NORTHWESTERN UNIVERSITY

Graphene Inks with Cellulosic Dispersants:

Development and Applications for Printed Electronics

A DISSERTATION

SUBMITTED TO THE GRADUATE SCHOOL
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

for the degree

DOCTOR OF PHILOSOPHY

Field of Materials Science and Engineering

By

Ethan Benjamin Secor

EVANSTON, ILLINOIS

September 2017



© Copyright by Ethan Benjamin Secor 2017
All Rights Reserved



ABSTRACT

Graphene Inks with Cellulosic Dispersants:
Development and Applications for Printed Electronics

Ethan Benjamin Secor

Graphene offers promising opportunities for applications in printed and flexible electronic
devices due to its high electrical and thermal conductivity, mechanical flexibility and strength, and
chemical and environmental stability. However, scalable production and processing of graphene
presents a critical technological challenge preventing the application of graphene for flexible
electronic interconnects, electrochemical energy storage, and chemically robust electrical contacts.
In this thesis, a promising and versatile platform for the production, patterning, and application of
graphene inks is presented based on cellulosic dispersants. Graphene is produced from flake
graphite using scalable liquid-phase exfoliation methods, using the polymers ethyl cellulose and
nitrocellulose as multifunctional dispersing agents. These cellulose derivatives offer high colloidal
stability and broadly tunable rheology for graphene dispersions, providing an effective and tunable
platform for graphene ink development. Thermal or photonic annealing decomposes the polymer
dispersant to yield high conductivity, flexible graphene patterns for various electronics
applications. In particular, the chemical stability of graphene enables robust electrical contacts for
ceramic, metallic, organic and electrolytic materials, validating the diverse applicability of
graphene in printed electronics. Overall, the strategy for graphene ink design presented here offers
asimple, efficient, and versatile method for integrating graphene in a wide range of printed devices
and systems, providing both fundamental insight for nanomaterial ink development and realistic

opportunities for practical applications.
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and the Printing dIrECHION. ........civiiii e re e re e nas

Figure 4.6. Surface profile of screen-printed graphene lines through 20 pm wide line
opening, from (a) Ink 1 in Direction A and B and (b) Ink 2 in Direction A and B. Wprinted
was measured from one side to the other side of printed graphene lines and thickness was

obtained from average thickness between sides of printed graphene lines. ...........cccccvevveeneenee.

Figure 4.7. Aspect ratio (thickness/width) of the screen-printed graphene lines for different

iNks and Printing diFECLIONS. ........cviiii ettt s r e e e re e e

Figure 4.8. OM image of screen-printed graphene to measure electrical properties of the
graphene lines for different lengths and Whrinted. (b) SEM image of the graphene following
annealing. (c) Resistance per unit length of the graphene as a function of Wprinted. (d)
Relative resistance of the screen-printed graphene lines on flexible substrates with two
different thicknesses over 1000 bending cycles at a bending radius of 4 mm, corresponding

£0 1000 tENSTIE SEIAIN. ..ottt e ettt e e e e e e e et e e e e e e e e e e eeeeens

Figure 4.9. Thickness of the printed graphene lines after annealing at a temperature of 300

O 08 B0 NN, ettt e e et e e e a e e e e e ——

Figure 4.10. (a) OM image of screen-printed graphene source and drain electrodes on a
polyimide substrate for EGTs (W/L = 900um/90um). (b) Schematic illustration for the
EGT architecture fabricated on the graphene electrodes. (c) Transfer and (d) output
characteristics of the printed EGTs. The voltage sweep rate was 50 mV s, e) Stability of
charge carrier mobility (u) and threshold voltage (V) for the EGTs during repeated

bending cycles with a bending radius of 4 mm, corresponding to 1.0% strain. .......................

Figure 5.1. Inkjet printing and intense pulsed light (IPL) annealing of graphene. (a) AFM
image of graphene flakes; inset: image of graphene ink vial. (b) Schematic illustration of
inkjet printing of graphene. (c) Schematic illustration of IPL annealing applied to graphene

PALLEITIS. ...ttt vttt ettt ettt ettt e bt e bttt e b et et et et et et et et et et et et et et et et et et et et esasesetasasasasasnas

Figure 5.2. Characterization of solvent-exfoliated graphene comprising the inks. (a) Flake
area distribution for the graphene sample, indicating both number-weighted and volume-
weighted distributions. (b) Flake thickness distribution showing both number-weighted and

volume-weighted NISTOQIaMS. ......coviiii e e e re e
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Figure 5.3. (a) Graphene yield as a function of EC loading for sonication and shear mixing-
based exfoliation. (b) TGA curves of graphene/EC powders prepared with different initial
EC concentrations, illustrating the ability to broadly tune the final graphene/EC ratio. (c)
Graphene content as a percentage by weight of total solids for different batches, both prior

to and following the FlOCCUIAtION STEP. .......cciiieiiiieic e

Figure 5.4. Dependence of annealing on graphene:polymer ratio of the films. (a) Sheet
resistance as a function of processing conditions for a film containing 25% wt. graphene
for thermal (left) and IPL (right) annealing. (b) Corresponding sheet resistance as a
function of annealing conditions for a film containing 50% wt. graphene, showing

improved effectiveness Of IPL annealing. ........ccccocveivoiiiiiiie e

Figure 5.5. Raman spectroscopy of graphene films. (a,b) Evolution of the Raman D-to-G
band intensity ratio for films containing 25% wt. graphene following thermal and photonic
annealing, respectively. (c) Representative spectra for films containing 25% wt. graphene
prior to and following annealing with the most energetic thermal and IPL annealing
conditions. (d-f) Corresponding data for films containing 50% wt. graphene. Raman

spectra were collected using @ 532 NM ASET. ......ccveuiiieiecie e

Figure 5.6. Versatility of IPL annealing for graphene patterns. (a) Sheet resistance of
graphene films as a function of annealing voltage, for different substrates (PET, PEN, Pl,
and glass). (b) Optical microscopy images of lines on five different surfaces with a drop
spacing of 35 um, showing high-fidelity, uniform pattern definition. (c) Resolution of

inkjet-printed lines on the five surfaces as a function of drop spacing..........cccccceeeverenvinnnnns

Figure 5.7. Characterization of inkjet-printed graphene patterns. Optical images of printed
lines with different drop spacing on various substrates, including untreated glass, HMDS-
treated glass, PI, PEN, and PET. (bottom right) Printed drop array on untreated glass,
showing stable and reproducible jetting and wetting performance. The direction of printing

is oriented vertically in thiS IMAGE. ........cc.eiiiiiee e

Figure 5.8. Rheological properties of graphene inks. (a) Viscosity as a function of shear
rate for high graphene content inks at temperatures relevant for inkjet printing. (b)
Corresponding viscosity vs. shear rate plots for an ink with the same solids content, but

lower graphene:EC ratio, showing a viscosity too high for optimal inkjet printing.................

Figure 5.9. Characterization of high concentration graphene inks. (a) Thickness as a
function of printing passes for graphene/ethyl cellulose films as-printed and following
thermal annealing. Dashed lines indicate the least squares linear fit to the thickness data,
indicating a thickness per pass of 190 nm following thermal annealing. (b) Sheet resistance
of graphene films at various thicknesses following thermal and IPL annealing, illustrating
the suitability of IPL annealing over a broad range of film thickness. (c) Map of ink
concentration and conductivity for reported non-metal conductive inkjet-printable inks,
including inks based on graphene, RGO, CNTs, and PEDOT:PSS. The product of
conductivity (o) and concentration (c) is an indicator of the conductance achieved per
printing pass, a key figure of merit for inkjet-printed conductors. Isolines for this metric

are drawn as dashed lines to @id the BYE. .......cceeiii i
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Figure 5.10. Film morphology changes as a function of annealing conditions, showing
dark field optical microscopy images of films on PI following thermal and IPL annealing.

As the pulse energy is increased, bubbles and other defects begin to form...........cccocceeviennee

Figure 5.11. Film morphology as a function of film thickness for IPL annealing at 18.9

J/em?. Thicker films exhibit features with a larger length-scale than thin films. .....................

Figure 5.12. Effectiveness of IPL annealing for films of different thicknesses. (a) Sheet
resistance as a function of IPL annealing energy for films of varying thicknesses using a
single light pulse. (b) Effect of multiple light pulses for films with one and eight printed
layers, showing sheet resistance for a single 1-ms pulse and five 1-ms pulses spaced by 5

e

Figure 5.13. (a) Large-area inkjet-printed graphene patterns on PI. (b,c) Resistance
measured over cyclic bending cycles of graphene lines on PEN following IPL annealing at
5.6 and 7.8 J/cm?, with bending radii of curvature of 8.1 and 1.3 mm, respectively (tensile

strain of 0.0031 and 0.019, 1€SPECLIVELY). ...eeiviiiiiiiiieiie e

Figure 6.1. Process overview and ink characterization. (a) Schematic illustration of the
preparation and utilization of nitrocellulose-based graphene inks, including the NC
chemical structure (top left) and representative AFM image of graphene flakes (top right).
(b,c) Graphene flake thickness and area distributions, respectively, showing both number-
weighted and volume-weighted statistics from AFM measurements (number of flakes >
600). (d) Shear viscosity of graphene inks tailored to blade coating, inkjet printing, and

SPFAY COALING. ..tttk t ekttt et e bbbtk b b s et et e st bbbt e bt e st e e e b e b e bbb

Figure 6.2. Liquid-phase exfoliation of graphene/NC by high shear mixing. (a) UV-Vis
spectra following different exfoliation times, collected on diluted samples and rescaled. (b)
Calculated graphene concentration as a function of exfoliation time, following a power-

LAY FRI AT ON. ...ttt ettt n e e e nnnnnnen

Figure 6.3. Inkjet printing of the graphene/NC ink. (a) Drop formation sequence using a
piezoelectric inkjet printer. (b) Printed drop array on glass showing high reproducibility
and uniformity. (c) Height profile of an individual printed drop, showing suppression of
coffee ring formation. (d) Printed line array, showing smooth coalescence of drops to form
connected lines, along with inset height profile. () Photograph of flexible inkjet-printed

graphene/NC patterns OVEr @ large Area. ..........ccevverereerieere e esie e e see e neeeneeneas

Figure 6.4. TGA and in situ Raman characterization of graphene/NC. (a) TGA curves
showing mass and mass derivative for graphene/NC (top) and pure nitrocellulose (bottom),
indicating primary nitrocellulose decomposition at 200 °C with noticeable residue. (b)
Raman spectra of graphene/NC films during in situ heating in an oxidizing environment,
taken at ~75 °C increments. (c) Representative Raman spectrum with peak fitting taken at
350 °C, revealing the presence of peaks in addition to the original graphene. (d) Peak area

relative to the G band, plotted as a function of temperature during in situ heating..................

Figure 6.5. Raman spectra for graphene/NC films as cast and following annealing,
including (a) the full measured range and zoomed in regions showing (b) D and G peaks
and (c) the 2D peak. Annealing is accompanied by a reduction in the D/G intensity ratio, a
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slight decrease in the 2D peak, and the emergence of a distinct peak near the G band,

associated with the POIYMEr FESIAUE. ......ccvcviiieiiec e e

Figure 6.6. Chemical characterization of graphene/EC films. (a) Raman spectrum
following thermal annealing with peak fitting, showing no evidence of amorphous carbon
residue. (b) In situ Raman spectroscopy of graphene/EC films during thermal annealing.
(c,d) FTIR spectra and XPS Cl1s spectra, respectively, for graphene/EC films as cast and

following thermal aNNEAIING. .......c.ooiiiiiiie e

Figure 6.7. IR and XPS characterization of graphene/NC. (a) IR reflectance spectra
collected from graphene/NC during in situ heating with 25 °C increments, showing
characteristic changes resulting from polymer decomposition. (b) Intensity of a
characteristic nitrate group peak at 1670 cm™ as a function of temperature. (c) Ex situ FTIR
spectra before and after annealing at 350 °C. (d) XPS spectra of as-cast and annealed
graphene/NC films showing the three constituent elements. (e) Atomic composition of as-
cast and annealed graphene/NC films as determined by XPS. (f) High-resolution XPS

spectra for as-cast and annealed graphene/NC showing the changes in the C1s peaks............

Figure 6.8. Direct comparison of chemical characterization for graphene/NC and

graphene/EC films, including in situ Raman spectroscopy, XPS, and FTIR spectroscopy......

Figure 6.9. Morphology and electrical characterization of graphene films. (a) Plan-view
(top) and cross-section (bottom) SEM images of a graphene film, showing a dense,
compact microstructure with significant flake alignment. (b) Conductivity of graphene/NC
films following annealing in air over the range 150-450 °C. (c) Relative resistance of
graphene/NC lines following cyclic bending tests at a radius of curvature of 1.3 mm

(DENAING STFAIN ~4.8%0). ... ecueeeieeiee e ettt ste e ee st eee e teenaeaneesreenteeneeareeseeneenneenes

Figure 6.10. Schematic of the Scotch™ tape test applied to graphene films with EC and
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Figure 6.11. Mechanical and environmental stability of graphene processed with NC. (a)
Images during (top) and after (bottom) the Scotch™ tape test for graphene patterns printed
on polyimide. The dashed black lines indicate the outline of the tape, while the text
‘graphene’ is printed with graphene/EC (left) and graphene/NC (right). (b) Change in
electrical resistance for graphene/EC and graphene/NC films following the Scotch™ tape
test, with P1 and glass substrates. (c) Series of images showing the water sonication test
results for graphene/EC and graphene/NC. (d) Change in electrical resistance following the
damp heat test, 312 h at 85 °C and 85% relative humidity, for graphene/EC and

graphene/NC films 0N Pl and glass........ccooiiiiiiiiiiciece st

Figure 6.12. Water sonication test results for graphene/EC and graphene/NC, showing
percentage of film remaining as a function of time during ultrasonication in deionized

water. The graphene films are coated onto a glass slide and annealed prior to the test. ..........

Figure 7.1. (a) Differential scanning calorimetry of graphene/NC showing large
exothermic reaction of nitrocellulose at ~200 °C. (b) Corresponding data for graphene/EC
showing endothermic decomposition for ethyl cellulose. Measurement is taken under

nitrogen to more closely mimic rapid photonic annealing............c..ccoovviieeriiiiicnii e
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Figure 7.2. Schematic illustration and cross sectional SEM image showing assisted
photonic annealing, with a self-fueled reaction yielding a porous graphene microstructure.
Photonic annealing on a Si substrate is not typically possible due to the substrate’s effective
heat sink properties, but the reactive binder enables annealing through nearly the entire

film, resulting in @ POrOUS MICTOSIIUCLUIE. ........veiviereiiiiiiieeie et

Figure 7.3. Microstructural characterization of graphene films. (a,b) Cross sectional SEM
images of graphene/EC films before and after exposure to pulsed light annealing,
respectively, showing little change in microstructure suggesting ineffective annealing. (c,d)
Corresponding images for graphene/NC films, showing evolution from a dense, polymer-

rich microstructure to a porous, annealed film. ..........cccoovviiiiii i

Figure 7.4. Chemical characterization of photonically annealed graphene/NC films. (a)
FTIR spectra for graphene/NC films following different annealing conditions. (b)
Evolution of FTIR peak intensity with pulse energy showing a sharp threshold for

annealing. (c¢) Elemental composition determined by XPS for the films. ........cccccoceiiieiiinns

Figure 7.5. Chemical characterization of graphene/NC annealing. (a) XPS Cls spectra for
graphene/NC films following different post-treatment conditions. (b) Representative
Raman spectra for different annealing conditions. (c¢) Ip/Ig ratio following annealing on
various substrates, showing a consistent reduction following photonic annealing for
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Figure 7.6. Electrical characterization of photonically annealed graphene/NC films. (a)
Sheet resistance relative to thermally annealed samples for graphene/NC and graphene/EC,
showing an abrupt threshold for nitrocellulose decomposition and minimum resistance on
par with thermal annealing. (b) Normalized sheet resistance relative to thermal annealing
for graphene/NC films on various substrates. (c) Sheet resistance for graphene/NC films as
a function of thickness following thermal and photonic annealing. Note that the thickness
corresponds to thickness prior to annealing (photonic annealing leads to thicker films with

the same amount of material due t0 POTOSILY)......cverviriiieiiiiiere e

Figure 7.7. Printed graphene/NC microsupercapacitors. (a) Photograph of the extrusion
printing head during device fabrication, with inset photograph of printed interdigitated
electrodes. (b) Optical profilometry data showing the height map of the device active area.
(c) Cyclic voltammetry for devices following thermal and photonic annealing. (d) Device
capacitance as a function of current for MSCs from galvanostatic charge/discharge cycling.

Figure 7.8. Characterization of graphene MSCs. (a) Thickness and (b) capacitance of
printed graphene/NC MSCs as a function of printed layer number, showing a consistent
linear increase in both values. (c) Capacitance for graphene/EC MSCs with different
thicknesses, showing saturation of the performance. (d) Capacitance retention of

graphene/NC MSC over 1000 CYCLES. .......cueiriiiiiiiiiiiiiic s

Figure 8.1. Process flow and comparison of IGZO TFTs with silver and graphene contacts.
(a) Schematic illustration of the fabrication of inkjet-printed 1IGZO TFTs with silver and
graphene source/drain electrodes. (b,c) Representative saturation transfer characteristics
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for IGZO TFTs with silver and graphene contacts, respectively (channel length ~ 200 pum).

..................................................................................................................................................... 170
Figure 8.2. Annealing optimization for IGZO TFTs with silver contacts. (a) Box plots of
mobility for IGZO with silver contacts fabricated with processing temperatures from 150-
250 °C (n= 31, 5 min annealing in ambient at the specified temperature in each case). (b,c)
Representative transfer curves and corresponding gate leakage, respectively, for IGZO
TETS With STIVET CONTACES. ...uviitiiiiiiiiie ittt ettt e sbe et e e eeneesnnas 171

Figure 8.3. Effect of device architecture on 1IGZO TFTs with graphene contacts. (a-c)
Representative output characteristics of IGZO TFTs with graphene source/drain electrodes
in a top contact, bottom contact, and middle contact configuration, respectively (channel
length ~ 200 pum). Inset diagrams illustrate cross-sections of the device structure in each

Figure 8.4. Representative output curves for non-optimal 1GZO devices. (a) Output
characteristics for an 1IGZO TFT with silver source/drain contacts, following optimal
annealing at 200 °C. (b,c) Output characteristics for IGZO TFTs with graphene bottom and
top contacts, respectively. Note the low drain current for the case of (b), and the
nonlinearity at IoOW DIas TOr (C)......ouiiiiiiiieiee s 173

Figure 8.5. Atomic force microscopy characterization of an IGZO TFT with graphene
contacts. (a,b) AFM topography images at the channel-electrode interface and at the center
of the electrode, respectively. (c,d) Height histograms for regions on the IGZO film and on
the graphene electrode, reSPECHIVEIY. .......coiiiiiie e 174

Figure 8.6. (a) Optical microscopy image of IGZO TFTs with graphene contacts inkjet-
printed on Si/SiOz. (b) Thickness profile across an inkjet-printed 1IGZO film following five
printing passes, showing an average thickness of 15 NM..........ccccceviiiiiiciccc s 174

Figure 8.7. Measured mobility (usat) for top, bottom, and middle contact devices as a
function of channel length (n = 40, 25, 122 for TC, BC, and MC, respectively). ..........ccccceeu... 175

Figure 8.8. Electrical characteristics of MC 1GZO TFTs with graphene contacts. (a,b)
Current on/off ratio (lon/lore) and threshold voltage (Vtw), respectively, plotted against
channel 1eNgth (N = 122). ... bbb 176

Figure 8.9. Electrical characterization of IGZO TFTs with graphene middle contacts. (a)
Measured mobility for devices as a function of channel length (n = 122). (b) Total
resistance plotted against channel length, which allows for the extraction of contact
resistance by the transmission line method. (c) Contact resistance plotted as a function of
0 FoLE IR0 ] = To O STPRO 178

Figure 8.10. Contact resistance measurements for IGZO TFTs with graphene contacts.
(a,b) Total resistance plotted against channel length for top contact and bottom contact
devices, respectively. (c,d) Contact resistance plotted against gate bias for top contact and
bottom contact devices, reSPECIVELY. .....cocciiiiiiiiiiiiic 179

Figure 8.11. Characterization of hysteresis for MC 1GZO TFTs with graphene contacts.
(a) Threshold voltage hysteresis from the forward and reverse sweeps of the transfer



characteristics. (b) Difference in calculated mobility based on the forward and reverse
voltage sweeps. (c) Calculated mobility plotted against channel length using the average
mobility calculated from the forward and reverse voltage sweeps. Number of devices, n =

Figure 8.12. Electrical performance of MC graphene/IGZO TFTs during aging in ambient
conditions. (a-c) Transfer characteristics for a single device measured nine times over the

course of 365 days, with different axes SCaliNG. .......ccccoveeiiiieiieie s

Figure 8.13. Stability of graphene/IGZO TFTs against ambient aging. (a) Mobility, (b)

lon/lorr, and (c) VT, measured at various times over 365 days (N = 22). ...cccocevevieneerinnnnnn

Figure 8.14. Stability of graphene/IGZO TFTs against high temperatures. (a) Mobility, (b)
lon/lorr, and (c) VtH,, measured following post-fabrication thermal treatment to 100-400
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Figure 8.15. Connection of graphene/IGZO TFTs with silver interconnects. (a) Schematic
illustration showing TFT fabrication process with silver inserted into standard MC
graphene/IGZO TFTs. (b) Optical micrograph showing the printed devices, with the

different materials indicated. (c) Representative transfer curve for the TFTSs.........ccccvvviiveennn

Figure 9.1. Proof of concept demonstration of graphene as a stable interfacial material for
eGaln. (a) Schematic of test setup, showing eGaln printed over exposed and graphene-
covered silver lines, with alloy formation occurring for the eGaln-silver interface. (b)
Optical microscopy image showing formation of the silver-eGaln alloy resulting in large
defects. (c) Optical microscopy image showing a graphene-passivated junction with a

silver-graphene-eGaln configuration, with no alloy formation evident. .............ccccccoevevnnen.

Figure 9.2. Optical profilometry images of the samples shown in Figure 9.1b-c, confirming
the alloy formation and severe instability of the silver-eGaln junction (a) and passivated

JuNCtioN With graphnene (10). .....eoeeeeee ettt sre e e e nnee e

Figure 9.3. Process development for the integration of eGaln with graphene. (a) Optical
microscopy images showing printed tracks of eGaln (horizontal lines) across a bare glass-
graphene film boundary (left: glass; right: graphene), resulting in changes in line
morphology. Following annealing of the graphene films at 250-350 °C, stable wetting of
the eGaln was achieved to print continuous lines. (b) Summary of aspect ratio for printed
eGaln lines on glass and graphene, showing a systematic trend of decreasing aspect ratio,

associated with improved wetting, for graphene films annealed at higher temperatures. ........

Figure 9.4. Electrical characterization of graphene interfaces. (a) Contact resistance
measurement for a graphene-eGaln junction using the transmission line method. (b)
Summary of contact resistances for three junction configurations, namely silver-graphene,
eGaln-graphene, and silver-graphene-eGaln. The reduced contact resistance in the silver-
graphene-eGaln configuration is likely a result of current crowding for the individual
silver-graphene and graphene-eGaln junctions. (c) Normalized electrical resistance of
silver-graphene-eGaln junctions following thermal treatment, showing stable performance
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Figure 9.5. Mechanical testing of graphene contacts for liquid metal. (a) Normalized
resistance of silver-graphene-eGaln structures over 250 bending cycles, with the resistance
change subdivided into contact resistance associated with the eGaln and total resistance
including the silver-graphene lines. (b) Normalized resistance of graphene-eGaln junction
as a function of bending angle, showing a small and reversible change in resistance likely
due to deformation of the eGaln patterns. (¢) Normalized resistance of graphene-eGaln

junctions over 100 bending cycles, showing stable performance. ..........cccccevvviiniieienienieennnns

Figure 10.1. Templating Ceo deposition with a graphene film. (a,b) GIXD data and SEM
image, respectively, for a Ceo film deposited on ITO. (c,d) Corresponding data for a Ceo
film deposited on graphene at 150 °C, showing improved crystallinity. (e) Schematic of
device design and (f) electrical characterization, showing greatly improved current density
for films deposited on graphene (the inset labels indicate the graphene ink concentration,

and correlate With film thiCKNESS).........uoiiiiie s

Figure 10.2. Foldable organic transistors on paper using graphene electrodes. (a) Change
in conductance of graphene lines as a function of folding cycles, showing retention of
performance following extreme mechanical deformation. (b,c) SEM images of graphene
lines on glassine paper before and after folding, respectively. (d) Photograph of printed
graphene electrodes on paper for EGT fabrication. (e) Transfer curves and (f) mobility and

threshold voltage for transistors over 100 folding CYCIES. .........cccooiiiiiiiiiiiice e

Figure 10.3. High resolution graphene printing for organic transistors. (a) SEM image
showing a 3.2 um wide graphene line on PET, with a pitch of 6 um. (b) Macroscopic
photograph and (c) microscope image of fabricated EGTs using graphene electrodes. (d,e)
Transistor performance for devices based on clean silver electrodes and graphene

electrodes, showing superior stability with graphene. ...........c.cccooe i,

Figure 10.4. Printed graphene microsupercapacitors. (a) Schematic structure of a printed
graphene MSC on polyimide. (b) Cyclic voltammetry data for the MSC at various scan
rates, showing suitable operation as an electrolytic double layer capacitor. (c) Capacitance
as a function of current density, collected from galvanostatic charge/discharge
measurements. (d-f) Stability of device performance upon extended cycling, operation
while under strain, and repeated bending, respectively. Red data points in (e) and (f)
correspond to a MSC, while black points correspond to a sandwich-structure
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Figure 11.1. Processing conductive nanomaterials with ethyl cellulose. (a) Thermal
gravimetric analysis data for a silver nanoparticl/EC composite, showing ~20% wt. silver
nanoparticles with minimal EC residue. (b) SEM image of a composite silver
nanoparticle/MWCNT film following annealing, showing homogeneous dispersion of the

materials enabled by a common polymer dispersant, EC. ..o

Figure 11.2. Extending processing methods to post-graphene 2D nanomaterials. (a)
Photograph of a spray coated thin film of hBN held in front of the ink vial. (b) Photograph
of an exfoliated MoS: dispersion with EC. (c,d) TGA data for hBN/EC powders, including

the mass curve and mass derivative, reSpectively. ...
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Figure 11.3. Phase inversion for morphology control. (a) Schematic explanation of the
phase inversion process based on a ternary phase diagram, adapted from Ref. 287. (b) SEM
images of graphene/EC films cast using a phase inversion process to induce porosity. ............ 213

Figure 12.1. Scaling production of graphene inks for large-area flexible electronics. (a)
Photograph of a closed-loop system for graphene exfoliation based on high shear mixing.
(b) Photograph of large area inkjet-printed graphene patterns. ..........cccooevveveiieeve e, 224
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1.1. Motivation and Thesis Statement

Manufacturing is a core component in technological development, constituting the linchpin
between scientific discoveries, practical applications, and realization on a broader societal scale.
Connecting scientific discovery to practical implementation is a key challenge in accelerating
technological progress, with broad significance across many facets of society. For electronics,
conventional materials and manufacturing platforms have unleashed unprecedented opportunities,
ushering in the information age. However, despite their incredible success, the scope of electronics
technologies has certain limitations. Notably, high temperature processing with intrinsically brittle
and rigid materials limits the possibility for flexible devices and low-cost, high-throughput
production.

Printed electronics is an emerging manufacturing paradigm for electronic devices,
leveraging liquid-phase patterning capabilities coupled with compatible electronically functional
materials. While there remain limitations in process complexity, resolution, and performance, as
will be discussed in detail later, the ability to print a diverse array of electronic materials and
devices would offer a compelling foundation for research and development for a wide range of
electronic systems. A key requirement for this vision is the ability to process high performance
electronic materials in a liquid phase. This presents a clear challenge for materials science — to
broaden the palette of electronically functional liquid inks.

This thesis is focused on graphene, which offers a suite of properties highly desirable for
applications in printed electronics. However, the two-dimensional nature of graphene imparts a
tendency to aggregate in a colloidal phase, limiting its compatibility and performance for

integration in printed electronics. Here, this dispersion stability is directly addressed using a
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stabilizing cellulose derivative. This offers a high-performance system with excellent versatility,
enabling the integration of graphene in printed electronics for a wide range of applications. This
thesis will examine the materials, processing, and properties relationships for this material system,
while also highlighting several practical applications. The rest of this chapter will detail the

background information and context to frame the remainder of the thesis.

1.2. Introduction to Printed Electronics

Printed electronics describes a manufacturing paradigm that leverages liquid-phase,
additive printing methods for the fabrication of electronic devices and circuits. This platform offers
numerous benefits for commercial applications, but for more widespread impact it requires
significant technological development and research spanning materials, patterning methods,
devices, and systems. Printed electronics is built on materials and methods distinct from
conventional silicon-based electronics to enable complementary functionality and applications.*
The field leverages high-throughput, solution-phase processing methods originally developed for
graphic arts printing such as inkjet, gravure, and screen printing, and is therefore well-suited for
large-area applications.? Moreover, low-temperature, solution-phase processing circumvents
substrate limitations present in traditional electronics manufacturing, enabling functional devices
on flexible, low-cost, plastic or paper substrates.> These characteristics of printed electronics
position it competitively for inexpensive, large-area and flexible systems with a range of
functionality. By integrating electronically responsive components, such as chemical, biological,
mechanical, and optical sensors,*® with signal processing and data storage elements, such as logic

and memory circuits,” overall system functionality is enhanced. Combining this with information
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communication devices, such as displays and wireless radio frequency transmission antennae,
along with power management strategies, such as batteries and solar cells,!*!2 enables a fully
functional system with a diverse spectrum of possible applications, as illustrated in Figure 1.1.

The promise of printed electronics is to enable this system in a large-area, flexible format at low

cost.

Electrodes,
Interconnects

Conductors,
Resistors

RF Antennae,
Backplanes

Wireless Communication,
Displays

Information Transmission

Figure 1.1. Schematic illustration of various printed electronics technologies. The combination
of information collection, processing, and transmission in a common process framework underlies
the potential of printed electronics to impact and enable emerging technologies, such as the Internet
of Things.

Printed electronics is in many ways complementary to conventional silicon-based
electronics, as shown in Figure 1.2. For end-use applications, the flexibility afforded by printing
onto plastic and paper substrates offers a key advantage for robust and bendable products. In terms
of manufacturing, liquid-phase printing methods scale to large areas and high throughput
production very efficiently. Moreover, the simplified process flow of an additive method offers

more straightforward design of processes and more environmentally benign production. Low-
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temperature methods broaden the scope of compatible materials, opening design space not
accessible for silicon-based circuits. Ultimately, the low cost, versatile production, and novel
functionality of printed electronics presents a compelling justification for sustained research and
development. It is worth noting that the performance, integration density, and reliability of printed
electronics will not match that of conventional circuits, due to limitations in patterning resolution
and intrinsic materials properties. As a result, there is widespread belief that many of the first
advanced, commercial implementations of printed electronics will be in hybrid systems, interfaced
with conventional circuits to handle the demanding data processing functions. Whether as a
standalone product, or in combination with silicon chips, printed electronics is a growing

commercial sector with initial products appearing and broader market penetration expected.
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Figure 1.2. General comparison of metrics for printed electronics (green) and conventional silicon
electronics (red), showing tradeoffs in cost, performance, functionality, and processing.



