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Abstract

Strain and deformation alter the electronic prapsrof graphene, offering the possibility to cohit®
transport behavior. The tip of a scanning tunmetfinicroscope is an ideal tool to mechanically pérthe
system locally while simultaneously measuring tleeteonic response. Here we stretch few- and multi
layer graphene membranes supported on SiBstrates and suspended over voids. An automated
approach-retraction method stably traces the gragteflection hysteresis curve hundreds of timessac
four samples, measuring the voltage-dependentbingf, from which we extract the hysteresis width.
Using a force-balance model, we are able to rem®the voltage-dependent hysteretic graphene eatens
behavior. We directly observe a voltage-dependertplay where electrostatic forces dominate ah hig
voltage and van der Waals forces at low voltaglee fElative contribution of each force is depenaenthe
graphene and tunneling resistance, giving risefferdnt observed voltage-dependent behavior baiwee
samples. Understanding the voltage dependend¢esé forces impacts scanning probe measuremebt of 2
materials and informs oscillating graphene deviesgh where similar forces act from the side wails

cavities, leading towards strain engineering oéfayg 2D systems.



1. Introduction

Controlling the strain in graphene offers a wayaitor its electronic properties, with repeated mpatation
expected to lead to 2D van der Waals heterostregur4]. Scanning tunneling microscopy (STM)ns a
ideal tool to both measure and manipulate grapbedeother 2D materials by using the interactiothef
probe to pull and push the graphene layers, simedtasly loading and measuring the electronic
response [5-7]. As well as inducing and stretchipgles normal to the graphene plane, STM can ladso
used to perform stress-strain measurements on gmnapbffering greater insights into its behavioewh

used in flexible electronics [8, 9].

When a probe is moved towards suspended or suplpgna@hene, attractive forces cause the graphene
membrane to deflect or ‘snap’ discontinuously ughitip [2, 6, 7, 10]. For single layer graphdmis

forms a nanoscale bi-stable electromechanical systeere the STM probe can be used to perturb the
system between the in-contact deflected, and cutofact relaxed states. For few-layer graphdreetip
approach exhibits similar behavior but in retractibe layers may detach one at a time [6], as ctngpe
forces cause the graphene to ‘snap’ discontinudaestk to the substrate [9]. Although atomic force
microscopy (AFM) can be used to perform indentatr@asurements on graphene, it may not be suited to
retraction stretching of graphene, because thehgrastip forces deflect an AFM cantilever downhte t
graphene instead of deflecting the graphene upet@tobe [11].

Understanding how strain and deformation in 2D malealters the electronic transport is critiaal t
integrating them into devices [12, 13]. Grapheae form resonators for ultra-sensitive detectiar, dhnort-
range and electrostatic forces alter the statilededn, substrate bonding, side wall interactiad ather
vibration properties [14-16]. Few-layer graphenéess affected by substrate and impurity effestscan

reduce some of these detrimental strain effects]&J

When studying the electronic properties, the litiapdpic formation of contacts can contaminate tmepde,
particularly any residual resist [19-21]. Direcbpe contact to nano-materials instead providesal,laon-

destructive and comparably fast technique for edeat transport measurements [22-24].

In STM the tip exerts both short-range van der \Waald long-range electrostatic forces to manipulae
graphene hysteretically between the two stables{a{. The electrostatic component of the fosce i
voltage-dependent, while van der Waals is nottlyete has been little experimental work investiggathe
voltage dependence of this combined effect, noretiod how voltage affects the interplay of the two
forces and the effect on how far graphene canre&ched. We use here an automated method to esjbgat
perturb the graphene hysteretically hundreds oésiand extract the hysteresis width. By varyirgg th

voltage between each measurement we are ablerawettie graphene extension as a function of veltag

2. Methods



2.1 Experimental

Highly-oriented pyrolytic graphite was mechanicakfoliated on to a 90 nm layer of SiGn Si grown by
thermal oxidation and calibrated by ellipsometHoles in the silicon substrate were patterned bgtedn
beam lithography and plasma etched prior to oxitedind graphene deposition [25]. Flakes were ifilet
using scanning electron microscopy, then thickiaessquality was confirmed by Raman microscopy and
AFM [6]. Samples were annealed at 200 °C for amr o situ in an Omicron multi-probe ultra high

vacuum system, then contacted and measured asbeeisicr the text using electrochemically etched
tungsten tips which were annealed in vacuum to vensorface oxide [26]. More information is avai&@b

in the Supplementary Data File (see Appendix AdclEforce-release measurement was repeated using an
automatic script to maintain the same approachratndction speed. This was repeated for all vekag
shown at the same point on the same sample, andhibeavhole process repeated again on each obtie f

