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1. Optical photographs, Raman spectrum, and light transmittance of CVD graphene
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Figure Sl (a) Large-area clean CVD graphene transferred to Si substrate with 300 nm
oxide layer on top. No macroscopic metal and polymer residusg@neon graphene
surface (b) Raman spectrum of the transferred graphene op 3@ 2D peak can be
described by a symmetric single Lorentzian with the full widthabff tmaximum of

30 cmi’.The 2D over G intensity ratio is >1.5. The spectrum isifetgss near the D
mode (1350 c), indicating that the transferred graphene film contains very low
defects(c) Optical photograph of a 2x2 é@VD graphene transferred to glass
substrate(d) Light transmittance of graphene films with 1 to 4 layetse Tight
transmittance of a single-layer graphene is ~97% at 550 ngg twdhe theoretical

attenuation value of 2.3%.



2. TEM characterization of CVD Graphene

Figure S2 (a) and(b) show TEM images of our CVD graphene films used for mgki
flexible FETs on PET. The inset 82 (b) shows the selected-area electron diffraction
pattern.S2 (c)-(e) show the folding edges of graphene layers, providingtamative
way to determine the number of layers. Very small portion ofiltheappears to be

bi- or tri-layer graphene. For those FETSs fabricated on bi- or tri-grgghene, the
mobility calculated using the formula described in main ®eixpected to be far

below the mean mobility due to the screening of electric fieldegply the gate.



3. AFM imagesof CVD Grapheneon S and PET substrates

Graphene transfer to PET Graphene transfer to SiO,

Figure S3 AFM images of the CVD graphene transferred to Si and PET sulsstrate
The full scale of the image isyn. The lower panels show the height profiles of the
scans indicated by the dashed lines. A height step of ~1 nibrecaearly seen at the
edge of graphene film. Although the PET surface is rouglaer $1Q surface, the
transferred CVD graphene remains continuous over large areas withowrdppar

damage. The graphene film becomes semi-suspended on PE&tsubst



4. Processflow of devicefabrication
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Figure $4 Schematic diagrams illustrating device fabrication process on PET
substrate. Step 1, transfer CVD graphene on PET substrate, folbgveedeam
lithography patterning. Graphene stripes are formed. Stepdhdseebeam
lithography is applied to make the first layer of metal conf@&nm Cr/60 nm Au).
Step 3, third e-beam lithography is used to define the Alagyatgaphene. Step 4,
exposure of the devices in air to form a thin layer of alumionide around the Al
gate. Step 5, the fourth e-beam lithography is used toapeposition window,
covering the graphene stripe. Then, self-aligned drain/source elec{fofexm Cr/10

nm Au) are deposited.



5. TEM images of AlOx layer
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Figure S5 (a) Cross-sectional TEM image of the gate electrode. The 4@ grow
deep into the Al/graphene interface. The part exposed to aiecas thick as 12 nm,
while the part between the Al and graphene is only 5(bjrHigh-magnification

TEM image of the gate stack.



6. Comparison of device mobility in different flexible FETs

Table 1  Comparison of field-effect mobility in large-area flexibl@ §E
Minimum
Channel/substrate Gate Mobility On/Off bending Operating v
ear
materials diglectrics (cm?Vs) ratio radius voltage (V)
(mm)

] o SiO,-silicone
a-Si:H/Polyimide[1] ] 0.5 - 0.5 15 2010

hybrid

Polycrystalline ECR-PECVD

N o _ 50 10 - - 2007
Silicon/Polyimide[2] Oxide
a-1Gzo/
Polyethylene Y,03 7 16 30 10 2004
terephthalate[3]
a-IGZ0/Glass[4] Siy 35.8 16 - - 2007
Organic Single
J J PDMS 15 16 - - 2004
Crystals/PDMSI5]
Pentacene o
o Polyimide 0.5 10 0.5 40 2005
/Polyimide[6]
Pentacene, PVP, C10PA,
Et-6T-Et, C14-PA 0.1 - 25 25 2009
Dec-6T-Dec/PEN[7] IAIO,
Pentacene/
o SAM/AI O3 0.5 16 0.1 2 2010
Polyimide[8]

DNTT/PEN[9] Parylene 0.2 fo 8 20 2011
CNTs/Polyester[10] Parylene 1 10 - 40 2005
CNTs/Polyimide[11] Sio 150 16 - - 2005
CNTs/Polyimide[12] HfO, 80 16 5 <5 2008
CNTs/Polyimide[13] lon gel 50 16 - <3 2010

CNTs/PEN[14] AO; 630 16 - 5 2011

Hole: 203
Graphene/PET[15] lon gel 8 6 3 2010
Electron: 91
Graphene/PET Hole: 300
AlO, <4 >8 3 -

[this work]

Electron: 230
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7. Transfer characteristics of self-aligned graphene FETson PET substrate

I o Experimental Data
— - = Fitting curve

Figure S7 (a) Optical photograph of flexible graphene FETs on PET.gdte length

is 2um, and the channel width is#. (b) Transfer characteristics of the same device
shown inFig. 3cin main text, plotted in the form ofikversus s - Vig.cne The

solid red curve is obtained by fitting using the equatiowrmiasd in the main text.