32

The targeted applications for printed electronics offer insight into the practical benefits of

this technology and realistic areas of use. Several examples highlight the potential for this to be a
disruptive technology with broad impacts in everyday life, as shown in Figure 1.3. Radio frequency
identification (RFID) tags printed at low cost could transform inventory and logistics. Rather than
a barcode, a wireless RFID tag could track parts or products, either through the manufacturing
process or through retail. Customers could walk through a grocery store, filling their cart with the
desired items, and walk out the door without standing in line at the checkout, with each item in the
cart identified and charged for automatically. An application such as this depends critically on
driving down the cost of components, a key prospect for printed electronics. The Internet of Things
constitutes another concept for which printed electronics could provide significant foundational
capability. The widespread deployment of distributed sensors will require not only the sensors, but
associated logic circuits, power management, and data communication functionalities. Being able
to deliver all components in a cost-effective manner would fuel the impending emergence of the
Internet of Things. A third application area for which printed electronics is likely to have
significant impact is large-area optoelectronic devices. The scalability of liquid-phase patterning
methods makes them particularly suitable for these devices, such as large-screen displays, lighting,
and photovoltaics. Finally, the mechanical flexibility afforded by this process technology allows
improved interfacing of electronic devices with humans, suggesting biomedical applications and

wearable devices.
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Power Management:

(a)
battery, supercapacitor,
photovoltaic, wireless
Transmission/ induction
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display, lighting, wireless thermal, optical, mechanical,
communication, electrical { chemical, biological sensors
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Figure 1.3. Selected target applications for printed electronics. (a) Illustration showing integration
of multiple operations in a single product to build up more complex functionality. (b) Images of
target applications, including (clockwise from top-left) sensor tags, photovoltaics, RFID chips, and

displays.
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1.3. Technical Background for Printed Electronics

1.3.1. Technologies and Processes for Printed Electronics

The field of printed electronics leverages mature liquid-phase patterning technologies
originally developed for graphic arts printing. The variety of methods available can be classified
into digital and master-based techniques, and span a range of process metrics as shown in Figure
1.4 and summarized in Table 1.1. Digital printing methods, exemplified by inkjet and direct-write
printing, use computer-controlled motion systems to define the printed patterns. In inkjet printing,
microscale (~10-20 micron) droplets of ink are deposited individually onto a substrate to precisely
define functional patterns. This is commonly known as drop-on-demand printing, and the digital
nature of patterning is particularly well-suited to rapid prototyping and custom fabrication, in that
parts can be modified on the fly. Master-based techniques, such as gravure and screen printing,
require up-front time to machine a master containing the pattern. Screen printing involves pushing
a paste through a stencil screen using a squeegee to reproduce the stencil pattern on the substrate,
and is widely used industrially due to its simple and robust nature. Gravure, offset, and
flexographic printing are roll-to-roll processes that use machined cylinders with the defined
patterns as positive or negative features to transfer ink onto the substrate similar to a stamp.
Following the initial investment to create the pattern masters, these methods can achieve very high
printing speeds up to ~1000 m/min, establishing their utility for high-throughput, mass production
of large-area components. By offering a low-cost route to either custom fabrication or high-
throughput production, printed electronics has broad utility in manufacturing. Some methods, such
as inkjet printing, offer favorable characteristics for both digital and high-speed patterning due to

advances in parallelization, making them particularly attractive.
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Figure 1.4. Process metrics for several common printing techniques. (a) Typical resolution and
throughput for several printing methods. (b) Required viscosity of different printing methods
plotted against typical throughput, showing target viscosities spanning five orders of magnitude.
Data taken in part from Ref. 14.

While process throughput is an important determinant of production cost, the resolution
and thickness attained by different printing techniques is critical for device performance. Printing
methods commonly achieve printing resolution in the 10-100 um length scale, with pattern
thicknesses ranging from tens of nanometers to tens of microns. While high resolution is
commonly beneficial for device performance, as will be discussed later, the desired thickness is
application-dependent. For example, conductive lines require thicker deposits for lower resistance,
while gate dielectrics require thin, uniform films for improved capacitance. Moreover, multilayer
configurations require careful consideration in design to prevent defects resulting from printing on

a nonuniform surface.



Method Ink Viscosity Resolution Line Thickness Process _Speed
(mPa-s) (um) (um) (m/min)
Digital
Inkjet 1-20 20-60 0.1-1 1-500
E-Jet 1-10* 1-4 0.001-0.1 <1
Aerosol Jet 110'_11%351()[;“,\]) 10-40 s 1-10
Extrusion 103-10° 20-1000 10-100 0.1-2
Physical Master
Offset 102-10* 8-15 1-10 ~1000
Gravure 102103 10-50 0.1-1 ~1000
Flexo 50-500 45-100 <1 ~500
Screen 52-10° 30-100 5-100 50-150
Grav-0OS 538-5¢ 5-20 1-3 1-10
Rev-OS 1-5 1-10 0.05-1 0.01-1
Other
Transfer - 0.1-5 ~1 Slow
Nanoimprint - 0.01-1 ~0.1 Slow

Table 1.1. Summary of typical process metrics for common printing techniques, adapted from
Ref. 14.
UA = ultrasonic; PN = pneumatic; OS = offset

In addition to different factors affecting production (digital/physical master, throughput)
and performance metrics (resolution, thickness), the various printing methods have disparate
requirements for compatible inks. The fluid viscosity is a critical parameter for designing inks for
a printing method. As a function of ink composition and concentration, the viscosity can limit the
range of printing methods for which a given ink or material is compatible. Solubility or dispersion
stability limitations can prevent the development of high viscosity pastes, while low viscosity inks
may require reduced solids loading, and thus deposition thickness, to maintain process

compatibility. A general illustration of the target viscosity for different printing methods is given
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in Figure 1.4b. As is evident from this plot, for a given viscosity range only a subset of printing
techniques is realizable. As such, the ability to tailor the viscosity over a broad range is important
in generalizing a given material or ink chemistry.

Given the diversity of printing techniques with differing requirements (fluid viscosity),
performance (resolution/thickness), and cost (throughput, pattern definition mode), hybrid
manufacturing combining multiple deposition methods is considered for complex device
integration (Figure 1.5). This further reinforces the demand to formulate inks based on a material
for a suite of printing methods. Effective ink development requires careful tuning of ink
characteristics, such as viscosity, surface tension, and drying characteristics. Due to its versatility
and commercial relevance, inkjet printing is widely used for laboratory experimentation. With
digital pattern generation, broad materials compatibility, additive processing, and substrate
versatility due to the non-contact printing mechanism, this technique is well-suited for rapid

prototyping. As such, due to its relevance for this work, inkjet printing is discussed here in greater

detail.
SWCNT Channel: Electrodes, Dielectric:
Direct Shear A"Q"me{ =S Multi-nozzle Jet Printing
LSS r '

4 Final Transistor

Structure

Patterned Substrate:
Transfer Printing

Figure 1.5. Schematic illustration of a hybrid manufacturing process for transistor fabrication,
indicating multiple deposition techniques being used for particular materials, adapted from Ref.
15.
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As discussed above, inkjet printing is well-suited to laboratory-scale experimentation. As

a digital printing technique, it enables rapid prototyping and on the fly pattern variation. Due to its
additive nature and precise application, it offers efficient materials usage. In addition, the non-
contact nature of printing maintains compatibility with a broad range of substrates. The
characteristics of suitable fluids for inkjet printing have been extensively studied, and are
important for three key physical processes: jetting, wetting, and drying. Jetting behavior has been
correlated with the inverse of the Ohnesorge number, defined as Z, a dimensionless grouping of

parameters defined by

7 = YpoC (1.1)

n

in which p is the density, o the surface tension, n viscosity, and ‘a’ denotes the characteristic length
scale, in this case the inkjet nozzle diameter. A value of 1<Z<10 or 1<Z<14 is considered suitable
for inkjet printing; inks exceeding this range often exhibit satellite drop formation, while inks with
a lower Z value are often not ejected from the nozzle (Figure 1.6).1%1" Moreover, particle-based
inks are susceptible to nozzle clogging; this can be caused by ink drying at the nozzle plate due to
improper design of the evaporation Kinetics, or to trapped air bubbles which nucleate at large

particles.®
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Figure 1.6. Fundamentals of inkjet printing. (a) Schematic illustration of piezoelectric inkjet
printing, which uses an electronically-driven actuator to eject droplets of ink onto the substrate for
drop-on-demand patterning. (b) Phase space for ink design and printing in terms of dimensionless
fluid dynamics parameters, namely the Weber number, the Reynolds number, and the inverse
Ohnesorge number. Figures adapted from Ref. 17.

In addition to proper jetting behavior, inks must wet the substrate in a controlled manner.
This depends on the ink surface tension, the substrate surface energy and topography, and the
unique interaction between the substrate and the ink. Drops on the substrate must coalesce to form
continuous lines and films; if the drops break apart due to a Rayleigh instability, the continuity and
uniformity of the resulting film are limited (Figure 1.7a).1° The final physical process involved for
inkjet printing is the ink solidification, typically by solvent evaporation. Pinning of the contact line
at the ink-substrate-air boundary is commonly observed, and complex patterns cannot be formed
without this phenomenon.?’ However, this often leads to the coffee ring effect; accelerated
evaporation at this contact line drives fluid flow from the center of the pattern to the edge, resulting

in enhanced material deposition at the contact line. A common strategy to mitigate this effect is to
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add high boiling solvents to suppress evaporation (Figure 1.7b). In addition, the solvent system
can be tailored to produce a surface tension gradient during drying, leading to a Marangoni flow

which counteracts the fluid flow toward the contact line.?%22

150 ur pm single solvent ‘
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Figure 1.7. Wetting and drying processes in inkjet printing. (a) Typical line shapes with varying
drop spacing and wetting properties, ranging from coalesced droplets to bulging lines; adapted
from Ref. 17. (b) Influence of solvent mixture on printing morphology, showing enhanced
uniformity following the addition of 10% high boiling cosolvent; adapted from Ref. 23.
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1.3.2. Materials for Printed Electronics

The materials generally employed in printed electronics can be classified based on
electronic band structure as conductors, dielectrics and semiconductors. Common conductive inks
are based on metal nanomaterials, most commonly silver, copper and gold; select conductive
polymers such as PEDOT:PSS; and carbon nanomaterials, including carbon nanotubes and
graphene.?* Printable dielectric materials include insulating polymers, certain metal oxides, and

electrolytes,”® while semiconductors include conjugated polymers, aromatic molecules,
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semiconducting single walled carbon nanotubes (s-SWCNTSs) and amorphous metal oxide
semiconductors.}*#?-28 Each of these materials offers distinct characteristics in terms of
performance, ease of processing, and stability; in addition, the unique interactions between
materials can dominate the properties of devices. Due to their relevance to this work, conductive

inks will be discussed in greater detail here (Figure 1.8).

(a) Metal Nanoparticles (b) Conductive Polymers (C) Carbon Nanomaterials
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Figure 1.8. Qualitative comparison of the primary classes of conductive inks, including (a) metals,
(b) polymers, and (c) carbon materials.

Metal-based inks offer the highest conductivity among printed conductors. Silver is the
most prevalent conductive ink due to its high conductivity and resistance to oxidation. For inkjet
printing, silver nanoparticles offer good colloidal stability, and can be formulated in either aqueous
or solvent-based inks with appropriate ligands.?#?° Alternatively, reactive silver inks based on
silver precursor salts with built-in reducing agents have recently been demonstrated, offering a
particle-free alternative similar to molecular silver inks for select printing methods.*® For
applications demanding excellent oxidation stability or materials compatibility (i.e., bioelectronics
and OTFTSs), gold-based inks have also been employed.®* Due to its low cost, there is significant

interest in developing inks based on copper. The primary technical challenge facing this is the
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tendency of copper particles to oxidize, which has driven advances in post-processing methods
such as pulsed light annealing.32-3°

Conductive polymers offer a low-cost, highly flexible alternative to metal-based inks for
applications in which conductivity is not critical. Poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate, or PEDOT:PSS, is a prototypical conductive polymer consisting of a polythiophene
conjugated polymer and a sulfonated polystyrene. PEDOT:PSS is widely used as a transparent
conductor in applications such as organic light-emitting diodes (OLEDSs) and organic photovoltaics
(OPVs).%537 Despite its favorable characteristics including low cost, mechanical flexibility, good
conductivity, and transparency in thin films, the chemical and environmental stability of this
material restricts its application space.

For applications requiring robust stability, carbon-based materials constitute the third class
of conductive inks. Conventional carbon-based inks used commercially are based on carbon black
and graphite. While carbon black is used primarily as a material for resistors, graphite offers
improved conductivity. Although the electrical performance is still lower than conductive
polymers, and several orders of magnitude lower than metal-based inks, these inks are used for
certain applications such as glucose test strips. More recently, carbon nanomaterials including
carbon nanotubes and graphene have attracted interest for conductive inks.?*%3 These materials
based on sp?-bonded carbon offer improved conductivity, and can be compatible with high
resolution liquid-phase patterning methods. The high surface area of these nanomaterials is also
beneficial for select applications, such as energy storage and sensing. Moreover, the excellent
mechanical, chemical, electrochemical, thermal, and environmental stability of carbon-based

materials is desirable for many applications in printed electronics.
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1.4. Introduction to Graphene

1.4.1. Structure and Properties of Graphene

Graphene, the two-dimensional, sp?-bonded allotrope of carbon, has been the focus of
widespread research in recent years.*>#! The electronic,*? thermal,*® and mechanical** properties
of graphene make it an attractive material for a variety of applications, including high-speed
electronics,* energy storage devices,*® sensors,*” and composites.*® Some important attributes of
graphene include its linear dispersion relation, excellent thermal conductivity and strength, and
high surface area. A range of different graphene production methods exist, each producing a
distinct grade of material. While initial studies of fundamental graphene physics employed
micromechanical exfoliation of graphene crystals with very high quality, practical applications of
this material require more directed, high throughput techniques. Epitaxial growth of graphene on
SiC by Si sublimation is one such technique, and is particularly suitable for electronics
applications.*® Growth of graphene on select metals by chemical vapor deposition (CVD) is widely
studied, and offers a promising route toward large-area single- and multi-layer graphene films,
which can be transferred onto various substrates for electronic devices and transparent conductive
films.> In addition, solution-phase techniques have been developed based on chemical synthesis,
exfoliation of pristine graphite,®? and the exfoliation and subsequent reduction of graphite oxide.>
Due to their compatibility with liquid-based printing processes, these solution-phase graphenes are

suitable for printed electronics.
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1.4.2. Liquid-Phase Exfoliation of Graphene

For printed electronics applications, liquid-phase manipulation of graphene is necessary.
Top-down approaches to exfoliate graphene sheets from graphite precursors fall into two
categories: exfoliation of pristine graphene and exfoliation of graphene oxide followed by
reduction.>>* Given the persistent structural and electronic degradation resulting from oxidation
and reduction, the use of pristine graphene is desirable.®>*® Coleman and coworkers first
demonstrated the liquid-phase exfoliation (LPE) of graphene by ultrasonication, a process
schematically illustrated in Figure 1.9.°% They found that select solvents, such as N-methyl
pyrrolidone (NMP) and dimethyl formamide (DMF), present a surface tension suitable for
stabilizing graphene flakes against aggregation, while sonication-induced cavitation provides
sufficient force to exfoliate graphite. In other work following this initial demonstration, Coleman
and coworkers extensively characterize process parameters, correlating graphene stability with
solvent solubility parameters,®” identifying centrifugation methods for crude particle size
selection,®® and developing strategies for producing highly concentrated samples.>® While these
methods rely on the solvent alone to ensure the stable dispersion of graphene, alternative
procedures utilize various surfactant chemistries. Lotya, et al. report using the aromatic surfactant
sodium dodecylbenzene sulfonate to exfoliate and disperse graphene in aqueous solutions, with
exfoliation of small graphene flakes at a concentration of up to 50 pg/mL.%° Green and Hersam
employ the planar surfactant sodium cholate to disperse graphene at a concentration of up to 90
pg/mL with good stability, enabling sorting of the flakes by layer number using density gradient
ultracentrifugation.®® Liang and Hersam use the cellulose derivative ethyl cellulose (EC) in ethanol

to exfoliate and disperse graphene at a concentration of 122 pg/mL, and use this material to
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produce conductive thin films and composites.®> Numerous stabilizing molecules, particularly
polycyclic aromatic molecules such as pyrenes, have also been investigated, as well as many
polymers.>* One disadvantage to exfoliation based on ultrasonication is damage to graphene flakes.
Using detailed Raman analysis, Bracamonte, et al. show the formation of topological defects such
as pentagon-heptagon pairs in graphene flakes following sonication for longer than 2 hours.5
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Figure 1.9. Introduction to liquid-phase exfoliation (LPE) of graphene. (a) Schematic diagram
describing the exfoliation of graphite to produce graphene in pure organic solvents (top) and with
surfactants or stabilizers (bottom), adapted from Ref. 54. (b) Transmission electron microscopy
image of a single-layer graphene flake produced by LPE of graphene in N-methyl pyrrolidone,
taken from Ref. 52. (c) AFM image of single-layer graphene flakes produced by LPE of graphene
with the aqueous surfactant sodium cholate and isolated from multi-layer flakes by density gradient
ultracentrifugation, taken from Ref. 61.

While ultrasonication is widely used to produce graphene for academic research,
alternative techniques have been developed. Knieke, et al. demonstrate a mechanical milling
technique to produce predominantly few-layer graphene in a scalable and efficient process, with

concentrations up to 25 mg/mL.%* In addition, Li and coworkers report an electrochemical
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exfoliation technique capable of producing uniformly thin graphene flakes with a lateral size up to
30 pm, which show excellent transparent conductivity metrics of ~210 Q/o at 96% transmittance.®
Paton, et al. establish high shear mixing for the scalable and efficient exfoliation of graphene using
both NMP and aqueous surfactants, showing a high production rate along with good material
quality free of oxidation.®® High shear mixing using a rotor-stator configuration is a scalable
technique widely used industrially, and therefore is a promising method for graphene production.
In a recent study, Karagiannidis, et al. establish microfluidization of graphite for centrifugation-
free, 100% yield of dispersed few-layer graphene in an agueous medium, overcoming the severe
yield limitations of preceding demonstrations.®” By forcing graphite flakes through microchannels
under high pressure, efficient and uniform size reduction is realized. While the high pressure and
cooling requirements imposed by this method are not ideal, the high yield makes this a compelling

possibility for commercial application.

1.5. Graphene Inks

1.5.1. Motivation for Graphene Inks

With the aforementioned excellent properties, and compatibility with solution-phase
processing, graphene presents promising advantages for printed electronics. In many cases, it is
the unique combination of properties offered by graphene that establishes it as a leading candidate
for applications. Figure 1.10 illustrates general properties of graphene, along with application areas
in which these properties could be desirable. The ability of graphene to bridge application areas

with its suite of characteristics motivates the development of graphene-based technologies. Printed
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electronics is one such field in which graphene presents numerous advantages and opportunities

for practical impact.
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Figure 1.10. Breadth of applications for graphene. From center to edge, the structure, key
attributes, and corresponding possible application areas are delineated.

1.5.2. Literature Overview

Two general strategies have been demonstrated for inkjet printing, shown schematically in
Figure 1.11a-b. Graphene can be exfoliated directly in NMP and subsequently printed onto select
substrates, as demonstrated for TFTs and electrodes.®®%° Alternatively, graphene can be stabilized
in a broader range of organic solvents using the polymer ethyl cellulose (EC) or similar polymer
dispersants.”®7? Figure 1.11c shows a general comparison of the benefits and disadvantages of

each strategy.
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Figure 1.11. Pristine graphene inks for printed electronics. (a-b) Illustration of two different
chemistries for pristine graphene inks, specifically direct dispersion in select organic solvents and
polymer-stabilized dispersion using ethyl cellulose for (a) and (b), respectively. (c) Target plot
illustrating the tradeoffs between the ink chemistries for a range of desirable attributes,
highlighting the room for improvement through alternative ink chemistries or further development
of existing methods.

Using NMP to exfoliate and disperse graphene, Ferrari and coworkers print graphene on
HMDS-treated Si/SiO and glass substrates for transparent conductors and thin film transistors.®
With a large flake size of 300-1000 nm, limited bulk disorder, and high content of single-layer
flakes, a mobility of ~95 cm?/V-s and current on-off ratio of ~10 is realized (Figure 1.12a-c). Finn,
et al. also employ NMP for inkjet printing of graphene.®® Using redispersion methods to tailor the
graphene concentration and flake size, an optimized ink containing ~1.6 mg/mL graphene with a
mean lateral size of ~170 nm is printed on coated polyethylene terephthalate (PET) substrates. The

conductivity with no post-annealing treatment is measured to be 3000 S/m, and saturates for films
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>160 nm thick. An alternative method to disperse graphene, used by Li, et al., uses the polymer
EC to stabilize graphene in ethanol and terpineol.”* Following exfoliation in DMF, graphene is
transferred to an EC/terpineol solution by rotary evaporation, after which ethanol is added to tune
the fluid properties. While offering good printing behavior and line morphology, this strategy
necessitates thermal annealing at 375 °C to yield a conductivity of 3400 S/m. Microsupercapacitors
(MSCs), narrow-line resistors, and TFTs are demonstrated based on this ink (Figure 1.12d-f).
Hersam and coworkers also use EC to stabilize graphene dispersions, using a solvent system of
cyclohexanone and terpineol. A conductivity of ~25000 S/m is achieved following annealing of
printed patterns at 250 °C.” The favorable process and functional properties resulting from EC
have led to broader adoption of this chemistry.”>" In addition, alternative cellulose derivatives,
including nitrocellulose,” carboxymethyl cellulose,®” and hydroxypropyl methylcellulose,” have
all been shown to offer similar benefits. In addition to generalizing the methods to alternative
polymers, the high colloidal stability and tunable viscosity enables translation to alternative
printing methods, such as gravure and screen printing, as will be discussed in greater detail
below.”®"® This scope of the graphene ink literature is summarized in Table 1.2, which lists the

composition and key metrics for pristine graphene inks.
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Figure 1.12. Inkjet printing of graphene. (a) Dark-field optical microscopy image of an inkjet-
printed drop of graphene from NMP on a treated glass slide. (b) Schematic of a TFT with inkjet-
printed graphene as the channel and (c) transfer characteristics of the inkjet-printed graphene TFT,
showing a current on-off ratio of ~10 and a mobility of ~95 cm?/V-s. (a-c) adapted from Ref. 68.
(d) SEM image of inkjet-printed graphene using EC, ethanol and terpineol, following annealing.
(e) Optical image of a microsupercapacitor (MSC) based on inkjet-printed graphene and (f)
current-voltage characteristics of the MSC structure. (d-f) adapted from Ref. 71.

Printing . Loading Annealing  Conductivity
Method Dispersant Solvent (mg/mL) Temp. (°C) (S/m) Ref.
Aerosol EC CHO/TpOH 3.1 250 8300 78
Inkjet -- NMP 0.1 100 100 68
Inkjet - NMP 6.0 70 3000 69
Inkjet EC CHO/TpOH 3.4 250 25000 70
Inkjet EC EtOH/TpOH 1.2 375 3400 71
Inkjet EC CHO/TpOH 1 300 9240 72
Inkjet EC NMP/EG 3.2 350 40000 73
Inkjet EC CHO/TpOH 20 Phot. -- 79
Inkjet HPMC H.O/BD 8.5 250 24000 75
Inkjet NC EL/OA/EGDA 10 350 40500 74
Inkjet Pyr-SA H.O/PG 8 300 12500 80
Inkjet EC EtOH/TpOH 1-2 400 -- 81
. CHO/TpOH/
Inkjet EC DEGME 15 350 -- 82
Gravure EC TpOH 20 250 10000 76
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Screen PVP/PVAC DPGME 3-26 100 1300 83
Screen PVP/PVAC DPGME ~25 Phot./Comp. 29000 84
Screen PVP/PVAC DPGME ~25 Phot./Comp. 25000 85
Screen unknown unknown unknown 100/Comp. 43000 86
Screen EC TpOH 80 300 18600 77
Screen EC TpOH 80 Phot. -- 87
Screen CMC Water 100 300 20000 67

Table 1.2. Summary of pristine graphene inks developed for various printing methods.
Dispersants: EC = ethyl cellulose; HPMC = hydroxypropyl methylcellulose; NC = nitrocellulose;
Pyr-SA = pyrene-sulfonic acid derivative; PVP/PVAc = copolymer polyvinylpyrrolidone-
polyvinylacetate; CMC = sodium carboxymethylcellulose
Solvents: CHO = cyclohexanone; TpOH = terpineol; NMP = N-methyl pyrrolidone; EtOH =
ethanol; EG = ethylene glycol; H20 = water; BD = 2,3-butanediol; EL = ethyl lactate; OA = octyl
acetate; EGDA = ethylene glycol diacetate; PG = propylene glycol; DEGME = di(ethylene glycol)
methyl ether; DPGME = di(propylene glycol) methyl ether
Misc.: Phot. = photonic annealing; Comp. = compression; loading is graphene loading only

Due to its low cost and ready availability, reduced graphene oxide (RGO) is commonly
used for inkjet-printed electronics, demonstrating a range of potential applications for printed
graphene. This overview is not intended to offer a comprehensive summary of inkjet-printed RGO,
but to highlight select publications which demonstrate unique applications of graphene materials.
Dua, et al. demonstrate inkjet-printed vapor sensors based on RGO, with a baseline conductivity
of 1500 S/m and an electrical response to various molecules, including NO2, NHs, Cl, and
CHsOH.% Huang, et al. print graphene oxide (GO), with subsequent thermal reduction, to
demonstrate H,O2 sensors and interconnects with a conductivity of 900 S/m.% Lee and coworkers
also print GO, with subsequent thermal reduction, to demonstrate flexible MSCs and temperature
sensors.®>% Jang and coworkers pattern GO using inkjet printing, and employ a hydrazine or
vacuum annealing treatment to demonstrate dipole antennae and acoustic actuators.>% Lim, et al.

prepare an ink based on RGO and PVA to print electrodes for pentacene-based OTFTs, with

superior performance compared to gold and PEDOT:PSS electrodes demonstrated.®* Su, et al., also
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use inkjet-printed RGO for TFT electrodes. Using weakly-reduced GO, with chemical vapor
reduction following printing, they demonstrate patterns with an electrical conductivity as high as
42000 S/m, and use the material as source, drain and gate electrodes for SWCNT TFTs.% Select

applications of inkjet-printed RGO are illustrated in Figure 1.13.
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Figure 1.13. Printed devices based on reduced graphene oxide (RGO). (a) Schematic (left) and
transfer curves (right) of a pentacene OTFT with inkjet-printed electrodes based on RGO, with
similar devices using gold and PEDOT:PSS contacts for comparison, adapted from Ref. 94. (b)
Response of a RGO vapor sensor exposed to Cl, vapor at varying concentrations (left) and to
various gases (NHs, Cl2, NOs at 100 ppm) (right), adapted from Ref. 88. (c) Temperature sensing
capability of an RGO film, including resistance plotted against temperature (left) and the resistance
response due to tapping with a finger (right), adapted from Ref. 91. (d) Function of RGO thin film

as an acoustic actuator electrode, including speaker system design (left) and frequency response
(right), adapted from Ref. 92.
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While inkjet printing constitutes the primary method used in academic labs, other printing
methods have also been demonstrated. Huang, et al. develop a wireless strain sensor based on
gravure-printed GO following thermal reduction, as well as a sulfonated-RGO flexible chemical
sensor for the detection of NO,.%°" Hersam and coworkers demonstrate gravure printing of
pristine graphene, using EC-stabilized graphene in terpineol along with a modified flooding-
doctoring-printing method to produce patterns with a conductivity of ~10000 S/m following
annealing at 250 °C.® This strategy was also employed to design inks for screen printing graphene,
using thinned silicon stencils to screen print high resolution patterns with a conductivity of 18600
S/m.”” Qian, et al. demonstrate screen printing of RGO using EC and terpineol for electron field
emission applications.®® In addition, Miilhaupt and coworkers develop thick dispersions of RGO
for 3D microextrusion to produce free-standing films and supercapacitor electrodes,**1% and
Arapov, et. al present a gelled graphene dispersion method using a copolymer of
polyvinylpyrrolidone and polyvinylacetate for screen printing of graphene.8 Recently, Ferrari
and coworkers demonstrated a viscous graphene ink for blade-coating using carboxymethyl
cellulose as a binder with a straightforward and high-yield microfluidization method.®” A common
trend of graphene inks requiring high viscosity for methods such as screen printing is the use of a
polymer dispersant or binder, as this offers broader control over rheology and enables higher

concentration dispersion of graphene without aggregation.

1.6. Recent Progress in Printed Electronics

Recent advances in the broader field of printed electronics, not limited to graphene inks,

are presented here. Due to the expansive and diverse nature of this field, the discussion here will
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focus on select trends and prominent advances rather than a comprehensive overview of the field.
This discussion spans research in materials/inks, processing methods, and concepts for devices
and applications. Awareness of these broader developments in the field of printed electronics

provides important context for the utility of graphene inks and the work presented in this thesis.

1.6.1. Materials: Post-Graphene 2D Nanomaterial Inks

Following the development of graphene-based inks, there has been substantial research
into graphene analogues, 2D nanomaterials offering distinct properties. Foremost among these are
transition metal dichalcogenides (TMDCs) and hexagonal boron nitride, shown in Figure 1.14a-
b.!%! Hexagonal boron nitride (h-BN) is a wide bandgap insulator isoelectronic to graphene, which
has attracted interest as an ultrathin dielectric and for thermal management applications due to its
high thermal conductivity.!%271% The family of TMDCs offers a range of electronic properties,
encompassing n-type and p-type semiconductors, superconductors, and conductors, and featuring
strong optical absorption.1%%7 In many cases, dispersion and printing strategies developed for
carbon can be adapted for other 2D nanomaterials, accelerating their development for various
applications.®*1% For example, direct bandgap semiconducting TMDC nanosheets such as single-
layer MoS, and WS, offer promising properties for optoelectronic and sensing applications.
Liquid-phase exfoliation and printing of these materials has been shown, as illustrated in Figure
1.14c, with photodetectors demonstrated for both MoS; and WS,.5%1%110 |n general, the devices
based on a network of TMDC nanosheets offer reduced performance relative to single-flake
analogues, possibly due in part to electronic inhomogeneity and solvent or dispersant residue

separating the flakes.!'? In this sense, recent dispersant-free strategies for exfoliating and
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processing these materials are promising for cleaner interfaces.!'2'® An additional benefit of
solution-phase processing for post-graphene nanomaterials is the straightforward fabrication of
hybrid and composite structures.*415 In particular, several recent demonstrations have shown
devices composed entirely of nanosheets, spanning conducting, insulating, and semiconducting
functionality 82110116 yltimately the performance of these devices will need to improve for them
to be competitive with traditional technologies for realistic applications, but these demonstrations
illustrate the technical progress of the field in recent years.

There are many colloidal nanosheets beyond hBN and TMDCs that have received less
attention. Conductive materials, such as solution-processed 2D carbides and select 1V-VI
compounds,'t’~119 offer superior electrical performance to graphene. Moreover, given the
limitations in controlling morphology and uniformity in thin films of 2D flakes, the relaxed
requirements for printed conductors make such materials promising for practical application. For
semiconducting characteristics, 2D oxides have received relatively little attention, but have
demonstrated good performance in network devices composed of many flakes,*?° and may offer

broader process compatibility for ambient annealing compared to chalcogenides.
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Figure 1.14. Post-carbon nanomaterial inks. (a) Schematic structure of a MoSz nanosheet, which
is a prototypical TMDC. (b) Illustration of a h-BN nanosheet with atomic thickness and
honeycomb structure similar to graphene. (c) Vials of liquid-phase exfoliated 2D nanosheets of
WS, h-BN, and graphene (left) as well as inkjet printing schematic and inkjet-printed patterns on
Si/SiO2 (right); adapted from Ref. 110.

1.6.2. Methods: Resolution, Registration, and Direct-Write

Recent advances in printing methods focus on three key areas, namely resolution,
registration, and direct-write methods. High resolution patterning is critical for device performance
and integration density, and underlies many of the improvements in silicon-based circuits in recent
decades. In particular, operating speed can be described by the cutoff frequency of transistors,
approximated as

_ Herr(V6=VrH)
fr= 2nL(L+2Lc) (1.2)
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in which fr is the cutoff frequency, pefr the effective mobility, Vg and Vru the gate and threshold
voltages, L the channel length, and Lc the contact length, which is related to parasitic capacitance.
Reducing the channel length provides an effective route to improving speed. This both increases
the current through a device, and decreases the capacitance, or total charge required to switch it,
while also allowing a higher density of devices per substrate area. There are a number of strategies
being pursued to scale down feature size through advanced printing methods. Among digital
printing techniques, electrohydrodynamic jet (e-jet) printing offers the highest resolution, with
micron-scale line width.!?!'?2 For higher throughput methods, careful fundamental and
computational studies have returned promising results towards scaling the gravure printing
process, with feature sizes on the order of several microns.'?*!?* In addition, by carefully
engineering the capillary forces at play during gravure printing, line width and spacing as small as
1.2 and 1.5 pm were achieved with a model ink.!'*® Continuing improvements in scaling these
techniques while maintaining throughput are important for the realization of high performance
printed devices.

