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ABSTRACT

Controlled cracking of two-dimensional layered materials (2DLMs) can dramatically alter
their crystallographic orientation, energy band gap, sheet resistance, and phonon softening.
Previously, graphene has been ruptured using a variety of methods such as substrate mediated
deformation or by using nanoscale probes. However, large-area, tunable nanoscale cracking in dry,
suspended, and micropatterned graphene has yet to be demonstrated. Here, we describe a method
to crack photolithographically patterned ribbons of graphene in a controlled manner. We first
micropattern and suspend arrays of rectangular patterned graphene ribbons across topographically
patterned lines of SU8 and generate controlled cracks by tunable shrinkage of SUS8 using electron
beam irradiation. We utilize a statistical design of experiments (DOE) to identify that two
variables, namely the extent of prior ultraviolet SU8 crosslinking and the irradiated electron beam
dose, contribute most significantly to the nano to microscale breakage of the micropatterned
graphene ribbons. Also, the extent of nanoscale breakage in graphene can be tuned by varying the
aforementioned factors. We anticipate that this approach can allow for integrated 2DLM based

electronic and optical devices with engineered defects or break junctions.
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1.

INTRODUCTION

While pristine graphene is impermeable,' when punctured or broken, graphene can develop
unique magnetic,? electronic,’ and chemical properties,*> which can largely be attributed to the
formation of dangling bonds,®” point defects,® and Stone-Wales reconstruction of broken edges.’
Importantly, the type, size, and doping of broken edges as well as environmental factors are
important in determining their properties. The existence of cracks can increase the sheet resistance
of graphene by a factor of two.'? Of intellectual significance, as a nanoscale crack is formed, two
layers of graphene slide on each other, resulting in periodic quantum oscillations. This
phenomenon can be used to fabricate quantum interference devices with tunable conductance.'!
Due to the dramatic change in properties, controlled breakage and deformation of two-dimensional
layered materials (2DLMs) opens up new applications such as nanopore devices for DNA

translocation,'? tunneling junctions,!®* subnanometer membranes for selective desalination and
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separation of gases,'*!* nano biosensors,!'® two terminal memristive transistors,'” strain sensors,
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field effect biosensors,' electromagnetic interference shields,?’ locomoting devices,?' storage

devices,’ and terahertz nanoantennas.??> The ability to control the formation and propagation of
defects in graphene is essential to design nanometer scale devices and composite polymers.>>24
Of relevance to chemical separations, dangling bonds in graphene nanoribbons have
reactive zigzag edges,? and researchers have reported enhanced chemical reactivity around defects
of graphene nanoribbons.* Such defects are crucial in molecular separations. Researchers have
done calculations to show that dangling bonds in graphene pores can be engineered or chemically

doped to develop molecular sieves to separate small molecules such as hydrogen from nitrogen

and methane.'*2° Also, pores in graphene are not as easily contaminated as those in metallic (e.g.,



platinum or palladium) membranes,?” and can enhance gas separation selectivity by six orders of
magnitude as compared to silica membranes.'*

Of relevance to sensors and electromagnetic devices, researchers have developed strain-
pressure sensors with enhanced flexibility using a bimorph of graphene oxide and Ecoflex.'®
Caneva et al. developed mechanically controlled break junctions (MCBJs) by manually bending a
graphene-polymer bilayer to the point of rupture.?® They further demonstrated Fabry-Pérot like
interference of electron waves at the edge of two sliding graphene layers, manifested by large

amplitude, periodic oscillations in conductance at room temperature.

There are several methods to break 2DLMs in a controlled manner, such as with a focused
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ion beam, nanometer scale probe, and with the assistance of substrate mediated
deformation with the underlying surface.?? For example, Ci ef al. developed nickel nanoparticle
based knives by annealing a composite of nickel chloride and cleaved highly ordered pyrolytic
graphite (HOPG) in a hydrogenated furnace at 500 °C.*° Further, they concluded that the
crystallographic orientation of the incisions was governed by a threshold nanoparticle size of 10
nm. Campos et al. repeated the experiments with few-layered graphene (FLG) and reported the
formation of 10 nm thick graphene ribbons with unique crystallographic alignment upon etching
with Nickel nanoparticles.?' Zhang et al. punctured 500 nm pre-cracks by a focused ion beam and
used a nanoindenter to break 3 pm wide suspended graphene sheets.** Alternatively, researchers
have tuned the size of nanopores in pre-cracked, suspended graphene sheets using oxidative
etching, which is also highly relevant to nanofiltration and separations.”® In terms of substrate
mediated deformation, Liu et al. reported the formation and propagation of cracks while lifting off

polystyrene beads sandwiched between two sheets of single-layer graphene, and fabricated two

terminal memristive devices with biosensing capabilities.!” Won et al. described a crack



lithography process by applying tensile stress on a double-layered graphene sheet sandwiched
between alumina and polyimide substrates.”> Graphene nano-slits were formed upon further
evaporation of metal, which led to the fabrication of terahertz antennas.

