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ABSTRACT \\

We show that graphene supported\ah‘ydrophobic and flat polymer surface results in flakes with
‘:bﬁ‘as assessed by their Raman spectroscopic characteristics. We

extremely low doping a

exemplify this techniqué by“micromechanical exfoliation of graphene on flat poly(methylmetacrylate)

(PMMA) layers an mgohstrate Raman peak intensity ratios I(2D)/I(G) approaching 10, similar to
pristine freestan

effects occurri

srap ( We verify that these features are not an artifact of optical interference
lh{bstrate: they are similarly observed when varying the substrate thickness

and are mai gi.}ed when the environment of the graphene flake is completely changed, by
encapsulating/preselected flakes between hexagonal boron nitride. The exfoliation of clean, pristine
grapliene. lay Arectly on flat polymer substrates enables high performance, supported and non-
enca ulated&raphene devices for flexible and transparent optoelectronic studies. We additionally

=
how tha

¢ access to a clean and supported graphene source leads to high-quality van der Waals

h rost)uctures and devices with reproducible carrier mobilities exceeding 50,000 cm?V-'s” at room

Mrature.

KEYWORDS Graphene; Hydrophobic substrate; flat PMMA; Raman,; hexagonal boron nitride; van der

Waals heterostructures; flexible electronics, transparent conductive materials
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Publi Shlngl aphene is typically prepared on oxidized highly doped silicon substrates, which enables the reliable
cxioliation of flakes', transfer of wafer-scale films?>, the optical identification of monolayers due to
significant contrast enhancement for selected oxide thicknesses®, and allows its electrical characterization.*
Despite the possibility of maximizing yields and size of flakes by oxygen plasma pre-treatments on oxidized

silicon', the direct contact with the SiO» layer can adversely affect the performance of graphene devices in

several ways. First, the corrugation of graphene on SiO» induces the bendlng o s s in the basal plane
of the monolayer, which is believed to lower the energy barrier for water n adsorptlon 67 Also,
residual charged impurities arising from charge traps inside SiO,, or olecules adsorbed on the
surface, can lead to additional unwanted doping and carrier scattermg raphene devices.®” Even in the
absence of adsorbed molecules, polar optical phonons in SiO, p se anwupper limit on the room

temperature carrier mobility of around 40,000 cm*V's™* fariayway«from 1ntr1ns1c limits predicted for
monolayer graphene of ~120,000 cm*V-'s™. ? In particular, typigal grap ne on SiO; devices exhibit a carrier
mobility below 5,000 cm*V-'s! *>1% due to combinationg:eve these effects. Raman spectroscopic
measurements can be used to predict the impact of thes fec@on electronic properties prior to device
fabrication: for graphene on SiO; a low intensity ra% D"ﬁ'éak and G peak I(2D)/1(G) ~ 1 is observed;

whereas pristine, suspended graphene shows I(Zw tios up to 10 (Ref. 11).

Strategies already exist for mitigating these detri mtors, including transferring graphene onto
hexagonal boron nitride (hBN) as a substrat h?d.]&e he charged traps in the substrate, graphene

corrugation and substrate-phonon scatmﬁjiQ rendering the oxide surface hydrophobic through the use of
self-assembled monolayers (SAM erwise

avoid water contaminants.'*'> All these techniques result in
increased electrical and optical perfor ce, with measured carrier mobilities from 10,000 to 40,000 cm*V-

'sand I(2D)/I(G) ratios ~ 3 W?ﬁgher note that some of these selected substrates already combine both

features: hBN is not only/flat but alsg hydrophobic'® and certain SAMs on SiO; substrates are hydrophobic

and can be flatter th: 044, T? tural conclusion is that both the hydrophobicity and flatness of the
substrate are prer‘j‘1 tes to

a MVCB of graphene, and determine the limits for measured optical and electronic

nomical and scalable flat and hydrophobic substrates for the handling and production of

fore of paramount importance for the fabrication of high performance graphene-

based devices, {rdless of scale.

)

re, weydemonstrate the use of a flat, hydrophobic polymeric layer as an alternative graphene exfoliation

-

bstrate to SiO in order to achieve high-quality flakes. We note that the exfoliation of graphene on polymer

ubstrates has been already reported in literature, but without comparing the Raman spectral characteristics

to the roughness of the polymer surface and the graphene quality.'”*

We use PMMA which is hydrophobic and can show a roughness comparable to that observed for two

12,21

dimensional materials supported by SiO, ““" and smaller than bare SiO,. Unless otherwise specified, a layer

2
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Publi Shlng hydrophilic polyvinyl acetate (PVA) is spun before spinning PMMA during preparation of the substrate.

