Accelerating the Development of Transparent
Graphene Electrodes through Basic Science-
Driven Chemical Functionalization
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— IR coatings / electrochromic windows

e Conducting oxides, i.e., ITO

High conductivity and transparency
Resists moisture and scratching
Brittle and non-conformable

Difficult to tune chemical/physical properties RN o R e i o s
Rare/expensive materials (indium) Atomic number, Z

Price (US$/kg)

Refined Production (Tonnes

o
o

B
w

Major industrial metals in red Rh
Precious metals in purple H 2
Rare earth elements in blue Rarest "metals
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Graphene as a Transparent Electrode Binding Energy (eV) Binding Energy (eV)

8 e IanEparenielectrgces: bofinimm o owamms * CF;Ph interact with graphene through phys- and chemisorption.
* Chemisorbed CF;-aryl graphene shoulder can only be fit with an
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RESIStIVIty 1 mQ/ O (065X CU) Graphene (calculation) 9 Graphene (this work)

additional peak +1 eV from graphene peak: graphene e~ =» CF..

* 3.2 x 10** CF,Ph molecules-cm =» Closed-pack monolayer
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Transparency 0.98
Thermal Conductivity 5000 WmK? (~diamond)
Mechanical Strength 1 TPa (200x steel)
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N, = 10"cm”
u=2x10°cm’Vs

Sheet Resistance (Q/sq.)

* [ssues
—These are “perfect” values e o
—How to get Charge in/OUt? e —

* Van der Waals “out-of-plane”

* Momentum/energy matching
—Device fabrication

* Surface energy/wettability A= = 2x10Pomis

+ Work function/charge injection <%y - LT

Electronic States: UV Photoemission
Physisorbed vs. Chemisorbed CF;-Aryl Graphene
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Electrochemical Functionalization
lodonium Functionalization of Graphene
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CF,

—— Nitrophenyl Diazonium (2 mM), H2S04 (0.1 M), H20 *
[vs. Ag/AgCl, 0.2 V/sec]

—— Nitrophenyl lodonium (10 mM), TBAFB (0.1 M), ACN
[vs. Ag/AgCl, 0.05 V/sec]

—— Trifluoromethylphenyl lodonium (10 mM), TBAFB (0.1 M), ACN
[vs. Ag/Ag+, 0.1 V/sec]
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* Dip: Increased o intensity from CF,Ph; broad indicates disorder
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e CV:Sharper o peak =2 better orientation by covalent anchoring
@ 7t states to HBE =» sp? to sp3 conversion by covalent bonding
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20 mL Acetonitrile Q X e normalied  Work function differences also due to molecular orientation.
0.1 M TBAFB -100 I ( | . | . Ry substrate area—
0.01 M CF;-aryl iodonium*/TfO 1.2 08 -0.4 0.0 0.4

*Source: Gan et al., Small ASAP
DOI:10.1002/smil.201102302 (2012) Applied Bias [V]

* lodonium functionalization of graphene is a novel approach. Unlform Coverage: Scann'ng Raman

— More controlled than diazoniums used in most literature approaches. CFS-Aryl Functionalized Graphene
* Substrate: Epitaxial graphene on n-6H-SiC(0001). ——— ————————
— H-etched at 1400 °C, 20 min, Ar-annealed at 1600 °C, 30 min

: 5 sec CA éModifiéad/Mulztilayerg
+ CF,Ph functionalization from iodonium precursor. VD A s S s s S
: \ \ CV - Modified/M
— Cyclic voltammetry (1-2 scans) ) - o
— Chronoamperometry, diffusion- and kinetically-limited regimes (1-30 sec)
— Simple dip coating

Visual
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Significance

 Demonstrated controlled basal plane chemical functionalization of
near-perfect epitaxial graphene grown on SiC(0001).

* Phenylene functionalization can serve as linkages for attaching
other molecules; first step to more directed functionalization.

* Changes in electronic structure promising for tailored properties in
integrated circuits, quantum wells, and transparent electrodes.
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* Functionalization introduces a graphene “defect” peak in Raman.
=>» Breaking of sp? configuration, conversion to sp3 bonds.

* Functionalization is very uniform over the basal plane.

* Two different monolayer regions present with differing strain.
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