Prior 2DLM cracking methods have their advantages and disadvantages. For probe induced
breakage, it is difficult to control and isolate selective factors that trigger breakage over a diverse
range of sizes. Alternatively, for substrate mediated deformation, the properties of the 2DLM are
influenced by the underlying substrate. Also, a majority of the methods to deform 2DLMs utilize
liquid solvents and involve capillary forces, which increases the susceptibility of the structures to
collapse upon drying. Suspended 2DLMs are suitable for investigating tunable breakage to 3D
architectures, as the free-standing 2DLMs can be easily deformed,** and yet, the physical and
chemical properties of the 2DLMs are not significantly influenced by the underlying surface.
Caneva et al.’s work on graphene based MCBJs highlights the possibilities of harnessing graphene
breakage in characterizing quantum interference.?®

All the above reasons directed us to develop and prescribe a platform to generate in situ
nano to microscale breakage of suspended 2DLMs without the need for manual intervention. Here,
we report a new method to induce in situ cracks in suspended graphene microribbons in the dry
state. We suspended graphene microribbons on SUS lines in an oblique fashion and observed
controlled shrinkage of the SUS8 lines, accompanied by an increase of the SU8 channel width and
breakage of suspended graphene ribbons. We employ a statistical design of experiments (DOE) to
investigate the effect of important process factors, including ultraviolet (UV) crosslinking,
anisotropic annealing on a hotplate, and electron beam (e-beam) dose. Since our graphene patterns

are suspended and not directly attached to a substrate, they represent attractive platforms for



developing break junctions and unique states of carbon, especially in the dry state, including
vacuum.
2. MATERIALS AND METHODS

2.1. Substrate fabrication: We spin coated SU8 2005 on a silicon (Si) wafer at an angular speed
of 4000 rpm. Next, we soft baked the photoresist for three minutes at 95 °C. We photopatterned
with four different UV intensities, namely 50 mJ/cm?, 85mJ/cm?, 125 mJ/cm?, and 150 mJ/cm?.
We followed the exposure and development step with a hard bake for a period of 10 min at 150
°C. After the hard bake, we treated the patterned SU8 with a brief low-power oxygen plasma
(Plasma Etch Inc., Carson City, NV, USA; model no. PE-100, 60 W) for one minute.
2.2. Micropatterning of graphene: We purchased chemical vapor deposited (CVD) graphene
grown on a copper foil from Graphene Laboratories Inc. (Ronkonkoma, NY, USA). Next, we
transferred the CVD graphene to a thermal oxide (290 nm) coated Si wafer, which was purchased
from NanoSilicon, Inc. (San Jose, CA, USA). We spin coated polymethylmethacrylate (PMMA,
Mw~996,000) at 4000 rpm and soft baked the copper foil at 85°C for 15 minutes, followed by
heating it at 135 °C for another 15 minutes. Next, we etched the graphene using 1 M iron chloride
(FeCls) at room temperature. We purchased the chemicals from Sigma-Aldrich (St. Louis, MO,
USA). Then, we washed the PMMA-CVD graphene bilayer with water and transferred it to the
thermal oxide coated Si wafer. Finally, after drying the film, we dissolved the PMMA in acetone
for 6 hours. The detailed steps are tabulated in Figure S1.

We photolithographically micropatterned ribbons of CVD graphene (microribbons) on the
oxidized Si substrate. We used two array dimensions, 3 pm microribbons with 3 um spacing and
5 um microribbons with 8 um spacing. We spin coated a positive photoresist, namely S1818

(Kayaku Advanced Materials, Inc., Westborough, MA, USA) at an angular speed of 4000 rpm and



soft baked the film at 110 °C for 1 minute. We used a UV crosslinking intensity of 150 mJ/cm? to
pattern the samples and developed the micropatterned graphene with MF 319 developer for 30 s.
We then etched the exposed graphene samples with oxygen (O2) plasma (RF 60 W, t = 30 s).
Finally, we immersed the samples in acetone to dissolve the photoresist and expose the graphene
microribbons.

2.3. Transfer of micropatterned graphene: We spin coated a transfer layer of PMMA on the
photopatterned array of CVD graphene microribbons on the oxide coated Si wafer. We etched the
underlying thermal oxide with an aqueous solution of 1M potassium hydroxide (KOH) to release
the microribbons along with the PMMA layer. We washed the PMMA-micropatterned graphene
samples several times with deionized (DI) water and placed them on top of SUS lines. During the
transfer, we transferred the array of graphene microribbons in such a way that the microribbons
were aligned at an angle of approximately 45° with respect to the SUS8 lines. We chose this angle
since a 45° results in asymmetry at the line edge of contact. Also, parallel transfer (~0°) resulted in
extensive breakage during transfer itself, while perpendicular transfer (~90°) was not explored
since the contact line has no asymmetry.

We dried the samples for 24 hours and then dissolved the PMMA with acetone. We
observed the best results when the samples were dried using critical point drying (Tousimis 795
Rockville, MD, USA) or hexamethyldisilazane (HMDS) as a low surface tension alternative
solvent to water.’ This choice has been successfully employed in the past without any reported
breakage in suspended graphene sheets,*® and reduces drying time, which minimizes SU8 swelling.
After the transfer and removal of PMMA, we annealed the samples on a hotplate set at 200 °C for

a period of 10 minutes. We use bright field optical micrographs and isometric SEM images of



graphene microribbons to confirm suspended structures and Raman spectra to confirm crack-free
graphene microribbons on SUS lines (Figure S2).

