration. 

15.  SUBJECT TERMS 

EOARD, graphene, guanine, GFET 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 

 
 

SAR 

18.  NUMBER
OF 
PAGES 

 

4 

19a. NAME OF RESPONSIBLE PERSON 

PUTZ, VICTOR a. REPORT 
 
 
UNCLAS 

b. ABSTRACT 
 
 

UNCLAS 

c. THIS PAGE 
 
 
UNCLAS 

19b. TELEPHONE NUMBER (Include area code) 

dsn 235-6013 

Standard Form 298 (Rev. 8/98) 
Prescribed by ANSI Std. Z39.18 



	
  
Abstract/	
  Background	
  
NEXAFS	
  spectra	
  reported	
  here	
  were	
  acquired	
  at	
  the	
  C-­‐k	
  edge	
  at	
  NSLS-­‐I,	
  beam	
  line	
  U8b.	
  The	
  spectroscopic	
  study	
  
lead	
  by	
  the	
  Laboratory	
  for	
  Matter	
  Dynamics	
  (Bangor	
  University	
  and	
  University	
  of	
  Texas	
  at	
  San	
  Antonio)	
  is	
  the	
  
initial	
   result	
   of	
   a	
   collaborative	
   between	
   NIST	
   (beam	
   line	
   managers),	
   Synchrotron	
   Reserch	
   (detector	
  
developers),	
  and	
  Wright	
  Patterson-­‐Air	
  Force	
  Research	
  Laboratories	
  (whom	
  provided	
  the	
  samples).	
  This	
  project	
  
has	
  been	
  funded	
  in	
  part	
  by	
  AFOSR	
  Grant	
  FA9550-­‐14-­‐1-­‐0099,	
  the	
  U.S.	
  Department	
  of	
  Energy,	
  Office	
  of	
  Science,	
  
Office	
   of	
   Basic	
   Energy	
   Sciences,	
   under	
   Contract	
   No.	
   DE-­‐AC02-­‐98CH10886,	
   and	
   an	
   incipient	
   computational	
  
effort	
   around	
   graphene	
   nanointerfaces	
   is	
   funded	
   by	
   a	
   High	
   Power	
   Computing	
   Wales/Fujitsu	
   Fellowship	
  
secured	
   by	
   the	
   LMD,	
   which	
   features	
   an	
   on-­‐going	
   collaborative	
   with	
   the	
   Molecular	
   Foundry	
   at	
   Lawrence	
  
Berkeley	
  National	
  Laboratories.	
  
	
  
Figure	
  1	
  below	
  features	
  a	
  comparative	
  analysis	
  of	
  1	
  and	
  4	
  ML	
  graphene	
  stamped	
  on	
  SiC;	
  where	
  the	
  
two	
  possible	
  substrate	
  terminations	
  are	
  	
  considered:	
  Si	
  face	
  (left),	
  carbon	
  face	
  (center),	
  as	
  well	
  as	
  
natively	
  grown	
  graphene	
  on	
  SiC	
  (right).	
  
	
  
The	
  π*	
  emissions	
  from	
  C=C	
  at	
  285	
  eV	
  is	
  clearly	
  resolved,	
  suggesting	
  good	
  quality	
  graphene	
  in	
  all	
  
systems	
  in	
  Figure	
  1.	
  Presence	
  of	
  π*	
  C=C	
  emissions	
  on	
  pristine	
  substrates	
  could	
  point	
  towards	
  a	
  
chemically	
  defective	
  substrate	
  preparation	
  prior	
  to	
  graphene	
  deposition.	
  However,	
  the	
  question	
  
remains	
  as	
  to	
  the	
  similarity	
  between	
  the	
  analyzed	
  substrates	
  and	
  the	
  substrates	
  used	
  inmediately	
  
prior	
  to	
  deposition.	
  
	
  
Emissions	
  at	
  ~287	
  and	
  288	
  eV	
  are	
  typically	
  assinged	
  to	
  	
  σ*	
  C-­‐H	
  and	
  π*	
  C=O	
  respectively.	
  Decreased	
  
intensities	
  at	
  287	
  eV	
  at	
  4ML	
  for	
  Si	
  termination	
  (Figure	
  1	
  left)	
  suggests	
  that	
  C-­‐H	
  impurities	
  could	
  in	
  fact	
  
be	
  in	
  the	
  substrate.	
  Conversely,	
  π*	
  C=O	
  signal	
  ~	
  288eV	
  has	
  a	
  diminished	
  intensity	
  in	
  the	
  substrate	
  and	
  
increases	
  with	
  graphene	
  	
  in	
  both	
  terminations	
  (Figure	
  1	
  left	
  and	
  center),	
  suggesting	
  an	
  impurity	
  
adsorbed	
  to	
  the	
  graphitic	
  structure.	
  	