samples.
2.2 Theoretical

The elastic forc&gpasiic is modeled as an effective Hookean spring witpldisement,; and spring constant
k. The van der Waals forégqwis modeled by a formula for the interaction opaere of radius with a
plane separated from the sphere by distalas@, with Hamaker constart and an effective offset,qw
introduced to account for the surface roughnesseoprobe surface. The electrostatic fdfeg.. is
modelled as the force between a sphere of radhedd at potentiaV/, at distancely<a relative to a
grounded plane, with an effective offskt.c. to similarly account for surface roughness. Tleeteostatic
forceFgec. depends on the potential differenégbetween the probe and the graphene sheet, whichnsg
by considering an equivalent electric circuit foe assembly where the graphene resistRaads in series
with the combined tip and tunneling resistaRgeThe tunnel resistance is assumed to depend expalhe
on the distance between the probe and graphent shiethree forces are then balanced=gys: = Fygw+
Feec. Where the non-linear feedback produces hysteretigonses. More information is given in the

Supplementary Data File (see Appendix A).
3. Results
3.1 Manipulating graphene with STM

We use a dual tip method where mechanically extdipristine graphene is contacted directly with on
STM tip to provide ground, using the second STMripunneling contact to manipulate and charaateriz
the sample. Suspended and supported few-laye) arebmulti-layer (n~8) graphene on 90 nm Si@ Si
are contacted by tips guided by scanning electr@noscopy (SEM), all within ultra high vacuum (see
Supplementary Data File, Appendix A). By repeatedeasuring the hysteretic behavior at different

voltages, we observe a complex non-linear voltageeddence.



Fig. 1a shows two STM probes positioned on a flakew-layer (n=6) graphene. The bottom right @rob
is in direct mechanical contact with the grapheme lzeld at ground to provide an electrical pathtier
graphene which would otherwise be electricallytiltgion the insulating substrate [27]. To aid ¢ye,
dashed white lines show the edge of the flake. tOpgrobe is just out of tunneling contact frora th
portion of graphene suspended over airilx1um hole in the Si@layer and moves toward and away from
the graphene in the normal z-direction. A schernaitthe hysteretic tip interaction with the grapee

during approach and retraction is shown in Figwith labels matching an example tunneling current

measurement in Fig. 1c.

For all measurements the probe starts out of cbtitan moves at a constant speed towards the graphe
region A (z becoming negative) with the measureahéling current remaining negligible. At point Bsx
layers of the graphene discontinuously deflectsarga/to meet the approaching probe. The probe can
continue to approach with increasing current (showgray), before retracting in region C where six
discontinuous current drops are observed. Whesated, these discontinuities occur at the samermurr
and z height and the number matches the numbeaphgne sheets measured with AFM and Raman.
Further, the resistance of each layer detaching tre probe corresponds to a sequential 1/R phralle
resistance reduction. In previous work we haveetied these current drops and shown they corresfmond
the detachment of graphene from the tip, layerygil [6]. At point D the last graphene layer dieésc

from the probe and the current returns to zerd) wie probe continuing to retract into region E.

Although the graphene initially attaches to thebygrat point B, during retraction it is deflectedstretched
upwards beyond this point, before restoring med#iiorces cause it to detach from the probe att{ioi
This hysteresis is common in similar STM grapherm@ipulation studies [7]. We define the stretchhef
graphene being between the point at which the grpimitially contacts the probe and the point hictv

the graphene fully detaches from the probe, indatat Fig. 1¢c, aad. Our method is classified as
feedback-off I(z) measurements with a fixed voltggevhere | is the tunneling current and z the ofut-
plane displacement of the probe. This creates pipiples — radially symmetric upward displacemeinthe
graphene — sometimes termed "local centrosymmiatbles” [3], instead of extending lateral folds or
wrinkles. By scripting the approach and retractimeasurements within the STM control system we ble a
to repeatedly measure these hysteresis curvesiaestigate the voltage dependence of the hystesddils

across four different samples.
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Fig. 1. (a) SEM image of two tips positioned over fewdgpe6) graphene on Si© Bottom right tip at
ground and in contact with the graphene, uppejugi out of tunneling contact with the portion loét
graphene suspended over a hole in the substrasshé&l lines mark the boundary of the graphene fhake
the SiQ substrate. (b) Schematic diagram of the approauh r@traction phases with matching labels. (c)
example approach-retraction STM measurement tr@ttat 0.8 nA for ) = +0.01 V. (d) A schematic of

the model with matching variables.