2.4. Electron beam assisted breakage of graphene: We sputter coated gold (Au) on the samples
to enhance contrast in scanning electron microscopy (SEM) and subsequently placed the samples
in an SEM. We used a tungsten filament thermionic emission JEOL JSM IT100 SEM and three
different levels for the e-beam dose, namely low, medium (med) and high. The magnitude of the
e-beam dose was determined by the probe current, the duration of exposure and the area of the
sample under the e-beam. We further approximated the e-deam dose for each level by measuring
the probe current with a Faraday cup (Details in SI and Figure S3). We estimate that the low e-
beam dose corresponds to a charge per unit area less than 0.5 mC/cm?, the med e-beam dose
corresponds to charge per unit area of approximately 366 mC/cm? and the high e-beam dose
corresponds to charge per unit area greater than 915.1 mC/cm?.

2.5. Raman spectroscopy: We used an XploRA PLUS Raman microscope (HORIBA
Instruments Inc., Edison, NJ, USA) to acquire the Raman spectra. We used a 532 nm diode
incident laser and a 100x objective (MPlan N, Olympus, Center Valley, PA, USA) to focus the
laser beam on the sample and a thermoelectrically cooled charge-coupled device (CCD) camera
(1024X256-OF Syncerity, HORIBA Instruments Inc., Edison, NJ, USA) to collect the scattered
spectra. After the spectral acquisition, we post-processed the spectra for background removal and

scaled the data to normalize the integration time of acquisition.

3. RESULTS AND DISCUSSIONS
Over the past decade, researchers have investigated a variety of approaches for suspending
graphene sheets on various periodic structures, including using metallic bars and holey Carbon

based quantifoil grids.>’° Takamura et al. suspended graphene sheets on SU8 and demonstrated



that the lateral shrinkage leads to a tensile strain that acts within a two micron width of the resist.*°
While it was proposed that additional strain could result in the nanoscale breakage of graphene, no
well-defined correlation has been reported to our knowledge, which quantifies the extent of
breakage.

We illustrate the procedure of transfer and graphene breakage in Figure 1a. During imaging
of the sample under an e-beam, we discovered cracks forming predominantly near the interface of
the graphene microribbons and the SUS8 lines (Figures 1b and c). The cracks are typically directed
at an angle of 94.8°£9.0° to the length of the graphene microribbon. We observe that the range of
the width of the crack was approximately 105+30 nm at the interface of graphene-SUS, and as the
crack propagates in the otherwise pristine, suspended graphene, it tapers to a width of around 100
nm. It is interesting to note that as the cracks do not necessarily extend to the other edge of the
suspended graphene, there are areas in the graphene which have a crack with a width of 0-100 nm.
The significance of the formation and propagation of cracks in our methodology is that it doesn’t
require manual bending of the SUS8-graphene system, as was previously found.”® Also, the
nanoscale breakage can be observed in large-area devices and can be potentially scaled to wafer
sized applications.

The absence of a bandgap in graphene allows broadband electronic absorption and the
Raman spectra encodes information on both atomic structures and electronic properties of
graphene.*!**> Raman spectroscopy also offers an excellent tool for monitoring the effect of various
external factors like doping, chemical modification, structural damage, and mechanical
interventions on optical and electronic properties of graphene. To gain better insight into the effect
of cracking in our suspended graphene, we acquired Raman spectrum of the suspended region and

compared it to the one supported on the SUS8 structures. The two spectra in Figure 1d are offset for



the purpose of visualization. We observe shifts in the peak positions for both G and 2D peaks in
the spectra acquired from the suspended, cracked graphene as compared to that of the supported,
crack-free graphene.

Furthermore, we observe the peaks for the cracked graphene to be broader with a highly
diminished 2D peak. Tian et al. have reported similar observations during laser mediated
asymmetric patterning of suspended graphene.*® This reduction in intensity can be attributed to the
complex interplay between doping due to the presence of impurities,** and strain due to
suspension,® both of which have been reported to play a significant role in the position and width
of G and 2D.**" But a key observation is the appearance of a prominent disorder peak, known as
the D peak, in the spectrum of the unsupported graphene, which is absent in the supported region.
This confirms the appearance of cracks in the suspended region and indicates that the unsupported
region is more prone to cracking. We note that to enhance contrast and reduce e-beam charging
we deposited a thin layer of gold (Au) on the microribbons prior to SEM imaging and Raman
measurements. Prior literature reports indicate that Au deposited on monolayer graphene
coalesces, presumably, around contamination sites.****” Further studies are needed to thoroughly

understand the role of the deposited Au in the process and Raman spectra.
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Figure 1. Illustration of nanoscale graphene breakage and Raman characterization. (a) Schematic
illustration of the overall process to pattern SUS lines, transfer micropatterned graphene, and controlled
cracking. (b) Representative SEM micrograph of 3 um graphene microribbons on 8§ pm SUS lines with 5
um channel width. (¢) Zoomed-in image of a cracked microribbon on SU8 processed at 150 mJ/cm?. (d)
Raman spectra collected on supported and crack-free graphene (blue) and suspended, cracked graphene
(green). The shaded pink region indicates a prominent D peak in the spectrum of the cracked graphene. The
scale bars in panel (b) and (c) represent 2 pm.