Because transistors and other electronic devices typically require multilayer printing with
different materials, improvements in resolution must be accompanied by improvements in
registration to maintain proper alignment of the different materials. A general strategy for scaling
registration capabilities is to develop materials and processes to engineer self-aligned patterns.
Recent advances have employed surface energy patterning and imprinted surface topographic
features to exploit capillarity in the alignment of printed patterns. By rationally engineering the
wetting characteristics of inks and substrates, devices with minimal drain/gate overlap or reduced

channel length can be inkjet printed.'?%'?® Additionally, engineering the surface topography to
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guide liquid ink migration has been exploited to print electrolyte-gated transistors (EGTs) in a self-
aligned process.!?*"132 Such bottom-up approaches to printed electronics assembly are highly
advantageous for the reliable fabrication of complex, high-resolution circuits.

A third trend in printed electronics is a strong interest in digital, direct-write patterning
methods for unique opportunities outside the scope of traditional printed electronics. In particular,
integration in a digital manufacturing environment carries the possibility of direct digital feedback
in the patterning process and on the fly modifications. Moreover, certain direct-write technologies
allow patterning on nonplanar surfaces, with opportunities for straightforward integration of
printed components on parts manufactured by other means. Both extrusion-based direct-write
printing and aerosol-jet printing have been demonstrated for patterning on nonplanar surfaces in

133,134

this manner, and continued developments in methodologies and supporting computational

frameworks for this capability are expected.

1.6.3. Devices and Applications: Bio-Interfaced and Hybrid Electronics

Materials research largely focuses on thin film transistors, owing to their foundational basis
for more complex circuits. However, given the diversity of printed electronics applications, and
the distinct process and performance specifications of printing methods compared to conventional
microelectronics fabrication, it is important to consider novel device architectures and unique
application concepts. Hybrid electronics interface conventional silicon circuits with printed
components.'>> 137 In this way, they leverage the outstanding capability of integrated circuits for
logic and memory functionality, while relying on printed elements for wiring, sensors, and power

d,]38’]39

management. In this context, novel fabrication schemes are require and control of the
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interface between flexible and rigid electronics is critical, particularly for mechanical durability.
Research to support this paradigm is expected to continue, particularly in applied contexts, as
initial applications of printed electronics acknowledge the practical merit of continuing to leverage
silicon functionality. A second area of active research involving printed electronics is the drive
towards bio-interfaced devices. There have been several recent studies detailing wearable sensors
and circuits for human performance monitoring.3"'4%!4! While these do not exclusively leverage
printing methods for fabrication, they share the performance targets and application space for
which fabrication by printed electronics would eventually offer substantial benefit. In this context,
interfaces with biological materials become important, particularly factors such as
biocompatibility, corrosion resistance, toxicity, and biodegradability. This presents a different lens
for assessing materials properties beyond baseline electrical performance alone. Finally, the design
of novel electronic device architectures is a promising area of research for advances in printed
electronics. Vertical devices are one prominent example of this. With the active channel oriented
vertically, aggressive scaling can be achieved without corresponding improvements in printing
resolution and registration. Several reports have made progress towards this goal, which requires
novel designs for conducting or semiconducting materials to enable gating of the source-channel
interface directly.!**!'* By working within relaxed constraints for printing resolution and
registration, this approach is a promising area for materials development. Graphene inks offer
opportunities in the three areas highlighted here. In particular, electrical and mechanical durability
of hybrid electronics depends critically on interfaces between rigid and flexible components.
Interfaces again play a role in biological applications of electronics, requiring biocompatible

materials stable in physiological environments. Moreover, the nanoscale structure of graphene or
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electric field permeability of thin films could potentially be exploited for vertical device
fabrication. While not directly addressed in the present work, these examples underscore the

critical importance of novel materials development in printed electronics.

1.7. Thesis Organization

The present thesis describes the development of a class of graphene inks that employ
cellulose derivatives as stabilizing polymers. These polymers, namely ethyl cellulose and
nitrocellulose, present several advantages for graphene ink development and application. By
sterically stabilizing graphene flakes, they provide excellent colloidal stability and extended
process versatility. With this system, graphene/polymer composites can be directly dispersed in
organic solvents to prepare inks. This bottom-up ink preparation process marks a departure from
conventional methods, and provides excellent control over the ink formulation and resulting
properties. In addition to broad process versatility, the cellulosic dispersants impact the functional
properties of printed graphene films. Following partial decomposition of the polymer,
carbonaceous residue serves to bridge graphene flakes, with the potential to enhance the
mechanical and electrical properties of the graphene patterns. The high performance achieved as
a result is exploited for several applications in printed electronics. The ensuing chapters trace the
development of these graphene inks, and are focused on the topics listed below.

Chapters 2-7 describe a series of materials and processing advances, which broaden the
toolbox for working with this system. Chapters 8-10 are focused on applications of the graphene
inks in printed electronics, focused on select opportunities for which the combination of properties

offered by graphene present a clear benefit. In particular, the chemical stability of graphene is
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critical for favorable interfaces with ceramic, metallic, and organic and electrolytic materials.
Chapter 11 focuses on opportunities for future work building from this foundation, and Chapter
12 ends with a short summary.

In Chapter 2, the development of a graphene ink for inkjet printing is described. Ethyl
cellulose is employed as a graphene exfoliation aide, dispersant, rheology modifier, and fugitive
binder to realize high performance graphene inks tailored for inkjet printing. The electrical and
mechanical properties of the resulting graphene patterns are studied, with compelling results for
applications in printed electronics.

In Chapters 3 and 4, the graphene/EC processing platform is leveraged to design inks for
gravure and screen printing, respectively. Broad tunability of the ink loading and viscosity is
critical to tailor inks for these printing methods. High resolution patterning is achieved, with
functional properties consistent with inkjet-printed patterns. Screen-printed graphene electrodes
are further used for highly flexible organic transistors.

Chapter 5 explores replacing the thermal annealing step traditionally used for graphene/EC
inks with a pulsed photothermal technique known as photonic annealing. By annealing printed
graphene patterns with a light pulse on the order of milliseconds in duration, process compatibility
is improved in two ways. The rapid annealing process is well suited for high-throughput roll-to-
roll manufacturing, while the short duration and localized nature of the heating process prevent
damage to thermally sensitive plastic substrates.

In Chapter 6, the traditional EC dispersant is replaced with an alternative cellulose
derivative, nitrocellulose. Due to its disparate decomposition properties, namely the tendency to

leave substantial amorphous carbon residue upon charring, nitrocellulose imparts qualitatively
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distinct functional properties to the printed graphene patterns. Improved cohesive strength, water
tolerance, and environmental stability are observed for graphene films processed with
nitrocellulose. The underlying chemical differences leading to these macroscopically distinct
properties are studied using advanced in situ spectroscopy techniques.

In Chapter 7, the unique thermochemical properties of nitrocellulose are exploited for
combustion-assisted photonic annealing of graphene patterns. As a mild explosive, nitrocellulose
decomposes rapidly and exothermically, promising attributes for integration with flash photonic
annealing. It is demonstrated that graphene/NC patterns exposed to photonic annealing receive a
boost from the built-in energy of the polymer. Moreover, rapid decomposition and volatilization
of the polymer lead to a high surface area microstructure, which is leveraged for graphene-based
microsupercapacitors.

Chapter 8 explores the use of graphene as an electrode for the amorphous oxide
semiconductor InGaZnO. In this context, graphene electrodes provide stable source/drain contacts
to printed InGaZnO TFTs. Conventional metal electrodes, such as silver, do not function properly
in this capacity due to deleterious interfacial reactions with the oxide semiconductor. Moreover,
the excellent thermal and environmental stability afforded by the graphene allows functional
InGaZnO devices following high temperature exposure and extended aging, conditions under
which devices based on standard metal electrodes deteriorate.

In Chapter 9, the chemical inertness of graphene is again utilized, here to provide stable
electrical connections to printed liquid metal. Gallium-based liquid metals offer unique
opportunities for stretchable and reconfigurable electronic devices, but aggressive alloying with

conventional metals presents a challenge for circuit integration and long-term operation. With its
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stable, carbon-based structure, graphene effectively prevents alloy formation, enabling more
versatile applications of liquid metal electronics.

Chapter 10 details the application of graphene as a stable, flexible electrode material for
organic electronics and electrochemical energy storage devices. Printed graphene electrodes are
demonstrated for electrolyte-gated transistors based on the polymer poly(3-hexylthiophene), or
P3HT. In this capacity, the graphene provides a stability improvement compared to clean silver
electrodes, and the flexibility of graphene can be exploited for highly flexible, and even foldable
devices. The suitable interface with organic semiconductors and stability to harsh electrochemical
conditions necessary in this context are extended to applications in Ceo electron-only devices and
microsupercapacitors.

Chapter 11 discusses several opportunities for future work building on the research here.
Translating the versatile processing platform developed here to alternative colloidal nanomaterials
would provide a broad palette of functional inks with mutual process compatibility, enabling
straightforward preparation and printing of functional composites. Utilizing the strong and
versatile foundation for graphene production and processing with ethyl cellulose, unique
opportunities could be realized by extending methods beyond printed electronics, to include
polymer processing techniques more broadly. Finally, the broad control over material parameters
offers opportunities for more careful, fundamental characterization of unique aspects of this
composite system, with potentially useful outcomes.

Chapter 12 concludes the thesis with a brief summary and general outlook.



CHAPTER TWO

Inkjet Printing of Graphene/Ethyl Cellulose
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2.1. Introduction to Inkjet Printing of Graphene

Among the diverse printing techniques discussed in Chapter 1, inkjet printing is a
promising approach for rapid development and deployment of new material inks. Several key
advantages of this technology include digital, additive, and non-contact patterning, reduction in
material waste, and compatibility with a variety of substrates with different degrees of mechanical

flexibility and form-factor. Various technologically important active components have been inkjet

145,146 88,148

printed'** including transistors, solar cells,!"'*7 light-emitting diodes,” and sensors.
Despite these device-level advances, the ability to pattern conductive, stable electrodes with fine
resolution remains an important challenge, especially as the field evolves towards highly integrated
systems.

In this chapter, a holistic approach is presented for achieving high performance inkjet-
printed graphene features that addresses the entire process flow starting with graphene exfoliation
and proceeding through ink formulation, printing, and final annealing. Central to this approach is
the use of graphene exfoliated in the inexpensive, environmentally benign solvent, ethanol, with
the stabilizing polymer ethyl cellulose (EC).®? By exploiting the solubility of the polymer, a room
temperature process is developed to produce a powder of graphene flakes encapsulated by
polymer, which is readily redispersed in a variety of organic solvents. In this manner, a graphene
ink for inkjet printing can be formulated from the bottom up, offering excellent control, ease of

use, and reproducibility. Building on this platform, stable inkjet printing of graphene is

demonstrated for the fabrication of high conductivity patterns suitable for flexible electronics.
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2.2. Liquid Phase Exfoliation of Graphene with Ethyl Cellulose

Graphene inks were produced by the exfoliation of graphite in ethanol and EC, as reported
previously.®? Details of the experimental procedure are as follows. 10.0 g natural graphite flake
(Asbury Graphite Mills, 3061 Grade) was dispersed in a solution of 200 mL, 2% w/v EC in ethanol
(EC: Aldrich, viscosity 4 cP, 5% in toluene/ethanol 80:20, 48% ethoxy; ethanol: Koptec, 200
proof) in a stainless steel beaker. The dispersion was sonicated using a probe sonication system
(Fisher Scientific Sonic Dismembrator Model 500, 13 mm Branson tip) for 90 minutes at 50 W in
an ice water bath. The resulting dispersion was centrifuged (Beckman Coulter Avanti® J-26 XPI)
at 7500 rpm (~10000 g) for 15 minutes, and the supernatant was collected. To this dispersion, a
0.04 g/mL aqueous solution of NaCl (Sigma-Aldrich, >99.5%) was added in a 1:2 volume ratio.
The resulting mixture was centrifuged at 7500 rpm for 8 minutes, after which the supernatant was
removed. The resulting graphene/EC solid was dried, dispersed in ethanol, and passed through a 5
um sieve (Industrial Netting, BS0005-3X1) to remove any large particles that might compromise
inkjet printing. The dispersion was then flocculated again, with the same parameters as above. To
remove any residual salt, the graphene/EC solid was washed with deionized water and isolated by
vacuum filtration (Millipore Nitrocellulose HAWP 0.45 pm filter paper). This isolated
graphene/EC was then dried, yielding a fine black powder. This process primarily produces few-
layer graphene sheets, with typical thicknesses of ~2 nm and areas of ~50x50 nm? (Figure 2.1).
The graphene/EC powder in this case has a graphene content of ~15% wt. (Figure 2.2), which is

significantly higher than the graphene/EC ratio in the original dispersion.
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Figure 2.1. Characterization of graphene flakes. (a) Representative AFM scan of the graphene
flakes that was used to obtain particle statistics. Histograms of (b) flake thickness and (c) flake
area for 355 and 216 flakes, respectively.
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Figure 2.2. Thermal gravimetric analysis of pure EC (black) and graphene/EC composite powder
(red), showing (a) mass as a function of temperature and (b) the differential mass loss. For the
composite powder, the decomposition peaks of EC in (b) are shifted to different temperatures due
to the presence of graphene. A heating rate of 5 °C/minute in air was used for this measurement.
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The processing steps are illustrated schematically in Figure 2.3. In particular, excess
graphite and EC were used to achieve high yields of suspended graphene (> 0.1 mg/mL).
Sedimentation-based centrifugation was employed (Figure 2.3a-b) to remove remaining large
graphite flakes, yielding a dispersion of ~1:100 graphene:EC in ethanol. To remove excess EC and
solvent, a room-temperature method based on the flocculation of graphene/EC was developed.
Specifically, upon the addition of NaClg), a solid containing graphene and EC was flocculated
and collected following a short centrifugation step (Figure 2.3c). This graphene/EC solid was
subsequently washed with water and dried, yielding a black powder with enriched graphene
content. Because EC encapsulates graphene flakes in solution, no irreversible aggregation of
graphene was observed. The resulting powder is readily dispersed in a variety of solvents, allowing
for the tailoring of inks for a range of deposition methods. In particular, dispersion of this material
in select organic solvents (Figure 2.3d-e) enables deposition of graphene by inkjet printing (Figure

2.39).
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Figure 2.3. Schematic illustration of the ink preparation method. (a) Graphene is exfoliated from
graphite powder in ethanol/EC by probe ultrasonication. A graphene/EC powder is then isolated
following (b) centrifugation-based sedimentation to remove residual large graphite flakes and (c)
salt-induced flocculation of graphene/EC. (d) An ink for inkjet printing is prepared by dispersion
of the graphene/EC powder in 85:15 cyclohexanone:terpineol. (e) Vial of the prepared graphene
ink and (f) drop formation sequence for inkjet printing, with spherical drops forming after ~300
pm.

2.3. Ink Formulation and Inkjet Printing of Graphene/EC

Inkjet printing requires careful tailoring of the viscosity and surface tension of the ink
formulation to achieve stable droplet formation. The wetting and drying properties of the ink must

also be tuned to achieve proper morphology of the printed features.?? Furthermore, inks should not
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possess large particles or volatile solvents since these components can lead to clogging of the inkjet
printhead. Finally, a high concentration of graphene is desired to reduce the number of necessary
printing passes. To achieve these goals, the graphene/EC powder was dispersed in a 85:15 mixture
of cyclohexanone:terpineol (Figure 2.3d). At a concentration of 2.4 wt% graphene/EC composite
(~3.4 mg/mL graphene), this ink has a surface tension of ~33 mN/m and a viscosity of 10-12 mPa-s
at 30 °C at a high shear rate (100-1000 s!, Figure 2.4). The shear viscosity of the ink was measured
using a Physica MCR 300 rheometer equipped with a 50 mm cone and plate geometry at shear
rates of 10-1000 s!. The temperature was controlled by a Peltier plate for viscosity measurements
at 25, 30, 35 and 40 °C to evaluate the optimal printing temperature. The surface tension was
estimated by the drop weight method, using calibration solvents of 2-propanol, ethanol, deionized

water and ethylene glycol.
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Figure 2.4. Shear viscosity of the graphene ink over a shear rate range of 10-1000 s at
temperatures of 25, 30, 35 and 40 °C.
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The relatively low surface tension of this ink is designed for proper wetting of low surface

energy substrates applicable to flexible electronics. To assess the electrical characteristics of the
ink, the well-defined substrate of Si/SiO; with 300 nm thermally grown oxide was used. For a
more suitable model of wetting and drying on low surface energy substrates, the Si/SiO> substrate
was treated with hexamethyldisilazane (HMDS) to decrease the surface energy. Printing was
carried out at 30 °C using a Fuyjifilm Dimatix Materials Printer (DMP 2800) with a cartridge
designed for a 10 pL nominal drop volume (DMC 11610). Drop spacing for all printed features
was maintained at 20 um. Stable printing of graphene lines on HMDS-treated Si/SiO> yielded a
line width of ~60 um, as shown in Figure 2.5a-c. The highly uniform dome-shaped cross-sectional
profile across the lines provides evidence for successful ink formulation, specifically showing no
undesirable coffee ring effects. Importantly, this advantageous cross-sectional profile was
maintained after multiple printing passes, as shown in Figure 2.5d. This excellent morphology of
the printed features is attributed to the suppression of the coffee ring effect through a Marangoni
flow established by the surface tension gradient that develops due to solvent evaporation.?!:144:149-

151 This flow homogenizes the droplet composition, resulting in a uniform morphology of the

printed features.
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Figure 2.5. Morphology of inkjet-printed graphene features on HMDS-treated Si/SiO;. Scanning
electron micrographs of (a) multiple printed lines and (b) a single printed line and drop (inset, scale
bar corresponds to 40 um) illustrate the uniformity of the printed features. (c) An AFM image of
a single line following 10 printing passes that shows no coffee ring features. (d) Averaged cross-
sectional profiles of printed lines after 1, 3, and 10 printing passes, demonstrating the reliable
increase in thickness obtained after multiple printing passes. The cross-sectional profiles are
obtained from the averaged AFM height profile over ~20 um as indicated by the boxed region in

(©).

2.4. Functional Characterization of Graphene/EC Patterns

The polymeric binder EC encapsulates graphene flakes following solvent evaporation,
necessitating thermal annealing to obtain highly conductive features. To study the electrical
behavior of the composite material as a function of annealing conditions, films were blade coated
on glass slides and annealed in an ambient atmosphere with systematic variations in the annealing
time and temperature. As shown in Figure 2.6a, a 250-350 °C annealing process for 30 minutes

results in high conductivity graphene films. At 250 °C, annealing for as short as 20 minutes was
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sufficient to achieve low resistivity (Figure 2.6b). For the remainder of this study, the annealing
temperature and time of 250 °C and 30 minutes, respectively, were chosen to enable compatibility

with flexible electronics applications.
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Figure 2.6. Electrical characterization of graphene features. (a) Electrical resistivity of blade-
coated films plotted against annealing temperature for a fixed annealing time of 30 minutes,
showing effective binder decomposition at 250 °C and increased resistivity due to graphene
oxidation above 400 °C. (b) Dependence of electrical resistivity on annealing time for a fixed
annealing temperature of 250 °C, showing that low resistivity is achieved following annealing for
20 minutes. (¢) Thickness of inkjet-printed graphene lines on HMDS-treated Si/S10: for increasing
numbers of printing passes. (d) Electrical resistivity of the printed features for increasing numbers
of printing passes, showing relatively stable performance after only 3 printing passes.

For a detailed assessment of the electrical performance of the printed features, 4 mm long
lines with varying thicknesses were printed on HMDS-treated SiO; and annealed at 250 °C for 30

minutes. The line thickness increases linearly with the number of printed layers, with each layer
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adding ~14 nm to the thickness (Figure 2.6¢). The line resistivity reaches a relatively stable low
value after only 3 printing passes, owing to the high concentration of the ink and the excellent
morphology of the printed features (Figure 2.6d). The measured conductivity of 2.5 x 10*+ 0.2 x
10* S/m (resistivity of 4 x 10 £ 0.4 x 103 Q-cm) for the printed lines after 10 printing passes is
~250 times higher than previously reported for inkjet-printed graphene.’® This dramatic
improvement indicates the effectiveness of the method presented here, which avoids the graphene
degradation that occurs in competing processes based on ultrasonication of graphene in harsh
solvents. The evidence of high conductivity films using small flakes indicates the efficiency of
flake-to-flake charge transport. This is a result of flake alignment, due to the use of small, pristine
graphene flakes, and decomposition of the EC binder.

Thermal gravimetric analysis of the ink indicates that EC decomposition occurs in two
stages, with a low temperature charring beginning below 250 °C and volatilization and removal of
residue occurring at temperatures above 400 °C (Figure 2.2). This observation coupled with the
high electrical conductivity observed after annealing at temperatures of 250-350 °C suggests that
the initial decomposition of EC enables efficient charge transport through the graphene network.
Because cellulose derivatives can thermally decompose into aromatic species,'>>!> the resulting
n-1t stacking between the residues and the graphene flakes provides relatively efficient charge
transport. In addition, the increase in resistivity upon annealing at 400-450 °C correlates well with
the removal of residue from the film in the second stage of EC decomposition. Furthermore, the
EC residue creates a dense and continuous film, as determined from scanning electron micrographs

of printed lines following annealing at 250 °C and 450 °C (Figure 2.7). This film densification
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could potentially enhance the mechanical properties of the printed graphene features and enable a

robust tolerance for bending stresses in flexible applications.

Figure 2.7. SEM images of printed lines annealed to (a,c) 250 °C and (b,d) 450 °C. (c) and (d)
are higher magnification SEM images of the highlighted area (yellow box) from images (a) and
(b), respectively. Following 450 °C annealing, the EC residue is removed, leading to a sparse
graphene network. This observation suggests the importance of EC decomposition products in
maintaining electrical and mechanical integrity of the printed features.

To assess mechanical properties, lines were printed on polyimide (DuPont Kapton®)
substrates and annealed at 250 °C for 30 minutes. Various flexibility tests were employed to
characterize these printed graphene lines. For example, to investigate the reliability over many
bending cycles, the electrical resistance was measured up to 1000 cycles. As shown in Figure 2.8a,
there is no observable degradation in the line conductivity for a bending radius of curvature of 3.4
mm. Even at a radius of 0.9 mm, the resistance remained nearly unchanged after a marginal initial
increase. At this radius of curvature, cracking was observed in the substrate, which suggests that

the small loss of conductivity is a limitation of the substrate rather than the printed features. The
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electrical performance of the printed features was also measured under applied stress for various
radii of bending (Figure 2.8b), with no observed loss in conductivity. As a final test, the resistance
of the graphene lines was measured in a folded state, as shown in Figure 2.8c-e, again resulting in
only a slight decrease in conductivity on the order of 5% that can again be likely attributed to
substrate cracking. Overall, these mechanical tests show the utility of these graphene inks in

flexible, and possibly even foldable, electronic applications.
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Figure 2.8. Flexibility assessment of printed graphene lines on Kapton® substrates. (a) Resistance
of graphene lines folded to a radius of curvature of 0.9 mm (blue) and 3.4 mm (red) normalized to
the resistance prior to bending. (b) Normalized resistance of graphene lines measured in a flexed
state for various degrees of bending, showing reliable retention of electrical conductivity across
all measured flex states. (c) Normalized resistance of graphene lines while measured in a folded
state, showing a small and irreversible increase in resistance following folding. Images of the
sample in the (d) original and (e) folded state.
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2.5. Summary for Graphene/EC Inkjet Printing

In summary, this chapter details the development of a novel graphene ink based on a
graphene/EC powder that is produced using only room temperature processing methods. The
graphene/EC powder allows for careful tuning of the ink to achieve stable inkjet printing of
features on a variety of substrates with excellent morphology, and could in principle be applied to
other printing techniques in a straightforward manner. In addition, the conductivity of printed
features following mild annealing is over two orders of magnitude better than previously reported
for inkjet-printed graphene despite a smaller flake size, thus indicating efficient flake-flake charge
transport. These results are likely enabled by the synergistic EC binder for graphene exfoliation,
which reduces flake-flake junction resistance upon annealing relative to graphene films containing
residual solvent or surfactant. Finally, the low processing temperatures enable compatibility with
flexible substrates, thereby allowing demonstration of the high tolerance of printed graphene
features to bending stresses. With this unique combination of attributes, these graphene-based
inks are likely to find utility in a wide range of printed, flexible, and/or foldable electronic

applications.
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3.1. Introduction to Gravure Printing of Graphene

Recent research, including the previous chapter, has demonstrated inkjet printing of
graphene for the fabrication of functional devices such as chemical and thermal sensors,®®’!
acoustic actuators,’? dipole antennas,’® and thin film transistors.®®** While inkjet printing offers an
additive technique that is ideal for rapid prototyping in research laboratories, its limited throughput
motivates the development of alternative printing strategies for industrial-scale applications.
Gravure printing is a promising option in this regard since it offers high-speed, roll-to-roll
deposition of functional materials at high resolution, as discussed in Chapter 1.> Gravure printing
involves filling an ink into recessed cavities in the master with the aid of a doctor blade, and then
transferring ink from these cells onto the substrates upon close contact.

Although several studies have demonstrated the utility of gravure printing for printed
electronics,”®!23:1347159 this technique has not yet been demonstrated for pristine graphene. The
difficulty in achieving gravure printing of graphene lies in the formulation of suitable inks, since
graphene possesses poor dispersion stability in common organic solvents.’” One strategy that
enables graphene dispersions is to oxidatively exfoliate graphite,'® but this approach typically
requires harsh chemical or thermal treatments and results in degradation of electrical
properties.’>®®161 On the other hand, pristine graphene can be dispersed in select solvents such as
N-methylpyrrolidone,® but this system is unsuitable for gravure printing due to its low viscosity
and limited graphene concentration. The research in Chapter 2 demonstrated an alternative
approach for producing graphene dispersions using a polymer, ethyl cellulose (EC), to stabilize
pristine graphene at high concentrations in common and benign organic solvents such as

1 62,70,71

terpineo Moreover, the graphene/EC material system possesses excellent electrical
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conductivity and compatibility with flexible substrates, demonstrating retention of electrical
properties upon bending and even folding.”® In addition, the EC/terpineol stabilizer-solvent system
has been previously employed for gravure and screen printing.'®? Building on this foundation, the
present chapter describes a graphene/EC ink design along with comprehensive printing

optimization to demonstrate gravure printing of graphene for high resolution, conductive patterns.

3.2. Graphene/EC Ink Formulation for Gravure Printing

Graphene inks are produced from solvent-exfoliated graphene prepared by a previously
described method from Chapter 2.7° In particular, graphene is exfoliated from graphite in ethanol
with the stabilizing polymer EC, which produces a high dispersion yield with minimal processing.
After the remaining graphite flakes are removed by centrifugation, a flocculation step is used to
remove excess EC from solution, thus isolating graphene/EC as a powder and effectively
decoupling the solvents used for exfoliation and printing. This method has been shown to produce
predominantly few-layer graphene flakes, with a typical thickness of ~2 nm and lateral size of
approximately 50 nm x 50 nm.”® The use of small graphene flakes is critical for high-resolution
gravure printing for which sub-micron particles are needed.'®

By first producing a graphene/EC powder, the ultimate ink solvent and concentration can
be widely varied. In this case, the graphene ink is produced by dispersing the graphene/EC powder
in a mixture of ethanol and terpineol, which allows rapid and complete dispersion due to the low
viscosity of the solvent system. This step is followed by removal of the ethanol to yield polymer-
stabilized graphene in terpineol, as shown in Figure 3.1a-b. Graphene/EC powder (1.0 g) was

dispersed in ethanol (~25 mL) and terpineol (10 mL, Aldrich, mixture of isomers, anhydrous) by
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bath sonication. This dispersion was passed through a 3.1 pum glass fiber filter membrane
(Acrodisc®). The filtered dispersion was heated on a hot plate to remove ethanol, yielding a final
ink of 10% w/v solids in terpineol (Ink 1). The medium and low viscosity inks (Inks 2 and 3) were
prepared by a similar technique with different concentrations (7.2% w/v and 5% w/v solids,
respectively).

For fabrication of the gravure printing pattern, a Si(100) wafer was cleaned by piranha
solution (5:1 H2SO4 and H20») for 15 minutes at 120 °C, rinsed with deionized water and dried.
The wafer was prebaked at 115 °C for 1 minute, after which photoresist (Shipley 1813) was spin-
coated onto the wafer at 3000 rpm for 30 seconds. A soft baking step was carried out at 110 °C for
1 minute to drive off solvents and improve adhesion. A mask designed with the gravure cell
patterns was aligned with the wafer during a 5 second exposure to UV light (MABAG). The wafer
was immersed in developer solution for 1 minute, rinsed with deionized water, and dried. The
patterned wafer was then dry etched to the required depth by reactive ion etching (SLR 770 Deep
Trench Etcher). The wafer was then washed in acetone, ethanol, and deionized water prior to being
used as a gravure pattern.

The prepared graphene inks can be directly applied for gravure printing by employing the
flooding-doctoring-printing strategy illustrated in Figure 3.1c-e. This method decouples the critical
processes of gravure printing, particularly filling the gravure cells with the ink (flooding),
removing excess ink from the surface (doctor blading), and transferring the pattern to the substrate
(printing). In this manner, the parameters related to these three distinct steps can be independently
optimized, enabling a high degree of control over the printing performance. The graphene inks

were printed onto 125 pm thick DuPont Kapton® FPC films purchased from American Durafilm
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using a direct gravure printing system. The gravure pattern consisted of square cells from 2 to 50
um in width and 5 pm in depth. For printing lines, the spacing between cells was varied from 0.1
to 1 x cell width. During the flooding step, the graphene ink (0.1 g) was flooded onto the gravure
plate using the doctor blade at 70° and a typical speed of 5 cm/s. Doctor blading was then
performed at 55°, also at a typical speed of 5 cm/s. Finally, the ink in the cells was transferred to
the substrate through a nip consisting of a soft and a hard roll at a speed equivalent to the doctoring

speed.

Flooding

(d) Doctoring

Lo

(e) Printing

-

Figure 3.1. Development of the graphene ink for gravure printing. (a) Schematic of the ink,
showing a graphene sheet stabilized by ethyl cellulose in terpineol. (b) Photograph of the
formulated ink. (c-e) Illustration of the gravure printing method decomposed into three steps: (c)
flooding of the gravure cells; (d) doctor blading; (e) printing.
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The three processes of the gravure printing approach used here are strongly influenced by

the ink physical properties, especially the viscosity and surface tension. Because the surface
tension is largely determined by the solvent, terpineol, which has previously been shown to be
suitable for conductive inks,'®* the viscosity is the most crucial ink parameter to tailor. Towards
this end, the three different inks have varying viscosity in the range of 0.2-3 Pa-s (shear rate: 10 s
1, shown in Figure 3.2a, corresponding to solids loading of 5-10% by weight. The shear viscosity
of the inks was measured using a Physica MCR 300 rheometer equipped with a 25 mm, 2° cone
and plate geometry at shear rates of 1-1000 s, with the temperature controlled by a Peltier plate
at 25 °C. The significant printing parameters, including the speed and pressure of flooding and
doctoring and the speed of printing, were optimized to print dot patterns of each ink, offering a
direct comparison as a function of ink viscosity. As shown in Figure 3.2b, the size of the printed
dots increased for the low viscosity inks due to increased spreading on the substrate; for a 50 um
cell, the dots spread to 68 um and 80 um for the high and low viscosity inks, respectively. In
addition, the lower viscosity inks tended to produce anisotropic dots with an empty center and an
extended tail of ink residue along the direction of doctoring, as shown in Figure 3.2c-e. Because
the high viscosity ink exhibited superior resolution and pattern fidelity, this ink was used for the

remainder of this study.
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Figure 3.2. Optimization of graphene inks for gravure printing. (a) Shear viscosity for the three
different ink formulations. (b) Size of printed dots for each ink using a gravure cell of 50 um. (c-
e) Optical images of the printed dots for each ink. (f-h) Optical images showing line formation as
the cell spacing is reduced, corresponding to 50, 25 and 5 um spacing for a cell size of 50 um.