3.2 Forces in STM manipulation

Scanning probe forces are typically modelled dseeipurely electrostatic, or electrostatic in camalion
with short range van der Waals interactions [T]purrely electrostatic forces from the STM tip were
stretching the graphene there would be no displanéat the minimum voltage difference, sif¢g,. is
proportional to the square of the applied voltafieince between the tip and sample [28]. However
are still able to deflect few layer (n=6) graphemare than 70 nm with just £0.01 V applied to the tiWe
cannot measure the tunneling current at V=0 toioargraphene extension, but we can stop the tip
movement in region C of Fig. 1c while the graphsngeflected up towards the tip. If the tip bisset to
zero for several seconds in this region, whiletihés stationary, re-application of the tip biam@rms via
the tunneling current magnitude that the same nuiographene layers remained attached to the probe
even at V=0. Since extension does not go to zekb-ab, we confirm the presence of short-range van der
Waals interactions. The contact potential diffeeewould shift this voltage minimum, discussedriabet

we find no point of the response where the displres# goes to zero.

We thus construct a force-balance model which assuthe tip exerts both attractive van der Waalsefor
Fvawand electrostatic forcésec. Bias voltage V is applied to a conducting tiphaiadius of curvature.
The bias voltage drops across the tunneling gap negistanc®r and the graphene with resistaig
connected in series, to generate tunneling culreiwteen the tip and graphene. The presence atae
forces deflects a stretched graphene membranéfaéstk out of plane towards the tip, producing a
restoring elastic forcBgasic acting on the graphene towards the substratdnaaensin the schematic in Fig.

1d. More information is available in the Suppletaey Data File (see Appendix A).

A typical example of the model response is showhign 2 with the graphene displacemdnagainst the
tip-graphene distance at redtdo+d;, or the tip height. The strongly non-linear degemce of the tunnel
current on distance, together with the nonlineasftyan der Waals and elastic forces and lineatiela
feedback, produces typical curves on el plane that are hysteretic. On approach witlecreasing
from infinity the tip follows the lowest stable stibn on the blue section marked A. At point B sodution
branch terminates, and the graphene discontinudwgly to the yellow diagonal, whedg=d. This is the
situation in which the graphene is deflected alway up to the STM tip, and it is possible to mapeand
down the diagonal in the model with the grapheteched to the tip. The blue dashed line correspomd
an unstable solution of the model. Retractiorofeli the diagonal along C before at point D the ddsh
unstable solution intersects the yellow diagonalretraction, crossing this unstable solution egsusnother
discontinuous hop back to the blue line of thelstablution, before moving into region E. We dred able
to use the model to evaluate the width of the mgsteresponsdd which corresponds to the stretch of the

graphene before the restoring elastic forces detdiaim the tip.



gofF T T -

- 1
80 | vl
L |
|
|
L |
|
60 e |
| |
|
|
| I
, I
40 b ’ YD
[ |
|
|
|
|
|
|
|

20 1

0 20 40 60 80 100
tip height (d = dg+d;) (nm)

normal graphene displacement d; (nm)
K|

Fig. 2. Example of a hysteretic response from the fordadz® model showing the normal displacement of

the graphene dagainst the tip-graphene distance at rest, d. dlaimatch the experimental data in Fig. 1.

3.3 Voltage-dependent manipulation

To understand the mechanical response of the gnegbehe STM tip, we examine how this maximum
displacement/d depends on tip voltages from -2 to +2 V at roomgerature. Repeated approach-
retraction measurements are taken at the samegnositer the void at each voltage and on a ponticine
same flake supported by the substrate. The sartfethis then also applied to a thicker multi-lagre+8)
graphene sample. Combining over one hundred apipi@draction measurements per sample location, Fig
3 shows the voltage dependence of the maximum grepliisplacement against voltage. We note no
significant variability in these measurements dirae at the same voltage, explored in more datdihe
Supplementary Data File, Appendix A.

Within the range (-2, 2) V we observe experimengttdtee principal forms of graphene stretch against
voltage: concave in Fig. 3a, convex in Fig. 3d amdixture of the two in Fig. 3b and c. In thrée¢he
samples the data show that the minimum stretcbtisvhen \\-0, and in Fig. 3d increasing the voltage
reduces how far the graphene can be stretchedthp toeasured voltage range. All experimental mean
stretches are reasonably symmetric along V=0, dgsamlilater. While the suspended multi-layer (n~8)
graphene can be stretched by around 80 nm (Figtt8sportion of the same flake supported on ti@ Si
substrate cannot be stretched beyond 20 nm (Fig. 3c
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Fig. 3. Mean graphene displacement from the initial upwadeflection to the point at which the graphene
fully detaches from the probdd) with standard error: (a) few-layer (n=6) supped (b) few-layer
suspended (c) multi-layer (n~8) supported and (dlfyifayer suspended. An example modelled respinse

overlaid for each dataset as solid lines.