To elucidate a mechanism for cracking, we systematically investigated the effect of e-beam
dose at different photocrosslinking intensities, processing conditions and e-beam dose. Since we
wanted to quantify the extent of cracking, we decided to increase the field of view to 350 um? and
the width of the graphene microribbons to 5 um. The SEM micrographs show that a rise in the e-
beam dose for a given UV crosslinking intensity (50 mJ/cm?) causes a widening in the channels
between two adjacent SUS lines, and consequently, the extent of cracking in a single graphene
microribbon (Figure 2). We measure the extent of cracking in a single graphene microribbon,
termed as percentage of graphene cracking, by calculating the ratio of the measured crack length
perpendicular to the graphene microribbon after e-beam exposure to the overall width of the

graphene microribbon (i.e. 5 um) prior to e-beam exposure. For the med e-beam dose, a narrow
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slit is formed in the microribbon with a thickness of 150+30 nm and an area of 0.5£0.2 um?. We
found that for the high e-beam dose, the graphene undergoes out of plane buckling, which causes
the length of the slit to remain invariant, while the slit widens. Since the percentage of graphene
cracking was reported based on the slit length, the percentage doesn’t change as the e-beam dose
is increased from med to high. We note that the area of cracked graphene for the high e-beam dose
(3.6£0.2 um?) surpasses that of the med dose (0.5 um?) by a factor of seven. We found that the
percentage rise in SU8 channel width and graphene cracking respectively reached a value of 15.9%
and 72.1% at the highest e-beam dose. We note that while the reported percentage of graphene
cracking corresponds to that measured on one microribbon, we observe similar percentage
breakage for other graphene microribbons of the same dimensions, when irradiated with the same
e-beam dose (Figure S4).

SU8 is a widely used resist responsive to UV radiation,**>? focused e-beams,-** deep X-
ray lithography,”® and femtosecond two-photon absorption.”” Commercially available SUS
contains an octaglycidylic ether of a condensation product derived from Bisphenol A,**° and an
acidic photoinitiator,”! which is responsive to both UV light and e-beam. It has been suggested
that an e-beam could lead to the protolysis of the photoinitiator, which leads to the formation of
carbonium ions,”’ and consequently, the protonation of the oxygen atom of the epoxy group.®
Electron beam lithography at low intensities is accompanied by proximity effect,’! in which the
incident, as well as the backscattered electrons, affect the absorbed radiation at a certain resist
depth. Glezos et al. proposed a reaction-diffusion model to characterize the proximity effect of an
e-beam, wherein the diffusion coefficient corresponding to the diffusion of the photoinitiator in
the polymer was found to be a decreasing function of the resist depth.%? Sarkar et al. demonstrated

that the interplay of the diffusion coefficient and the gradient of the photoinitiator concentration
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results in the broadening of the sidewalls for isolated SUS lines.®® Elsewhere, Denning et al.
demonstrated that holographic exposure of SU8 could lead to the removal of the loosely held

oligomers in the crosslinked network, which results in shrinkage of SU8 structures.®

We believe that SU8 exposed to 50 mJ/cm? UV irradiation results in partially crosslinked
oligomer units, and the SU8 subsequently shrinks in response to the proximity effect of the 20 KV
e-beam. Since SUS lines have a length of 3 mm and a width of 5 um, we hypothesize that the SU8
should expand along the 3 mm length. However, the SUS lines are attached to the Si substrate;
hence, to maintain the original volume upon expansion, the SUS8 lines should decrease in width.
To the best of our knowledge, this is the first time that the shrinkage of partially photophatterned

SUS lines with an e-beam has been systematically studied and reported.

We also investigated other factors that could potentially influence the breakage. We
hypothesized that heating the graphene-SUS8 system on a hotplate could induce anisotropicity in
the system and result in a strain in the graphene-SUS interface. For the same UV crosslinking
intensity (50 mJ/cm?), we studied the evolution of SU8 channel width for two different heating
temperatures (T=90 °C, T=200 °C) in comparison to that of a counterpart without heating (Figure
2b). For SUS photopatterned with a UV crosslinking intensity of 50 mJ/cm?, we observe that SU8
channel width increases by a factor of 16 % on heating. The SUS8 lateral dimension decreases with

heat, and thus the spacing increases with the temperature.
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Figure 2. Electron beam mediated increase in SU8 channel width and nanoscale breakage in
graphene microribbons. (a) Fractional increase in graphene cracking (blue) and SU8 channel width (red),
is plotted for three progressively increasing values of e-beam dose. SEM micrographs (scale bar 2 um)
taken at three e-beam doses show that a crack-free, suspended graphene microribbon (no cracks, low e-
beam dose) develops a crack at the SU8: graphene interface (med e-beam dose) and additional nanoscale
breakage at high e-beam dose. (b) Rise in SU8 channel width with e-beam doses for no heating (blue),
heating at 90 °C (green), and heating at 200 °C (orange). We patterned the SUS8 lines with a UV crosslinking
intensity of 50 mJ/cm?.