3.3. Print Characterization of Gravure-Printed Graphene/EC

While ink deposition from individual cells is at the core of gravure printing, continuous
lines (i.e., wires) are particularly important for electronic applications. Continuous linear printed
features require well-behaved spreading and merging of ink from neighboring cells, which depends
on the spacing between the cells. Figure 3.2f-h illustrates this issue for 50 um cells. As the spacing
between cells is decreased from 50 pm to 25 um, the neighboring drops merge to form a

discontinuous, rough-edged line. As the spacing is further reduced to 5 um, the rough edges are
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removed, yielding a continuous, uniform line. Importantly, the additional material deposited with
decreased cell spacing contributed to the uniformity and thickness of the lines but did not
appreciably compromise the resolution (Figure 3.3). Lines printed using this condition, namely the
cell spacing to cell size ratio (printing ratio, PR) of 0.1, showed excellent morphology across the

range of cell sizes from 15-50 um, as shown in Figure 3.4.
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Figure 3.3. Line width measurements for lines printed with different cell spacing. The printing
ratio (PR) defines the ratio of cell spacing to cell width. The similar width of lines printed at
different printing ratios suggests that the additional ink contributes to the line uniformity and
thickness rather than increased ink spreading.
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Figure 3.4. Optical microscopy images of printed graphene lines using cell sizes of 15, 20, 25,
30, 35 and 50 um for (a-f), respectively. Lines printed without the specified cell size are shaded
gray in each case.

The gravure-printed graphene lines were further characterized to assess their suitability for
printed electronics. Measurements of the line width indicate the broad tunability in resolution by
varying the cell size, as shown in Figure 3.5a, with 15 um cells producing lines that are ~30 um
wide. The line thickness was measured prior to annealing by optical profilometry (Figure 3.5b),
showing a monotonic increase in thickness that begins to saturate for larger cells, corresponding
to the reduced ink spreading relative to the cell size. In addition to well-controlled line dimensions,
the optimized printing conditions lead to high quality, uniform printing over large areas, as shown
in the scanning electron micrograph in Figure 3.5¢ and height profiles measured by optical

profilometry in Figure 3.5d.
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Figure 3.5. Characterization of gravure-printed graphene lines. (a) Line width and (b) line

thickness for varying cell size. (c) Large-area scanning electron micrograph of printed lines. (d)
Line height profiles measured by optical profilometry.

3.4. Functional Characterization of Gravure-Printed Graphene/EC

To complement the large-area fidelity of the printing process, the ink chemistry yields a
dense and uniform network of graphene flakes following annealing, as the polymer stabilizer
mitigates flake aggregation (Figure 3.6). To establish the electrical properties of the printed
graphene lines, conductivity measurements were performed following thermal annealing at 250
°C for 30 minutes. Resistance measurements of the lines are shown in Figure 3.7a; for lines printed

with cells of 20-50 um, ten out of ten measured lines were electrically continuous over the entire
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8 mm length of the line with a standard deviation in resistance below 10%. This result indicates
the continuous nature of the lines, as well as the uniformity in printing from line to line. For lines
printed with a 15 pm cell, 8 of the 10 measured lines were electrically conductive, with the same
uniformity among those 8 lines as the lines printed with larger cells, which is noteworthy
considering the relatively small thickness of the lines compared to the roughness of the Kapton
substrate. While the lines are 100-200 nm thick prior to annealing, a vertical contraction occurs
during annealing as the EC polymer stabilizer is partially decomposed. To measure the thickness
evolution resulting from annealing, thicker films of the graphene/EC material were inkjet-printed
onto a silicon wafer. Profilometry measurements of film thickness following different annealing
conditions indicate that the graphene/EC composite contracts to ~15% of the original thickness
during annealing to 250 °C, as shown in Figure 3.7b. Atomic force microscopy imaging, shown in
Figure 3.7c, offers a direct visualization of the resulting nanoscale thickness of the lines. The
surface roughness of the substrate, measured to be ~50 nm due primarily to the embedded particles,
is large relative to the line thickness of ~15-30 nm. The electrical continuity of such thin lines at a
macroscopic length scale, even over a surface with relatively large topographical defects, is a
testament to the reliability and quality of the printing process. Overall, the electrical conductivity
of the printed graphene lines is estimated to be ~10000 S/m, based on measurements of line width,
resistance, thickness prior to annealing, and film contraction during annealing. This is based on
lines printed with 50 um cells, for which the resistance per length was 51.9 + 4.4 kQ/mm, the
width was 69.9 + 2.0 um, and the thickness following annealing was calculated to be (178 + 11.8
nm)*(0.144 + 0.019) = 25.6 + 3.7 nm, yielding a conductivity of 10800 + 1800 S/m. In addition to

being highly conductive, the printed patterns exhibit robust mechanical tolerance to bending
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stresses. While comprehensive flexibility tests have been previously performed on this
graphene/EC material,’® it is verified here that the gravure-printed lines show similar
characteristics. Indeed, lines printed with both 50 um and 30 um gravure cells show no measurable
loss in conductivity over 500 bending cycles at a radius of curvature of 2 mm, or an equivalent

strain of 3.1%, as shown in Figure 3.7d.

Figure 3.6. A scanning electron micrograph of graphene lines indicates a dense and continuous
network of flakes.
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Figure 3.7. Characterization of gravure-printed graphene for electronics. (a) Line resistance for
the varying cavity size. (b) Thickness contraction during annealing for the graphene/EC composite.
(c) AFM images of a printed line, illustrating that the printed lines are considerably thinner than
the substrate surface roughness. (d) Normalized resistance of printed lines over 500 bending cycles
at a radius of curvature of 2 mm, or 3.1% strain. (e) Printed crossbar array. (f) Photograph of large-
area patterns.

Because the essential physical processes of gravure printing are defined by filling
individual cells, removing excess ink, and transferring the ink to the substrate, the inks and
optimized printing parameters developed here can be readily extended to more complex patterns.
For example, Figure 3.7e shows a crossbar pattern with lines printed in orthogonal directions. This
pattern demonstrates the invariance of printed patterns with the printing direction, as the lines are
aligned both parallel and orthogonal to the direction of printing. In addition, it demonstrates the

robustness of printing even over features ~200 nm thick on the substrate, an important prerequisite
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to more complex, multi-material structures. Figure 3.7f further illustrates large-area patterns
printed with graphene, thus verifying the scalability of this technique for rapid, high-volume

printing applications.

3.5. Summary for Graphene/EC Gravure Printing

In summary, gravure printing of large-area, high-resolution patterns of pristine graphene
was demonstrated on flexible substrates through the formulation of suitable inks and the
optimization of printing parameters. By adapting graphene dispersion strategies originally
developed for inkjet printing, a stable, high-concentration graphene ink was developed with
tunable viscosity in a chemically and environmentally benign solvent with established applicability
for gravure printing. This strategy employs pristine graphene flakes, with excellent electrical
conductivity and compatibility with flexible substrates. By tailoring the ink properties and printing
conditions, continuous lines with resolution as fine as ~30 um are printed over large areas with
notable reliability and uniformity. The electrical conductivity of these patterns of ~10000 S/m is
among the highest reported for printed graphene, and is particularly impressive considering the
nanoscale thickness of the patterns on a topographically rough substrate. This printing strategy
thus offers the opportunity to utilize the 2D nature of graphene in a robust, large-area format. In
this manner, the integration of graphene with gravure printing represents a milestone in the
development of solution-processed graphene for commercially relevant, highly scalable

applications in printed and flexible electronics.
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4.1. Introduction to Screen Printing of Graphene

As discussed in the previous chapters, printed electronics is centered around high
performance functional inks and high throughput printing methods such as inkjet, gravure,
flexographic, and screen printing.!%® Screen printing offers a particularly versatile strategy for the
integration of graphene in a robust and practical printing process. In particular, high-resolution
screen printing is desired to improve the integration density and performance of electronic devices,
but this requires advances in both ink design and printing methods. Here these challenges are
addressed with a novel strategy for high-resolution screen printing using a silicon stencil coupled
with the graphene ink processing framework that constitutes the basis of this thesis.

Screen printing is a classic mass-printing method realized by pressing an ink through a
patterned stencil with a squeegee, and has been widely employed for electronics due to its
versatility and compatibility with a wide variety of functional inks and substrates.'®1”? Although
several studies have demonstrated screen printing of reduced graphene oxide,’®!”*!™* high-
resolution screen printing of pristine graphene for printed electronics has not yet been realized.
This is due in part to the difficulty in producing viscous and highly loaded dispersions of pristine
graphene resulting from the material’s inherent tendency to aggregate. Moreover, conventional
screen printing methods are restricted to a printing resolution of 50 to 150 pm corresponding to a

162.169.175.176 impeding the drive for fabrication of finer

screen mask resolution of 40 to 120 pum,
patterns to facilitate higher integration density and improved device performance. The printing
resolution of screen printing is highly dependent on the quality of the screen mask, which is

generally prepared using a photochemically defined emulsion coated on a screen mesh. Although

finer patterns of the mask are expected to improve printing resolution, the low lithography
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resolution of the emulsion layer and mesh dimensions restrict the improvement in printing
resolution. Thus, it is a challenge to develop a high-resolution mask that can be applied to screen
printing of graphene for printed electronics.

As discussed in Chapter 1, screen printing traditionally requires high viscosity pastes. This
high viscosity prevents significant spreading following printing, while shear thinning behavior
allows for ink to flow more readily into high aspect ratio, high resolution openings in the screen.
The challenge for screen printing graphene, then, lies in the formulation of such a suitable ink. In
particular, a stable, high-concentration dispersion of graphene in suitable solvents is of critical
importance. The dispersion of graphene with ethyl cellulose (EC) demonstrated in the previous
chapters shows great promise in this regard, in that high concentrations of graphene are realized
in chemically benign organic solvents such as ethanol and terpineol for inkjet and gravure
printing.”"’® Moreover, this strategy offers broad control over the dispersion viscosity, a key
parameter for printing methods, and leads to high-conductivity patterns following annealing.” The
ability to tune ink rheology enables pristine graphene to be integrated with rapid, low-cost, and
high throughput production methods such as screen printing.

Here the precision patterning of pristine graphene by screen printing is demonstrated using
a silicon stencil. The screen printing stencil is prepared from a thin silicon wafer. Silicon is
compatible with photolithography processing and the silicon stencil does not have a mesh, which
enables well-defined and high-resolution stencil patterns. In addition, a viscous, concentrated,
pristine graphene ink is developed, and the effects of ink properties and printing parameters are
studied. High-quality patterns with good electrical conductivity and excellent mechanical tolerance

are produced. To demonstrate the feasibility of this approach for printed electronics, all-printed
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EGTs are fabricated on flexible substrates using screen-printed graphene source and drain

electrodes, and the device performance and mechanical durability are characterized.

4.2. Graphene/EC Ink Formulation and Screen Printing Method Development

As a first step for high-resolution screen printing of graphene, an alternative stencil design
is developed based on a thinned silicon wafer. Figures 4.1-4.2 depict a schematic diagram for the
preparation and use of this stencil. The silicon wafer was first thinned to impart mechanical
flexibility by a simple wet etching process.!”” The thinned silicon wafer, with a thickness less than
120 um, was flexible enough to be employed for screen printing, while a wafer with a thickness
less than 85 pum has insufficient mechanical tolerance to withstand the applied force during
printing. In addition, a thinner stencil facilitates easier screen printing for fine lines, because it
allows the ink to travel through the stencil and transfer onto the substrate more readily. Therefore,
this study used silicon wafers with a thickness of 90 (+5) um. As shown in Figure 4.1a, the
photolithography process was then carried out to pattern openings on the thinned silicon wafers.
Figure 4.3a shows the optical microscopy (OM) image of the silicon stencil showing line openings
with widths (Wscreen) of 20, 30, and 40 um in the silicon stencil. The line openings were created
with high fidelity by reactive ion etching. A high-resolution OM image (Figure 4.3b) reveals that
the edges of the line openings are straight and the opening shapes are equivalent to the patterns in
the photomask. This strategy enabled line openings as narrow as 5 um in the silicon stencil (Figure

4.3¢).
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Figure 4.1. (a) Fabrication steps for a thin silicon stencil using conventional lithography
techniques. (b) Schematic process of screen printing using the silicon stencil and a pristine
graphene ink. (c) Cross-sectional illustration of the screen printing method with the flexible silicon

stencil during printing.
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Figure 4.2. Schematic diagram of screen printing with a silicon stencil in a cross-sectional view.
(a) The graphene ink is placed on the silicon stencil. (b) The squeegee moves the ink and presses
the stencil at the same time, which makes contact between the stencil and the substrate. (c) As the
squeegee passes the openings, the ink is printed on the substrate. (d) When the squeegee is removed
from the stencil, the stencil separates from the substrate, leaving the ink on the substrate.
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Figure 4.1b and Figure 4.2 display schematic diagrams for screen printing with the silicon
stencil. The substrate was held on a vacuum plate, and spacers were inserted between the stencil
and the substrate. Due to its low surface roughness, the polished face of the silicon stencil was
placed down to make better contact between the stencil and the substrate during printing. The
spacer was made with poly(dimethylsiloxane) (PDMS) with a thickness of ~2 mm. Use of different
spacer thicknesses between 1.5 mm and 2.5 mm did not change the printing quality significantly.
The somewhat adhesive surface of the PDMS spacers helps to secure the silicon stencil in place
during printing. The graphene ink was then placed on top of the stencil and pushed by a squeegee.
A single pass of the squeegee was sufficient to transfer the graphene pattern to the substrate. Figure
4.1c represents a schematic cross-sectional view of the stencil during printing, illustrating the
equivalent mechanics of screen printing with a silicon stencil and a conventional screen. During
printing, the squeegee forces the ink through the stencil while simultaneously pressing the stencil.
Because the thin silicon wafer is flexible, the stencil bends, providing contact between the stencil
and the substrate (contact zone). In front of the squeegee edge, the ink is moved and penetrates
into the openings of the stencil (filling zone). After the squeegee edge passes the openings, the
graphene ink in the openings adheres to the substrate (adhesion zone). Finally, the stencil is lifted

up, leaving the ink on the substrate (release zone).
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Figure 4.3. (a) Optical microscopy (OM) image of a thin silicon stencil showing line openings
with different widths (Wscreen) of 20 (top), 30 (middle), and 40 um (bottom) in a silicon stencil. (b,
c¢) High-resolution OM images for line openings with Wscreen 0f 20 and 5 um, respectively. (d) OM
images of graphene lines printed on polyimide films through line openings with Wscreen 0f 20 (top),
30 (middle), and 40 pm (bottom). The printing was accomplished from two inks of different
viscosities (Ink 1 and 2), in two different printing directions (A and B). (e¢) Measured shear
viscosity for Ink 1 and 2. (f) Width (Wprinted) Of screen-printed graphene lines measured by OM on
polyimide substrates with different inks and printing directions for varying wscreen.

In conjunction with the unique stencil design described above, pristine graphene inks were
developed with properties suitable for this printing method. To prepare the graphene ink, solvent-
exfoliated graphene was produced by ultrasonication of graphite in a solution of EC in ethanol.

This strategy, previously reported,®? offers high graphene yields (~0.2 mg/mL) with a short
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processing time, limiting the degradation of the intrinsic structure and properties.®® To isolate large
graphene flakes with minimal polymer binder, a two-step centrifugation-based classification
method was used. The first step at a lower centrifugation rate removed thick, unexfoliated graphite
particles, retaining the supernatant. The second step at a higher rate isolated graphene flakes and
EC as the sediment. This sample of graphene was redispersed with additional EC in ethanol and
isolated as a solid by the flocculation procedure developed in Chapter 2. In detail, natural graphite
flake (20.0 g, Asbury Graphite Mills, 3061 Grade) was dispersed in a solution of EC in ethanol
(0.1% wi/v dispersion, 200 mL; EC: Aldrich, viscosity 4 cP, 5% in toluene/ethanol 80:20, 48%
ethoxy; ethanol: Koptec, 200 proof) in a stainless steel beaker. A probe sonication system (Fisher
Scientific Sonic Dismembrator Model 500, 13 mm Branson tip) was used to sonicate the dispersion
for 105 min at 50 W in an ice water bath to exfoliate graphene sheets. The resulting dispersion was
centrifuged (Beckman Coulter Avanti® J-26 XPI) at 5000 rpm (~4500 g) for 15 min, and the
supernatant was collected. This dispersion was further centrifuged at 7500 rpm (~10000 g) for 15
min, and the sediment was collected. The wet sediment was redispersed with ethanol (25 mL
ethanol per 1.0 g sediment) and EC (100 mg EC per 2.0 g sediment; EC: Aldrich, viscosity 22 cP,
5% in toluene/ethanol 80:20, 48% ethoxy) by bath sonication for 3 h. This dispersion was passed
through a 3.1 um glass fiber filter membrane (Acrodisc®). It was then mixed with an aqueous
solution of NaCl (0.04 g/mL, Sigma-Aldrich, >99.5%) in a 16:9 weight ratio and centrifuged at
7500 rpm for 8 min, after which the supernatant was removed. To remove residual salt, the
resulting graphene/EC solid was suspended in water, bath sonicated for 20 min, and collected by
centrifugation at 7500 rpm for 10 min. This isolated graphene/EC composite was then dried to

yield a powder. This process was repeated to produce enough material for ink production. TGA of
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this powder revealed 78.3% mass retention at 400 °C, estimated to reflect the graphene solids
content (temperature ramp at 10 °C/min in air).

The flakes produced by this method are primarily few-layer graphene with a typical
thickness of ~2 nm and a typical area of approximately 70 nm % 70 nm, as shown in Figure 4.4.
By isolating the graphene/EC composite as a powder, broad control over the final ink composition
is enabled. Inks were prepared from the graphene/EC powder in terpineol, a well-established
solvent for screen printing with EC as a binder.!”®!” Graphene/EC powder (0.5 g) and EC (0.5 g,
Aldrich, 4 cP at 5 wt.% in toluene/ethanol 80:20) were dispersed in ethanol (~25 mL) and terpineol
(5.0 mL, Aldrich, mixture of isomers, anhydrous) by bath sonication for ~90 min. The ethanol is
used to facilitate dispersion because it maintains a low dispersion viscosity, facilitating more
effective sonication, and is readily removed by applying heat. The dispersion was passed through
a 3.1 um glass fiber filter membrane (Acrodisc®). The filtered dispersion was heated on a hot plate
to remove ethanol, yielding a final ink of nominally 20% w/v solids in terpineol, with a
graphene:EC ratio of 2:3 by weight (Ink 1). The higher viscosity ink (Ink 2) was prepared similarly
using a higher viscosity EC sample (Aldrich, 22 cP at 5 wt.% in toluene/ethanol 80:20). In this
way, the two inks are characterized by nominally equivalent graphene concentration of ~80
mg/mL, much higher than alternative graphene inks developed without a polymer binder; for
example, a graphene dispersion in N-methyl pyrrolidone for inkjet printing has a concentration of
~6 mg/mL.® While they have similar graphene concentrations, the viscosity of the inks varies by
a factor of ~10, as shown in Figure 4.3e, with a shear viscosity of ~1 and ~10 Pa-s for Ink 1 and

Ink 2, respectively, at a shear rate of 10 s™' (25 °C, measured with 25 mm, 2° cone and plate).
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Figure 4.4. AFM characterization of graphene flakes. (a) Representative AFM image of graphene
flakes dropcast on SiOz. Distributions of (b) flake thickness and (c) flake area for 715 particles,
indicating typical flake dimensions of ~2 nm thickness and ~70 nm x 70 nm area.

4.3. Screen Printing Optimization and Characterization

A thorough characterization of the interplay between printing parameters and ink properties
was carried out to optimize the printing of high-resolution graphene lines. To investigate the screen
printing process, printing was performed in two different directions (Figure 4.3d), perpendicular
(Direction A) and parallel (Direction B) to the line openings. Figure 4.3d presents the screen-
printed graphene lines on polyimide using line openings with Wscreen 0f 20 (top), 30 (middle), and
40 (bottom) um. The OM images show precisely printed graphene lines, indicating the high-
quality printing of graphene achieved using the silicon stencil. To study the transfer of ink through
the stencil, a potentially limiting process for high-resolution printing, the printing capability is
defined as the minimum Wscreen for which ink is reliably transferred to the substrate. To determine
the printing capability with regard to the ink viscosity and printing direction, screen printing was

performed with line openings for varying Wscreen from 5 pm to 50 pum. For Ink 1, the printing
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capability was 7.5 and 10 pm for printing perpendicular and parallel to the lines, respectively. For
Ink 2, it was 15 and 20 pm for printing perpendicular and parallel, respectively. This indicates that
printing perpendicular to the line openings and using a lower viscosity ink are better for screen
printing with fine mask patterns. It has been reported that the squeegee can deform more into the
line openings perpendicular to the screen printing direction, compared to those parallel to the
printing direction, which causes higher pressure to the ink underneath the squeegee in
perpendicular openings than parallel openings.'® This increased pressure forces the ink to contact
the substrate better, leading to a higher quality print. In addition, the better printing capability with
the lower viscosity ink can be attributed to the easier penetration into the stencil because it
generates lower resistance to flow when the ink travels through the fine line openings.

The width of printed graphene lines (Wprinted) Was measured for lines printed from varying
Wicreen, @S shown in Figure 4.3f. It was observed that the printing direction did not affect Wprinted
significantly, whereas Wprinted Of Ink 1 was much larger than that of Ink 2 for the same Wicreen.
Larger Wprinted With Ink 1 compared to Ink 2 can be explained by more spreading on the substrate
due to the lower viscosity.!®® As a result, even though the printing capability (>15 um) with Ink 2
was worse than that (>7.5 pm) with Ink 1, printed graphene lines (Figure 4.5a) as narrow as 40 um
were achieved with Ink 2, while the narrowest lines achieved with Ink 1 were 50 um. Additionally,
graphene lines were printed with different spacings of 30, 50, 70, and 90 um, as shown in Figure
4.5b, c, d, and e, respectively, which were obtained from a stencil having line openings with
different spacing. They show uniform spacing between the lines, an important characteristic for
application as TFT electrodes, in which the spacing between the lines defines a critical feature

size, the channel length. Figure 4.5f shows the measured thickness of the screen-printed graphene
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lines as a function of Wprinted, Obtained from surface profile measurements (Figure 4.6). Thicknesses
for a given ink were similar for the different printing directions. On the other hand, graphene lines
from Ink 2 were thicker than those printed from Ink 1 for the same Wprinted, Which implies that the
higher viscosity of Ink 2 produced higher aspect ratio features (thickness/Wprinted) compared to Ink
1, as shown in Figure 4.7. Figure 4.5g reveals this issue for printed graphene lines through the line
opening with Wscreen 0f 20 um. Ink 2 is favorable in terms of better printing resolution and higher
aspect ratio, illustrating the importance of controlling the ink rheology and producing high
concentration graphene dispersions for screen printing applications. As a result, further

experiments were executed with Ink 2.
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Figure 4.5. (a) OM images of a screen-printed graphene line with Wyrinted 0f 40 um and (b-e)
graphene lines (dark double stripes) with different spacing of 30, 50, 70, and 90 pm on polyimide
films. (f) Thickness of screen-printed graphene lines for different inks and printing directions. ()
Comparison of the aspect ratio (thickness/width) and Wprinted Of the printed graphene lines through
a 20 um wide line opening with respect to the ink viscosity and the printing direction.
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4.4. Functional Properties and Application of Screen-Printed Graphene/EC

In addition to the high-resolution capability of the method described above, the electrical
conductivity and bending tolerance of the printed graphene lines are key attributes for applications
in printed and flexible electronics. In order to characterize the electrical properties of the graphene
lines, the graphene was screen-printed with a test pattern for various values of Wprinted, as shown in
Figure 4.8a. The pattern contains six contact pads for the measurement of electrical resistance at
different total line lengths. Prior to measurement, they were annealed in a furnace at a temperature
of 300 °C for 30 min, which led to partial decomposition of the EC polymer stabilizer to produce
a dense and continuous network of graphene flakes (Figure 4.8b) for higher conductivity.”®
Decomposition of the EC resulted in a decrease of the pattern thickness by ~70%, as shown in
Figure 4.9. Surface roughness of the annealed graphene was measured to be 32 nm by AFM. As
shown in Figure 4.8c, the resistance per unit length was calculated from the linear relationship
between the measured resistance and the line length, which displays a decrease of the resistance
as Wprinted 1Increases. Based on the measured resistance and the line geometries, the conductivity
was calculated to be 1.86 x 10* £ 0.19 x 10* S/m (resistivity of 5.37 x 107 £ 0.55 x 107 Q-cm),
highly competitive among solution-processed graphenes.®” Previous studies have demonstrated
resilient mechanical properties of printed graphene lines.”®%!3! To verify the mechanical bending
tolerance of the screen-printed graphene on flexible substrates, bending tests were carried out for
the graphene lines with different thicknesses of 137 and 637 nm, which were printed through the
line openings with Wscreen 0f 20 and 100 um. The bending test was performed at a bending radius
of 4 mm, corresponding to 1.0% tensile strain. Figure 4.8d shows the relative resistances of the

graphene lines over the course of the bending test, revealing a negligible change during 1000
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bending cycles and thus verifying the excellent bending stability of screen-printed graphene,

independent of the line thickness.

(@)

¢ Wprinted

£

0

RIL (kymm)  ©

0.1

10

)
hadaoh o ot

() 138528 - B b AL T hS

1T mm

T (d)1.10

Bending radius =4 mm (¢ = 1.0%)
* 1.05- l
= ; pe =
. o 100 3 . ] .
~
Z 1Y (0%
0.954 -
Thickness = ® 137 +5nm
= 607 £12nm
" : : ; 0.90+— - - :
30 60 90 120 150 180 1 10 100 1000
Wy (um) Bending cycles

printed
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To demonstrate a possible application of screen-printed graphene electrodes, all-printed
electrolyte gated transistors (EGTs) were fabricated and characterized. EGTs are promising for
flexible printed electronics; the high capacitance of the electrolyte enables low voltage operation,
and the material offers broad process compatibility for printing on flexible substrates and good

182-184 A5 shown in Figure 4.10a, EGTs were fabricated using

tolerance to thickness variations.
screen-printed graphene for source and drain electrodes on a polyimide substrate, with a channel
length (L) and width (W) of 90 and 900 pum, respectively. Figure 4.10b shows the schematic device
structure of the EGTs, in which poly(3-hexylthiophene) (P3HT), ion-gel, and poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) were printed by aerosol-jet
printing, for the semiconductor, gate dielectric, and gate electrode, respectively. The substrate
temperature was maintained at 60°C to enhance ink drying. The semiconductor was printed with
an ink containing P3HT dissolved in chloroform (1 mg/mL) and terpineol (9:1 by weight) for a
thickness of 50 nm. For the dielectric, ion-gel was printed with an ink containing a triblock
copolymer of poly(styrene-b-methyl methacrylate-b-styrene) (PS-PMMA-PS), ionic liquid of 1-
ethyl-3-methylimidazolium bis(triftuoromethylsulfonyl)imide ((EMIM][TFSI], EMD Chemicals),
and ethyl acetate at a mixing ratio of 1:9:90 (w/w/w). The gate electrode was printed with an ink
containing PEDOT:PSS (PH1000, Heraus) and ethyl acetate (9:1 by weight). The flow rates of
carrier gas and sheath gas were 10 and 45 sccm for P3HT, 16 and 70 sccm for the ion-gel, and 20
and 80 sccm for PEDOT:PSS, respectively, with a 150 pm-diameter nozzle. Finally, the sample
was annealed on a hot plate with a temperature of 120°C for 30 min in a glovebox filled with

nitrogen gas. The devices were measured using source meters (236 and 237, Keithley) and an

electrometer (6517A, Keithley) in nitrogen atmosphere at room temperature. The gate capacitance
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was measured by an impedance analyzer (4192A, Hewlett-Packard). Figures 4.10c and 4.10d
present the measured transfer and output characteristics of the fabricated EGTs. The devices
exhibit negligible current hysteresis between forward and reverse scans in the transfer curve, and
good linear and saturation behavior at low and high drain voltage in the output curve. The charge
carrier mobility (1) and the threshold voltage (Vi) were calculated to be 0.21 + 0.02 cm? V!s™!
and 0.42 + 0.02 V, respectively, from the plots of the square-root drain current (Ip"?) as a function

of the gate voltage (Vg), according to the standard saturation regime relation:

w
(2 (Vg — Vr)? (1)

Ip = uC

The capacitance (C;i) of the ion-gel gate insulator was estimated to be 86 pF/cm? by the
capacitance-voltage characteristics, and the devices had a current on-off ratio of ~10% To
investigate the mechanical flexibility of the printed EGTs with graphene source and drain
electrodes, device performance during continuous bending cycles was measured, with a bending
radius of 4 mm (tensile strain of 1.0%). Figure 4.10e shows minimal change in device performance
in terms of pu and Vi, resulting from continuous bending cycles. After 1000 bending cycles, p and
Vi only decreased by 1.9% and increased by 0.02 V, respectively. These results suggest that the

highly flexible graphene source and drain electrodes were helpful to minimize degradation in

device performance.'®’
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Figure 4.10. (a) OM image of screen-printed graphene source and drain electrodes on a polyimide
substrate for EGTs (W/L = 900um/90um). (b) Schematic illustration for the EGT architecture
fabricated on the graphene electrodes. (c) Transfer and (d) output characteristics of the printed
EGTs. The voltage sweep rate was 50 mV s™. e) Stability of charge carrier mobility (i) and
threshold voltage (V) for the EGTs during repeated bending cycles with a bending radius of 4
mm, corresponding to 1.0% strain.
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4.5. Summary for Graphene/EC Screen Printing

In summary, fine patterning of pristine graphene by screen printing was demonstrated using
a silicon stencil and a high conductivity ink based on graphene and ethyl cellulose in terpineol.
The well-defined stencil was obtained from a thin silicon wafer by a photolithography process,
and was patterned with openings as fine as 5 um on ~90 pm-thick silicon wafers. The silicon
stencil and ink formulation facilitated screen printing of high-quality graphene patterns, achieving
a resolution as good as 40 um , which can be attributed to the precise line opening as well as the
tailored viscosity of the graphene ink. The screen-printed graphene lines on polyimide films
exhibited a good electrical conductivity of ~1.86 x 10* S/m and outstanding mechanical flexibility,
suitable for electronic applications. With the high-quality and flexible graphene patterns as source
and drain electrodes, all-printed EGTs on flexible substrates showed desirable transfer and output
characteristics, as well as durable operation over many bending cycles. Overall, this work
establishes a scalable method for the facile and practical printing of highly conductive graphene

patterns for flexible and printed electronics.
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CHAPTER FIVE

Photonic Annealing of Graphene/Ethyl Cellulose
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5.1. Introduction to Photonic Annealing of Graphene

The prior chapters detail the development of a graphene/EC processing framework with
excellent versatility, realizing inks spanning a wide range of viscosity and tailored for inkjet,
gravure, and screen printing. Following thermal annealing at 250-300 °C, these inks yield highly
conductive and flexible graphene patterns. While this thermal processing requirement is
compatible with select plastic substrates, such as polyimide (PI), it is not more generally applicable
for thermally sensitive plastics such as polyethylene terephthalate (PET) and polyethylene
naphthalate (PEN). This chapter will detail an advance in the processing of graphene/EC inks that
enables the fabrication of conductive graphene/EC patterns on these substrates using a rapid and
versatile process known as photonic annealing.