To explore the forces involved we overlay examjitetd the data in Fig. 3 as solid lines. To prslthese
the Hamaker constant is taken to be 17¥1Dand fixed.[29] For fixed Hamaker constan®/ at 0 an
explicit relation exists fod, 4w and the ratia/k when fitted to the measurdd for V - 0, with the range
of determinedc discussed later. We udg... = dyqw (S€€ Supplementary Data File, Appendix A) and
then the only remaining parameters are the rattbefjraphene resistance to tunneling resistAp¢e
and the characteristic tunneling distadge The data for each sample are fitted simultarigdaghe model
using a least squares method in Matlab, with camgtbounds foR.;/R; andd, of (0.001, 10000) and (O,
2 nm) respectively. We find from the model thatodithe fitted forms shown in Fig. 3 are mixed cawe-
convex, with concave behavior at lower voltage Op@ag convex at higher voltage. If the fit to Fagl is

increased beyond +2 V it too takes a convex forimgtter voltage.

We can include the contact potential differergd) between the tip and sample in the model by

substitutingV in the electrostatic force f&f — \gpa  This shifts the displacement-voltage curves show
8



along the voltage axis. However, the experimeadidd all appear to be vertically symmetric alon@y=
with no horizontal offset.  Since the work funatfor bulk tungsten is ~4.5 eV, and Kelvin praobethods
identify a work function for graphene of ~4.6 e\Q]3ve assume that the contact potential between the

tungsten tip and graphene sample is too small ®viakent with this method, and takg,q = O in the model.

To explore the origin of these forms we model ig. B the two attractive tip forces for the suspehieev-
layer case. The forces change as a function digheeightd, and thus the magnitude of the exerted forces
change throughout the hysteresis curve. We exafingtén Fig. 4a the point on the hysteresis cynst
before the graphene discontinuously deflects updet the approaching probe at point B. Forces are
normalized to the maximum force to remove the sgadiffect of the tip radius, giving the relative

contribution, and are shown as a function of tifiage.

0.8}

06}

04}

Normalised tip forces

0.2}

-2 -15 -1 -05 0 05 1 15 2
Tip voltage (V)

Felec./Fvdw

RG/RT

Fig. 4. Calculated van der Waals and electrostatic forlsesveen the tip and graphene, modelled for the
suspended few-layer (n=6) graphene case (a) asetifun of voltage just before the graphene

discontinuously deflects up to the probe on appnaagoint B in schematic, and (b) the ratio of tive
9



forces once the graphene is ‘attached’ to therggion C in schematic) at bias V+2 V as a function of

the graphene to tunneling resistance ratio.

The van der Waals force itself is not voltage delee, however the interplay of the two distanceetelent
forces alters how close the tip must get to thelyeae before it discontinuously deflects up to ntleetip.
With purely short range van der Waals forces thertust get closer to induce the upward deflectids.
electrostatic forces are added in at higher voltdgese longer-range forces can manipulate thengrapto
snap upwards from further away, where the van daalg/force is now lower. This gives rise to a ag#
dependence of the initial graphene deflection. e\mw at this point (B) the forces are only weakly
dependent on &Rr, and within physically realistic limits practicglindependent, discussed in the
Supplementary Data File (see Appendix A).

Once the graphene has snapped up to the tip, diaggnal C we find a different force relationshipidg
retraction. With the tip-graphene distance fixieere is no longer any voltage or resistance depmeder
Fvaw. However, the electrostatic force is dependertath the voltage and the resistance rRitRr. In

Fig. 4b the ratio of the two forces at fixed bias +2 Vis plotted as a function of this resistance ratro.
determining how far the graphene can be stretokdnRs/R~>1 the van der Waals force dominates and
for Rs/Ri~<1 the electrostatic force is higher. FR/Rr <1 the same convex form evident at higher voltage
is observed down tg=0; electrostatic forces dominate. F#/Rr~1 a concave parabolic response becomes
evident at low voltage as seen in Fig. 3a and krevheth forces are of similar magnitude. RafRr>1 the

low voltage concave response remains prominenghehvoltages; the van der Waals force dominates.
This explains the forms observed experimentalllyin 3. PhysicallyRr would change between
experiments if the tip-graphene distance changédewhe most likely cause & changing between

samples would be from the graphene inter-layerrsgipa [6].