We carried out statistical analysis to gain a better understanding of the mutual interplay of
the three factors. In addition to UV SUS8 photocrosslinking and the e-beam dose, we investigated
the effect of anisotropic hotplate annealing. We chose the rise in SU8 channel width and the
percentage of cracking as response parameters. Next, we conducted an L9 Taguchi design

comprising nine experiments (three factors and three levels) to study the effects of UV SU8

crosslinking, e-beam dose, and the effect of anisotropic hotplate annealing (Table 1).546
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We calculated the statistical mean and standard deviation using JMP software and plotted
the results with MATLAB. We observe that the SU8 channel width decreases with increasing UV
crosslinking, increases with increasing e-beam dose, and has a mixed effect with heating (Figure
3a). We compared the mutual contribution of each factor for a given response parameter by
comparing the negative logarithm of the p-values. The DOE indicated that SU8 channel width was

most sensitive to the extent of UV crosslinking (Figure 3b).
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Figure 3. Analysis of the influence of three factors on SU8 channel width. (a) Taguchi analysis showing
the effect of UV crosslinking, e-beam dose, and heating. (b) Relative magnitudes of contribution for each
factor

We rationalize our results as follows. Although UV radiation and e-beam individually

result in growth in the polymer chain by polymerization,’® each factor has a distinct effect on the
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micrometer scale dimensions of SUS. When crosslinked with UV intensities lower than the
prescribed value, SU8 doesn’t entirely polymerize and partially UV crosslinked SUS (intensities
50 mJ/cm?, 85 mJ/cm?) has a smaller line width as compared to completely UV crosslinked SU8
(125 mJ/cm?). As a result, SU8 UV crosslinked with 50 mJ/cm? has the smallest line width and
consequently, the highest channel spacing. Our findings are consistent with those of Ling ef al., in
which a rise in SU8 dimensions was observed with higher UV crosslinking intensities.®*%

The effect of annealing has a mixed contribution on SU8 channel width. The width of the
SU8 lines increased with increasing UV photocrosslinking intensity, and thus, the SU8 channel
width dropped. We expected the e-beam to cause elongation along the length of the SU8 channels,
and consequently, shrinkage in width. Also, the e-beam irradiation could cause crosslinking at the
apex of the SU8 channels, and consequently, a rise in the local density of the resist. Thus, the SU8
channel width was expected to increase with a rise in the e-beam dose (Figure 2). Hence, our
results are consistent with our predictions.

We believe that the rise in SU8 channel width is a latent factor that subsequently results in
the breakage of graphene. While e-beam dose has a positive contribution, the effect of annealing
and UV photocrosslinking have negative and mixed contributions on graphene cracking,
respectively.

Although UV radiation and e-beams individually result in growth in the polymer chain,
each factor has a distinct effect on the micrometer scale dimensions of SUS. Ling et al. showed

that isolated microstructures of SUS irradiated with higher UV intensities undergo a higher degree

of polymerization, which results in a rise in the lateral dimensions.’’

We rationalize that heating on a hotplate causes the partially UV crosslinked oligomers to

shrink, resulting in a drop in the SUS8 line width and an increase in the SU8 channel width. A
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similar occurrence of resist shrinkage in SU8 has been observed with isotropic annealing in a

% or caused by capillary forces encountered during resist development.” The higher

furnace,®
sensitivity of SU8 shrinkage to UV and e-beam processes as compared to heating indicate that the

mechanism of shrinkage is electron/ free-radical mediated. We believe that the rise in SU8 channel

width is a latent factor that subsequently results in the nanoscale breakage of graphene.

We also carried out a comparative study of the effect of each factor on the extent of
graphene cracking. While e-beam dose has a positive contribution on graphene cracking, heating
and UV crosslinking have negative and mixed contributions, respectively (Figure 4a). Among the
three factors, UV crosslinking has the highest mutual contribution on the percentage of graphene
cracking (Figure 4b). The DOE analysis as shown in Table 1 revealed that the permutations of the
factors corresponding to experiment 4 (85 mJ/cm?, no heating, med e-beam dose) and experiment
5 (85 mJ/cm?, 90 °C, high e-beam dose) resulted in statistically significant cases of cracking. The

salient feature of both the permutations is a UV crosslinking intensity of 85 mJ/cm?.
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Figure 4. Investigation of the effect of three factors on graphene cracking. (a) Taguchi analysis showing
the mean and standard deviations corresponding to UV crosslinking, e-beam dose, and heating. (b)
Comparison of contribution for each factor.

We rationalize our results as follows. SU8 when photopatterned with UV crosslinking
intensities of 50 mJ/cm? is mostly uncrosslinked while that with 125 mJ/cm? is fully crosslinked.
The development of SU8 with UV crosslinking of 50 mJ/cm? results in partial removal of the
undeveloped oligomers. In contrast, SU8 UV crosslinked with 85 mJ/cm? is partially polymerized.
We always observed the cracks originating at the SU8: graphene interface (video S1), possibly due
to the mismatch in mechanical properties and strain between SU8 and graphene at this interface.

Also we anticipate that since SUS is a negative photoresist, undercrosslinked SU8 would have a
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high fraction of incompletely crosslinked oligomers at its line edges, where e-beam induced
shrinkage would be significant. We believe that the non-uniformity in the roughness at high UV
crosslinking leads to a strain in the graphene: SUS interface as the manner of graphene transfer
occurs in an aqueous medium. Subsequently, the e-beam irradiation causes the graphene
microribbons to crack. Also, as opposed to annealing in a furnace, which is isotropic, heating on a
hotplate results in temperature gradients, which could possibly lead to the breakage of graphene.

Unlike heating on a hotplate, which is influenced by thermal conduction and results in a
lack of reproducibility due to variations in thermal properties of the substrate and heating process,
UV crosslinking of SUS is highly reproducible, controllable and tunable. Since UV crosslinking
plays a dominant effect on both the response parameters, we can controllably and reproducibly
manipulate the increase in the SU8 channel width and the extent of graphene cracking. It is
noteworthy that our approach could be extended to sub-micron architectures with alternate deep
UV sensitive resists like PMMA..®8

Aside from the mean response, we calculated the signal-to-noise ratio (S/N) to understand
the desirability of each factor. We used a larger-the better approach to calculate the signal-to-noise

ratio using the following formula.