  
Emissions	
  	
  σ*	
  C-­‐C	
  and	
  C-­‐Si	
  from	
  substrate	
  will	
  lie	
  at	
  similar	
  energies	
  within	
  the	
  291-­‐294	
  eV,	
  and	
  to	
  the	
  
former,	
  both	
  SiC	
  and	
  graphene	
  will	
  contribute;	
  albeit	
  with	
  different	
  spectral	
  fingerprints	
  as	
  seen	
  in	
  
Figure	
  1.	
  In	
  fact,	
  the	
  σ*C-­‐Si	
  from	
  the	
  substrate	
  can	
  be	
  seen	
  in	
  all	
  graphene	
  spectra	
  in	
  Figure	
  1	
  as	
  an	
  
additional	
  shoulder	
  around	
  290	
  eV,prior	
  to	
  the	
  typical	
  σ*C-­‐C	
  double	
  peak	
  of	
  graphene	
  at	
  around	
  292-­‐
294	
  eV.	
  
	
  
	
  

	
   	
   	
  
	
  
Epitaxially-­‐grown	
  graphene	
  on	
  SiC	
  (Figure	
  1	
  left)	
  shows	
  the	
  typical	
  rich	
  structure	
  at	
  energies	
  >	
  292	
  
eV,	
  suggesting	
  optimum	
  growth,	
  inclusive	
  of	
  the	
  expected	
  σ*	
  C-­‐H	
  and	
  π*	
  C=O	
  emissions,	
  with	
  lower	
  
intensity	
  than	
  the	
  transferred	
  graphene	
  on	
  SiC	
  for	
  either	
  substrate	
  termination.	
  
	
  
Interestingly,	
  graphene	
  lineshapes	
  can	
  readily	
  be	
  observed	
  at	
  1	
  ML;	
  albeit	
  the	
  spectrum	
  from	
  
graphene	
  ML	
  transferred	
  to	
  the	
  C	
  face	
  substrate	
  is	
  dominated	
  by	
  the	
  substrate	
  itself,	
  with	
  a	
  high	
  
presence	
  of	
  the	
  C-­‐Si	
  bonds.	
  	
  However,	
  at	
  4ML,	
  the	
  expected	
  graphitic	
  spectra	
  is	
  observed	
  in	
  both	
  
terminations.	
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Figure	
  2	
  above	
  shows	
  spectral	
  signatures	
  upon	
  10	
  nm	
  deposited	
  PMMA	
  and	
  7	
  nm	
  deposited	
  guanine	
  
on	
  C	
  and	
  Si-­‐	
  terminated	
  substrates	
  respectively.	
  Reference	
  PMMA	
  and	
  guanine	
  data	
  (black)	
  has	
  been	
  
extracted	
  from	
  the	
  literature	
  for	
  comparison.	
  
Clearly	
  PMMA	
  dominates	
  all	
  spectra	
  (Figure	
  2	
  left)	
  both	
  for	
  1	
  and	
  4	
  ML	
  graphene;	
  with	
  prominent	
  π*	
  
C=O	
  signal	
  ~	
  288eV	
  and	
  σ*	
  C-­‐C	
  structure	
  at	
  291-­‐294	
  eV.	
  The	
  small	
  intensity	
  just	
  below	
  290eV	
  is	
  
attributed	
  to	
  the	
  broad	
  C-­‐Si	
  signal	
  on	
  SiC.	
  The	
  presence	
  of	
  graphene,	
  either	
  1	
  or	
  4	
  ML	
  is	
  hardly	
  
revealed	
  in	
  these	
  scans;	
  possibly	
  due	
  to	
  a	
  thick	
  dielectric	
  layer	
  with	
  high	
  density.	
  Albeit,	
  the	
  chemical	
  
quality	
  of	
  the	
  overlayer	
  is	
  high,	
  and	
  there	
  is	
  no	
  indication	
  of	
  severe	
  disruptions	
  in	
  the	
  structure.	
  	
