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Etching mechanisms of graphene nanoribbons in downstream Hz plasmas:

Insights from molecular dynamics simulations
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29 ABSTRACT

24 Lateral etching mechanisms of graphene nanorib(@BhsR) with zigzag (ZZ) edges in downstream H
26 plasmas are investigated using Molecular Dynamicailations. A new etching mechanism is found,
28 which occurs in three consecutive phases and esjaircontinuous exposure of GNRs to H atoms and
30 high substrate temperatures (~800K). Full hydrotienaf GNR free edges during Phase 1 reduces the
32 potential barriers to H chemisorption on near-edgeatoms from the basal plane. Subsequent
hydrogenation of near-edge C-C dimers creates mémisstress between C atoms (due to locitep

sp® rehybridizations) which leads to the rupture o€CQlimers bonds, unzipping locally th& and 2¢

39 edge carbon rows. The unzipping then propagatekraly along the GNR edges and creates suspended
41 linear carbon chains (Phase 2). Weakened by thpinseire to continuous H bombardment and strong
43 thermal vibrations, the suspended carbon chains timay rupture, leading to the sputtering of their
45 carbon atoms as single C atoms ern@lecules (Phase 3). Thus no formation of voldtijdrocarbon

47 etching products is observed in this 3-phase mestmrwhich explains why the ribbon edges can be
49 sharp-cut without generation of line-edge roughness also observed experimentally. Influence of
o1 substrate temperature on ZZ-GNRs etching is ingatd and suggests the dominant mechanisms for
understandinghe temperature dependence of the etch rate ollserperimentally (peaks at 800K and

decreases for lower or higher temperatures).

59 3 Author to whom correspondence should be addre&ectronic mail: emilie.despiau-pujo@cea.fr
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[. INTRODUCTION

Due to the unique physico-chemical propertiesirggigrom its 2D planar structure,
graphene has recently attracted considerable Himemd technological interé'st. This material
exhibits great potential for promising applicatioims many fields including nanoelectronics,
where graphene has been proposed to replace silaoothe fabrication of next-generation
electronic devices such as high-speed transfstdiewever, electronic applications are
handicapped by the absence of a semiconductingngaiistine graphene. Bandgap engineering
of graphene is thus an important challenge foddanelopment of graphene-based nanoelectronic
device§®. Different approaches have been tried to opemableeand well-tuned bandgaps in
single and bi-layer graphene - including chemiaahctionalization by hydrogenati6h or
fluorination'®'1 as well as boron and nitrogen substitutional dg{gi- but no mature process has
been developed yet. Alternatively, a bandgap csm la¢ obtained through quantum confinement
by patterning graphene nanoribbons (GNRs) with 5w width and well controlled eddé3s*
Due to their reduced dimensions and active eletrerge states, GNRs can indeed exhibit finite
(non-zero) bandgap values, the bandgap magnitudg bpproximately inversely proportional to
the nanoribbon widtd. However, since the electronic structure of GNRextremely sensitive to
their lateral dimension, controlled GNRs synthemands near-perfect edge engineering with
no line edge roughness (LER) formation.

For practical applications, nanoribbons with wglti ~2-5 nm should be patterned. This
can be achieved using bottom-up methgdhowever such techniques are usually not well
adapted to large-area waféfsAnother solution is to usa top-down approach, in which the
graphene is patterned using a combination of pitletgraphy and plasma etching techniques.
Several groups have used this method to synth€sides’:18 and fabricate first single-electrn

and field-effect® graphene-based transistors. However, this comhimetthod is limited by the

2
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lithographic mask resolution and the line width gbness (LWR). For instance, for electron-

beam lithography, the etch pattern resolution isegally restricted to a critical dimension ~10

©CoO~NOUTA,WNPE

11 nm with a LWR ~3nmAlthough solutions may be found using high resolutialternative
13 lithography techniques such as self-assembled opklymer etch masks,it remains possible
to reach sub-10 nm nanoribbons dimensions with dawsolution lithography by using a two-
18 step proces¥?® In the first step, the top-down approach is usedodttern >10 nm-width
20 graphene nanoribbons. To do so, the graphene sasplsually etched through an e-beam
patterned photoresist mask by bf O plasmas. In a second step, the lateral dimendidheo
o5 GNR is reduced to the desired size, i.e., it iedclaterally (or trimmed) without damaging its
27 surface. This second/lateral etching step is alamgihg task since the properties of GNRs
29 depend strongly on their width, as well as on thestallographic orientation and the atomic
structure of their edges.