S 1 1
N - —10 X log10 EZ ﬁ

where Y7 is the response for a factor / and n is the number of responses in the factor level
combination. We note that our formula contains a prefactor of 10, and is consistent with the S/N
ratios as calculated using standard statistical software (e.g. JMP14). We calculated the average

S/N ratio for the set of nine experiments and compared it with the S/N ratio of each level.
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For each response parameter, we plotted the S/N ratio against the average S/N ratio of all
nine experiments (Figures 5 and 6). For SU8 channel width, the plot of S/N ratio decreases
monotonically with UV SUS crosslinking (maximum at 50 mJ/cm?). An annealing temperature of
90 °C resulted in the highest S/N ratio for SU8 channel width. We inferred the effect of each factor
on SU8 channel width and graphene cracking (Figures 5 and 6, respectively). We report that UV
crosslinking has a negative effect on SU8 channel width (Figure 5a). We observe that the e-beam
dose has a positive effect on SU8 channel width (Figure 5b), while heating has a mixed effect

(Figure 5c¢).

For graphene cracking, UV crosslinking has a mixed effect (Figure 6a), while e-beam dose
and heating have positive (Figure 6b) and mixed (Figure 6c¢) effects, respectively. The Taguchi
analysis as shown in Table 1 revealed that the permutations of the factors corresponding to
experiment 4 (85 mJ/cm?, no annealing, med e-beam dose) and experiment 5 (85 mJ/cm?, 90 °C,
high e-beam dose) resulted in statistically significant cases of cracking. The characteristic feature

of both the permutations is a UV SUS crosslinking intensity of 85 mJ/cm?.

The above trends strongly indicate that a rise in SU8 channel width and the subsequent
cracking in suspended graphene microribbons is a direct consequence of the e-beam dose. As
already established in Figure 4b, the temperature is not the dominating factor, which is in
agreement with our findings that heating has mixed effects on both SU8 channel width and
graphene cracking. We compare the relative robustness of each factor on a response parameter by
measuring the difference of the maximum and minimum values of S/N ratios for that factor. As
we follow a larger-the-better approach, the factor with the highest value of the difference in S/N
ratio across levels has the maximum effect on the response parameter. We tabulate the difference

of S/N ratios for each response parameter and assign ranks to allocate the relative importance of
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each factor (Tables 2 and 3). We report that UV crosslinking has the highest influence on both the

response parameters, which conclusively proves our findings in Figure 3b and 4b.
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Effect of UV crosslinking on SU8 channel width
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Figure 5. Determination of the robustness of the DOE for SU8 channel width. Comparison of signal-
to-noise (S/N) ratios for each factor with the average S/N ratio for all nine experiments. Effect of, (a) UV

crosslinking, (b) e-beam dose, and (c) heating on SU8 channel width. AVG indicates the average.
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Effect of UV crosslinking on graphene cracking

T T T
30 L =10 crosslinking 4
__AVG
S _
=
N
,g 2 | 4
<
-
15 L 4
Z
»n
10| 4
sk 4
1 1 1
50 85 125
b UV crosslinking (mJ/cm?)
Effect of e-beam dose on graphene cracking
T T T
2 | 4
~~
-]
= 15 L -
N’
é € beam dose
< . AVG
= ol i
Z
~
wn
sk 4
1 1 1
Low Med High
e-beam dose (a.u.)
[V
Effect of heating on graphene cracking
20
T T T
18 L 4
_
==}
=
T
- L 4
=
<
=
é 14 L S 4
g Heating
«n —AVG
12 L -
10 L L L
None 90 200

Temperature (°C)

Figure 6. Determination of the robustness of the DOE for graphene cracking. Comparison of signal-
to-noise (S/N) ratios for each factor with the average S/N ratio for all nine experiments. Effect of, (a) UV
crosslinking, (b) e-beam dose, and (c) heating on graphene cracking. AVG indicates the average.
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Table 1. Evolution of SU8 channel width and graphene cracking for nine sets of experiments

Parameters
Experiment | Crosslinking Temperature e-beam dose SU8 channel Graphene cracking
(mJ/cm?) (°0) (au) width (%)
(pum)
1 50 No heating Low 6.5+0.2 0.0+0.0
2 50 90 Med 9.0+0.1 0.0+0.0
3 50 200 High 8.5+0.5 6.3£2.0
4 85 No heating Med 6.9+0.1 91.5+1.7
5 85 90 High 8.7+0.1 77.9£3.5
6 85 200 Low 7.6£0.1 5.5£1.0
7 125 No heating High 5.940.1 7.6+9.4
8 125 90 Low 5.5+0.1 0.0+0.0
9 125 200 Med 5.5+0.0 40.0+40.4
Table 2. Comparative study of the effect of each factor on SU8 channel width
Comparison of the effect of each factor on SU8 channel width
S/N ratio (dB) Factors
UV crosslinking e-beam dose Temperature
Minimum 15.0 16.2 16.2
Maximum 18.0 17.6 17.6
Difference 2.9 1.3 1.4
Rank 1 3 2
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Table 3. Comparative study of the effect of each factor on graphene cracking

Comparison of the effect of each factor on graphene cracking

S/N ratio (dB) Factors
UV crosslinking e-beam dose Temperature
Minimum 5.1 4.9 12.6
Maximum 30.6 21.1 18.0
Difference 25.4 16.2 5.4
Rank 1 2 3




4.