Graphene flakes exfoliated on these (PMMA/PVA) layers consistently display large 1(2D)/I(G) ratios,
approaching 10 in several cases, as well as showing other indicators of low residual doping and strain
comparable to pristine, freestanding flakes. Importantly, similar Raman features are observed when varying
the substrate thickness and composition by avoiding the usage of the PVA layer, and said Raman features are
also maintained when these same flakes are transferred to a different environmefit by encapsulation between
y %‘: the high I(2D)/I(G) ratios

ic values of the thickness of the

hexagonal boron nitride layers. Both these observations exclude the possibili

seen are an artifact due to optical interference effects arising from the spe
selected (PMMA/PVA) dielectric layers.”? Finally, we demonstrate the“gonsiStent observation of carrier
mobilities over 50,000 cm*V~'s™ in hBN encapsulated devices wh us‘i& graphene originally exfoliated on
PMMA polymer. These mobilites are above the average of these.rep e?fo‘? an ensemble” of fully hBN
encapsulated devices which used SiO» as the initial exfoliatign subﬂsate 324 and make possible a more

reproducible fabrication of high mobility encapsulated gr@ne va ‘Waals heterostructures.

The polymeric substrate is fabricated as follows: PVA (15% dkolved in deionized water) is spun at 2000
rpm on 500 pm Si / 300 nm SiO, thermally o substrates, and baked out at 100°C for 2 minutes.
PMMA (4% dissolved in chlorobenzene) is s YOXQQ 00 rpm and baked at 180°C for 2 minutes. We

emphasize the critical importance of the polyme oncentration, spin coating speed and solvent in order to

achieve flat PMMA films.”>?® Graphene 1 ,Qe hanically exfoliated on top of PMMA and initially
identified by optical contrast (Supple ary Material). Atomic force microscopy (AFM, Bruker Innova,
tapping mode, equipped with an AF mr having a characteristic spring constant of £ = 40 N/m is
used to measure the roughness of t::% and substrates.”'>*’ Figure la shows an AFM image of the
PMMA surface after coati /PVA polymers on Si/SiO,. The measured surface roughness (given by
the standard deviation of a 1m(:$

apssian) of graphene flakes exfoliated on top of these polymer layers on

1um? scan windows s 16/+ 0.03'hm (Figure 1b). These values are similar to those observed for graphene
exfoliated on hBM{

lxghn; £0.1 nm)"? and lower than those of graphene exfoliated on SiO, (0.22+ 0.04
n

nm, Figure 1 t with Ref.12). We note that the black dots in Figure la are pinholes in the

PMMA layér, whic¢h are commonly observed after spin-coating and baking this polymer.”*** Graphene on
these pinhelesds locally suspended and indented during the AFM measurements since our tip is specifically
selected to meagure supported flakes. The presence of these pinholes, however, does not affect the
conclusions obF igure 1b: pinholes increase the measured surface roughness of graphene flakes on PMMA as
or:l?)are&to regions between pinholes, but the overall roughness with pinholes included is still smaller than

theswoughness of graphene on SiOs.

S

aman spectroscopy”° (Thermo Scientific DXR, 455 nm excitation, 50x objective, ~1pum?* spot size) is used
to ‘assess the quality of more than 50 graphene flakes exfoliated on PMMA/PVA in terms of strain, doping
and defects in the graphene layers,''*’*? by inspection of the peak intensity ratio, I(2D)/I(G), as well as the
full-width-at-half-maximum (FWHM) and position (Pos) variations of the G and 2D peaks. The Raman

3
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Publi shinﬁ’ :ctra were acquired with a power of 1 mW or lower in order to avoid the heating of graphene on the
polymer substrate. The error in wavenumber determination in the Raman measurements is +/- 2cm™. Raman
spectra of these graphene flakes on PMMA/PVA are shown in Figure lc. For monolayer graphene, the
observed 1(2D)/I(G) peak intensity ratio approaches 10, with the position of the G peak, Pos(G) ~ 1582cm,
1139 and its full-width-at-half-maximum, FWHM(G) ~ 14cm™. All these features compare favorably to free-
standing'' or fully encapsulated graphene,’’ with very low implied levels of stfain and doping.''#"*3! We

nd)tr)ila flakes (Figure 1c) of

Ilybelow 1773031,

note also the appearance of unusually large peak intensity ratios for bilayer

I(2D)/1(G) > 3 for these flakes on PMMA/PVA: peak ratios on SiO» are typ

We categorise more than 50 measured monolayer graphene flakes

iatedson PMMA/PVA according to
their average 1(2D)/I(G) ratios, (Figure 2a): 1(2D)/I(G) < 4 (white E()Qt§);~4\< I2D)/I(G) < 8 (grey dots),
1(2D)/I(G) > 8 (black dots). More than 60% of the studied gr hene flakéshave a 1(2D)/1(G) ratio > 4, and
more than 30% have ratios I(2D)/I(G) > 8. By comparison gg;;g\\%:onxmz only shows I(2D)/I(G) < 2 27
and I(2D)/I(G) <4 on hydrophobized SiO,** and on hBN&Figupe)% shows the correlation between the 2D
and G peak positions of these flakes (Pos(2D) vs Pos comnionly used to separate and obtain specific