Photonic annealing, also known as photonic sintering/curing or intense pulsed light (IPL)
annealing, is a processing method developed for printed electronics.®> Thermal processing of
functional inks is commonly required, such as sintering processes for silver nanoparticles, and as
with graphene/EC this can impose constraints on the compatibility with certain substrates or co-
printed materials. In photonic annealing, a high intensity pulsed light source, typically a xenon
flash lamp, 1s employed to selectively heat the active materials in a very short (i.e., ~1 ms) process.
Passive components such as the substrate do not absorb light, and thus experience little overall
temperature change, while strongly absorbing active materials reach very high temperatures (500-
1000 °C) for a short duration. In addition to effective sintering of silver nanoparticles, the short
duration of this process can even be exploited for curing copper or copper oxide nanoparticle
inks.** Because graphene interacts strongly with light, it is anticipated that suitable ink design and

annealing parameters can achieve effective photonic annealing of graphene/EC patterns on
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thermally sensitive substrates. This would overcome a key limitation in strategies for inkjet
printing graphene, which are typically limited in one or more of several key qualities, namely high
electrical conductivity, rapid printing and post-processing, and broad substrate compatibility.*8
Here, these requirements are concurrently achieved by coupling inkjet printing with IPL annealing
to achieve rapid fabrication of high conductivity graphene patterns on a wide range of substrates

such as PET and PEN.

5.2. Graphene Exfoliation and Process Overview

To realize this goal, the work described in Chapter 2 demonstrating high performance
inkjet-printed graphene is leveraged,’® reworking the graphene and ink production processes to
enable rapid IPL annealing. Graphene is produced in gram-scale quantities by liquid phase
exfoliation based on shear mixing in the presence of the polymer stabilizer, EC.%%% Graphene was
exfoliated from graphite using a high shear mixer (Silverson L5M-A) with a square hole high shear
screen. Ethyl cellulose (4 cP grade) was dissolved in ethanol at a concentration of 0.2-2% w/v, and
flake graphite was added at 10% w/v. This mixture was shear mixed for 2 hours at 10230 rpm in
an ice bath, and then centrifuged at 4000 rpm (~3000g) for 2 hours to sediment large graphite
flakes. The supernatant containing graphene, EC, and ethanol was harvested by pipette. The
graphene flakes produced by this method are analyzed using AFM to characterize both flake
thickness and lateral area. As shown in Figure 5.1a, the graphene flakes have a typical thickness
of ~2 nm and lateral area of ~100 nm x 100 nm. Histograms of the flake dimensions are shown in
Figure 5.2. Note that the histograms are shown for both number-weighted (each particle weighted

equally) and volume-weighted (particles weighted by relative volume) statistics. While number-
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weighted distributions are common practice, weighting by volume provides more physically

meaningful insight into the properties of inks and resulting thin films.
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Figure 5.1. Inkjet printing and intense pulsed light (IPL) annealing of graphene. (a) AFM image
of graphene flakes; inset: image of graphene ink vial. (b) Schematic illustration of inkjet printing
of graphene. (c) Schematic illustration of IPL annealing applied to graphene patterns.
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Figure 5.2. Characterization of solvent-exfoliated graphene comprising the inks. (a) Flake area
distribution for the graphene sample, indicating both number-weighted and volume-weighted
distributions. (b) Flake thickness distribution showing both number-weighted and volume-
weighted histograms.
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Flocculation of the graphene particles produces a graphene/EC composite powder similar

to previously described methods,”® from which concentrated graphene inks are prepared for inkjet
printing, as illustrated in Figure 5.1b. The polymer stabilizer enhances the ink stability and printing
performance, but requires decomposition following printing to achieve optimal electrical
properties.’®"18 \While polymer decomposition has traditionally been achieved by thermal
annealing, the high temperature and long duration required are incompatible with rapid processing
and thermally-sensitive substrates, such as PET and PEN, motivating the use of IPL annealing, to
enable rapid processing compatible with roll-to-roll manufacturing.3>!87-18% Ag jllustrated in
Figure 5.1c, this method uses a high-intensity pulsed xenon lamp to anneal the printed graphene
patterns. Due to the large disparity in optical absorption between the graphene and the underlying
substrate, photothermal heating occurs selectively in the printed film to minimize substrate
damage. Through comprehensive optimization of the graphene production, ink formulation, and
annealing conditions, effective IPL annealing is demonstrated for inkjet-printed graphene patterns,
achieving significant and simultaneous advances in graphene ink loading, high-speed processing,

and substrate versatility.

5.3. Effect of Graphene Film Composition on Annealing Effectiveness

To investigate IPL annealing of inkjet-printed graphene patterns, the importance of the
printed graphene film composition is studied. In particular, the graphene:polymer ratio of the
printed film is expected to influence the effectiveness of IPL annealing, because photonic
annealing is commonly sensitive to the content of additives in the ink formulation.'®® To control

the graphene:EC ratio of the powders, inks, and printed films, the concentration of EC in the initial
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graphene exfoliation step was varied. As shown in Figure 5.3, increasing the EC concentration led
to an increase in the graphene yield, with a stronger dependence than observed for tip sonication.
The graphene:EC ratio of the powder was measured by TGA (Figure 5.3b) for an initial EC
concentration of 2.0-0.2% w/v. Importantly, much of the enhancement of the graphene ratio occurs
during the flocculation step, as shown in Figure 5.3c. Prior to flocculation, graphene comprises 2-
10% of the total solids; the graphene composition is enhanced by ~10x during the flocculation
step, enabling the high graphene content powders critical for effective IPL annealing. In this way,
by changing the EC concentration in the graphene exfoliation step, graphene/EC powders are

obtained with a graphene composition ranging from 25 to 65% wt. as precursors for the graphene

inks.
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Figure 5.3. (a) Graphene yield as a function of EC loading for sonication and shear mixing-based
exfoliation. (b) TGA curves of graphene/EC powders prepared with different initial EC
concentrations, illustrating the ability to broadly tune the final graphene/EC ratio. (c) Graphene
content as a percentage by weight of total solids for different batches, both prior to and following
the flocculation step.

These inks are prepared by dispersion of the graphene/EC powder in a solvent system
composed of 85:15 v/v cyclohexanone/terpineol, used previously for high performance inkjet

printing as described in Chapter 2. This solvent system affords stable inkjet printing and uniform,
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high conductivity graphene patterns with negligible evidence of coffee ring formation and good
wetting/drying characteristics on a variety of substrates.”® All inkjet printing for this study was
accomplished with a Ceradrop X-Serie inkjet printer equipped with a 10-pL nominal drop size
Dimatix cartridge (DMC-11610). Printing was performed using a custom waveform modeled after
the Dimatix Model Fluid 2 waveform at 1000-2000 Hz with the inkjet nozzle plate maintained at
30 °C and the substrate held at 35 °C. Printed patterns were dried at 80 °C for 60-180 min following
printing to ensure complete solvent evaporation prior to annealing. To confirm the importance of
the graphene composition for IPL annealing, films containing 25 and 50% wt. graphene are printed
onto glass slides and PET foils (Melinex ST579, 50 um) for thermal and IPL annealing,
respectively, using inks with the appropriate powders dispersed at 1% w/v in the inkjet printing
solvent for a straightforward comparison. For the films containing 25% wt. graphene, the sheet
resistance is shown for thermal and IPL annealing in Figure 5.4a. Although photonic annealing
produces conductive films using pulse energies of 5-10 J/cm?, the conductance of these films is a
factor of ~2.5 lower than that of optimized thermally annealed films of the same composition.
Corresponding data for films containing 50% wt. graphene are shown in Figure 5.4b. In this case,
IPL annealing produces films with a sheet resistance within 10% of the optimized thermally
annealed samples. This low sheet resistance of [PL-annealed films containing 50% wt. graphene
demonstrates that IPL annealing is an effective post-processing strategy for this material system,
even on temperature-sensitive substrates such as PET. In addition, comparison of the 25 and 50%
wt. graphene films confirms that the effectiveness of IPL annealing depends on the
graphene:polymer ratio of the printed films. Notably, a decrease in resistance is observed upon

thermal annealing above a threshold temperature close to 200 °C due to decomposition of the
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polymer stabilizer (Figure 5.3c). While maintaining this high temperature is incompatible with
many desirable substrates, IPL annealing can exceed this threshold temperature on a timescale
short enough to promote polymer decomposition with minimal substrate damage, ' leading to the
gradual decrease in resistance with increasing annealing energy. Unlike prior work in which GO
is partially reduced using light-based methods, here the graphene is already in a non-oxidized
state 62190191 Both thermal and IPL annealing result in similar evolution of the Raman spectra,
namely a reduction in the D to G band intensity ratio, I(D)/I(G), for higher energy annealing
(Figure 5.5). A reduction in I(D)/I(G) is associated with reduced defect density and increasing

graphitic nature for graphene particles and films, and correlates with removal of the polymer.
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Figure 5.4. Dependence of annealing on graphene:polymer ratio of the films. (a) Sheet resistance
as a function of processing conditions for a film containing 25% wt. graphene for thermal (left)
and IPL (right) annealing. (b) Corresponding sheet resistance as a function of annealing conditions
for a film containing 50% wt. graphene, showing improved effectiveness of IPL annealing.
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Figure 5.5. Raman spectroscopy of graphene films. (a,b) Evolution of the Raman D-to-G band
intensity ratio for films containing 25% wt. graphene following thermal and photonic annealing,
respectively. (c) Representative spectra for films containing 25% wt. graphene prior to and
following annealing with the most energetic thermal and IPL annealing conditions. (d-f)
Corresponding data for films containing 50% wt. graphene. Raman spectra were collected using a
532 nm laser.

5.4. Process Generalization and Optimization

The realization of IPL annealing for graphene films on PET suggests that this method can
be generalized to other substrates. The sheet resistance as a function of light pulse energy is shown
in Figure 5.6a for films on four different substrates, namely PET, PEN, PI, and glass, confirming
the versatility of this method. Consistent with previous reports, the required pulse energy depends
on the particular substrate due primarily to differences in substrate thermal properties.'®1°> While
the low thermal conductivity and limited heat capacity of PET and PEN lead to highly conductive
films for low energy light pulses, the somewhat thicker PI, and much thicker glass require

additional energy for comparable results. Notably, though, all substrates support graphene films
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with sheet resistance comparable to that achieved through thermal annealing. To further validate
the versatility of this strategy, individual lines were printed on PET, PEN, PI, glass, and HMDS-
treated glass to verify the well-behaved wetting and drying properties of the ink on each substrate.
To confirm that good resolution can be achieved on a range of substrates, lines were printed with
a drop spacing of 20-35 pm (Figures 5.6b and 5.7). Highly uniform lines are observed, with well-
defined edges and negligible evidence of coffee ring formation, which is attributed to the ink
composition, as discussed previously.”® As expected, the line width decreases for increasing drop
spacing, with straight and uniform lines observed in each case (Figure 5.6¢). Notably, the observed
line resolution on HMDS-treated glass is ~45 um for a drop spacing of 35 pm, confirming that this

ink can produce high resolution lines when the substrate surface energy is tuned appropriately.
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Figure 5.6. Versatility of IPL annealing for graphene patterns. (a) Sheet resistance of graphene
films as a function of annealing voltage, for different substrates (PET, PEN, PI, and glass). (b)
Optical microscopy images of lines on five different surfaces with a drop spacing of 35 um,
showing high-fidelity, uniform pattern definition. (c) Resolution of inkjet-printed lines on the five
surfaces as a function of drop spacing.
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Figure 5.7. Characterization of inkjet-printed graphene patterns. Optical images of printed lines
with different drop spacing on various substrates, including untreated glass, HMDS-treated glass,
Pl, PEN, and PET. (bottom right) Printed drop array on untreated glass, showing stable and
reproducible jetting and wetting performance. The direction of printing is oriented vertically in
this image.

5.5. Revisiting Inkjet Ink Formulation with Improved Process Control

While the enhanced graphene content of the ink is critical for optimal IPL annealing, it
provides an additional benefit with respect to ink formulation. Specifically, graphene and other
nanomaterial inks are typically characterized by a low concentration of active material.>* This low
nanomaterial content is a significant impediment for many practical applications, since the number
of printing passes required to achieve a desired conductance, or thickness, scales inversely with
the solids loading. In most cases, low concentrations are required to mitigate particle aggregation

and achieve stable jetting. In contrast, EC acts as a highly effective stabilizer, allowing previously
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reported graphene concentrations as high as ~3.4 mg/mL for inkjet printing and 80 mg/mL for
screen printing.”%’” As evidenced by the high concentration suitable for screen printing, the
graphene loading for inkjet printing is not limited by colloidal stability, but instead by ink
viscosity, which is typically in the range of 8-15 mPa-s for inkjet printing.?* For graphene/EC inks
reported to date, the polymer component is the dominant contributor to the dispersion viscosity.
Consequently, it follows that increasing the graphene content of the precursor powder offers a dual
enhancement: a higher graphene concentration is achieved for the same total solids loading, and
higher solids loading can be employed without exceeding the desirable viscosity range. To confirm
this, a graphene ink was prepared using a 50% wt. graphene powder, with a total solids loading of
4% w/v, yielding a total graphene concentration of 20 mg/mL. Following bath sonication, the ink
was filtered through a 3.1 um glass fiber filter. To confirm that the high graphene content facilitates
inkjet printing at this high loading, an ink was prepared similarly with 15% wt. graphene powder,
again at total solids loading of 4% w/v (15% wt. graphene was chosen because this corresponds to
the previous report of inkjet-printed graphene using this method, in Chapter 2). The viscosity of
each ink was measured at 20-40 °C, as shown in Figure 5.8. The ink containing the enriched
graphene powder exhibits a viscosity of 10-15 mPa-s, within the suitable range for inkjet printing
of 8-15 mPa-s.?* In contrast, the ink containing the standard 15% wt. graphene powder exhibits a
higher viscosity, confirming that the high polymer content imposes an upper limit on the ink
loading due to the ink viscosity. Moreover, the previous ink based on 15% wt. graphene powder
exhibited a similar viscosity at 2.4% w/v solids loading, with a total graphene concentration of

~3.4 mg/mL. In this manner, by controlling the solids loading and graphene:polymer ratio



123
independently, a graphene ink is formulated for inkjet printing that is ~6x more concentrated than

previously demonstrated.
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Figure 5.8. Rheological properties of graphene inks. (a) Viscosity as a function of shear rate for
high graphene content inks at temperatures relevant for inkjet printing. (b) Corresponding viscosity
vs. shear rate plots for an ink with the same solids content, but lower graphene:EC ratio, showing
a viscosity too high for optimal inkjet printing.

The high graphene concentration translates into thicker films for a given number of printing
passes, ultimately reducing printing time. As shown in Figure 5.9a, the film thickness scales
linearly with printing passes, with each additional pass adding 468 = 5 nm in thickness prior to
annealing, or 190 + 6 nm in thickness following thermal annealing. This reduction in thickness is
associated with decomposition of the polymer stabilizer and densification of the graphene network,
consistent with previous reports.”® As shown in Figure 5.9b, the sheet resistance decreases
inversely with the number of printing passes, consistent with constant bulk conductivity. The
conductivity for thermally annealed samples is measured to be 25600 = 900 S/m, even after a
single printing pass. While the conductivity of IPL-annealed samples cannot be reliably measured
due to changes in surface topography, the sheet resistance for IPL-annealed films is comparable to

that of thermally annealed films, and decreases analogously for thicker films. It is therefore likely
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that IPL annealing will be effective for graphene/EC films deposited by other printing methods,

such as gravure and screen printing,’®’” because the primary difference between films deposited

by these methods is the film thickness.
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Figure 5.9. Characterization of high concentration graphene inks. (a) Thickness as a function of
printing passes for graphene/ethyl cellulose films as-printed and following thermal annealing.
Dashed lines indicate the least squares linear fit to the thickness data, indicating a thickness per
pass of 190 nm following thermal annealing. (b) Sheet resistance of graphene films at various
thicknesses following thermal and IPL annealing, illustrating the suitability of IPL annealing over
a broad range of film thickness. (c) Map of ink concentration and conductivity for reported non-
metal conductive inkjet-printable inks, including inks based on graphene, RGO, CNTSs, and
PEDOT:PSS. The product of conductivity (o) and concentration (c) is an indicator of the
conductance achieved per printing pass, a key figure of merit for inkjet-printed conductors. Isolines
for this metric are drawn as dashed lines to aid the eye.

Altogether, these results represent a significant advance in the development of graphene
inks for flexible printed electronics. IPL annealing allows rapid post-processing of graphene
patterns, compatible with high-throughput roll-to-roll processing on a range of substrates. The
combination of unprecedented graphene loading and high conductivity achieved for this ink offers
a new route for high performance, printed electronics with clear advantages over competing
graphene inks as well as other non-metal conductors, e.g., reduced graphene oxide (RGO), carbon

nanotubes (CNTs), and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS).
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As previously suggested, a key figure of merit for practical applications is the conductance
achieved per printing pass, which scales with the product of ink concentration and film
conductivity. A range of competing conductive inkjet-printable inks is mapped out on axes of ink
concentration and conductivity in Figure 5.9c¢, taken from the recent literature for graphene, 871186
PEDOT:PSS,*1%37195 RGO,¥2% and CNTs.!”%!%7 The dashed lines represent isolines of the
product of conductivity and ink loading. Details of each data point in Figure 5.9¢ are given in
Table 5.1. It is important to note that the effect of film density is omitted from this comparison due
to the lack of information regarding density in thin films of nanomaterials. The expected
conductance per pass will scale inversely with the film density, such that low density materials
will exhibit a higher conductance per pass than this analysis would suggest. This is most notable
for CNTs, in which the film density can be orders of magnitude below the bulk density due to
inefficient packing of CNTs in a random-network film. To confirm that the conclusions remain

viable, the reported sheet resistance as a function of printing passes for competitive inks is

discussed below.

Conductivity, Concentration,

Material o (S/m) ¢ (mg/mL) Ref.
This work 55 500 20 79
(graphene)

Graphene 100 0.11 68
Graphene 3,400%* 1.2 71
Graphene 25,000 34 70
Graphene 3,000 1.55 69
Graphene 9,240 1 186

PEDOT:PSS 8,250 8.5 193
PEDOT:PSS 13,400 12.4 194
PEDOT:PSS 19,900%* 3 195

PEDOT:PSS 2,200 11.1 37
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RGO 42,000 6 95
RGO 500 9 89
RGO 900 5 &9
RGO 6,700 1 92
CNT 220* 0.15 196
CNT 526* 10 197

Table 5.1. Comparison of non-metal ink characteristics from the recent literature (plotted in
Figure 5.9c).
*Calculated from reported sheet resistance and thickness data; **taken from Ref. 69.

After 8 printing passes, the graphene ink presented here achieves a sheet resistance of 26.4
+ 4.4 Q/o following IPL annealing and 17.1 + 0.5 Q/o following thermal annealing. Su, et al.
achieve a high conductivity using weakly-oxidized graphene oxide with subsequent reduction, but
with a lower ink concentration, thus requiring 30 passes to reach 25 Q/0.%° Ha, et al. use a high
conductivity grade of PEDOT:PSS, achieving a sheet resistance of 45.88 + 1.96 Q/o after 8
passes.’®® With a highly concentrated carbon nanotube ink, Shimoni, et al. achieve a sheet
resistance of 156 Q/o following 6 printing passes for a deliberately nonuniform film.1% Aiming
for a uniform CNT film, Kwon, et al. realize a sheet resistance of 760 Q/o following 12 printing
passes.’®® The high concentration graphene ink presented here exhibits both high solids loading
(20 mg/mL) and excellent conductivity (25600 £ 900 S/m), with the product exceeding the value
not only for competing graphene inks but also alternative inkjet-printed, non-metal conductors.
Moreover, graphene presents additional desirable attributes, including robust chemical and
environmental stability, reliable printability, and a well-defined chemistry without the need for

harsh post-processing.
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5.6. Film Morphology and Mechanical Properties

These excellent electrical properties, coupled with the intrinsic flexibility of graphene,
motivate the application of graphene inks in flexible electronic circuitry. It is therefore important
to characterize the morphology and mechanical properties of [PL-annealed graphene films. While
mechanical testing has been extensively performed for related graphene/EC inks following thermal
annealing,’ the fundamentally different conditions of IPL annealing can lead to distinct properties.
Indeed, the morphology of films processed by IPL annealing exhibits unique characteristics
compared to thermal annealing, and is dependent on the annealing conditions. Figure 5.10
illustrates the morphology of films processed by different IPL annealing energies, as well as
thermal annealing. At high pulse energies, some features appear including bubbles and microscale
tears. Notably, though, these features do not preclude the realization of high electrical conductivity.
A similar effect has been previously observed for metal nanoparticles sintered by IPL annealing,
and is attributed to the extreme temperatures and heat gradients induced by the process.'” In
particular, the rapid polymer decomposition and generation of volatile products during IPL
annealing could lead to local stresses, resulting in the observed unique morphological features. In
addition, although it is performed in ambient conditions, the rapid nature of IPL annealing can
prevent oxidative processes, an effect widely exploited for processing copper-based inks.*?
Because oxygen is typically involved in thermal decomposition of EC, this effect could alter the

fundamental nature of the annealing process.
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Figure 5.10. Film morphology changes as a function of annealing conditions, showing dark field
optical microscopy images of films on PI following thermal and IPL annealing. As the pulse energy
is increased, bubbles and other defects begin to form.

The evolution of film morphology also depends to some degree on the graphene film
thickness. Figure 5.11 shows films on PI annealed with a pulse energy of 18.9 J/cm? for 1, 2, 4,
and 8 printing passes. It is evident that the characteristic feature size increases with the film
thickness. Moreover, these thicker films impose different requirements on the necessary photonic
annealing energy for effective curing. Figure 5.12a shows the sheet resistance of 1, 2, 4, and 8
layer films following a single pulse with different applied energies. In addition, multiple pulses
are shown to be effective for thicker films, as shown in Figure 5.12b. While there is little observed
difference between a single light pulse and five pulses for a single printed layer, the 8-layer

samples exhibit considerably better electrical properties following five light pulses.
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Figure 5.11. Film morphology as a function of film thickness for IPL annealing at 18.9 J/cm?.
Thicker films exhibit features with a larger length-scale than thin films.
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Figure 5.12. Effectiveness of IPL annealing for films of different thicknesses. (a) Sheet resistance
as a function of IPL annealing energy for films of varying thicknesses using a single light pulse.
(b) Effect of multiple light pulses for films with one and eight printed layers, showing sheet
resistance for a single 1-ms pulse and five 1-ms pulses spaced by 5 s.
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Inkjet printing of graphene offers promise for large-area flexible electronic circuitry
(Figure 5.13a), but the rough nature of photonically annealed films could limit mechanical
tolerance. To investigate the mechanical behavior of IPL-annealed graphene patterns, and thus
confirm their suitability for flexible interconnects, several bending tests are performed.
Specifically, graphene is inkjet printed onto PEN and processed by IPL annealing at two different
pulse energies to produce conductive patterns. The electrical resistance of these stripes is measured
over 1000 bending cycles to radii of curvature of 8.1 and 1.3 mm, as shown in Figure 5.13b-c. For
the large radius of curvature, there is little discernible evolution of the line resistance. For the small
bending radius test, the lower pulse energy produces lines with no deterioration upon bending,
while the higher energy light pulse yielded lines with modest deterioration, exhibiting ~10%

increase in resistance after 1000 bending cycles.

(b) 1.50 7 . . . (c) 1.50 T
= r.=281mm r=13mm
1.25+ E 1.25+
a 2 nj 54
s B8
51.00--:;:i:i=|!i- 51.00--! i txe 5 -
0.75+ v E 0.75+ >
® 56Jcm e 56Jicm
= 7.8 Jicm® = 7.8 Jicm®
0.50 -t ¢ t + 0.50 -t t t t
1 10 100 1000 1 10 100 1000
Bending Cycle Bending Cycle

Figure 5.13. (a) Large-area inkjet-printed graphene patterns on PI. (b,c) Resistance measured
over cyclic bending cycles of graphene lines on PEN following IPL annealing at 5.6 and 7.8 J/cm?,
with bending radii of curvature of 8.1 and 1.3 mm, respectively (tensile strain of 0.0031 and 0.019,
respectively).
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5.7. Summary for Graphene/EC Photonic Annealing

In summary, graphene is an attractive material for printed electronics, offering a chemically
stable, mechanically flexible, and electrically conductive alternative to conventional metal
nanoparticle and conductive polymer inks. The ink formulation, printing method, and rapid IPL
annealing approach reported here overcomes several limitations of graphene inks to date, and is
well suited for rapid, roll-to-roll fabrication of graphene patterns on a diverse range of substrates.
Furthermore, advances in ink formulation are leveraged to produce highly concentrated inkjet-
printable graphene inks, with a graphene concentration of 20 mg/mL. Overall, the high solids
concentration, combined with the excellent conductivity of ~25000 S/m achieved after a single

printing pass, establishes this graphene ink as a leading candidate for printed, flexible electronics.



132

CHAPTER SIX

Graphene Inks with a Nitrocellulose Dispersant
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6.1. Nitrocellulose as an Alternative Graphene Dispersant

A key feature of the graphene inks that are the focus of this thesis is their use of a polymer
dispersant. This stabilizing polymer offers excellent processing characteristics, including solvent
compatibility, rheology tunability, and uniform film formation. Following printing, the polymer is
partially decomposed by either thermal or photonic annealing, resulting in high conductivity and
flexible patterns. Importantly, these graphene films are in fact a composite of graphene flakes and
polymer residue, which likely consists of some form of amorphous carbon. This residue is
suggested to provide improved electrical properties for the films, but its function as an electrical
and mechanical linker between graphene flakes is not well understood.

This chapter will detail research to better understand the role of the polymer residue, and
thereby obtain greater control over the graphene film properties. In particular, EC residue does not
possess significant extended covalent bonding, resulting in a network of graphene flakes with
limited cohesive strength and suboptimal tolerance to demanding environments. As a result,
graphene inks that concurrently offer high electrical conductivity, mechanical durability, and
environmental stability have not yet been demonstrated.

Here it is shown that the stabilizing polymer nitrocellulose (NC) addresses this deficiency
by providing extended amorphous carbon residue following thermal treatment that leads to
mechanically and environmentally robust films with superlative electrical performance. In
particular, the use of NC is demonstrated to stabilize graphene produced by high-shear mixing, a
scalable, liquid-phase exfoliation technique. Using comparable methods to those developed for
graphene/EC, the exfoliated graphene dispersion is processed into a powder containing graphene

and NC. This provides the foundation for a versatile platform for ink formulation that can span a
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broad range of ink viscosities for different methods, including spray coating, inkjet printing, and
blade coating. The thermal decomposition of the nitrocellulose binder is subsequently
characterized by TGA, in situ Raman spectroscopy, in situ Fourier transform infrared (FTIR)
spectroscopy, and X-ray photoelectron spectroscopy (XPS), confirming that amorphous carbon
residue remains in the film following thermal annealing at 350 °C. The presence of this residue is
then correlated with functional properties, including electrical conductivity as high as ~40000 S/m,
along with robust mechanical durability and environmental stability as assessed by a Scotch ™
tape test, an 85/85 damp heat test,>®’ and a water sonication test. This stability is shown to be
markedly superior to previously established graphene inks, and marks a significant milestone in

graphene ink development for a wide range of applications.

6.2. Graphene Exfoliation and Ink Development

A schematic illustration of the graphene/NC ink is shown in Figure 6.1a. Pristine graphene
is exfoliated in a scalable manner by shear mixing graphite in a solution of NC and acetone.®® As-
received damped NC powder (Scientific Polymer, Cat. #714, 68% wt. NC damped with
isopropanol) is dissolved in acetone at a NC concentration of 10 mg/mL (note that nitrocellulose
with high nitrogen content is highly reactive, and thus care should be taken in handling the material
to mitigate risks). Graphite flakes at a concentration of 150 mg/mL are added to the NC solution
and shear mixed for 4 hours at 10230 rpm, with an ice bath employed to cool the mixture.
Unexfoliated graphite flakes are removed by centrifugation in two steps, first at 5000 rpm for 15
minutes, then 6000 rpm for 20 minutes, yielding a stable dispersion of few-layer graphene with a

concentration as high as ~1 mg/mL (Figure 6.2). The graphene platelets have a typical thickness
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of ~2 nm and lateral area of ~200%200 nm as determined by AFM (Figure 6.1b-c), which are
suitable for high-resolution printing methods. Salt water is added to the dispersion (~1:3 weight
ratio of 0.04 g mL™' NaClag) to dispersion) to induce flocculation of the graphene/NC composite,
which is subsequently isolated by centrifugation at 7500 rpm for 6 minutes. This solid is washed
with deionized water, collected by vacuum filtration (0.45 pm filter paper), and dried to yield a
fine black powder of graphene and NC. Producing a powder intermediate simplifies the ink
formulation process because the powder can be directly dispersed in a suitable solvent system.
This approach in turn allows for precise control of ink properties such as concentration, viscosity,
surface tension, and drying kinetics to suit a range of liquid-phase deposition methods.
Importantly, the viscosity of graphene/NC inks can be tuned over at least 4 orders of magnitude
from a common graphene/NC precursor (Figure 6.1d). Fluid inks and thick pastes are demonstrated
for spray coating and blade coating, respectively, which are well-suited for the preparation of large-
area, uniform films. Moreover, this wide range of attainable viscosities spans values typically
targeted for mature printing methods such as stencil, screen, gravure, flexographic, aerosol-jet, and
inkjet printing.?! For spray coating, graphene/NC powder is dispersed in a solvent system of 80:20
acetone/ethyl lactate at a concentration of 5 mg/mL. Spray coating is carried out with a gravity
feed spray gun (TCP Global F3-SET, 1.0 mm nozzle), with a standoff distance of 15 cm and a
pressure of ~200 kPa. The substrate is fixed on a hotplate at 100 °C during spray coating. For blade
coating, the high viscosity paste is prepared with nominally 10% w/v graphene/NC in ethyl lactate.
Graphene/NC is dispersed in ethyl lactate with excess acetone (~2:1 acetone/ethyl lactate v/v) to
aid dispersion by bath sonication. The excess acetone is then removed upon heating to yield the

graphene/NC paste.
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Figure 6.1. Process overview and ink characterization. (a) Schematic illustration of the
preparation and utilization of nitrocellulose-based graphene inks, including the NC chemical
structure (top left) and representative AFM image of graphene flakes (top right). (b,c) Graphene
flake thickness and area distributions, respectively, showing both number-weighted and volume-
weighted statistics from AFM measurements (number of flakes > 600). (d) Shear viscosity of
graphene inks tailored to blade coating, inkjet printing, and spray coating.
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Figure 6.2. Liquid-phase exfoliation of graphene/NC by high shear mixing. (a) UV-Vis spectra
following different exfoliation times, collected on diluted samples and rescaled. (b) Calculated
graphene concentration as a function of exfoliation time, following a power-law relation.
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For prototyping and high-resolution additive manufacturing, inkjet printing is a particularly
attractive technique since it offers non-contact, digital patterning.°> However, drop-on-demand
inkjet printing requires precisely engineered inks with well-controlled properties including
viscosity, surface tension, drying kinetics, and particle size.!” To prepare an ink suitable for inkjet
printing, the graphene/NC powder is directly dispersed in a solvent system of 75:15:10 ethyl
lactate/octyl acetate/ethylene glycol diacetate by bath sonication, with a solids loading of 2.3%
w/v (~10 mg/mL graphene). This ink is designed to have a shear viscosity of ~10 mPa-s, with low-
volatility solvent components included to prevent particle drying at the cartridge nozzle plate and
to tune ink wetting and drying properties.?> During printing, the substrate and cartridge nozzle
plate are held at 35 °C and 32 °C, respectively. A piezoelectric actuator drives the formation of
spherical droplets (Figure 6.3a), which spread to a diameter of ~70 um on an untreated glass
substrate. The reliability of this printing process is illustrated in Figure 6.3b, with repeatable drop
formation and drying achieved over large areas. In addition, the drying properties of the ink are
tailored to mitigate coffee ring formation, yielding highly uniform printed features (Figure 6.3c).%!
As shown in Figure 6.3d, droplets coalesce to form stable and consistent lines, demonstrating the

suitability of graphene/NC for high-fidelity inkjet printing of electronic components.
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Figure 6.3. Inkjet printing of the graphene/NC ink. (a) Drop formation sequence using a
piezoelectric inkjet printer. (b) Printed drop array on glass showing high reproducibility and
uniformity. (c) Height profile of an individual printed drop, showing suppression of coffee ring
formation. (d) Printed line array, showing smooth coalescence of drops to form connected lines,
along with inset height profile. () Photograph of flexible inkjet-printed graphene/NC patterns over
a large area.