34 Several methods have recently been explored to @NRs based on dry etching
36 techniques. Wang and Dai reported a gas-phasengtgiocedure (without plasma) at high-
temperature (800°C) in NJO-/Ar mixtures, which allowed to narrow 20 nm-wide &8I
41 (obtained from lithographic patterning) down to & mvithout damaging their basal plane, as
43 evidenced by Raman spectrosctpidowever, this over-etching/trimming step resultetireaks
along the ribbons due to the edge roughness anith wadiations in the as-patterned GNRs after
48 the lithographic patterning st&p Diankov et af* studied the influence of remote hydrogen
50 plasmas on graphene deposited on.8iOnica substrates. They showed that etching wgtdyhi
52 anisotropic and proceeded from the sheet edgesoor pre-existing defects, with an etch rate
55 displaying a pronounced dependence on the sampieetature: very slow at room temperature,
57 peaking around 400°C and suppressed entirely atC?00ther recent studies indicated that

59 GNRs trimming could be achieved by using downstré#nplasmas, in which H atoms attack
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preferentially the edges of the ribbons. Xie et°aleported selective etching of GNRs edges
(without damaging the basal plane) in a remote dyein plasma system, at 300 mTorr and for a
substrate temperature of 300°C. Anisotropic etchaiggraphene by Hplasmas was also
observed by Yang et al. in a remote inductivelypted plasma (ICP) systéf They report that
the RF power and the substrate temperatyrevéire the key parameters to control the lateral
etching rate of monolayer and bilayer graphene aFaynstant 50W RF power, the lateral etching
rate was shown to increase with the substrate teatyre until T=450°C (where it reaches a
local maximum of 8 nm/min) and to then decreassecto zero values at3700°C2.,

In the above experimental studies, the distantedan the graphene/GNR samples and
the plasma source was large (~40 cm) to avoid eéxgade graphene surface to energetic ions. It
means thamostly H plasma radicals could reach the graphene saamdeparticipate in its
etching. No further studies were carried out toarathnd the etching mechanism itself but the
authors proposed a mechanism involving two stepthd hydrogenation of C atoms at the edges
by reactive H species of the plasma to form C-Hugsofollowed by (ii) the breaking/cleavage of
adjacent C-C bonds with the release/formation of €dh by-productsd-?#25 These conclusions
were made based on reaction mechanisms usuallyvelolsim plasma etching processes but were
not confirmed experimentally in the case of graghetching; i.e. the formation of methane
etching products was not detected by any diagreodtigparticular, it still remains unclear how H
radicals can selectively react with graphene edg#dsut etching or introducing defects in its
basal plane, and without creating line edge roughne@deed, one would expect the H attack of
C at graphene edges to form £id be a random chemical process, which would tably lead
to the generation and propagation of roughnessheretiges. However experiments report that
GNRs at the zigzag edges (not the armchair edge ®iched in a self-limiting manner, which

suggests that a different etching mechanism magJmdved here.
4
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Hence, in this paper, we perform Molecular Dynami(MD) simulations of
hydrogen/GNRs interaction in downstream plasmas to investigate the lateral etching
mechanism ofuspendedigzag (ZZ) GNRs. Atomistic methods are a natusal to study such
problems since they provide insights into the ptysihemical reactions at the atomic scale.
Becausehe experimental etch rate was shown to dependgiran the sample temperature -
very slow at 300°C (~570K), peaking around 450°C30K) and suppressed almost entirely at
700°C (~970K3¥?24 - we investigated numerically a broad temperatarege. MD simulations
were run at 300K, 600K, 800K and 1000K. Since tighdst etch rate was found numerically at
800K (close to the experimental peak value 880K), this paper focuses on the fundamental
understanding of the etch mechanisnZ@ftGNRs at 800K. It also provides elements exptaini
why the GNRs etch rate may depend on the subs#atperature (peaks at 800K and decreases
for lower or higher substrate temperatures). Thelaris organized as follows. Section Il
describes important characteristics of the compmutat method used to study the interaction
between H radicals arslispendedZ-GNRs. Section Il presents and discusses reablsit the
3 phases (edge carbons hydrogenation, unzippingsputiering) of the etching mechanism at
800K and the substrate temperature influence om phocess. Our conclusions are given in

section IV.