information about strain and doping levels existent inwgon-defected graphene® . Dashed lines in the figure
represent the predicted evolution of the Rama pmers the unique presence of one of the mechanisms,

i.e. strain (grey dotted line) or doping (black dashed line). These lines intersect at Pos(G)’=1582 cm™,
Pos(2D)’=2700 cm™', which corresponds to \ﬁ?lﬂst ain-free, doping-free) graphene flakes.*® We note that

while the value of the G peak positiS\:s( =1582 cm™' is well-established for clean, freestanding or
encapsulated graphene,'"*! the exagt skthe 2D peak is subject to discussion.’**® Small deviations in
Pos(2D)° occur due to the subtle int:\belween the phononic and electronic energy dispersions®’, which
ultimately depend on th su%siing environment.***®  For our purposes, we adopt the calculated

Pos(2D)’=2700 cm™ ashe

e in pristine graphene for our laser excitation energy (2.72 e¢V).***® With

these considerations cafl confirm the small variations between the G peak positions APos(G) = (Pos(G)-
Pos(G)") < SCm'l/

2D peak positions APos(2D) = (Pos(2D)-Pos(2D)°) < 13cm™ for all the flakes under
the pristine case (Pos(G)’, Pos(2D)"). Furthermore, flakes on PMMA/PVA show a full-

0.17%%and do}ing levels below 2.5-10'* cm™ (Supplementary Material). These values are well below strain
-
nd dopSg values estimated for graphene on Si0,?7***% typically larger than 0.2% and 5-10'> cm™ for strain
andidoping respectively, in accordance to the expectations from the higher I(2D)/I(G) ratio of these flakes.

-
hus, our combined AFM and Raman data indicate that dry and flat PMMA itself is harmless to graphene.
Instead, the associated usage of solvents'*?’, heat treatments®’ and/or substrate roughness’*' are responsible

of the degradation of the optical and electronic properties of this two-dimensional material.
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Publishi ngc xt, to eliminate the possibility that the high I[(2D)/I(G) ratios appearing on PMMA/PVA arise incidentally
{tom interference effects caused by the selected dielectric layers,”, we have confirmed that large Raman
I(2D)/I(G) ratios are also observed when changing the composition and thickness of the substrate by
eliminating the PVA layer (Supplementary Material), i.e. when supported purely by the ~200nm thick
PMMA layer. We have additionally measured the Raman characteristics of selected graphene flakes before
and after encapsulation with hBN****_ and have confirmed that the high 1(2D)/I(G) ratios are conserved after
erci available hexagonal

(300 nm of SiO, thermally

this complete change of the environment of the graphene. For this task, co

boron nitride crystals (HQ Graphene) are exfoliated on oxidized silicon substtat
grown on top of highly-doped silicon) and are used as encapsulationy for heterostructure devices. In
assembling heterostructures we aim to maintain the low levels of s ain@d doping observed in the graphene

on PMMA samples. We largely follow the assembly methods pres e‘zlhfﬁ‘ Ref.23 using polypropylene

carbonate (PPC) as a transfer polymer to pick up and drop,down ‘?B and graphene but with some

modifications. C

We observe by AFM that exposing graphene exfoliated on PMMA to temperatures above 70°C has a

detrimental effect on the roughness, with the s fk@ﬁg: ss increasing above 0.4 nm at 100°C. Such

temperatures are unnecessary in the assembl pureﬁhqd ¢ however, as the graphene flakes are already

clean and dry on the hydrophobic PMMA. By ~?naﬁg assembly at 60°C, just over the glass transition

temperature of the PPC, the drop down o \@3& ke on top of graphene can be accomplished without

increasing the roughness. After the hm as been fully dropped down on top of graphene, the partial
0 a\ie

heterostructure can safely be exp ed\ erature ramp from 60°C to 100°C over 5 minutes to ensure
adhesion between the layers. The two es are then lifted together and dropped down on top of the bottom
hBN (Figure 3b, lower panél) a‘tg" C, similar to Ref.23, to avoid strain in the final heterostructure. We

not corrugate at thist
graphene by this/ difie

PMMA/PVA stib m?eh!\particular, Figure 3d shows a homogeneous encapsulated flake with I[(2D)/I(G)
and Pos(G) around 1582 cm™, similar to the ratio of the graphene flake on PMMA/PVA

this last “drop-down” step at 110°C since graphene supported by hBN will

aman maps demonstrate the lack of strain and doping introduced to the

capsulation process when using pristine, preselected graphene flakes on

bsequently to the fabrication of encapsulated samples and the measurement of the Raman spectral
\cgarac istics before and after this process we fabricate electrical devices for measurement of the
orr;s\ponding carrier mobility values. Although it would be highly desirable to verify that graphene flakes

on flat PMMA have a high mobility —i.e. without resorting to additional hBN encapsulation steps-, we note
that this is not trivial since PMMA is not compatible with standard electron beam lithography based

fabrication steps typically used to contact graphene. Alternative contacting methods such as shadow masks’