6.3. Chemical and Structural Analysis

The versatile processing of graphene achieved using NC as a stabilizer is indicative of the

ability of NC to uniformly coat graphene flakes. Because this insulating polymer will impede
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charge transport between graphene flakes, graphene/NC films must be heat-treated to decompose
the binder for electronics applications. This process has important implications for the functional
properties of the resulting film since residue from the polymer can mediate the electrical and
mechanical connections between flakes. To investigate the chemical changes to the graphene films
following annealing, TGA, Raman spectroscopy, FTIR spectroscopy, and XPS are employed.
TGA is carried out in an air atmosphere with a 5 °C/min. temperature ramp. In situ Raman
spectroscopy during annealing of the graphene/NC films is performed using a Renishaw Raman
microscope with a Linkam TS1500 stage in a controlled environment. Spray-coated films on
silicon substrates are loaded into the heating stage and spectra collected at ~25 °C intervals using
532 nm excitation. The temperature-dependent frequency of the Si peak is used to calibrate the
substrate temperature. In situ IR absorption spectra are collected using an FTIR spectrometer with
the sample positioned on a heating stage.

As shown in Figure 6.4a, TGA reveals two primary peaks in the mass derivative curve
corresponding to nitrocellulose (~200 °C) and graphene (~640 °C). The low decomposition
temperature of NC has been previously exploited for annealing of metallic nanomaterials with
limited thermal budget, including silver nanoparticles and copper nanowires.?%->* Smaller signals
associated with NC residue (~240 °C) and a secondary graphene peak (~580 °C) are also observed.
From these results, it is estimated that ~25% wt. of the polymer remains following the primary
decomposition, and some of this residue persists in the film up to at least ~375 °C. In contrast, for
pure NC, shown in the bottom panel of Figure 6.4a, only ~9% wt. of the nitrocellulose remains as
residue, which then persists up to ~450 °C. This difference suggests that the interaction of the NC

and graphene alters the decomposition characteristics of the polymer. It is likely that graphene
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restricts the escape of volatile decomposition products, through physical or chemical interactions,
as has been observed for polymer decomposition in the presence of sp*-bonded carbon
nanomaterials.?®> Moreover, the nitrogen content from the polymer can influence the structure of
the resulting residue, providing possible crosslinking observed during carbonization of carbon
fibers.2%® Because the presence of polymer residue in the film following annealing to 200-375 °C
is expected to have implications on the resulting functional properties, the chemical nature of this

polymer residue is further investigated using in situ Raman spectroscopy, FTIR, and XPS.
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Figure 6.4. TGA and in situ Raman characterization of graphene/NC. (a) TGA curves showing
mass and mass derivative for graphene/NC (top) and pure nitrocellulose (bottom), indicating
primary nitrocellulose decomposition at 200 °C with noticeable residue. (b) Raman spectra of
graphene/NC films during in situ heating in an oxidizing environment, taken at ~75 °C increments.
(c) Representative Raman spectrum with peak fitting taken at 350 °C, revealing the presence of
peaks in addition to the original graphene. (d) Peak area relative to the G band, plotted as a function
of temperature during in situ heating.
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In situ Raman spectroscopy is a powerful technique for characterizing carbon
nanomaterials and has been used recently to monitor structural changes and defect evolution in
graphene and carbon nanotubes.®®2?72% Here in situ Raman spectroscopy is utilized to assess the
evolution of graphene/NC films during thermal annealing in an oxidizing environment. As shown
in Figure 6.4b, several general characteristics emerge from this analysis. The quality of a graphene
sample is typically estimated from the ratio of intensities of the defect-related peak (D peak) to the
peak occurring from in-plane vibrations of the carbon atoms (G peak), with a lower D/G ratio
signifying fewer defects.?’” The in situ data reveal that annealing is accompanied by a reduction
in the D/G intensity ratio, along with a minor reduction in the 2D peak intensity, consistent with a
reduction in defect density (Figure 6.4b, Figure 6.5). In addition, distinct Raman peaks emerge
following heating above 200 °C, including broad peaks centered near the D and G bands of
graphene, as shown in Figure 6.4c, which can be attributed to the formation of amorphous carbon
with high sp?-bonding character from NC decomposition.?!*?!! This Raman feature is notably
absent for graphene inks processed with ethyl cellulose (Figure 6.6),” indicating the unique nature
of the polymer residue for graphene/NC and motivating further investigation of its characteristics.
To study how the amorphous carbon signal evolves as a function of annealing, Figure 6.4d shows
the peak areas normalized to the graphene G peak. The signature of amorphous carbon residue is
present at annealing temperatures between 200 °C and 450 °C, which is broadly consistent with

the observation of polymer residue at these temperatures in the TGA curve (Figure 6.4a).
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While Raman spectroscopy provides strong evidence for the presence of amorphous carbon
residue, it does not provide significant insight into the chemical structures produced upon
annealing. In situ FTIR spectroscopy is therefore performed to analyze the film chemistry during
thermal annealing. As shown in Figure 6.7a, several prominent changes occur in the IR spectra
collected from the graphene/NC film during heating to 300 °C. In particular, peaks at 1670 cm™!
and 1290 cm™! associated with the nitrate functionality lose intensity beginning above 125 °C, and
are not measurable above 200 °C (Figure 6.7b). This observation is consistent with previous
literature indicating denitration of the nitrocellulose as the first stage of decomposition.?!??!3
Furthermore, ex situ FTIR spectroscopy shows several prominent peaks in the range 1300-1600
cm’!, indicating covalent bonding character (Figure 6.7¢c). In particular, bands at 1340-1410 cm™!
and 1550-1600 cm™ are consistent with the skeletal C-C modes of high sp?>-content amorphous
carbon.?!* This bonding is likely to reinforce the mechanical properties of the film, and is not

observed for graphene processed with EC (Figure 6.6¢). In this way, the graphene and polymer

residue can form an effective brick-and-mortar composite structure.
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Figure 6.7. IR and XPS characterization of graphene/NC. (a) IR reflectance spectra collected
from graphene/NC during in situ heating with 25 °C increments, showing characteristic changes
resulting from polymer decomposition. (b) Intensity of a characteristic nitrate group peak at 1670
cm as a function of temperature. (c) Ex situ FTIR spectra before and after annealing at 350 °C.
(d) XPS spectra of as-cast and annealed graphene/NC films showing the three constituent
elements. (e) Atomic composition of as-cast and annealed graphene/NC films as determined by
XPS. (f) High-resolution XPS spectra for as-cast and annealed graphene/NC showing the changes
in the C1s peaks.

To further characterize the chemical composition of the graphene/NC film, XPS is
performed on as-cast and thermally annealed films. The as-cast graphene/NC film exhibits XPS
features consistent with NC, including high O and N content, in which the N1s peak at 408 eV
indicates the presence of nitrate groups (Figure 6.7d). Similarly, the Cls portion of the spectrum
is consistent with primarily NC, including evidence for significant ether linkages. Following
annealing, the elemental composition changes substantially. Specifically, the O1s peak intensity is

reduced, reflecting an O atomic composition of 3%, while only a minor N1s peak at 401 eV is
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observed, indicative of decomposition of the nitrate groups with a small amount of N residue
remaining (Figure 6.7¢). This N content could facilitate cross-linking of the residual amorphous
carbon for improved mechanical properties.?!> Moreover, the C1s spectrum undergoes a significant
shift, with high sp? C content and relatively low C-C/C-O character (Figure 6.7f). There remains
a clear peak associated with sp> C-C/C-O centered at 286.0 eV, even following annealing at 350
°C, indicative of persistent effects from the NC that can affect film properties. This observation is
consistent with the TGA, Raman, and FTIR results, which show evidence of NC residue following
thermal treatment.

Overall, TGA, Raman, FTIR, and XPS analysis of the graphene/NC films as a function of
thermal annealing indicates the presence of NC residue consisting of amorphous carbon with
noticeable C-O bonding character, marking a distinct difference from films processed with EC as
the polymer stabilizer (Figure 6.8). Following this thorough characterization of the chemistry and
morphology of graphene films derived from these graphene/NC inks, the impact of these
fundamental characteristics on functional properties is examined, particularly the effect on

electrical conductivity, mechanical flexibility and durability, and environmental stability.
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Figure 6.8. Direct comparison of chemical characterization for graphene/NC and graphene/EC
films, including in situ Raman spectroscopy, XPS, and FTIR spectroscopy.

6.4. Characterization of Functional Properties

Many applications of printed and flexible electronics require conductive elements with
high electrical performance and robust stability to both environmental and mechanical stresses.
Here, graphene processed with NC is shown to offer excellent properties in this regard. The film
microstructure is expected to impact these properties. A dense, well-connected network of
graphene flakes is known to offer superior mechanical and electrical properties.?!®?!” SEM reveals
a compact microstructure for the graphene/NC films following annealing, indicating a dense film
with a high degree of flake alignment in the plane of the film (Figure 6.9a). This alignment favors
improved flake-flake overlap and thus efficient charge transport. As discussed above, thermal

annealing alters the composition of the graphene film, consistent with NC decomposition with
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residual amorphous carbon. As a result, the electrical conductivity depends strongly on the thermal
annealing conditions (Figure 6.9b). The NC is largely decomposed following annealing at 200 °C,
leading to graphene films with an electrical conductivity of ~10000 S/m. As the annealing
temperature is increased, the graphene films exhibit a steadily increasing conductivity up to a peak

value of 40500 £ 4400 S/m following 350 °C annealing, among the highest electrical conductivity

69,73,79

achieved for pristine graphene inks.
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Figure 6.9. Morphology and electrical characterization of graphene films. (a) Plan-view (top) and
cross-section (bottom) SEM images of a graphene film, showing a dense, compact microstructure
with significant flake alignment. (b) Conductivity of graphene/NC films following annealing in
air over the range 150-450 °C. (c) Relative resistance of graphene/NC lines following cyclic
bending tests at a radius of curvature of 1.3 mm (bending strain ~4.8%).

In addition to excellent electrical performance, printed graphene patterns require
mechanical durability to withstand the rigors of flexible, portable consumer electronics. To test the
mechanical flexibility of graphene processed with NC, patterns were fabricated on PI substrates.
The electrical resistance of the resulting graphene lines exhibits negligible change (Figure 6.9¢)
over 2000 bending cycles to a radius of curvature of 1.3 mm (tensile strain of ~4.8%), with a minor
decrease in resistance consistent with previous reports,” verifying the utility of this material for

devices in which a high tolerance to flexing is necessary.
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While bending stability confirms that the material can deform without failure, it does not
necessarily imply strong adhesion to the substrate or cohesive strength. A Scotch™ tape test is
therefore performed to assess the substrate adhesion and film cohesion performance of the
graphene patterns. Figure 6.10 shows a schematic illustration of this test in which a piece of tape
is applied to the graphene pattern and removed in a controlled manner, after which the tape and
sample are inspected for evidence of film damage. This test is performed on annealed graphene/NC
and graphene/EC films for comparison.*®”” The optical results of the test are shown in Figure
6.11a. While the graphene/EC patterns leave visible residue on the tape, this is not the case for
graphene/NC. Electrical measurements corroborate this result, as shown in Figure 6.11b.
Specifically, the graphene/EC patterns exhibit an increased resistance by ~10-20% following the
tape test, while graphene/NC patterns exhibit negligible change. These results suggest that the
differences in the polymer residue in each case play a critical role in determining the film
mechanical properties, especially since this residue mediates coupling between the constituent
graphene flakes. This interesting result merits a more direct and in-depth analysis of the

mechanical properties including adhesive strength as a focus of future work.
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Figure 6.10. Schematic of the Scotch™ tape test applied to graphene films with EC and NC.
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Figure 6.11. Mechanical and environmental stability of graphene processed with NC. (a) Images
during (top) and after (bottom) the Scotch™ tape test for graphene patterns printed on polyimide.
The dashed black lines indicate the outline of the tape, while the text ‘graphene’ is printed with
graphene/EC (left) and graphene/NC (right). (b) Change in electrical resistance for graphene/EC
and graphene/NC films following the Scotch™ tape test, with Pl and glass substrates. (c) Series
of images showing the water sonication test results for graphene/EC and graphene/NC. (d) Change

in electrical resistance following the damp heat test, 312 h at 85 °C and 85% relative humidity, for
graphene/EC and graphene/NC films on Pl and glass.

A complementary test of the adhesion and mechanical properties of the graphene films is
performed using ultrasonication in water. In this experiment, annealed graphene/EC and
graphene/NC films on glass are immersed in water in an ultrasonic bath. As shown in Figure 6.11c,
the graphene/EC film delaminates and disintegrates within ~10 seconds under the harsh conditions
of the ultrasonic bath. The graphene/NC film, on the other hand, shows excellent resilience for
over 1 minute, with negligible film delamination or breakage (Figure 6.12). Similar graphene/NC

films on polyimide exhibit no failure for up to 10 minutes in the ultrasonic bath, suggesting that
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this difference is based on adhesion at the film-substrate interface, and the driving capillary forces

for water to penetrate between the film and substrate.
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Figure 6.12. Water sonication test results for graphene/EC and graphene/NC, showing percentage
of film remaining as a function of time during ultrasonication in deionized water. The graphene
films are coated onto a glass slide and annealed prior to the test.

The stark difference in properties upon ultrasonication in water suggests that the
nitrocellulose-based graphene patterns may also exhibit resistance to water exposure under less
extreme conditions, such as high humidity. Resistance to humidity degradation carries significant
implications for a diverse range of practical applications for which printed electronics components
and devices must operate reliably in demanding environmental conditions. A damp heat test was
conducted to assess the performance of graphene patterns exposed to 85 °C and 85% relative
humidity for 312 hours. As shown in Figure 6.11d, graphene processed with NC and annealed
shows no systematic change in electrical performance following this high temperature and high
humidity exposure. In contrast, the resistance of graphene/EC patterns increases by 21% and 49%
on polyimide and glass substrates, respectively. This result is important for applications in harsh

environments, a key application area for graphene inks because it presents an advantage over more
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reactive or unstable conductors, such as thermally sensitive conducting polymers and corrosion-

susceptible metals.

6.5. Summary for Graphene/NC Ink Development

In conclusion, a promising nitrocellulose-based platform is demonstrated for solution-
processed graphene with excellent versatility and functional properties. This strategy combines
scalable, low-cost production of graphene with tunable ink formulation for a range of liquid-phase
coating and patterning techniques, enhancing the opportunities for broad integration in practical
applications. Moreover, the resulting graphene patterns exhibit a suite of desirable properties such
as electrical conductivity of ~40000 S/m that is among the highest for solution-processed carbon
nanomaterials. In addition, thermal decomposition of NC results in robust amorphous carbons with
high sp?-bonding character, yielding graphene patterns resilient to a range of mechanical and
environmental stresses including cyclic bending, Scotch™ tape testing, and damp heat aging. The
concurrent realization of these properties in a scalable and adaptable process represents a

significant advance for the incorporation of graphene inks in flexible printed electronics.
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CHAPTER SEVEN

Combustion-Assisted Photonic Annealing of Graphene Inks
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7.1. Introduction to Combustion-Assisted Photonic Annealing

The development of graphene/nitrocellulose (NC) inks detailed in the previous chapter
offers a promising opportunity for process integration. NC offers unique thermochemical
properties, including a highly exothermic and rapid decomposition, which establishes this material
as a mild explosive. These characteristics are particularly well-suited for the process conditions of
photonic annealing, as discussed in Chapter 5. Moreover, this strategy to integrate a reactive binder
with photonic annealing offers an opportunity for more general application in printed electronics.

A key obstacle to the widespread adoption of printed electronics is the development of
functional liquid inks with compatible printing and process integration. For many functional inks,
traditional thermal processing limits process speed and compatibility with temperature-sensitive
materials. As a result, pulsed photonic annealing has been demonstrated for rapid processing on
thermally sensitive substrates, with straightforward integration in roll-to-roll processing.®*"
35.7984187.189 While the initial results on photonic annealing of printable graphene inks, detailed in
Chapter 5, have been promising, optimal utilization of this technique requires complementary ink
properties tailored to the annealing method. Toward that end, in this chapter a graphene ink is
designed for pulsed light annealing based on the polymer binder NC, which exhibits rapid and
exothermic decomposition. This approach enables highly conductive and porous graphene patterns
with broad process compatibility and excellent performance metrics, while also establishing a
compelling ink design strategy for broader application in photonic annealing.

The design of graphene inks for photonic annealing draws inspiration from literature
precedent in the fields of thin film metal oxide electronics and ceramic synthesis. In this context,

combustion processing of metal oxide TFTs has been demonstrated by careful selection of
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exothermic precursors that lower the energy barrier for annealing and densification, ultimately
yielding excellent performance with reduced processing temperature.?'® In ceramic synthesis, the
technique of self-propagating high-temperature synthesis similarly uses a locally-initiated
combustion wave to process material in a rapid and efficient manner.?!*?? Since the
decomposition of reactive precursors leads to gas evolution, this approach is particularly effective
for producing porous, high surface-area morphologies.??! To use photonic annealing to initiate
combustion reactions in graphene inks, a reactive binder is required that undergoes rapid,
exothermic decomposition. NC is a promising candidate, as it has been shown in the previous
chapter to effectively disperse graphene, providing stable inks with graphene concentrations up to
10% w/v.”* In addition, the oxidizing nitrate groups of NC afford high chemical reactivity that
favors exothermic decomposition with rapid kinetics that are consistent with photonic
annealing.?03-294212.213 Dye to these characteristics, NC acts as a built-in energy source to fuel a
propagating reaction, with positive implications for process generality. Moreover, the evolution of
volatile gaseous species upon NC decomposition leads to a highly porous microstructure, offering

advantages for applications such as energy storage, catalysis, and sensing.?*?

7.2. Proof-of-Concept Combustion-Assisted Photonic Annealing

The composite graphene/NC powder is produced by high shear mixing, centrifugation, and
flocculation steps as reported in the previous chapter.”* This procedure yields a powder containing
~35 wt. % graphene flakes with a typical thickness of ~2 nm and lateral size of ~300 nm. For the
suggested propagating reaction to occur, the energy released upon NC decomposition must be

sufficiently greater than the energy required to initiate the decomposition reaction. Differential
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scanning calorimetry (DSC) results shown in Figure 7.la indicate that NC decomposes
exothermically at ~200 °C, releasing ~3x more energy than the amount required to heat the
material to the decomposition temperature, which suggests that the NC combustion will likely
propagate once locally initiated. In contrast, a control sample of graphene/ EC, a common

dispersant for graphene inks,*® exhibits endothermic decomposition characteristics (Figure 7.1b).
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Figure 7.1. (a) Differential scanning calorimetry of graphene/NC showing large exothermic
reaction of nitrocellulose at ~200 °C. (b) Corresponding data for graphene/EC showing
endothermic decomposition for ethyl cellulose. Measurement is taken under nitrogen to more
closely mimic rapid photonic annealing.

The differences in reaction kinetics and thermodynamics between NC and EC are further
demonstrated by a photonic annealing test on a silicon substrate. Importantly, photonic annealing
is traditionally limited to substrates that act as poor heat sinks, such as paper and plastic. Substrates
with higher thermal mass and thermal conductivity, such as silicon, extract heat out of the active
film rapidly to quench the process, limiting its applicability.**!%” However, the high exothermicity
of NC combustion enables photonic annealing on silicon, while the rapid release of volatile
decomposition products leads to a porous microstructure, as shown in the cross-section SEM
image in Figure 7.2. Although the bottom portion of the film (<1 pm) appears to remain

unannealed, with a dense, polymer-rich structure, the remainder of the film (top ~3 pum) shows
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evidence of photonic annealing. This morphology is notably not observed for comparable films of

graphene/EC (Figure 7.3).

photonic
annealing

Figure 7.2. Schematic illustration and cross sectional SEM image showing assisted photonic
annealing, with a self-fueled reaction yielding a porous graphene microstructure. Photonic
annealing on a Si substrate is not typically possible due to the substrate’s effective heat sink
properties, but the reactive binder enables annealing through nearly the entire film, resulting in a
porous microstructure.

graphene/EC

graphene/NC 3

Figure 7.3. Microstructural characterization of graphene films. (a,b) Cross sectional SEM images
of graphene/EC films before and after exposure to pulsed light annealing, respectively, showing
little change in microstructure suggesting ineffective annealing. (c,d) Corresponding images for
graphene/NC films, showing evolution from a dense, polymer-rich microstructure to a porous,
annealed film.
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To better understand and characterize the nature of the annealing process and resulting
properties, comprehensive chemical and electrical characterization was performed. For example,
FTIR spectroscopy, shown in Figure 7.4a, indicates the presence of nitrate peaks from the NC at
1277 cm™ and 1643 cm™ preceding photonic annealing. At low photonic annealing energies, these
peaks show little change. However, above a threshold pulse energy, the NC peaks are no longer
observable, suggesting an abrupt transition between the as-cast and annealed states (Figure 7.4b).
These results are consistent with a self-fueled reaction, which leads to complete annealing of the
graphene/NC film following initiation. For all photonic annealing experiments, annealing was
performed using a Xenon Sinteron 2010 with a spiral lamp geometry. Pulse energies of 0-7 J/cm?
were estimated based on calibration data from the manufacturer. The sample was placed 25 mm
from the lamp, and annealing was performed with a single light pulse. For thermal annealing
reference samples, the optimized annealing conditions (350 °C for 30 minutes) were used as

determined in the previous chapter.’”
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Figure 7.4. Chemical characterization of photonically annealed graphene/NC films. (a) FTIR
spectra for graphene/NC films following different annealing conditions. (b) Evolution of FTIR
peak intensity with pulse energy showing a sharp threshold for annealing. (c) Elemental
composition determined by XPS for the films.
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Similar characteristics are also observed with XPS (Figure 7.4c), which is used to track
elemental composition. At low pulse energies, the films show similar composition to the as-cast
film, with an abrupt transition to fully annealed films after a threshold pulse energy is exceeded.
Figure 7.5a shows XPS Cl1s data for graphene/NC films as cast, thermally annealed to 350 °C, and
photonically annealed with varying pulse energies. The as-cast film shows the presence of C-O
functionality associated with the ether linkages of cellulose derivatives at peaks above 386 eV,
along with sp? C-C associated with the graphene flakes (~285 eV). Following photonic annealing,
the spectra show minimal evolution for pulse energies below 1.5 J/cm?. A discrete change in the
spectra is observed at higher energy annealing, resulting in a C1s spectrum largely consistent with
thermal annealing at 350 °C. This discrete transition in the film composition supports the notion
of a propagating reaction. In particular, once enough energy is added to initiate the exothermic

decomposition of NC, the reaction propagates through the film to result in complete annealing.
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Figure 7.5. Chemical characterization of graphene/NC annealing. (a) XPS Cls spectra for
graphene/NC films following different post-treatment conditions. (b) Representative Raman
spectra for different annealing conditions. (¢) In/Ig ratio following annealing on various substrates,
showing a consistent reduction following photonic annealing for different substrates.



159

Figure 7.5b shows representative Raman spectra for graphene/NC films before and after
photonic annealing. These spectra show the characteristic D, G, and D’ peaks for graphene, with
a slight reduction in the Ip/Ig ratio from 0.58 to 0.50 upon annealing, which is consistent with a
decrease in sp> bonding character in the film.” This reduction is observed for films on a wide
range of substrates, including PET, PEN, PI and glassine paper (Figure 7.5c). Moreover, due to
the built-in energy of NC, this change is even observed on substrates that act as effective heat
sinks, such as silicon, copper, and aluminum. Altogether, this chemical characterization suggests
a sharp threshold for annealing after which the propagating, self-sustaining nature of the reaction

leads to nearly complete decomposition with minimal evidence of residual NC.

7.3. Functional Characterization of Photonically Annealed Graphene/NC

Electrical characterization of the graphene films is provided in Figure 7.6. As the annealing
energy is increased, a sharp drop in sheet resistance is observed (Figure 7.6a) in a manner
consistent with the preceding chemical characterization. In contrast, polymer binders with
endothermic decomposition can be partially annealed by low energy pulses, which manifests itself
as a gradual decrease in sheet resistance as a function of annealing energy. Despite its increased
porosity, the graphene/NC films maintain a low sheet resistance similar to thermally annealed
films, thus presenting a desirable combination of high surface area and efficient charge transport.
Furthermore, photonic annealing with NC allows the formation of conductive graphene films on a
variety of substrates as shown in Figure 7.6b. These results show that photonic annealing is
effective for graphene/NC films on PET and PEN, substrates incompatible with temperatures >200

°C,'® along with low-cost, paper-based substrates such as glassine and standard office paper.®’
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The somewhat higher (~2-4x) sheet resistance measured on these paper-based substrates is likely
a result of the increased surface roughness relative to the thermally annealed control on low-
roughness glass. Nevertheless, the realization of conductive graphene films on paper-based
substrates offers compelling prospects for printed electronics since the low-cost, sustainable
production, and recyclability of paper make it an attractive substrate for large-volume, disposable

devices.???
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Figure 7.6. Electrical characterization of photonically annealed graphene/NC films. (a) Sheet
resistance relative to thermally annealed samples for graphene/NC and graphene/EC, showing an
abrupt threshold for nitrocellulose decomposition and minimum resistance on par with thermal
annealing. (b) Normalized sheet resistance relative to thermal annealing for graphene/NC films on
various substrates. (c) Sheet resistance for graphene/NC films as a function of thickness following
thermal and photonic annealing. Note that the thickness corresponds to thickness prior to annealing
(photonic annealing leads to thicker films with the same amount of material due to porosity).

Photonic annealing of graphene/NC generalizes effectively across a range of film
thicknesses. Figure 7.6c shows that the sheet resistances of thermally and photonically annealed
films agree well as a function of thickness up to micron-thick films. Photonic annealing micron-
thick graphene films without the combustion chemistry approach is often less effective than

thermal annealing, because energy applied by photonic annealing is absorbed primarily near the



161
surface and dissipates through the film.3*7%341% The resulting thermal gradients lead to uneven
annealing of the sample, requiring multiple annealing cycles and introducing potentially damaging
mechanical stresses. The high energy content and even distribution of NC, however, enables
complete annealing with a single light pulse.

Photonic annealing has attracted considerable interest for additive manufacturing beyond
the scope of printed electronics.!* However, the effectiveness of this technique has historically
been strongly dependent on the thermal properties of the substrate.>*!%” While the field of printed
electronics is largely concerned with applications on thin, thermally-insulating substrates (e.g.,
plastic and paper), many other additive manufacturing applications involve substrates that act as
effective heat sinks, including materials with high thermal conductivity and thermal mass. In this
scenario, the rapid dissipation of heat from the functional film can severely limit the efficacy of
photonic annealing, with the required power scaling with the square root of the substrate thermal
conductivity. For example, photonic annealing on silicon is expected to require ~25 times more
power than annealing on PET, which exceeds the limits of many photonic annealing systems.>* On
the other hand, the exothermicity of NC overcomes this limitation, as demonstrated by successful
photonic annealing on a silicon wafer (Figure 7.2). To further support this feature of graphene/NC,
photonic annealing was performed on substrates ranging from paper to copper foil. In all cases,
Raman spectroscopy indicated a reduction in the Ip/Ig ratio following photonic annealing (Figure
7.5¢), indicative of effective photonic annealing even on substrates with high thermal conductivity,

such as aluminum foil.
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7.4. Application of Porous Graphene Thin Films for Printed Microsupercapacitors

The combination of high surface area and efficient charge transport for photonically
annealed graphene/NC films is desirable for many applications including energy storage, catalysis,
and sensing.??»*** In particular, microsupercapacitors (MSCs) are an emerging energy storage
platform for printed electronics. These devices store charge at the interface of electrodes and a
liquid or gel electrolyte, offering high power density, excellent cycling lifetime, and
straightforward fabrication.?”> The planar architecture of MSCs also facilitates integration of
energy storage and other circuit components on a single substrate, providing benefits for portable,
wearable electronics with on-chip power management. To illustrate the utility of graphene/NC for
MSCs, a graphene/NC ink was developed for direct ink writing (DIW), which is a digital, liquid-
phase printing method that allows for low-cost, additive fabrication of complex patterns.?*® The
excellent dispersion stability, solvent compatibility, and tunable rheology of graphene/NC allows
for the straightforward preparation of a DIW printable graphene/NC ink. Graphene/NC powder is
directly dispersed in ethyl lactate at a concentration of 8% wi/v using bath sonication. This ink is
used to fabricate graphene/NC interdigitated patterns by DIW (Figure 7.7a) for application as MSC

electrodes, using a HyRel System 30M 3D printer with a 200 um diameter extrusion tip.
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Figure 7.7. Printed graphene/NC microsupercapacitors. (a) Photograph of the extrusion printing
head during device fabrication, with inset photograph of printed interdigitated electrodes. (b)
Optical profilometry data showing the height map of the device active area. (c) Cyclic voltammetry
for devices following thermal and photonic annealing. (d) Device capacitance as a function of
current for MSCs from galvanostatic charge/discharge cycling.

Graphene/NC MSCs were DIW printed and processed by thermal or photonic annealing,
along with control devices of graphene/EC for comparison. An optical profilometry height map of
a representative printed graphene/NC pattern is shown in Figure 7.7b. The consistent height and
trace width confirms the reliability of the DIW printing process, while the thickness of the pattern
can be readily controlled by varying the number of printed layers (Figure 7.8a). Electrochemical
measurements were performed following application of a gel electrolyte containing 1.0 g
phosphoric acid, 1.0 g PVA (My, = 50000, Aldrich), 3.0 g IPA, and 6.0 g water, similar to that

reported previously.®? The samples were then dried overnight and tested by cyclic voltammetry
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(CV) and galvanostatic charge/discharge measurements using a CHI 760D potentiostat. CV curves
are shown in Figure 7.7c, exhibiting a rectangular shape and an increased current for photonically
annealed graphene/NC devices. These MSCs show higher current than thermally annealed devices,
resulting from the porous morphology and increased active surface area realized by photonic
annealing. The graphene/EC devices, however, exhibit a less rectangular CV profile, due to higher
series resistance resulting from the limited efficacy of photonic annealing for thick graphene/EC

films.
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Figure 7.8. Characterization of graphene MSCs. (a) Thickness and (b) capacitance of printed
graphene/NC MSCs as a function of printed layer number, showing a consistent linear increase in
both values. (¢) Capacitance for graphene/EC MSCs with different thicknesses, showing saturation
of the performance. (d) Capacitance retention of graphene/NC MSC over 1000 cycles.

Galvanostatic charge/discharge cycling was performed to measure the capacitance and rate

capability of the photonically annealed graphene/NC MSCs (Figure 7.7d). Notably, at a moderate
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current density of 0.1 mA/cm?, the photonically annealed graphene/NC MSC on glassine exhibits
a capacitance of 0.14 mF/cm?, which is 10x greater than the capacitance of the thermally annealed
device and an improvement of 3x relative to the graphene/EC case and similar printed, graphene-
based MSCs in the literature.”'#!#2 Moreover, the performance is found to scale linearly with
device thickness, which is a characteristic not observed for graphene/EC due to the reduced
efficacy of photonic annealing for thick films containing the EC binder (Figure 7.8b-c). In addition,
the glassine-based photonically annealed graphene/NC MSC possesses high cycling stability, with

>90% capacitance retention following 1000 cycles (Figure 7.8d).