CONCLUSION

In summary, we have developed a new strategy to induce tunable, in sifu nanoscale cracks in
suspended, single-layer patterned graphene microribbons. In our process, the breakage of graphene
doesn’t require any manual intervention or probes and can be scaled to wafer size devices for
mechanically controlled break junctions. We implement several new ideas to controllably generate
nano to micrometer scale cracks in single-layer graphene. First, by systematically varying the
extent of SU8 crosslinking, temperature, and e-beam dose, we can induce up to 20 % shrinkage in
SU8 lines and complete breakage of graphene microribbons in a controlled manner. We believe
that the increase in SU8 channel width occurs by an e-beam/free radical mediated method, which
acts as a latent parameter for graphene cracking. Second, we have observed that the degree of UV
crosslinking in SU8 plays a major role in the phenomenon of graphene breakage. The significance
of the finding is that nanoscale cracks in graphene can be induced in a facile and reproducible
manner as the UV crosslinking intensity is easy to control, unlike the temperature on a hotplate as
the latter is susceptible to thermal gradients and process as well as substrate dependent. As UV
crosslinking is the dominant factor, this strategy can be reproducibly extended to other polymers
and resists, which are simultaneously responsive to UV radiation and e-beam. Finally, we have
established a systematic correlation between e-beam dose and the extent of nanoscale breakage in
graphene. We anticipate that this approach can be used to create functional devices with cracked
graphene, such as in situ break junctions and nanoengineered platforms for surface enhanced
Raman scattering (SERS). We believe that this work could be combined with micro Raman
spectroscopy to determine the fracture toughness of the broken, zig-zag edges of suspended
graphene.®”’ We also believe that this approach can be used to create new cracked forms of alternate

2D layered materials and ultrathin films.
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1. Fabrication and patterning schematics
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Figure S1. Schematics of, (a) PMMA assisted wet transfer of CVD graphene from copper to the SiO,
surface. (b) Micropatterning of graphene on a SiO; substrate. (c) Transfer of patterned graphene

microribbons on SUS lines followed by e-beam mediated shrinkage of SUS lines, expansion of SU8 channel
width and breakage of graphene microribbons.



2. Crack-free, suspended graphene microribbons after transfer on micropatterned SUS8

lines

We patterned 3 um wide graphene ribbons and subsequently transferred them on SUS lines in an
oblique fashion (Figure S2(a)). We used scanning electron microscopy at a low probe current and
at a tilt angle of 30° to ensure that graphene ribbons did not crack prior to controlled breakage at
a higher probe current (Figure S2(b)). The Raman spectra of the suspended graphene ribbons show

the signature of crack-free graphene and the defect peak (D) at 1350 cm™! is absent (Figure S2(¢)).

100

—— Suspended graphene

Raman intensity (a.u.)

1500 2000 2500
Raman shift (cm-')

Figure S2. Micrographs of micropatterned graphene ribbons before cracking (a) Bright field optical
micrograph of 3 pm wide graphene ribbons suspended on 8 um wide SUS lines (b) Isometric SEM
micrographs of crack-free, suspended ribbons taken at an angle of 30°. The scale bar is 4 um. (c) Raman
spectra of crack-free, suspended graphene microribbons on SUS.
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3. Determination of the best permutation for achieving highest SU8 channel width

The rise in the spacing between two adjacent SUS lines (channel width) is a latent parameter that
is directly proportional to the extent of breakage in graphene. The SU8 channel width is governed
by three factors, namely UV crosslinking intensity, temperature, and e-beam dose. To better
understand the effect of each of the aforementioned factors on SU8 channel width, we carried out
33=27 experiments, which correspond to 27 unique permutations. Each experiment was conducted
in triplicates, and we report the average value of SU8 channel width (listed as Table S1). We
observe that the channel width attains its minimum value for a UV crosslinking intensity of 125
mJ/cm? and a low e- beam dose (experiments 19 and 25). The SUS8 channel width reaches its
highest value for UV crosslinking intensity of 50 mJ/cm? and a high e-beam dose (experiment 6).
This shows that SU8 channel width increases with e-beam dose and decreases with UV

crosslinking.
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Table S1. Evolution of SU8 channel width for 27 permutations of UV crosslinking intensity,
Temperature and e-beam dose.

Experiment | UV crosslinking intensity Temperature e-beam dose SU8 channel width
(mJ/cm?) (°C) (a.u.) (pm)
1 50 No heating Low 6.7
2 50 No heating Med 6.8
3 50 No heating High 7.8
4 50 90 Low 8.7
5 50 90 Med 9.0
6 50 90 High 9.5
7 50 200 Low 7.7
8 50 200 Med 8.1
9 50 200 High 8.5
10 85 No heating Low 7.3
11 85 No heating Med 7.9
12 85 No heating High 8.3
13 85 90 Low 7.7
14 85 90 Med 8.3
15 85 90 High 8.8
16 85 200 Low 8.0
17 85 200 Med 8.1
18 85 200 High 8.3
19 125 No heating Low 5.2
20 125 No heating Med 5.6
21 125 No heating High 59
22 125 90 Low 5.5
23 125 90 Med 6.1
24 125 90 High 6.7
25 125 200 Low 53
26 125 200 Med 5.7
27 125 200 High 6.0