5
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Publi Shln(g lithography-free microprobing techniques® are difficult to apply here due to reduced flake sizes obtained
(ost of them around 10 um x 10 pm, see Supplementary Material). State-of-the-art nanoprobing

techniques*’ could be a possible way to measure the mobility of these flakes.

Based on the assumption that the mobility values obtained for a graphene flake are correlated with the

Raman spectral properties and in order to give an indicative mobility value that 1ght be expected from the

polymer supported flakes here described, we have measured the mobility WCapsulated devices
produced from PMMA exfoliated and preselected high I(2D)/I(G) ratio graphene flakessTo undertake these
measurements, we define 5 pm x 5 pm square-shaped regions and add electrical contacts using standard

fabrication techniques.”>** The homogeneity of the samples wa

F§t mnyestigated by comparing the
resistance R in two perpendicular configurations (see Supplementa aterial). Figure 3d shows the room

temperature resistivity p and field-effect mobility u as a functi n-&" the bagk-gate voltage V, for one of the

fabricated devices. These parameters are calculated fror(: (resistivity calculation with van der

Pauw configuration for square geometries® ) a respectively, where ¢is the dielectric

permittivity, ¢ is the dielectric thickness 102, 10 nm hBN) and o=1/p is the electrical
conductivity of the device. Carrier mobili 1es abo 50,000 cm?V-'s™! were measured for both electron and
holes (Figure 3d) in the two examined devic oam temperature.

In conclusion, we have shown th exfo%graphene on a hydrophobic, flat polymeric substrate leads to
very low residual strain, doping and*sQughness as compared to the same operation on SiO,. Whilst such
flakes hold promise for elegfreni¢ and optical studies — particularly those where a transparent and flexible

substrate is required - withoutigubstantial further processing, we have additionally shown that these graphene

flakes are ideally suited for the reproducible fabrication of encapsulated van der Waals heterostructures with
mobilities above 50,000 ¢ '1411 . We anticipate that the scheme presented for reducing strain and doping in
graphene is aj Lﬁble two-dimensional materials in general will enable the fabrication of related

heterostructuresy with properties that more consistently approach theoretical limits. From a practical

perspecti¥e, Raman Spectroscopy is ideal for rapidly prescreening graphene flakes, suggesting that such an

iﬁ(egrated‘” into automated systems for the assembly of van der Waals heterostructures in

not only reduces the effects of strain and doping on the graphene - resulting in high carrier

ilities - but also provides for a much reduced cost of substrate with arbitrary size as compared to

\071 ized silicon.
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Publishi ng"PP‘ementary Material

See supplementary material containing an optical image of graphene on PMMA/PVA, the evolution of
Raman spectra of graphene flakes on PMMA/PVA and after hBN encapsulation and electrical measurements

verifying the homogeneity of hBN encapsulated graphene devices, quantitati/ve estimation of strain and

doping levels on graphene flakes on PMMA/PVA, Raman spectra of graphene on PNMMA/SiO; and surface
roughness of spin-coated PVA films. Q
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igure 1, Characterization of graphene flakes on PMMA/PVA. (a) AFM image of the monolayer graphene;
th ap;d area covers both a graphene flake and bare PMMA surface. Step size in the XY plane is 20 nm.
k dots in the image are pinholes, features commonly appearing in spin-coated PMMA films***’ where
aphene is locally suspended (b) Histogram of the height distribution (surface roughness) measured for
phene on SiO, (black squares) and for graphene on PMMA/PVA (red circles) by AFM on 1um?® scan
windows. Solid lines are Gaussian fits to the distributions. (¢) Raman spectra of single, bi- and trilayer
graphene normalized by the G peak intensities. The spectra are collected on PMMA/PV A-supported flakes
and show a higher I(2D)/I(G) ratio as compared to usual values obtained on SiO supported graphene.
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heterostructures. (d) Raman ma owing' the 1(2D)/I(G) ratio of a representative encapsulated graphene
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flake. Scale bar is S5um (e) Histogram ofd(2D)/I(G) ratios for the squared indicated region of Sum side in (d).

(f) Resistivity and mobility @ice. Inset: SEM micrograph of the measured device. Scale bar is Sum
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