One exception to this is the low voltage behavibew|V| < 0.5 V for multi-layer graphene suspenolest
a void in Fig. 3d. These outlying points indicagedcircles rather than crosses exhibit a differesponse
and are not included in the fit shown. Althoughdweenot model it, this may be an effect of layer
separation. If the layers were separated in thiki#ayer (n~8) suspended sample, the short raulyeé
forces which dominate at low voltage may not patetthrough all the layers, resulting in less geaygh
stretch than the model fit indicates, and explajrihre increased variability.

At V=0 the van der Waals deflection of the membriangoverned largely by the stiffness of the graqatie
Our model does not directly include the numbemggls of graphene, but could account for this via a
change in the stiffness. Our model can only deteerthe ratic/k, but since the same tip with the same
effective radius of curvatureis used throughout, it is considered constanisuAsng the tip radius of
curvaturea = 100 nm, and typical values of the other constahe fits shown in Fig. 3 use values of
stiffnessk from 0.05 Nm' to 0.075 Nrit. These are lower than typically reported values 65 Nni*

10



using AFM to indent few-layer graphene [31], foriefhthere are several possible reasons. AFM
indentation measurements record valudswhich reduce away from the edge of the void toward
minimum when suspended graphene is furthest froumdbary clamping [31]. Our method lifts the
graphene away from the surface and if the grapkBabstrate forces which create the boundary clamping
were reduced, we may measure lower valuds dof after deposition there is slack in the graphéayers,

this too would reduce the apparent stiffness [8].

Mashoffet alused STM to apply AC voltages to graphene to nreageflection in a similar way [7]. From
a stable reference position with the tip remainimgontact with the graphene, their measurementiz of
were relative to this reference position with=0 when the applied voltage was equal to the voltesgpal to
establish the initial contact condition with a nrakim deflection measured < 0.1 nm. We are instead
establishing a new reference position for eachagelt We are able to determine here the intergdlagih
the van der Waals and electrostatic forces in demeng that starting deflection position, as wellthe
maximum possible displacement away from it unstoeng elastic forces detach the graphene from the

probe.

Like all scanning probe measurements the natutieeoprobe-sample interaction is often understood in
combination with simulation [32, 33]. STM has bems®d to apply stress-strain tests to graphene
membranes, with the applied force calculated imstédaneasured, by assuming only electrostatic rce
modified by the tunneling distance [8]. Here wewlthat such calculations would need to includevire
der Waals force as well for low voltage, with tygiSTM tip-sample distances. Other work assumais th
electrostatic and van der Waals interactions agegnt [34], but here we show that changes in thehgne
resistance can alter the relative contributiorhefse forces.

By applying a back-gated voltage, doubly-clampeappgene beams can be manipulated between two meta-
stable hysteretic states in the same way as tlaé hnegnipulation induced using STM [9]. With cavity
spacings on the order of 100 nm, purely long-ragigetrostatic interactions drive this switch. Heer

when the deflection of the beam or membrane isedioshe size of the cavity, short-range van deal/a
forces from the cavity bottom can affect devicef@anance [16]. STM manipulation could be applied t

study these effects in graphene suspended ovdresaof different depths.
4, Conclusion

Two-probe scanning tunneling microscopy has beed te stretch few- (n=6) and multi-layer (n~8)
graphene membranes supported on, %@l suspended over holes, in ultra high vacuumhourt
lithographically fabricated contacts. Stretchihg graphene membranes using the probe follows the
reported hysteretic response between the in-coatatmaximum extension states, but we find the
membrane extension depends on voltage. Using@extapproach-retraction method hundreds of
hysteresis curves are traced repeatedly at corsanst], with the extension extracted as a function

11



voltage. We fit the measured data to a model whalhnces the attractive electrostatic and van\als
interactions of the probe against the elastic ggaphmembrane, replicating the hysteretic behavior o
stretched graphene membranes. We find a compleage-convex response where the influence of the
two forces is dependent on the sample and subgiraperties.

This work shows how competing substrate forces iaigered graphene can alter the voltage dependagnce
local probe manipulation, and is applicable in tastructures such as oscillators where side vexiést

both electrostatic and short-range forces on taplgne membranes. Such a method could be used to
control the path of electrons through multi-layeB&istructures by locally altering layer spacingg avith

the resulting control over capacitance it offemo#ential mechanism for voltage switching [35].e$h
results not only inform scanning probe measuremaingsaphene, but controlling local perturbations i
graphene and other 2D materials is expected totteattain engineered materials [1].

Appendix A. Supplementary data

Supplementary data to this article can be fountherdt ...
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