Il. COMPUTATIONAL METHODS

Classical Molecular Dynamics (MD) refers to a sla$ simulations that solve Newton’s
equations of motion for a system of interactingtipkes, treating each atom as a classical point
and modeling the quantum effects from electronsahyinteratomic potential energy function.
This semi-empirical function describes the poténtaergy surface that results from an

instantaneous configuration and attempts to mduefdrces between atoms, as well as changes
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in covalent bonding® In this work, the 2nd generation C-H REBO potdntaveloped by
Brenner and coworketsis used to study the interactions between H réslamad ZZ-GNRs. This
potential — widely used to model solid carbon apdrbcarbon systems — was successfully tested
against DFT calculations to study elementary preeef graphene-hydrogen interaction in a
former papet. As shown in figure 1, the initial configuratios asuspende@nm-wide single-
layer GNR (k=41A, L,=19A) which contains 340 carbon atoms with a s@facea ~780A
Periodic boundary conditions are imposed along@xeaxis only in order to mimic a semi-
infinite ribbon with free zigzag edges. Two carbatoms are maintained fixed on the periodic
edges to anchor the graphene surface during curmilaydrogen bombardment. The GNR is
then quenched at various surface temperatureg300K, 600K, 800K, 1000K) using the
Berendsen thermostat before being exposed to an isotropic flux of lmggm thermal radicals.
To model physically realistic conditions, we assdrtigat the H radicals' temperature is close to
the surface/substrate temperature, a reasonabteafaproximation for a flowing downstream
plasma system in contact with a heated substratreiore the radicals' impacting kinetic energy
Er is sampled from a Maxwell-Boltzmann energy disttibn at temperaturesI For all impact
trajectories, simulations are performed in the pganonical (NVE) ensemble. The numerical
integration scheme used to compute positions atatities is the velocity-Verlet algorithit
with a timestep of 5x1®fs. Due the relative lightness of hydrogen and dppearance of
numerical instability of graphene free edges ahtsgrface temperatures, the timestep has to be
strongly reduced (compared to previous plasma-seirsamulations) to prevent unphysical events
arising from numerical integration artefacts.

The simulations performed in this paper are simita form to those described in
previous papefs32 The isotropic H bombardment of GNRs is simulabgdimpacting the

surface at random locations and with random H toas. After each H impact, the motion of all

6
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atoms is followed during a few tenths of picosestalcapture the physics of the interaction (H

©CoO~NOUTA,WNPE

reflection, C-H bond formation, etch product format etc.). Simulation of continuous H
11 exposure is performed as a set of recursive inpajeictories, where the output configuration for
13 impact i is used as the input configuration for impa¢tl. For any realistic downstream
discharge, radical fluxes are such that H atomsldvoupact the surface approximately once
18 every 16>-10° s. Since simulation of the ps ts interval is not tractable with MD, events
20 occurring in the relatively long times between imigaare not directly simulated. Instead, it is
assumed that nothing happens during this time eéXoemlissipation of eventual excess kinetic
o5 energy’32 For this reason, simulation results are reparnedrms of fluence (atoms/&mather
27 than in flux or time. And in order to mimic the oedl conduction of heat out of the cell, the

29 Berendsen heat bath is applied to cool the celk lacits initial temperature slafter each

impac®®.

]
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Figure 1. (top) Armchair (AC) and zigzag (ZZ) edges of graphefbottom) Simulation cell used in the MD
calculation: GNR with free ZZ-edges with two fixetbias and periodic boundaries applied along the Xix &reen
(zone 1) and red (zone 2) zones indicate the céstiriareas used for H cumulative bombardment oftinkace.
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As expected, preliminary simulations of isotropic exposure of the full GNRs at
various & showed only little modification of the surface eaft5000 impacts (fluence
~6x10atom/cni): the basal plane was intact and only a few H atbad bound on the free ZZ-
edges. These calculations confirmed that the pibtyatf surface modification was low because
H radicals could only attack GNRs on edges dudéé¢opresence of potential barriers (~0.4-0.6
eV) on the basal plane arising from delocalizealpitron®. To accelerate the calculations
(which would have taken several months in such itimm$) and to focus on the etching
mechanism, the zones for H bombardment were thaisated to smaller areas. A small area —
called zone 1 — centered on one free edge of theGINR was selected to investigate the
fundamental etching mechanisms of the ribbon akk8a0d the surface temperature influence
(green zone in figure 1). A larger area — calledez@ — was selected to study the propagation of
the etch front and the trimming of the full GNR&0K (red zone in figure 1). In both cases,
only the free edges and a few adjacent carbon fows the basal plane are exposed to plasma
radicals, i.e. those that are susceptible to rahet;remainder of the cell is simulated but not
bombarded. Such a choice allows to greatly reddwe domputation time cost without

information loss since a significant part of theddgplane remains bombarded by H radicals.