7.5. Summary for Graphene/NC Photonic Annealing

In summary, rapid photonic annealing of graphene/NC films results in a unique
combination of processing attributes and functional properties. In particular, the exothermic NC
binder acts as a built-in energy source to assist the annealing reaction, resulting in improved
process integration and generality. The rapid volatilization of the NC binder further leads to a
porous microstructure with efficient charge transport and high surface area, providing desirable
advantages for applications such as energy storage, sensing, and catalysis. Combining these
features with the versatile liquid-phase processing platform for graphene inks, direct ink writing
of printed solid-state graphene microsupercapacitors was demonstrated with excellent
performance on flexible substrates such as glassine paper. While particularly useful for graphene
inks, the attributes of NC as a synergistic binder for photonic annealing can likely be applied more

generally to other material systems of interest to additive manufacturing.
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CHAPTER EIGHT

Chemically Stable Electrodes for Printed InGaZnO
Transistors
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8.1. Introduction to Printed InGaZnO Transistors

While Chapters 2-7 detailed processing advances for graphene inks, this chapter transitions
to selected applications for this class of inks. In particular, the stability of graphene is critical for
many applications that also require good electrical conductivity. One such application is for
transistor electrodes with chemically or electrochemically sensitive materials. This chapter
discusses the favorable integration of graphene as a stable source/drain electrode materials for
inkjet-printed InGaZnO (indium-gallium-zinc-oxide, or 1GZO) thin film transistors (TFTs),
leveraging the robust chemical and thermal stability of graphene to achieve excellent long-term
and environmental stability.

Amorphous oxide semiconductors have been a focal point of recent advances in inorganic
materials for large-area electronics.?5227228 These materials offer a route for low-cost, low-
temperature processing with large-area uniformity and exceptionally smooth interfaces without
the drawback of grain boundaries and carrier concentration control that can be present in
polycrystalline materials.??® Amorphous 1GZO is particularly prominent in display applications
due to its impressive electronic properties, environmental and bias-stress stability, and
processability.??° In addition, the introduction of sol-gel techniques to fabricate IGZO from liquid
inks offers the opportunity to incorporate this material in low-cost printed electronics
applications.?3%-23 Considerable progress has been realized in low-temperature, solution-based
processing of 1GZ0;146:218234-237 combustion processing,?t8 for example, has afforded high quality
oxide materials with enhanced materials compatibility and relevance to display applications. 2%
This strategy has shown versatile application with oxide dielectrics and contacts, as well as hybrid

materials for flexible applications.?4%?** However, the extension of this knowledge to printed
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devices has been hindered by challenges of interface engineering and materials compatibility for
more complex architectures. Standard source/drain electrode materials for 1GZO, such as
aluminum, molybdenum, and titanium/gold, are incompatible with high-resolution, liquid-phase
printing methods. Conducting metal oxides, such as antimony tin oxide and indium tin oxide
(ITO), are challenging to process at low temperatures from solution by conventional sol-gel
techniques with adequate electrical conductivity,146.242-244

In contrast, silver is the most prevalent inkjet-printed conductor, with silver nanoparticle
or molecular precursor inks widely used due to their resistance to oxidation, low temperature
sintering compatibility, and high electrical conductivity.?* Consequently, to develop printed
source/drain electrodes for IGZO TFTs, the suitability of a commercial silver nanoparticle ink is
first assessed. It is found that inkjet-printable conductive silver-based inks form poor electrical
contact to 1IGZO due to deleterious interfacial chemical interactions. These limitations motivate
the investigation of an alternative electrode material to enable fully printed 1IGZO TFTs. Towards
this end, composite and hybrid electrodes containing carbon nanomaterials have been recently
employed for TFTs based on semiconducting oxides, resulting in desirable electronic and chemical
properties.?*>-2%8 In particular, the robust chemical and environmental stability of graphene has
been exploited to mitigate undesirable chemical and electrochemical interactions at the electrode-
channel interface.?*> Moreover, graphene/EC inks suitable for a range of printing methods have
been demonstrated in the prior chapters, with electrical conductivities as high as ~2.5x10* S/m and
excellent mechanical flexibility.3®70767".7% Following a comprehensive exploration of device
geometries, graphene contacts embedded between consecutive 1GZO printing passes yield

favorable transistor operational characteristics. Finally, these graphene-contacted IGZO TFTs
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possess robust stability in long-term aging and high-temperature exposure, validating the potential
of this approach for a range of printed electronics applications that are currently inaccessible to

conventional organic electronics.

8.2. Demonstration of Stable Graphene Electrodes for InGaZnO

To investigate printed source/drain contacts for IGZO TFTs, devices are first fabricated
using a commercial silver nanoparticle ink due to its widespread use as a printed conductor. Figure
8.1a illustrates the process flow for the fabrication of IGZO TFTs with silver electrodes. 1GZO
films are printed on Si/SiO, wafers following the established procedure,?®” with a maximum
processing temperature of 300 °C. Silver source/drain electrodes are then printed and annealed at
150-250 °C to complete the device. Electrical measurements, shown in Figure 8.1b, reveal that
these TFTs have poor, unstable electrical operation, as evidenced by the low and irregular source-

drain current.
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Figure 8.1. Process flow and comparison of IGZO TFTs with silver and graphene contacts. (a)
Schematic illustration of the fabrication of inkjet-printed 1GZO TFTs with silver and graphene
source/drain electrodes. (b,c) Representative saturation transfer characteristics for 1IGZO TFTs
with silver and graphene contacts, respectively (channel length ~ 200 pum).

To provide insight into the underlying chemistry and physics, and to verify that more
optimal processing conditions will not mitigate these issues, silver/IGZO TFTs were fabricated
with varying annealing temperatures for the silver electrodes. The silver nanoparticle ink requires
annealing at 150 °C for highly conductive films, so this was selected as the minimum temperature
condition. As shown in Figure 8.2, devices annealed at 150 °C exhibit poor electron mobility of <

0.1 cm?/V's. As the annealing temperature is increased, the performance improves slightly to a

peak mobility of ~0.3 cm?/V-s for 200 °C processing, although the device-to-device variation
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remains high. At higher temperatures, the performance again decreases, likely due to silver
migration and oxide formation at the contact interface. Although silver could conceivable migrate
into the oxide gate dielectric as well, with a relatively thick (300 nm) dielectric, increased gate
leakage is not observed (Figure 8.2c). These results are consistent with previous work describing

sputtered and evaporated silver contacts for IGZO TFTs.2492%0
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Figure 8.2. Annealing optimization for IGZO TFTs with silver contacts. (a) Box plots of mobility
for IGZO with silver contacts fabricated with processing temperatures from 150-250 °C (n = 31,
5 min annealing in ambient at the specified temperature in each case). (b,c) Representative transfer
curves and corresponding gate leakage, respectively, for IGZO TFTs with silver contacts.

To provide a more chemically-inert contact for the oxide semiconductor, IGZO TFTs were
inkjet-printed with graphene electrodes, as illustrated schematically in Figure 8.1a. Graphene
offers excellent thermal and chemical stability, and is not expected to chemically interact with the
IGZO channel upon annealing or application of electrical bias. Unlike the corresponding TFTs
with printed silver contacts, IGZO TFTs with graphene contacts exhibit stable and high-
performance electrical operation, as shown in Figure 8.1c. This initial result demonstrates the
viability of graphene as a printed source/drain electrode material for IGZO TFTs, and motivates

further investigation of device structures and resulting properties.
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8.3. Study and Optimization of Device Geometry

With this promising proof-of-concept of graphene as a suitable electrode material for IGZO
TFTs, it is important to next assess the role of device architecture in achieving effective charge
injection and low contact resistance. Since the contact geometry can have a significant effect on
TFT performance through various mechanisms such as morphological, compositional, and
electrostatic effects,146:242251-253 top-contact (TC) and bottom-contact (BC) devices were fabricated
and tested. Representative output curves for TC and BC TFTs are shown in Figures 8.3a-b,
respectively. While the TC device supports much higher current at saturation, it also exhibits a
more pronounced nonlinearity in the output curve at low drain bias (Figure 8.4), which suggests
the presence of an injection barrier. This presents an impediment to proper operation, particularly
for applications in which operation in the linear regime is desired. The BC device shows superior
linearity in the output curves at low drain bias (Figure 8.4), but with significantly reduced currents

at saturation, which is indicative of higher contact resistance or lower charge carrier mobility.
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Figure 8.3. Effect of device architecture on IGZO TFTs with graphene contacts. (a-c)
Representative output characteristics of IGZO TFTs with graphene source/drain electrodes in a
top contact, bottom contact, and middle contact configuration, respectively (channel length ~ 200
pum). Inset diagrams illustrate cross-sections of the device structure in each case.
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Figure 8.4. Representative output curves for non-optimal IGZO devices. (a) Output characteristics
for an 1GZO TFT with silver source/drain contacts, following optimal annealing at 200 °C. (b,c)
Output characteristics for IGZO TFTs with graphene bottom and top contacts, respectively. Note
the low drain current for the case of (b), and the nonlinearity at low bias for (c).

The increased current of the TC TFT is likely due to superior IGZO film quality, since
IGZO can form dense, uniform films when printed on smooth, pristine SiO; substrates. In contrast,
the BC device is printed on a substrate patterned with rough electrodes (~28 nm roughness, Figure
8.5), which is likely to disrupt the IGZO film growth near the contacts. This roughness is
particularly problematic considering the total thickness of the IGZO film is ~15 nm (Figure 8.6).
The difference in output curve linearity at low bias may be due to a number of factors related to
the chemical/physical interface between the contacts and the channel, as well as electronic
effects.”>!2%3 In light of these differences, TFTs were also printed with the graphene source/drain
electrodes in the center of the IGZO film, as illustrated schematically in Figure 8.1a. This geometry
provides high-quality IGZO films printed prior to the contacts, while maintaining the favorable
characteristics of the graphene/IGZO interface offered by the BC geometry. A representative
output curve for this geometry, referred to as a middle-contact (MC) device, is shown in Figure

8.3c. This device exhibits a high current at saturation, with nearly linear I-V characteristics at low
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drain bias. In this manner, the MC device geometry successfully integrates the desirable

characteristics of both TC and BC device structures.
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Figure 8.5. Atomic force microscopy characterization of an IGZO TFT with graphene contacts.
(a,b) AFM topography images at the channel-electrode interface and at the center of the electrode,
respectively. (c,d) Height histograms for regions on the IGZO film and on the graphene electrode,
respectively.
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Figure 8.6. (a) Optical microscopy image of IGZO TFTs with graphene contacts inkjet-printed
on Si/SiOz. (b) Thickness profile across an inkjet-printed 1GZO film following five printing passes,
showing an average thickness of 15 nm.
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8.4. Detailed Transistor and Contact Characterization

While the discussion thus far has been limited to single representative devices, quantitative
electrical characterization of a large sampling of devices provides more compelling statistical
support for the suitability of graphene electrodes for IGZO TFTs. A representative transfer curve
foraMC TFT is shown in Figure 8.1c, which reveals excellent transistor behavior with high on/off
current ratio (lon/lorr) and a turn-on voltage well-aligned for complementary circuit integration.?>*
The saturation mobility (usat) and threshold voltage (VtH) are extracted from the transfer
characteristics. The mobility for MC TFTs (number of devices, n = 122) with varying channel
lengths is plotted as a function of channel length in Figure 8.7, along with corresponding data for
TC and BC geometries. For devices with long channel lengths, the mobility saturates at a high
value of ~6 cm?/V-s. In addition to high mobility, these devices display a high on/off current ratio
of ~10° and a low, positive threshold voltage (Table 8.1, Figure 8.8). Altogether, the mobility,
on/off current ratio, and threshold voltage of these devices show promise for a range of circuit

applications.
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Figure 8.7. Measured mobility (usaTt) for top, bottom, and middle contact devices as a function
of channel length (n = 40, 25, 122 for TC, BC, and MC, respectively).
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Figure 8.8. Electrical characteristics of MC IGZO TFTs with graphene contacts. (a,b) Current
on/off ratio (lon/lorr) and threshold voltage (VTH), respectively, plotted against channel length (n

= 122).
Geometry L (um) usat (cm?/V+s)  Logio(Ion/Iorr) VtH (V) SS (V/dec)
BC ~150 2.16 (1.03)* 5.02 (0.27) 25.6(2.2)  4.87(0.41)
~250 3.31 (0.50) 5.10 (0.16) 22224)  5.12(0.96)
TC ~150 4.32(0.16) 5.55 (0.54) 16.1 (3.0)  2.49 (0.72)
~250 5.42 (0.64) 5.55 (0.57) 184 (3.6)  2.74(0.57)
MC ~150 6.38 (0.19) 4.92 (0.29) 72(0.8)  4.28(1.19)
~250 6.42 (0.41) 4.99 (0.65) 79(1.1)  4.57(0.95)

*All data indicate average (and standard deviation) for four devices. SS = subthreshold swing

Table 8.1. Device metrics for IGZO TFTs having different contact geometries.
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As shown in Figure 8.7, for TFTs with short channel lengths, the mobility increases with
channel length. This channel length dependence suggests that the contact resistance has a non-

negligible contribution to the overall resistance, a relation described by

=205 —r  L+R (8.1)
dlps

in which Rt denotes the total resistance, Ips and Vps are the source-drain current and voltage,
respectively, renL is the channel resistance, and Rc is the contact resistance accounting for both
contacts. The contact resistance is assessed for MC graphene/IGZO TFTs using the transmission
line method.?*® Specifically, output characteristics are collected for devices with a range of channel
lengths, and the total resistance at a particular gate bias (V) is determined by the slope in the
linear region of the curve. To account for variations in threshold voltage, the total resistance values
are plotted for fixed channel bias conditions (i.e., fixed Vg-VtH), which is accomplished by
collecting output curves at 5 V increments in Vg, calculating the total resistance in each case, and
interpolating to determine the resistance at a given value of Vg-VtH. A linear fit to the total
resistance as a function of the channel length describes the data well, as shown in Figure 8.9a, with
a positive intercept corresponding to the contact resistance. From these measurements, the contact
resistance is found to decrease with increasing gate bias, as shown in Figure 8.9b, reaching a low
value of 2.9+0.2 kQ-cm for VG-V of 50 V. This result is comparable to IGZO TFTs having
sputtered ITO contacts using a similar combustion-processing approach (2.79-10.1 kQ-cm at ~50-
60 VG-Vri),'* and indicates the suitability of graphene as a contact despite its dissimilar chemical

and structural nature.
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Figure 8.9. Electrical characterization of IGZO TFTs with graphene middle contacts. (a)
Measured mobility for devices as a function of channel length (n = 122). (b) Total resistance
plotted against channel length, which allows for the extraction of contact resistance by the
transmission line method. (c) Contact resistance plotted as a function of gate voltage.

Figure 8.10 shows corresponding contact resistance measurements for TC and BC devices.
Although the TC devices show a similar contact resistance to MC devices, it is important to note
that these devices exhibit nonlinearity in the output curves. To calculate total resistance in this
case, the lowest-resistance region of the output curves are used. The BC TFTs exhibit a higher
contact resistance, consistent with the slow increase in measured mobility with increasing channel
length (Figure 8.7). The contact resistance of these devices is one contribution to the decreased

mobility measured for TFTs with shorter channel lengths.
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Figure 8.10. Contact resistance measurements for IGZO TFTs with graphene contacts. (a,b) Total
resistance plotted against channel length for top contact and bottom contact devices, respectively.
(c,d) Contact resistance plotted against gate bias for top contact and bottom contact devices,

respectively.

With the contact resistance measurements for IGZO TFTs with different contact
geometries, it 1s possible to calculate mobility corrected for the contact resistance. The measured
total resistance is used to calculate channel resistance using the relation above (Equation 8.1). The

corrected mobility is calculated as

)
1 T
Heorr= c;w 6V:;l (82)

in which C;j is the gate capacitance, W is the channel width, and Vg is the gate voltage. This analysis

was applied to IGZO TFTs with the three different contact geometries, and the corrected mobility
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for BC, TC, and MC devices was calculated to be 3.51 + 1.29, 5.68 £ 0.89, and 9.61 + 1.27 cm?/V s,
respectively.

In addition to the contact resistance, a channel length-dependent hysteretic effect can
contribute to the observed variation of mobility with channel length. As shown in Figure 8.1c,
modest hysteretic behavior is evident in the transfer characteristics of the IGZO TFTs with
graphene contacts. While this is small relative to that observed for IGZO TFTs with silver contacts,
it affects the electrical measurements of devices. It should be noted that all reported data is obtained
using the forward sweep of the transfer curve. In Figure 8.11, more thorough details are presented
regarding the hysteretic behavior for the MC IGZO devices (number of devices, n = 122). Figure
8.11a shows the threshold voltage hysteresis calculated from the forward and reverse sweeps of
the transfer curve, indicating greater hysteresis for shorter channel length devices. Figure 8.11b
shows the corresponding data for the calculated mobility, indicating similar channel length
dependence and a higher mobility calculated from the reverse sweep. Figure 8.11c shows the
average calculated mobility from the transconductance of the forward and reverse voltage sweeps
as a function of channel length. Compared to Figure 8.7, the channel length dependence is greatly
reduced when the forward and reverse sweeps are averaged. While this does not represent a true
mobility, it suggests that hysteretic effects are one source of the decrease in measured mobility for

TFTs with shorter channel lengths.
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Figure 8.11. Characterization of hysteresis for MC 1IGZO TFTs with graphene contacts. (a)
Threshold voltage hysteresis from the forward and reverse sweeps of the transfer characteristics.
(b) Difference in calculated mobility based on the forward and reverse voltage sweeps. (C)
Calculated mobility plotted against channel length using the average mobility calculated from the
forward and reverse voltage sweeps. Number of devices, n = 122.

8.5. Stability Assessment for Inkjet-Printed InGaZnO Transistors

Both graphene and IGZO are characterized by excellent environmental stability relative to
traditional materials for printed electronics, particularly organic molecules and polymers. As such,
the combination of graphene and IGZO may enable opportunities for functional devices in extreme
environments. To assess this possibility, the thermal and long-term ambient stability of MC
graphene/IGZO TFTs is characterized. In particular, inkjet-printed TFTs were stored in dark
ambient conditions for 365 days, with the electronic properties measured at nine points during this
period. Representative transfer curve data from one device with a channel length of 150 pum is
shown in Figure 8.12. While the threshold voltage shows an initial shift, it remains at a low,
positive value for the remaining time, with small fluctuations likely due to environmental factors

such as humidity and no systematic shifts.
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Figure 8.12. Electrical performance of MC graphene/IGZO TFTs during aging in ambient
conditions. (a-c) Transfer characteristics for a single device measured nine times over the course
of 365 days, with different axes scaling.

More extensive statistical characterization is shown in Figure 8.13. It is evident that the

present devices maintain a high, stable saturation mobility of ~6 cm?/V-s throughout this period,

with no evidence of systematic degradation (Figure 8.13a). The current on/off ratio, shown in

Figure 8.13Db, is also consistent with a typical value of ~10°, while the threshold voltage stabilizes

at a positive value suitable for complementary operation. This robust stability is highly

advantageous for applications requiring an exposed semiconducting channel, such as sensors, and

mitigates the need for expensive, high quality encapsulation.
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Figure 8.13. Stability of graphene/IGZO TFTs against ambient aging. (a) Mobility, (b) lon/loFr,
and (c) VTH, measured at various times over 365 days (n = 22).
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An additional attraction of the present materials combination is the high thermal tolerance

of both graphene and IGZO. During fabrication, these devices are exposed to 300 °C in air,
suggesting stability at this temperature. To verify this thermal stability, 30 graphene/IGZO TFTs
were exposed to increasing temperatures in air, with the electrical performance measured. As
shown in Figure 8.14a, for temperatures up to the fabrication temperature of 300 °C, no significant
degradation is observed in the saturation mobility. Moreover, with heat treatment up to 400 °C, an
enhancement in device performance is observed. Similarly, the current on/off ratio, shown in
Figure 8.14b, exhibits no systematic degradation following this thermal stress. As in the case for
long-term aging, the threshold voltage stabilizes at a positive value suitable for complementary
operation, as shown in Figure 8.14c. This thermal stability is greater than that observed for typical
printed organic electronics, and enables applications in extreme environments not possible with
traditional organic electronic materials. In addition, this robust tolerance relaxes process
constraints for the more versatile integration of IGZO with advanced materials and traditional

semiconductors, offering potential routes toward novel heterostructures.?>
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Figure 8.14. Stability of graphene/IGZO TFTs against high temperatures. (a) Mobility, (b)
lon/lorr, and (¢) VtH,, measured following post-fabrication thermal treatment to 100-400 °C in air
(n =30).
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As one example of a more complex structure, graphene/IGZO TFTs were fabricated with

silver interconnects to model a practical circuit (Figure 8.15). Although graphene presents a
superior contact material to IGZO compared to silver, silver remains a desirable material for
printed interconnects and wires due to its excellent electrical conductivity. Therefore, a suitable
device format would include IGZO TFTs with graphene contacts connected to the larger circuit
with silver interconnects. To confirm that the graphene presents a stable interface with silver, as
well as a suitable barrier between silver and IGZO, TFTs were fabricated using contacts composed
of both silver and graphene concurrently. As shown in Figure 8.15, a layer of silver was inserted
into standard MC graphene/IGZO TFTs. Because the contact-channel interface is at the leading
edge of the graphene contact, which is not covered with silver, a second layer of graphene on top
of the silver was unnecessary. An optical micrograph of the devices is shown in Figure 8.15b. The
devices exhibit performance metrics nominally identical to MC devices without silver (Figure
8.15¢), confirming the robustness of the graphene barrier separating the silver and IGZO and

offering a promising route toward practical implementation.
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Figure 8.15. Connection of graphene/IGZO TFTs with silver interconnects. (a) Schematic
illustration showing TFT fabrication process with silver inserted into standard MC graphene/IGZO
TFTs. (b) Optical micrograph showing the printed devices, with the different materials indicated.
(c) Representative transfer curve for the TFTs.

8.6. Summary of Graphene Electrodes for Chemically Stable InGaZnO Electrodes

In summary, this chapter describes the use of graphene source/drain electrodes for high-

performance inkjet-printed IGZO TFTs. The combination of graphene with combustion-processed



186
IGZO enables the fabrication of printed TFTs with a maximum processing temperature of 300 °C.
By exploring various contact geometries, the limitations of traditional top-contact and bottom-
contact structures were revealed, and a unique middle-contact device architecture was introduced
that exhibits several advantages for these devices, combining the desirable properties of both TC
and BC geometries. With mobilities exceeding 6 cm?/V-s, current on/off ratios greater than 10°,
and favorable threshold voltages, these devices provide a promising foundation for integration into
more complex circuits. Moreover, their excellent thermal stability eases constraints for integration
with different materials, in addition to expanding the scope of possible applications in extreme
environments. This robustness is reinforced by their outstanding long-term ambient stability, with
no systematic degradation observed in devices measured over a full year. In this manner, graphene
not only facilitates the development of printed IGZO devices, but also provides additional benefits
over standard contact materials. Overall, the successful integration of graphene and IGZO in a
printed format represents a significant advance in fabricating printed electronics based on high-

performance, stable inorganic components.
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CHAPTER NINE

Stable Graphene Contacts for Liquid Metal
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9.1. Introduction to Stable Graphene Contacts for Liquid Metal

Chapter 8 demonstrated the benefit of graphene inks for the fabrication of stable electrodes
to InGaZnO transistors. In this capacity, silver electrodes lead to poor and unstable performance
due to migration of silver ions into the oxide semiconductor, while graphene’s inert nature allows
for a stable contact interface. In the present chapter, this characteristic of graphene will again be
exploited to enable stable interfaces with another high performance printed material, namely liquid
metal.

Gallium-based liquid metal alloys are a unique class of advanced materials with the
potential to offer unprecedented opportunities in stretchable and reconfigurable electronics.>"2%8
As a room temperature liquid, eutectic gallium-indium (eGaln) presents mechanical properties
unmatched by conventional electronic materials. By leveraging these exceptional characteristics,
researchers have recently demonstrated advances ranging from reconfigurable liquid metal
switches and responsive sensors to robust and stretchable interconnects.?%-252 Moreover, the fluid
nature of eGaln enables broad process compatibility with additive printing methods, with
demonstrations of direct write, inkjet, transfer, and 3D printing.?%3-2%¢ As such, the development
of liquid metals for applications in printed, stretchable, and reconfigurable electronics is a critical
area of research with broad scientific and practical interest.

Despite their promise, the development of liquid metal electronics must overcome several
challenges for widespread application. In a recent overview, Dickey identified stable electrical
contacts as a critical challenge for the integration of eGaln in electronic circuits and systems.?%’
Gallium alloys rapidly with conventional metals, leading to unstable or mechanically sensitive

interfaces and preventing the reliable integration of eGaln functionality with conventional
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electronics. In a recent dramatic demonstration of this effect, Dickey and coworkers exploited the
aggressive alloying of eGaln with silver to direct the motion of liquid metal droplets across a
surface.?®” To enable broader application of eGaln with conventional circuits, this problem must
be addressed.

Similar to their application for InGaZnO TFTs, printable graphene inks offer a reliable and
high performance strategy to form electrical connections to eGaln. In contrast to conventional
metals, sp?>-bonded carbon materials are stable to alloy formation with the liquid metal.2%826% A
thin (~100 nm) film of graphene printed between conventional silver leads and eGaln effectively
passivates the interface, preventing alloy formation as a physical barrier. Moreover, the graphene
interfacial contacts offer excellent durability, with thermal stability to 300 °C and robust tolerance

to mechanical bending.

9.2. Process Integration of Graphene with Liquid Metal

To demonstrate the utility of graphene as a conductive interface layer, circuits are printed
with silver, graphene, and liquid metal. For the control sample, eGaln lines are printed directly on
top of silver traces (Figure 9.1a,b). This configuration exhibits clear alloying between the silver
and eGaln, as expected from prior reports. To establish the ability of graphene to stabilize this
interface, a similar sample is fabricated with a thin film (~100 nm) of graphene printed between
the silver and eGaln. In this configuration, no alloy formation is observed (Figure 9.1a,c). These
samples are further analyzed by optical profilometry to confirm the stability of the graphene

interface (Figure 9.2).
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Figure 9.1. Proof of concept demonstration of graphene as a stable interfacial material for eGaln.
(a) Schematic of test setup, showing eGaln printed over exposed and graphene-covered silver lines,
with alloy formation occurring for the eGaln-silver interface. (b) Optical microscopy image
showing formation of the silver-eGaln alloy resulting in large defects. (c) Optical microscopy
image showing a graphene-passivated junction with a silver-graphene-eGaln configuration, with
no alloy formation evident.
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Figure 9.2. Optical profilometry images of the samples shown in Figure 9.1b-c, confirming the
alloy formation and severe instability of the silver-eGaln junction (a) and passivated junction with
graphene (b).

Because graphene offers substantial benefit for electrical connections in printed liquid
metal electronics, the development of reliable and controlled processing methods to integrate these
materials is desired. In particular, the high surface energy of eGaln and rapid formation of a surface
oxide endow it with unconventional rheological behavior compared to traditional printed
materials. Reliable direct-write printing of eGaln therefore requires engineering of the substrate
surface properties to ensure adequate and stable adhesion of the GaOx. This challenge is illustrated
in Figure 9.3a, which shows optical microscopy images of eGaln printed across a glass-graphene
film boundary to demonstrate the contrasting behavior between the two surfaces. When deposited
directly onto as-printed graphene or films following oxidative surface treatment, the liquid metal
traces show insufficient adhesion for stable pattern formation and break apart. By tuning the
annealing process for the graphene, by annealing between 250 and 350 °C to partially decompose
the polymer dispersant of the ink, reliable wetting and adhesion of the liquid metal is achieved

(Figure 9.3a). Moreover, the wetting properties of the eGaln on the graphene surface can be
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tailored within this suitable range. To further investigate this, the aspect ratio of eGaln lines printed
on glass and graphene is analyzed (Figure 9.3b). The aspect ratio, defined as thickness/width, is
an indicator of the wetting behavior of the eGaln. It is evident that the wetting improves following
higher temperature heat treatment. This is correlated with previous work in Chapter 6 showing the
decomposition and structural change of the graphene ink binder residue over this temperature
range,’* and suggests that some residual polymer decomposition products are desirable to maintain
proper printing of the liquid metal. Overall, the line aspect ratio can be controllably tuned from

0.87 to 0.66 for annealing at 250 and 350 °C, respectively.
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Figure 9.3. Process development for the integration of eGaln with graphene. (a) Optical
microscopy images showing printed tracks of eGaln (horizontal lines) across a bare glass-graphene
film boundary (left: glass; right: graphene), resulting in changes in line morphology. Following
annealing of the graphene films at 250-350 °C, stable wetting of the eGaln was achieved to print
continuous lines. (b) Summary of aspect ratio for printed eGaln lines on glass and graphene,
showing a systematic trend of decreasing aspect ratio, associated with improved wetting, for
graphene films annealed at higher temperatures.
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9.3. Electrical Characteristics and Stability of Graphene Interfaces

Having established suitable conditions for process integration of graphene and eGaln, the
electrical properties of the interface are characterized for practical applications. Contact resistance
offers a useful metric for assessing the electrical junction. The contact resistance for the
graphene/eGaln junction is calculated by the transmission line method, shown in Figure 9.4a.2%
This method is also used to measure contact resistance for different material sets, namely silver-
graphene and silver-graphene-eGaln, as shown in Figure 9.4b. The individual silver-graphene and
graphene-eGaln junctions exhibit contact resistances of 4.13 + 0.32 and 8.79 = 0.31 Q-mm,
respectively. A large contribution of the contact resistance in these cases is likely a result of current
crowding due to the mismatch in electrical conductivity between the materials. As a result, the
junction resistance was also measured for the three-material sample containing a silver-graphene-
eGaln junction, in which the graphene prevents alloy formation between the silver and eGaln. In
this configuration, current crowding effects no longer dominate because silver and eGaln have
similar conductivity, while the graphene functions only as a thin (~100 nm), conductive interfacial
barrier. In this configuration, the measured junction resistance is substantially lower at 0.263 *

0.041 Q-mm, suitable for a range of practical applications.
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Figure 9.4. Electrical characterization of graphene interfaces. (a) Contact resistance measurement
for a graphene-eGaln junction using the transmission line method. (b) Summary of contact
resistances for three junction configurations, namely silver-graphene, eGaln-graphene, and silver-
graphene-eGaln. The reduced contact resistance in the silver-graphene-eGaln configuration is
likely a result of current crowding for the individual silver-graphene and graphene-eGaln
junctions. (c) Normalized electrical resistance of silver-graphene-eGaln junctions following
thermal treatment, showing stable performance up to at least 300 °C.

As discussed above, the stability of the graphene barrier is critical for long-term operation
of the liquid metal components. To test stability under stressful conditions, the silver-graphene-
eGaln junctions were exposed to progressively higher temperatures up to 400 °C. As shown in
Figure 9.4c, the samples exhibit excellent stability to thermal exposure as high as 300 °C.
Following exposure to 350 and 400 °C, an increase in resistance is observed, along with evidence
for alloy formation between the silver and eGaln. This temperature corresponds to the annealing
temperature of the graphene films prior to eGaln deposition, and suggests that volatilization and
release of polymer residue from the graphene may underlie the observed degradation by causing
local build-up of stresses and eventual failure. Nevertheless, stability to 300 °C is highly

advantageous for many potential applications, and opens a broad window for processing, including
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the possibility for integration with other materials that may require high temperature deposition or
curing.

The graphene-stabilized liquid metal contacts exhibit excellent electrical properties and
thermal stability. For many desirable applications of liquid metals, such as flexible circuits,
mechanical durability is also critically important. To assess this, silver-graphene-eGaln structures
were printed on polyimide and the resistance was tested under cyclic bending around a well-
defined radius of curvature. As shown in Figure 9.5a, only a slight increase in resistance of ~5%
was measured over 250 bending cycles, evidence for the mechanical integrity of the contact.
Moreover, this resistance increase is primarily associated with the silver-graphene components,
with the resistance of the liquid metal contact increasing only ~2%. This is investigated further by
testing a sample configuration without silver, containing only the graphene-eGaln junction
positioned directly over the center of bending. Figure 9.5b shows the measurement resistance
during bending, as measured through eGaln lines connected by graphene. During bending to a
high angle, a slight increase in resistance is measured. This is consistent with an increased
resistance through the eGaln lines resulting from deformation upon bending. Importantly, this
small change is reversible, supporting the claim that this resistance increase is likely due to the
liquid metal itself, and not broader systematic degradation. This is verified with a cyclic bending
test over 100 cycles, shown in Figure 9.5c, which shows negligible change in resistance. This
confirms the suitability of this materials system for application in flexible electronics, a key focus

of liquid metal development.
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Figure 9.5. Mechanical testing of graphene contacts for liquid metal. (a) Normalized resistance
of silver-graphene-eGaln structures over 250 bending cycles, with the resistance change
subdivided into contact resistance associated with the eGaln and total resistance including the
silver-graphene lines. (b) Normalized resistance of graphene-eGaln junction as a function of
bending angle, showing a small and reversible change in resistance likely due to deformation of
the eGaln patterns. (c) Normalized resistance of graphene-eGaln junctions over 100 bending
cycles, showing stable performance.