4. Determination of the absorption current corresponding to the e-beam doses “low”,

“med” and “high” using a Faraday cup

We measured the approximate values of the three distinct e-beam doses as follows. All our e-beam
experiments on e-beam induced SUS8 shrinkage were conducted using a tungsten filament
thermionic emission JEOL JSM IT100 SEM. Since it was not readily possible to install a Faraday
cup on this SEM, we also reproduced the SU8 shrinkage experiments using a Thermo Scientific
Helios G4 UC Focused Ion Dual Beam instrument which consists of an e-beam for SEM. We
installed a Faraday cup to the latter. To ensure reproducibility, we irradiated SUS8 lines UV
crosslinked with 80 mJ/cm? with the e-beam at different probe currents, as measured by the
Faraday cup (Figure S3). We maintained the identical working distance (11 mm), magnification
(6000X) and acceleration voltage (20 kV) as the original experiments. For each probe current, we
increased the duration of exposure to match the rise in SU8 channel width as obtained with each

of “low”, “med”, and “high” e-beam doses. Listed below are the charge per unit area values of the

e-beam doses.

Low e-beam dose: Charge per unit area < 0.5 mC/cm?
Med e-beam dose: Charge per unit area ~ 366.1 mC/cm?
High e-beam dose: Charge per unit area > 915.1 mC/cm?
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Figure S3. Identification of the e-beam doses which results in identical increase in SU8 channel width

for resist photocrosslinked with 85 mJ/ecm® (a) Variation of SUS channel width with e-beam dose
measured with a Faraday cup in mC/cm?. (b) Variation of SU8 channel width at different e-beam dose
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5. Effect of e-beam dose on 5 pm wide graphene microribbons

We repeated the fabrication corresponding to Figure 2, and irradiated the samples at the three e-
beam doses (Figure S4 (d-f)). We observed the formation of a narrow slit for the med e-beam dose,

followed by a widening of the slit at the high e-beam dose.

Figure S4. Evolution of rise in SU8 channel width and consequent breakage of graphene
microribbons. SEM micrographs showing progressive stages of graphene breakage for microribbon 1 (a-
¢) and microribbons 2 (d-f). The scale bar is 2 pm.
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6. Control experiments: Expansion of the SU8 channel width in the absence of graphene

We patterned SU8 channels with a channel width of 6.4 um (Figure S5 (a)) and subjected them
to e-beam irradiation. At medium e-beam dose, the channel width increases to 7 um and remains

constant at high e-beam dose.

Figure S5. SEM micrographs of a SU8 channel before and after irradiation with the e-beam (a) SU8
at low e-beam dose (b) medium e-beam dose. (c) high e-beam dose. The scale bar is 2 pm.
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7. Nanoscale cracks developed in 8 pm wide, suspended graphene microribbons

We patterned 8 um wide graphene ribbons with 5 pm spacing and subsequently transferred them
on SUS lines in an oblique fashion (Figure S6 (a)). At medium e-beam dose, a narrow slit forms
(Figure S6 (b)), which assumes a length of 400 nm upon irradiation with the high e-beam dose

(Figures S6 (c) and (d)).

Figure S6. SEM micrographs of 8 pm wide graphene microribbons before and after cracking (a) SEM
showing supported and suspended regions (b) SEM of suspended graphene at medium e-beam dose. (¢)
200 nm crack at the intersection of suspended graphene and SUS at high e-beam dose. (d) Zoomed in image
of graphene and SUS. The scale bar is 2 pm for a-c and 200 nm for d.
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8. Note on the spread in the standard deviation of the response parameter

The spread in the standard deviations for Figure 3a and Figure 4a can be attributed to two
reasons. First, to discretize the effect of each factor for one of three levels, we choose the
permutations which correspond to a distinct level for a given factor. Hence, the mean value for a
factor at a level is governed by several permutations of the other two factors across different levels,
which causes the standard deviation to be high. Secondly, as shown in Figure 2a, upon increasing
the e-beam dose from medium to high, the length of the nanoscale crack remains constant while
the area of the cracks increases by a factor of seven. Since the percentage of graphene cracking is
measured as the ratio of the cracked slit length to the original ribbon width (Sum), the increase in
area is not accounted for in the percentage cracking. This causes the standard deviation to assume
negative percentages in Figure 4a. However, we calculate the signal-to-noise (S/N) ratios for the
response parameters across the levels to gain a better insight of the robustness of the DOE.! We
show in Figures 5 and 6 that the UV crosslinking plays a dominant role in the widening of SU8

channels, and the consequent breakage of graphene microribbons.



9. Note on Video S1

Video S1 is a video showing the in situ, complete breakage of a suspended graphene microribbon
in real time, taken in an SEM. The SUS lines were photopatterned with a UV crosslinking intensity
of 125 mJ/cm? and annealed on a hotplate at 90 °C prior to the transfer of the graphene microribbon.
The SUS lines have a width of 7.6+0.1 um, and a channel width of 5.8+0.0 um. We observe that
a crack appears in the graphene microribbon in approximately 45 seconds (which corresponds to
an e-beam dose between 0.5 mC/cm? and 27.4 mC/cm?), and the graphene microribbon cracks
completely in approximately 58 seconds (which corresponds to an e-beam dose between 27.4

mC/cm? and 35.3 mC/cm?).
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