lll. RESULTS AND DISCUSSION
A. Fundamental etching mechanisms of ZZ-GNRs

1. Lateral etching mechanism of ZZ-GNRs at Ts = 800K



Page 9 of 29

©CoO~NOUTA,WNPE

CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT JPhysD-104062.R2

P ./ 2nd carbonrow

-
- - -
........

fr"I ,L\ e N~ 1st carbon row

Sy ¥ T

-
e

and triple-coordinated carbons
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Figure 2. Schemaitic illustration of double and triple-cooatd carbon atoms next to the free ZZ edge. 1sPadd
carbon rows, as well as C-C dimers, are definedgalbe GNR edges. The green zone represents thetebtarea
bombarded by H radicals (zone 1).

The simulation reported here analyses how a sanalh of the GNR edge (zone 1) is
modified under cumulative H radicals bombardmer8QiK. As illustrated in figure 2, zone 1 is
centered on a free edge of the ZZ-GNR and contaig 27 carbon atoms. We define and
number 2 specific carbon rows next to the edgeto@a belonging to thesticarbon row can be
double-coordinated (5 atoms in zone 1) or triplerdmated (4 atoms in zone 1), while all C
atoms belonging to the"®carbon row are triple-coordinated. Partial or f@inoval of the %
carbon row indicates that the GNR is etched froendtiges. In the following, we also refer to so-
called“C-C dimer$ which correspond to pairs of 2 bonded C atoms fthen® and 29 rows
(figure 2). Exposing such a small area to H impawsns that, ultimately, only 7 carbon atoms
can be removed/etched from th& darbon row and edge effects may influence theirmch
process. However, our goal here is not to retrgpuamntitatively the measured etching rates but to
understand the basic mechanisms involved in theireggorocess by performing statistics over

many impacts on a small zone of the surface.
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Figure 3. Hydrogenation of the GNR cell (zone 1) as functibthe H fluence for E=Ts= 800K. Hydrogen uptake
on the edges (double-coordinated C atoms) and obaba plane (triple-coordinated C atoms) is shovth dotted
and solid black lines respectively. The red cuegresents the carbon etching ratio.

Figure 3 illustrates how the hydrogenation and ¢btehing of the GNR (zone 1)
proceeds as a function of the fluence of H plasadécals at & = Ts= 800K. Here we consider
separately the hydrogenation rates of the GNR e(lgeptake on double-coordinated C atoms)
and of the GNR basal plane (H uptake on triple-dmated C atoms). Rate values are calculated
as the total number of H chemisorbed on doubletrijle-) coordinated C atoms divided by the
total number of such C atoms in the exposed am@@e(1). Figure 3 also shows the evolution of

the carbon etching ratio EC, calculated as the fatween the number of etched C atoms and

C
total *

the total number of C atoms in the exposed afg&= NS /N Given the defined area, the

removal of the 2 carbon row is then equivalent to a carbon etchatig EG ~ 0.25. We observe
that the etching mechanism of the ZZ-edge occurthiee phases. Once the edge C atoms
(double-coordinated) are fully hydrogenated (PHaséhe inner C atoms next to the edge (triple-
coordinated) also start to be hydrogenated whiatdddo the unzipping (local C-C dimers bond

breaking) of the st carbon row (Phase 2). Then, the rupture of thepperl/suspended carbon

1C
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chain induces the sputtering of its C atoms (PBasknterestingly, the full mechanism of carbon
etching from the ZZ-GNR edge does not require avigtite hydrocarbon product formation. In

the following paragraph, all three phases are disedi in details.

a. Phase 1. Free edges hydrogenation

When exposing the virgin GNR to H radicals bomb=zedt, figure 3 shows that H
atoms first chemically attack the free edges whiechemisorption occurs on the basal plane.
This was expected since, as previously repéttetichemisorption is barrierless on ZZ- and AC-
GNR edges (unsaturated dangling bonds) while H sitiomast overcome a 0.4-0.6 eV potential
barrier to chemisorb on the graphene basal planis. Garrier is expected to decrease when the
surface temperature increaSesiowever, it was shown to remain on the order fevatenth of
eV, which is high enough to prevent chemisorptidnHb atoms with k& between 300K
(~0.026eV) and 1000K (~0.086eV). Hence, there igaity no C-H bond formation on the

edge ;

triple-coordinated C atoms of the basal plane. dhge uptakéd | increases with the H fluence

and reaches rapidly a quasi-steady state valwsclliates between 0.8 and 1, indicating that H
desorption from the edges also takes place, butttlea H adsorption rate prevails over its

desorption rate in these temperature conditionssd@m as the GNR edge is saturated with C-H

bonds, the formation of GHyroups on the C edge atoms starts to be obsewgﬁf é1 fora

fluence ~1.5x18atom/cn?). The formation of a significant density of Clgroups on the edges
initiates Phase 2: the hydrogenation of the bdsalepclose to the edges.