  
	
  
When	
  guanine	
  is	
  deposited	
  on	
  Si-­‐terminated	
  SiC,	
  the	
  presence	
  of	
  graphene	
  is	
  observed	
  in	
  both	
  1	
  and	
  4	
  
ML	
  devices.	
  This	
  is	
  possibly	
  due	
  to	
  a	
  thinner	
  deposited	
  layer,	
  where	
  the	
  signal	
  is	
  less	
  absorbed.	
  	
  
Indeed,	
  specific	
  C-­‐H	
  signals	
  can	
  be	
  observed	
  from	
  1	
  and	
  4	
  ML,	
  at	
  higher	
  energy	
  than	
  the	
  287	
  eV	
  
emission	
  from	
  pristine	
  guanine.	
  The	
  rich	
  texture	
  between	
  291	
  and	
  310	
  eV	
  is	
  also	
  attributed	
  to	
  
graphene,	
  as	
  can	
  be	
  easily	
  compared	
  with	
  Figure	
  1	
  left.	
  	
  
Although	
  a	
  computational	
  approach	
  is	
  needed	
  to	
  fully	
  deconvolute	
  all	
  signals	
  involved	
  in	
  the	
  
spectrum,	
  the	
  presence	
  of	
  the	
  distinctive	
  guanine’s	
  π*	
  C=O	
  at	
  288	
  eV,	
  inclusive	
  of	
  a	
  peculiar	
  shoulder	
  
on	
  the	
  low-­‐energy	
  end,	
  suggests	
  that	
  the	
  quality	
  of	
  the	
  desposited	
  guanine	
  is	
  high,	
  without	
  deleterious	
  
interactions	
  with	
  the	
  graphitic	
  underlayer.	
  	
  
	
  
	
  
Conclusions	
  
	
  
CVD-­‐grown	
  graphene	
  seems	
  electronically	
  healthy	
  upon	
  transfer	
  to	
  SiC	
  substrates,	
  as	
  evidenced	
  by	
  a	
  
visible	
  π*	
  emissions	
  from	
  C=C	
  at	
  285	
  eV.	
  	
  The	
  spectroscopic	
  signatures	
  of	
  SiC	
  with	
  C	
  and	
  Si	
  
terminations	
  lead	
  to	
  distinctive	
  spectra	
  from	
  1	
  ML	
  graphene,	
  but	
  to	
  comparable	
  spectra	
  from	
  4	
  ML	
  
graphene,	
  with	
  additional	
  C-­‐H	
  groups	
  being	
  observed	
  in	
  the	
  C-­‐terminated	
  face.	
  The	
  question	
  arises	
  as	
  
per	
  the	
  processing	
  of	
  the	
  SiC	
  wafers;	
  whether	
  the	
  imaged	
  susbtrates	
  are	
  in	
  fact,	
  representative	
  of	
  the	
  
very	
  same	
  surfaces	
  where	
  graphene	
  deposition	
  took	
  place.	
  In	
  applications	
  where	
  1ML	
  graphene	
  is	
  
needed,	
  the	
  Si-­‐terminated	
  surface	
  is	
  recommended,	
  as	
  it	
  resembles	
  more	
  closely	
  to	
  that	
  of	
  native	
  
graphene	
  on	
  SiC;	
  albeit,	
  with	
  increased	
  C-­‐H	
  and	
  C=O	
  impurities.	
  In	
  applications	
  where	
  4	
  ML	
  of	
  
graphene	
  is	
  needed,	
  NEXAFS	
  spectra	
  yields	
  little	
  preference	
  in	
  the	
  choice	
  of	
  substrate	
  termination.	
  
	
  
Structural	
  and	
  chemical	
  analysis	
  suggest	
  healthy	
  dielectric	
  epilayers.	
  The	
  presence	
  of	
  graphene	
  is	
  
more	
  visible	
  from	
  the	
  thinner	
  epilayer	
  (guanine)	
  and	
  on	
  going	
  theory	
  efforts	
  offer	
  promise	
  to	
  
deconvolute	
  the	
  contribution	
  of	
  the	
  different	
  actors	
  to	
  the	
  overall	
  spectrum.	
  	
  
	
  
Given	
  the	
  novelty	
  of	
  this	
  approach,	
  perhaps	
  a	
  recommended	
  course	
  of	
  action	
  would	
  involve	
  analysis	
  of	
  
both	
  failed	
  and	
  optimized	
  devices;	
  to	
  help	
  identify	
  chemical	
  and	
  structural	
  markers	
  in	
  the	
  overall	
  
structure.	
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