9.4. Summary of Stable Graphene Electrodes for Liquid Metal Electronics

In summary, printable graphene inks have been demonstrated as a high-performance,
reliable interfacial material to enable stable electrical connections between conventional and liquid
metals. In this context, the thin nature, dense film formation, high electrical conductivity, and
robust chemical, thermal, and mechanical stability of graphene offer key benefits, while the broad
process compatibility with liquid-phase printing methods suggests promise for more widespread
use for both research and practical applications. A thin (~100 nm) film of printed graphene was
shown to effectively suppress alloy formation between eGaln and silver, while maintaining good
electrical performance and excellent thermal and mechanical durability. Overall, this offers a
promising solution to a well-established challenge in the development of liquid metal electronics

for a variety of target applications.
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CHAPTER TEN

Interfacing Graphene with Organic Semiconductors and
Electrolytes
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10.1. Introduction to Graphene Interfaces with Organic and Electrolytic Materials

While the preceding chapters focused on the use of graphene for stable interfaces with
inorganic ceramics and metals, this chapter will present a brief snapshot of applications with
organic and electrolytic materials. The first demonstration will examine how the unique structure
of graphene, namely the sp? carbon lattice with extended n-bonding, can offer favorable interfaces
with small molecule organic semiconductors. In this case, a graphene film templates the deposition
and crystal formation of the fullerene Ceo, leading to improved performance in electronic
devices.?”® Polymer semiconductors are also highly desired for printed electronics, such as the
benchmark polymer P3HT. The second demonstration utilizes highly stable and flexible graphene
electrodes for electrolyte-gated transistors (EGTs) with P3HT. Compatibility with photonic
annealing enables device integration on paper-based substrates,®” and high resolution patterning
allows for improvements in performance and device density. In this context, the stability of the
graphene surface to the electrolytic gate dielectric is critical, and control devices with clean silver
electrodes instead of graphene exhibit unstable performance. This electrochemical stability is also
leveraged for the third demonstration here, the fabrication of graphene microsupercapacitors
(MSCs) with an acidic electrolyte.®? In this capacity, the graphene offers a stable, high surface area
material for advanced energy storage. Because these studies use the graphene inks developed in
this research, but do not constitute the core focus of this thesis, the discussion in each case will
include only a brief, high-level overview. Altogether, these examples demonstrate the broad
applicability of graphene inks, leveraging their unique combination of high conductivity, chemical
stability, mechanical flexibility, and two-dimensional structure. While the work presented in this

chapter builds on the prior material development in this thesis, this work was primarily done
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external to the central thesis research, through collaborative efforts with excellent researchers both
at Northwestern and at other universities. For each section, the primary contributions will be
explicitly acknowledged, and a high-level overview will be presented with reference to individual

works containing more extensive details.

10.2. Templating Ceo Devices with a Graphene Ink Interlayer

Due to its atomic-scale structure, graphene offers unique properties for interfacing with
organic materials.2* In particular, organic semiconductors have a n-conjugated electronic structure
which facilitates delocalized charge transport. Because graphene shares this feature, it can interact
with these materials differently than conventional metals.?’> One example of this is the use of
graphene for templating the deposition and growth of small-molecule organic semiconductors.?”®
It has been demonstrated that graphene can alter the preferred crystalline packing orientation, for
example, in the growth of pentacene.?’* However, most studies observing this effect use high
quality, single-layer CVD graphene.?”® To explore whether solution-processed graphene
influences the structure and performance of the molecular semiconductor Ceo, thin film deposition
experiments and device measurements were performed. Figure 10.1 summarizes the results. When
grown on bare ITO, Ceo exhibits very small grain size, as shown by grazing-incidence X-ray
diffraction (GIXD) and SEM (Figure 10.1a-b). However, when deposited on a graphene thin film,
particularly when deposition takes place at 150 °C, the Ceo forms a highly crystalline film with
large grains (Figure 10.1c-d) and a preferred orientation of the FCC Ceo lattice with respect to the
graphene film surface. The impact of this morphology difference on charge transport properties is

explored through the fabrication and testing of electron-only devices, based on the structure shown
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in Figure 10.1e. Devices with a graphene interlayer to template the Ceso growth exhibited
considerably higher current density, as shown in Figure 10.1f. This suggests the benefits of
graphene, even in a solution-processed film, for interfacing favorably with organic semiconductors
and offering unique characteristics for a printed conductor. This work was done primarily at the
University of Massachusetts, Amherst in collaboration with Leonardo Gonzalez Arellano,

Hyunbok Lee, Edmund Burnett, Prof. James Watkins, and Prof. Alejandro Briseno.
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Figure 10.1. Templating Ceo deposition with a graphene film. (a,b) GIXD data and SEM image,
respectively, for a Ceo film deposited on ITO. (c,d) Corresponding data for a Ceo film deposited on
graphene at 150 °C, showing improved crystallinity. () Schematic of device design and (f)
electrical characterization, showing greatly improved current density for films deposited on
graphene (the inset labels indicate the graphene ink concentration, and correlate with film
thickness).
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10.3. Graphene Electrodes for Printed, Flexible Electrolyte-Gated Transistors

Having established favorable interfaces to organic semiconductors, it is useful to explore
the application of graphene electrodes more broadly for organic transistors. Many flexible
electronics devices are based on semiconducting polymers, such as the benchmark p-type polymer
poly(3-hexylthiophene), or P3HT.2’® Transistors require source/drain electrodes that interface well
with the semiconducting material. Due to factors such as stability and work function, gold is
commonly used in this capacity.?’"?"® To investigate a low-cost, flexible alternative to gold, the
graphene inks developed here were employed as source/drain electrodes in organic transistors,
using multiple strategies for integration. By leveraging the compatibility of graphene inks with
screen printing and photonic annealing, printed EGTs based on P3HT and graphene electrodes
were fabricated on glassine paper substrates, as shown in Figure 10.2.8” The high mechanical
tolerance of the graphene lines, along with process compatibility, allowed not only fabrication on
glassine, a type of supercalendered paper, but also operation following discrete folding of the
patterns (Figure 10.2a-c). This durability was leveraged to demonstrate printed EGTs on paper,
which showed good performance even following repeated folding (Figure 10.2d-f). This work was
performed primarily at the University of Minnesota, with key contributions from Dr. Woo Jin

Hyun, Geoffrey A. Rojas, Prof. Lorraine F. Francis, and Prof. C. Daniel Frisbie.
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Figure 10.2. Foldable organic transistors on paper using graphene electrodes. (a) Change in
conductance of graphene lines as a function of folding cycles, showing retention of performance
following extreme mechanical deformation. (b,c) SEM images of graphene lines on glassine paper
before and after folding, respectively. (d) Photograph of printed graphene electrodes on paper for
EGT fabrication. (e) Transfer curves and (f) mobility and threshold voltage for transistors over
100 folding cycles.

As discussed in Section 1.6.2, there is significant benefit to scaling down device
dimensions, in terms of both performance and packing density. To develop strategies for printing
high-resolution graphene patterns, a precision transfer printing method was developed which
decouples the annealing of functional materials from the thermal tolerance of the target
substrate.!?® In particular, a silicon mold was patterned by photolithography, and coated with
Cytop, an amorphous fluoropolymer. An engineered graphene ink could selectively dewet the
surface of the mold while filling trenches, with feature sizes ranging from 3.2 to 2000 pum wide.
By annealing the graphene in the silicon mold at temperatures as high as 250 °C, the graphene

could then be transfer printed to a PET substrate using a UV-curable adhesive. This technique was
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used to fabricate graphene lines on PET with line width as small as 3.2 pm and a pitch of 6 pm
(Figure 10.3a). Such high-resolution graphene patterns were used for source/drain contacts in
EGTs (Figure 10.3b-c). While clean silver electrodes showed unstable performance for transistor
operation, the electrochemically stable graphene electrodes showed stable, high performance
operation and excellent flexibility (Figure 10.3d-e). This marks an advance in high resolution
patterning of graphene inks, and offers excellent control and unique opportunities for further
experiments. This work was performed at the University of Minnesota, with key contributions
from Dr. Donghoon Song, Dr. Ankit Mahajan, Prof. Lorraine F. Francis, and Prof. C. Daniel

Frisbie.
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Figure 10.3. High resolution graphene printing for organic transistors. (a) SEM image showing a
3.2 um wide graphene line on PET, with a pitch of 6 um. (b) Macroscopic photograph and (c)
microscope image of fabricated EGTs using graphene electrodes. (d,e) Transistor performance for
devices based on clean silver electrodes and graphene electrodes, showing superior stability with
graphene.
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10.4. Printed, Flexible Graphene Microsupercapacitors

The electrochemical stability of graphene that is critical for electrodes in EGTs can also be
leveraged for energy storage applications. In particular, supercapacitors store energy in built-up
charge at the interface between solid electrodes and a liquid or gel electrolyte.??* Supercapacitor
electrodes therefore require electrochemical stability, electrical conductivity, and a high surface
area for favorable performance. Graphene excels in these metrics, and is therefore widely studied
for electrochemical energy storage.?’® Solid-state supercapacitors employing an acid gel
electrolyte were fabricated using graphene/EC inks, resulting in high volumetric energy density.8?
The high conductivity of the graphene enables its use as both the electrode and current collector,
simplifying the device design and fabrication process. Moreover, the printable nature of
graphene/EC was exploited to inkjet print MSCs, as shown in Figure 10.4, which operate as a
supercapacitor but employ a coplanar, interdigitated electrode structure well-suited for on-chip
integration. These devices showed proper electric double layer capacitor performance (Figure
10.4b), with high capacitance and stability upon extended cycling and bending (Figure 10.4c-f).
Graphene therefore presents a promising material for applications in printed energy storage
devices.?®® This work, performed at Northwestern University, requires acknowledgement of the

key contributions of Dr. Lei Li.
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Figure 10.4. Printed graphene microsupercapacitors. (a) Schematic structure of a printed graphene
MSC on polyimide. (b) Cyclic voltammetry data for the MSC at various scan rates, showing
suitable operation as an electrolytic double layer capacitor. (¢) Capacitance as a function of current
density, collected from galvanostatic charge/discharge measurements. (d-f) Stability of device
performance upon extended cycling, operation while under strain, and repeated bending,
respectively. Red data points in (e) and (f) correspond to a MSC, while black points correspond to
a sandwich-structure supercapacitor.

10.5. Summary of Graphene Applications with Organic and Electrolytic Materials

In summary, the favorable integration of graphene was demonstrated with a wide range of
organic and electrolytic materials, exploiting the robust stability of this material for key
applications. First, a thin graphene film was demonstrated to template the crystal growth of Ceo for
high performance electronic devices. The beneficial interfacial properties of graphene with organic
n-bonded systems were extended to organic transistors based on P3HT. By leveraging the broad
process compatibility of graphene inks, electrolyte-gated transistors on glassine paper substrates
were fabricated, with demonstrated operation even after repeated folding cycles. The

electrochemical stability of graphene was shown to be critical for such EGTs, in that clean silver
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electrodes exhibit degradation under the corrosive operating conditions. Higher-resolution devices
were fabricated on PET using a novel transfer printing method, which was developed for the
graphene inks to allow thermal annealing prior to transfer. Graphene lines as narrow as 3.2 pm
were demonstrated, with a pitch as small as 6 um, allowing improvements in device performance
and transistor density. Finally, the electrochemical stability of graphene was leveraged for energy
storage applications, particularly printed graphene MSCs. With stable and promising performance,
these devices demonstrate the benefits of graphene’s electrical conductivity, electrochemical
stability, flexibility and high surface area for advanced energy storage. This suite of properties
offers advantages for electrochemical energy storage beyond supercapacitors, including as an

additive for lithium-ion batteries,?! suggesting the broad applicability of this material.
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CHAPTER ELEVEN

Opportunities for Future Research
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11.1. Introduction to Future Work

The research presented to this point has resulted in a versatile and promising processing
platform for graphene inks, and offers opportunities for future work. Three different dimensions
of possible future work will be highlighted here. First, the translation of methods and knowledge
from graphene to alternative nanomaterials, particularly 2D nanomaterials such as MoS and hBN,
would accelerate the development of mutually-compatible inks with complementary electronic
functionality. Second, extending the graphene/EC processing framework beyond printed
electronics, to more traditional polymer-processing methods, would offer interesting opportunities
for process integration and tailoring microstructure. Finally, the broad control over graphene
processing with EC, and the unique nature of the composite system, offers a strong foundation for
fundamental studies in electrical properties, mechanical behavior, rheology, and surface/interface
control, which could provide deeper scientific and theoretical insight into similar material systems,

while also presenting practical benefits for select applications.

11.2. Translating Concepts to Other Nanomaterials

Ethyl cellulose, and cellulose derivatives more broadly, present excellent characteristics
for processing graphene inks. These materials have been applied to alternative materials beyond
graphene, including multi-walled carbon nanotubes (MWCNTS) and silver nanoparticles (Figure
11.1). Due to the common dispersant system, accelerated development of these inks is enabled,
along with the straightforward preparation of stable and homogeneous composite inks. While the
materials mentioned thus far are conductors, extending this concept to materials with more diverse

electronic functionality offers opportunities for select applications, both entailing standalone
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materials and composite systems. Two clear targets for this work are MoS, and hBN,!* and
preliminary work has been performed to demonstrate the generality of the EC-based processing
protocol (Figure 11.2). Moreover, beyond these posterchild materials there remains a broad range
of 2D chalcogenides,'®” oxides,*?® IV-VI compounds,*!® carbides,'"1*° and more that may prove
impactful. The ability to translate processing methods developed for graphene to alternative
materials would accelerate their development by incorporating them into an established framework

and open opportunities for material integration.
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Figure 11.1. Processing conductive nanomaterials with ethyl cellulose. (a) Thermal gravimetric
analysis data for a silver nanoparticl/EC composite, showing ~20% wt. silver nanoparticles with
minimal EC residue. (b) SEM image of a composite silver nanoparticle/MWCNT film following
annealing, showing homogeneous dispersion of the materials enabled by a common polymer
dispersant, EC.
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Figure 11.2. Extending processing methods to post-graphene 2D nanomaterials. (a) Photograph
of a spray coated thin film of hBN held in front of the ink vial. (b) Photograph of an exfoliated
MoS: dispersion with EC. (c,d) TGA data for hBN/EC powders, including the mass curve and
mass derivative, respectively.

One thing to note is that, in preliminary work with post-graphene 2D nanomaterials, the
exfoliation yield of thin flakes is substantially lower. In practice, this leads to relaxed
centrifugation conditions and a retention of thicker flakes in the sample to improve yield. While
this provides reasonable quantities of material for ink development and experiments, the thicker
distribution of particles likely has some downstream tradeoffs, for example in ink colloidal
stability, film packing/uniformity and exposed surface area. As a result, improvements in the
exfoliation process, such as pre-processing steps to facilitate exfoliation of thinner, high aspect

ratio flakes, would likely have substantial downstream benefits in processing and applications.
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Beyond leveraging the same class of polymers for 2D crystals such as hBN and MoS; inks,
another research area drawing inspiration from graphene is in the use of synergistic ink binders or
additives. A key of EC is its multiple functions, as dispersant, rheology modifier, binder, and,
following partial decomposition, modifier of the mechanical and electrical connections between
flakes in thin films. However, the carbonaceous residue that is highly effective for conductive
graphene films is not necessarily desirable for hBN and MoS; films offering complementary
functionality. As a result, this final purpose of EC, namely the synergistic residue, could be more
effectively fulfilled with different ink additives. For hBN processing, for example, boron oxide
(B203) can act as a sintering aide at high temperatures, potentially strengthening hBN structures
following high temperature treatment.?®> For MoS,, several chemical precursors have been
introduced for synthesis of MoS.. One example is ammonium tetrathiomolybdate, (NH4)2M0S4.283
Following thermal treatment at 600 °C or higher, this salt undergoes a series of reactions to produce
MoS,. Such high temperatures could potentially be achieved by photonic annealing, and a
composite film of clean MoS; flakes with (NHs)2MoS4 could absorb light strongly.?®* Moreover,
in such a composite system the amount of MoS2 growth from the precursor salt would need to be
minimal, only enough to bridge flakes, and would be templated by the surrounding crystalline
MoS,. Compared to the reported case where this salt is used to grow MoS; from scratch over a

large area, this would present considerably relaxed process and performance requirements.

11.3. Expanded Processing Beyond Printed Electronics

Throughout this thesis, the unique benefits of processing graphene with EC and related

polymers has been leveraged for printed electronics. In this capacity, the excellent solution-



212
processing characteristics of polymers are exploited to utilize the functional properties of
graphene. This general framework can be extended beyond printed electronics and graphene inks.
There is a rich variety of polymer processing methods that could potentially be leveraged for
graphene, offering processing advantages for unique forms and microstructures that maintain the
functional benefits of graphene. Polymer processing of graphene would not be merely a
straightforward extension of traditional methods, due to the unique rheology imposed by graphene
flakes in high concentration, and this framework would also lead to applications distinct from
traditional polymers.

A variety of polymer processing methods could in principle be modified for
graphene/polymer composites. For tailoring the microstructure of graphene films/materials, phase
inversion techniques could be developed that leverage the well-defined solubility of the associated
polymer.?8528¢ Phase inversion commonly exploits changes in temperature or solvent environment
to drive a system into an unstable phase space, in which phase segregation spontaneously occurs
(Figure 11.3).287288 This can lead to controlled void formation and microstructure tuning, and is a
widely used technique industrially with an extensive history and body of knowledge.?® Integrating
novel materials, such as graphene and post-graphene 2D nanomaterials, with established methods
such as this provides clear merit and opportunities for fundamental work.?®® Another class of
methods for controlling microstructure is the family of foam fabrication methods. Similar to phase
inversion, these methods have an extensive history with significant practical interest, and would
present an interesting platform to understand the effects of graphene during such processes and the

resulting functional properties.
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Figure 11.3. Phase inversion for morphology control. (a) Schematic explanation of the phase
inversion process based on a ternary phase diagram, adapted from Ref. 287. (b) SEM images of
graphene/EC films cast using a phase inversion process to induce porosity.

An additional set of polymer processing methods that could potentially leverage highly-
loaded graphene composites involves melt processing. Ethyl cellulose is a thermoplastic material,
and at fairly low graphene content graphene/EC composites have shown a tendency to melt.
Controlling this process could allow the integration of graphene in traditional melt processing
methods, such as fused deposition modeling (FDM), a common variant of 3D printing. Similarly,
laser printing, or xerographic printing, commonly utilizes powders with a thermoplastic polymer
for 2D patterning, and could present an interesting target for the integration of graphene, provided
control over surface charging could be obtained by tailoring the graphene/EC ratio.

Fiber spinning also presents opportunities for integration of graphene in several forms. Wet

spinning leverages a phase inversion process to produce fibers with controlled microstructure.?®
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Draw spinning of solvent-based inks,? electrospinning,?*2% solution blow spinning,?®2°" or
potentially melt spinning could also be utilized. Solution blow spinning is a particularly promising
method for laboratory experiments, in that it requires only low cost equipment, offers a simplified
process for streamlined optimization and straightforward scale-up, and does not entail potential
hazards such as high temperatures or voltages.?®®3% While graphene oxide has been demonstrated
for some of these techniques due to its prevalence and ease of manufacture/processing,®13% if
these methods could be developed for graphene/EC inks they could presumably translate to hBN,
MoS; or additional materials, offering greater novelty and scientific value.

For the more versatile development of graphene/polymer composites for polymer
processing, a key factor is the molecular weight of the polymer. This will control the polymer-like
character of the composite for process integration. Therefore, more fundamental investigation and
materials development for graphene composites with different molecular weights is recommended

as a supporting component for these future studies.

11.4. Fundamental Investigation Utilizing Versatile Process Control

A third broad thrust for future work involves more careful, fundamental characterization.
The graphene/EC system has unique characteristics, in that it has a graphene loading significantly
higher than traditional composites but remains well dispersed. The broad process control,
including particle size, graphene:EC ratio, and EC molecular weight, would allow for careful
studies of fundamental science in similar systems. This could include electrical and mechanical
properties (ie, percolation, decoupling electrical effects of the matrix and particles), along with

processing characteristics (ie, rheology, glass transition point). Importantly, while almost all work
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to date has focused on the graphene, there has been little direct study of the effect of graphene on
the polymer. Adsorption on the graphene surface, and confinement between graphene flakes,
presumably impacts the mechanical response and thermochemical properties of the polymer. As
alluded to above, in depth rheological characterization of graphene/EC dispersions or melts would
be instrumental to controllable process development. The rich variety of rheological methods could
also offer a valuable tool for characterizing interactions between graphene and EC.

In depth mechanical characterization of graphene using this processing framework would
also offer practical benefits. In particular, the interesting result of adding NC to graphene inks has
been discussed in detail in Chapter 6.”* The mechanical characterization in this study was largely
limited to the Scotch™ tape test, but more direct and quantitative characterization of mechanical
properties is highly desired, such as nanoindentation testing or measurements on freestanding
films. Understanding the mechanical response is critical for rational integration in practical
applications, within printed electronics and especially for free-standing or microstructured forms
beyond printed electronics. Some examples include cantilevers, such as MEMS-based
microcantilever sensors,® and durability of porous films and foams. If broader use of the research
in this thesis is expected, it is recommended that such detailed fundamental characterization is
carried out, both for scientific and practical interest.

Another area that has had limited characterization to date and merits further study is the
interface of graphene with biological materials. Graphene offers advantages for applications in
bio-integrated electronics, such as stability in biological media, nontoxicity in certain forms, and
flexibility.3%3" Because of these, and the strengthening push towards bioelectronics,

understanding the interaction of graphene patterns using the framework described here with
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biological materials and environments would be valuable. Practical applications to guide this
investigation could include biosensors,®® neural electrodes,*®3° and on-skin biomedical
monitoring. Moreover, interest in broader applications of the graphene/EC system would benefit
from detailed characterization of associated hazards.

A final topic for more fundamental study with practical outcomes is controlled doping of
solution-processed graphene films. As a semimetal, graphene can in principle be doped to tailor
electronic properties. There have been extensive studies regarding this for single-layer graphene,
including micromechanically exfoliated and CVD-grown samples.®!! For solution-processed
materials, heteroatom doping of RGO has been demonstrated many times, for energy storage and
sensing, among other applications.?'? Systematic studies of doping in printed graphene films based
on the graphene inks presented here would be useful for tailoring electronic interfaces with other
materials, a common feature of the demonstrated practical applications in Chapters 8-10. One
speculative note which could offer generality to other applications comes from the study of
graphene contacts for InGaZnO presented in Chapter 8. In this application, qualitatively different
performance was observed for top-contact and bottom-contact devices.®® One potential
explanation for this is the plasma treatment of graphene electrodes during bottom-contact device
fabrication. In particular, exposure to nitrogen or oxygen plasma could possibly shift the work
function of graphene to align more or less favorably with the InGaznO.31431% If this could be
carefully studied and controlled, i.e., by a simple plasma treatment with a controlled atmosphere,
power, and duration, it could benefit applications of graphene as an engineered interfacial material

more broadly.
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11.5. Summary of Future Work

The research presented in this thesis offers many opportunities for meaningful follow-up
work of both academic and practical interest. Several promising routes for further investigation
have been outline briefly here, and are organized into three broad categories: translating the
materials, methods, and concepts developed here to alternative materials; leveraging the
processing platform for graphene inks to integrate graphene more broadly in polymer processing
frameworks; and studying more fundamental characteristics of the system to fine-tune and
understand properties — electronic and biological interfaces, as well as mechanical and rheological
effects — in order to more rationally incorporate graphene, and other materials based on this
platform, into a variety of multifunctional applications. Overall, the research constituting this
thesis has generated more questions than answers, and leaves many promising routes for future

work built on the knowledge, materials, and methods discussed here.
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CHAPTER TWELVE

Summary and Outlook
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12.1. Summary of Thesis Research

The research discussed in this thesis describes a compelling platform for graphene ink
development for integration in printed electronics. By using a class of cellulosic polymers as
multifunctional graphene dispersants, a combination of process versatility, simplified ink
formulation, and competitive performance metrics is realized. This represents an advance in the
field of graphene inks, and materials and methods developed and demonstrated during this research
have been adopted more broadly in the community in recent years.

Printed electronics represents a compelling manufacturing framework for high-throughput
or custom fabrication of advanced electronic devices with novel functionality and cost-
performance tradeoffs compared to traditional silicon electronics. By leveraging additive, liquid-
phase patterning methods, this strategy enables large-area, flexible devices with broad materials
compatibility. A key bottleneck in the advancement of printed electronics is the development of a
diverse palette of functional liquid inks based on high performance materials, particularly
nanomaterials offering suitable colloidal stability. Graphene is a promising material for a range of
printed electronics applications, offering good electrical conductivity, flexibility, and robust
mechanical, chemical, and environmental stability. However, the design of suitable graphene-
based inks combining dispersion stability, versatility in ink formulation, precision patterning, and
competitive performance metrics presents a significant technical challenge at the core of this
thesis.

Chapter 1 outlines the general field of printed electronics, with the necessary background
information and context to frame the research, including a specific focus on graphene inks. A

diverse suite of printing methods is presented for patterning of functional materials, motivating the
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technical capability to tailor inks to different methods for generality. This requires broad control
over ink fluid properties and solvent systems, particularly the ink rheology, capillarity, and
evaporation kinetics, along with excellent colloidal stability. By exploiting the favorable solution-
phase processing characteristics of polymers, graphene inks can be developed with suitable control
over ink formulation, and a promising class of such inks is the focus of this work. Chapters 2-7
detail the basic processing and material advances underlying this research, Chapters 8-10 explore
applications of the graphene inks, and Chapter 11 discusses future work building off this
foundation.

Chapter 2 outlines the basic processing framework for graphene inks stabilized by ethyl
cellulose (EC). This chapter details the general experimental procedure used in this research for
graphene production, based on exfoliation, centrifugation, and flocculation. It also establishes the
baseline properties of the graphene/EC system regarding thermal annealing, conductivity, and
morphology, providing important context for the subsequent work.

Chapters 3 and 4 extend the graphene/EC ink formulation framework to gravure and screen
printing, respectively. The combination of excellent colloidal stability, tunable viscosity, and
bottom-up ink development allow straightforward translation of the materials and methods in
Chapter 2 to these higher throughput printing methods, an important advance towards generality
and commercial applications. Notably, neither of these methods had been demonstrated with
pristine graphene inks prior to this work.

In Chapter 5, the thermal annealing requirement of the graphene/EC inks is addressed.
Annealing at 250-300 °C allows application of the graphene inks on select plastic substrates, such

as polyimide, but restricts integration with thermally sensitive materials such as PET and PEN.
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Photonic annealing is demonstrated for rapid annealing of the graphene/EC inks on a wide range
of substrates, including PET and PEN, offering broader process compatibility and promise for high
throughput, roll-to-roll manufacturing.

Chapters 6 and 7 explore the translation of the graphene processing framework to an
alternative cellulose derivative, nitrocellulose (NC). Chapter 6 details the modified graphene
production and ink formulation procedures, along with unique and intriguing properties resulting
from thermal annealing. In particular, charring of the NC leaves amorphous carbon residue in the
graphene film, which serves to improve mechanical connectivity for enhanced durability. In
Chapter 7, the application of photonic annealing to the graphene/NC system is discussed, for which
the rapid and exothermic decomposition of NC leads to unique process and performance
characteristics.

Chapters 8-10 explore several applications of the graphene inks in which the unique
properties of graphene offer a key functional benefit. In particular, the robust stability of graphene
leads to promising performance as a conductive interfacial material, with compatibility across
different classes of materials. Chapter 8 describes the use of stable graphene contacts for printed
InGaZnO TFTs. By replacing chemically reactive silver electrodes with graphene, proper
transistor performance is achieved, along with excellent stability to extreme temperatures and
aging. Chapter 9 describes the rational use of graphene as a passivating interfacial material in
liquid metal electronics. Gallium-based liquid metals alloy aggressively with other metals, leading
to unreliable and unstable electrical connections when interfacing liquid metal electronics with
conventional circuits. A thin film of graphene at the interface between liquid and conventional

metals prevents alloy formation while offering suitable electrical properties and robust mechanical
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and environmental stability. Chapter 10 describes several uses of graphene in organic and
electrolytic systems. These include templating the growth of molecular semiconductors; replacing
gold for printed source/drain electrodes of organic transistors for foldable, paper-based circuits or
high resolution devices; and microsupercapacitor electrodes for printed, flexible energy storage
systems. Overall, the various uses of graphene presented here span a wide range of materials
systems, and demonstrate the versatility of this material and promise for practical applications.

Chapter 11 outlines possible future work building off the foundation of this thesis research.
This is organized into three broad thrusts. First, the materials and strategies developed here for
graphene can be translated to alternative nanomaterial inks. Hexagonal boron nitride and
molybdenum disulfide are highlighted, as preliminary work shows promise for these systems. In
addition to the straightforward extension of cellulosic polymers and liquid-phase processing
methods, this thrust includes broader concepts for synergistic binders, in which ink additives can
be tailored to improve performance metrics. The second direction is the extension of the
graphene/polymer system beyond printed electronics. In particular, the homogeneous dispersion
of a very high loading of graphene in a thermoplastic polymer presents a unique system, and
exploiting the dispersion capability of the polymer for processing methods beyond printed
electronics offers numerous possibilities. The final potential research thrust encompasses a more
careful and systematic study of fundamental characteristics of this system. If cellulose derivatives
are likely to be applied more broadly for nanomaterial ink development, it serves to better
understanding the basic factors influencing electrical, mechanical, biological, and rheological
properties. In each case, the excellent process control enables careful studies, which could benefit

application development and offer fundamental insight for nanomaterial inks more broadly.
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12.2. Outlook for Practical Applications

The platform for graphene ink development resulting from this research exhibits reasonable
potential for practical applications. Several specific application areas have been addressed
explicitly in this thesis, while ongoing or collaborative work beyond the scope of this thesis has
spanned applications in electronics, sensors, batteries,?®! supercapacitors,822%° photovoltaics, and
thermoelectrics, a testament to the versatility of graphene as a functional material. For translating
this technology beyond the academic lab, the graphene production method based on high shear
mixing is readily scaled up, and the raw materials are inexpensive and abundant. Moreover, the
versatility of the system is promising for tailoring inks and further refining the formulation. To
explore the potential demand for graphene inks, graphene/EC inks have been distributed through
Sigma Aldrich for several years.3!5-3!8 Sustained demand for these inks, despite their high initial
price, supports confidence in the potential for commercial opportunities. As an initial step, a
scaled-up graphene production system has been designed and assembled to better understand the
scaling and optimization of exfoliation based on shear mixing. This system, pictured in Figure
12.1, allows graphene production with the ethanol/EC system in a 20 L batch volume, a factor of
100x greater than the original graphene batch volume at the onset of this work. Promising
preliminary results support ongoing research using graphene/EC, and provide key knowledge to
guide further scale-up and price reduction targets for possible commercial applications. While the
ultimate translation of this research beyond the laboratory will require clear market demand and

sustained effort, the research presented in this thesis offers a strong foundation.
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Figure 12.1. Scaling production of graphene inks for large-area flexible electronics. (a)
Photograph of a closed-loop system for graphene exfoliation based on high shear mixing. (b)
Photograph of large area inkjet-printed graphene patterns.
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