Previous studies of elementary H/graphene intemacprocesses showed that the
presence of one or more H adsorbates on the gragheface strongly influences subsequent H

adsorption and promotes the formation of energéticiavorable H paird. In order to

11
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understand the energetics of H chemisorption osécto the edges, we calculated dynamically
the potential energy barriers felt by an H atomimgjmg in the vicinity of one (or more) H
atoms already chemisorbed on a GNR-edge at OK.[RReHfuhese calculations are presented in
figure 4 and show the energies required for H cBemtion on specific sites (in red) given
specific surface configurations (in green). Inténggy, figure 4 suggests that the formation of a
CH2 group from an existing CH group requires an H iotpéth an energy £>0.5 eV; it should
therefore only very rarely observed at 800K singe®07eV. However, hydrogenation at 800 K
is characterized by strong thermal vibrations ansigmificant bending of the hydrogenated
edges, both of which may significantly decreaseethergy barrier for CiHformation compared
to the OK case. As expected, figure 4 also shows tie energy required for additional H
chemisorption on thes1and 2 carbon rows depends strongly on the local atomiérenment.

In some configurations, the probability of C-H bdiedmation on triple-coordinated C atoms in
the basal plane can become high. For example, wherCH groups are located next to each
other on the edge, H chemisorption on the innero@® 41> row) can take place with only 0.1 eV
at OK. Such a mechanism is thus expected to besalbarierless at 800 K and possible even
with 0.07 eV H radicals. Therefore, as the hydrogptake on the edges (double-coordinated C)
increases, the density of €igroups rises, initiating the hydrogenation of letpoordinated C

atoms in the basal plane and Phase 2.

12
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25
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27

28
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31

32 Figure 4. (Left) Energy required for H chemisorption on dasbhnd triple- coordinated C atoms on the near-edge
33 region. The schematics show the energy requiredafoiH atom to chemisorb on thé& and 29 carbon row
34 depending on the initial surface configuration (fogenation). Calculations are done far=T0 K but all atoms are
35 allowed to relax when interacting with the incidéhtin each case, H atoms already chemisorbedhagecen and
36 below is indicated the energy required to chemisoriextra H atom (in red) at a given position. (Rignapshots of
37 the MD cell illustrating the evolution of the ediggdrogenation during Phase 1.

38

39

40 . "

a1 b. Phase 2: Inner C atoms hydrogenation and unzpping of edge C atoms

42

43 At the beginning of Phase 2, the hydrogenatiothef GNR basal plane (H uptake on
44

jg triple-coordinated C atoms) increases rapidly apdches its maximum at a fluence of
j; ~2.5x10%atom/cn? (figure 3). Inner C atoms from theftland 29 carbon rows start to be
49

50 hydrogenated, which requires a local-sp’ rehybridization resulting in structural changeshef
51

52 GNR?® surface and distorting its edges. As shown inriglba and 5b, C-H bond formation on
53

gg these sites creates mechanical stress which distbg honeycomb lattice and facilitates
56 . . .

57 additional chemisorption of thermal H atoms on ttié and 29 carbon rows. The full
58

59 hydrogenation of C-C dimers next to the edge (Bdgblb and 5d) then induces a slight increase in
60

13
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the C-C dimers bond length and the subsequent ingeak these dimers (figure 5¢ and 5e). To
illustrate it, the evolution of the C-C dimer bolethgth in figures 5a)-c) is shown as function of
the H fluence in Figure 6. Initially, the averageCQlimer bond length is equal to 1.42 A, which
matches the equilibrium bond length in the graphkoeeycomb lattice (8p As H atoms
hydrogenate successively the two C atoms of theedithe C-C dimer bond is stretched due to
the pair-rehybridization of the C atoms {sp sp) and its length increases up to 1.6 A (figure
5b). This mechanical stress, further enhanced byntal vibrations of the GNR edge, leads
rapidly to the rupture of the C-C dimer bond (figuc). Thisunzipping process is caused by the
distortion of the surface combined with the therm#rations of the lattice; it does not
necessarily require additional H bombardment buue much faster if the area keeps being
continuously bombarded. The consequence of mulépt adjacent C-C dimer bonds breaking
(figure 5) is the formation of a suspended lingzaic of C atoms on the GNR edge (figure 5f).
This mechanism is calleahzipping because as discussed later, it will propagategatioa edge,
thus separating thestland 29 carbon rows like a zip. The creation of suspenaleripped C
chains eventually leads to the last step of théimgc process: chain breaking and carbon

sputtering (i.e. etching).