The fitted curve agrees well with the experimental data, with thdueds

concentration of = 7 x 16" cm?, Reontace 24009, and the mobility oft ~5000

cni/Vs.



8. Tensilestrain caused by bending PET substrate
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Figure S8 (a) Schematic diagram of PET bendiliig) Table of tensile strains
corresponds to different bending radii. Tensile strain was applige graphene
sheet on the top surface of PET substrate while bending. \Wimaskat the thickness
of PET substrate remains unchanged and the mid level ofhb&rate (blue dashed
line) is strain-free upon bending. The strain is derived byluligithe increase in
length of the strained top surface (red dashed line) by the uestiaimgth (blue
dashed line). From the simple calculation, we obtain the tensila sf graphene to
be 10@/ (2R + t)%, wheret is the thickness of PET substrate (1@% in this case)

andR is the bending radius.



9. Self-healing by electrical annealing
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Figure S9 The self-healing rate can be expedited using electrical annealinfpuive:
that sweeping the positive gate-source voltage can drive the egideuth, and the
tunneling current gradually decreases upon the gate sweegsows m(d), the
transfer characteristics of the graphene FET can recover to theirgsiste after 5-6
rounds. In the early stages of regrowth, the newly grownakide layer results in a
steepet-Vgs curve (red), corresponding to a higlygrin the graphene FETs. As the
oxide thickness increases with increasing electrical annealing rabedgte

capacitance decreases as does the slope bf\taecurve (blue).



10. Electron tunneling through the Al/AlIO,/graphenejunction

For a rectangular barrier, the current at low bias limit is given b
| OV, expE2d,/2md, /7), wherem is the electron masd,is the barrier width,®g

is the barrier height, and is the reduced Planck's constant. Raising the bias, the

barrier starts thinning at the Fermi energy, yielding a triangwdands. Within the
WKB approximation, the triangular barrier giveS V. exp(-4d./2md? /3kqV,.) .

To compare transport in the two distinct barrier profiles|#Wgs curves for low bias
can be linearized in a logarithmic scale as
2d,/2mo

In(l—z) O In(i) -—N—_'B

Vds Vds h (Sl)
Similarly, thel-Vgs curves for high bias can be rearranged as

| ad+/2mdd 1

In(57) 0-—Y =2 ().

Vds th Vds (82)
From the Eq. (1), it is obvious that a plot bf(1 /v 2) -1/Vv, will show a logarithmic

growth which describes transport in terms of direct tunnelmg.ontrast, a plot of
In(1 /v2)-1/V, will yield a linear relation with slope proportional @3 in Eq.

(S2), which depicts transport via field emission (Fowler-Nordhinmeling). Using
Eq. (S1) and Eq. (S2), one can distinguish different tunnékmgviors in accordance
with the specific barrier profile. In Fig. S10, the current-voltage chenatits of
transport through the junction exhibit an inflection poioh a plot of

, providing evidence for a mechanistic transition from direct
tunneling to field emission. The transition indicates a chamhgerectangular barrier
to a trianglular barrier at the junction. Electronic conductioimged by the rate at

which carriers with energydcan be injected from the metal and tunnel through the



triangular barrier into a defect level in the oxide. It shoulddite that field emission
experiments generally involve barriers with both substantidthavénd height, so no
measurable current flows prior to the onset of field emission. Thiereddransition
from direct tunneling to field emission will only be seentfu case of a small barrier
height and width, such as is found in the metal/molecule/metadtions and

graphene/AlOx/Al junctions with hydrogen-induced defect level

o
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Figure S10 (a) In(l, IVZ) —1/V,, plot of thel¢-Vrg curve shown in Fig. 4(b) in the

main text. The blue line and red curve are the fits of linear alugjafithmic
dependence of ¥tg, respectively(b) The zoom-in plot of (a) at the high voltage.

The dotted red line denotes the transition pog{3.6 V), at which the tunneling
mechanism changes. The blue line and red curve are the fits ofdimceaf

logarithmic dependence of\i#;, respectively. Also shown are drawings of the barrier
shape in the two different transport regimes. The dashed lihe tvlue barrier

indicates the defect level.