Figure 5. MD snapshots illustrating the series of mechanisading to the unzipping of thé' tarbon row in Phase
2. After hydrogenation of edge C atoms in Phasarigri C atoms next to the edge (triple-coordinatéat) $o be
hydrogenated. It induces a slight increase in th@ d@mers bond length and the subsequent ruptutteesé dimers.
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Figure 6. Bond length of a C-C dimer located next to the GNMBeeas a function of the H fluence. The a)-c) tette
refer to the snapshots presented in Figure 5.
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c. Phase 3: Rupture of suspended C chains and C atoms sputtering

After being unzipped, the suspended linear C chaie weakened by the continuous H
bombardment of the unzipped area and its surrogsdiwhen H atoms impinge on the GNR
close enough to (or on) an unzipped C chain, tlegpsit small amounts of energy in the system
which enhance the amplitude of the C-C bonds vitmatin the unzipped chaiAs a result, the
suspended C chain - which already experiences fisigni bending and stretching - can
eventually rupture from one side, leaving behinduastable dangling chain of C atoms (figure
7a-b). The energy released by this 1st C-C bondurepweakens the chain and initiates a
series/cascade of sputtering events: all C atooms the broken chain are sputtered one by one
in the next few femtoseconds (figure 7c-d-e). Saahechanism involves H bombardment and
local energy deposition close enough to (or on) shepended carbon chain. Sometimes,
suspended C chains rupture and carbon sputterisg appear in conjunction with the
absorption/desorption of H atoms next to (or oe)shspended C chain, or with the formation of

CH. groups facing the unzipped C atoms (figure 7fgyleed, such reactions inevitably induce

15



©CoO~NOUTA,WNPE

CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT JPhysD-104062.R2 Page 16 of 29

mechanical stress (or surface reconstruction) ensirstem, which facilitates the rupture of C-C
bonds in the suspended C chain. Finally, as idstr in figure 7k-o, the energy released by two
simultaneous reactions (e.g. the rupture of a tgeimated C-C dimer combined with an H
desorption from the dimer) may also initiate theedi sputtering of a single C atom, rapidly

followed by the sputtering of its chain neighbors.

Figure 7. Series of snapshots illustrating 3 different med$as [a)-e), f)-j), k)-0)] which induce the ruptuof a
suspended C chain and carbon atom sputtering dBtiage 3.

These examples show that carbon sputtering froomppad/suspended C chains occurs
due to a concerted mechanism, which requires lagipérature, continuous hydrogenation and
local mechanical stress induced in the system.efti@ing mechanism itself can be thought of as
a sputtering process, since there is no need to falatile etch products to remove C atoms
from the GNR edges. As a matter of fact, the pradant etching by-products predicted in this
study are single C atoms, with a smaller contrdoufrom G molecules. Therefore, contrary to
expectations, no formation of volatilgH, etch products is observed in this etching mechanis

This is an important conclusion since, as discudagsl, this appears to be the root cause

16
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explaining why the ribbon edges can be sharp-cith¢ut LER generation) rather than being
‘nibbled’ by H atoms as is the case in typical plasetching processes.

Results found in the literature support our nuoarprediction®-26 Chuvilin et al.
reported TEM observations of graphene nanoribb@mstormation to single carbon chains — an
extreme lateral etching example induced by eledbeam irradiation — in various configurations
such as graphene bridges or between adsofbatéise in our study, they also observed the
formation of singe carbon chains loops (unzippedha open edges of graphene shéefhe
unzipping mechanism was also observed experimgniallreactions between single-walled
carbon nanotubes (SWNTSs) and hydrogen gas. Tatzal. reported the unzipping of SWNTs
into graphene nanoribbons as a result of hydrogemat 400-550 °€'. John et al. also revealed
the sequential electrochemical unzipping of SWNa@sgtaphene ribbons by situ Raman
spectroscopy and imagittg This CNTs unzipping process was also analyzedutiitr MD
simulations using the reactive force field Rea¥FBos Santos et al. reported that the unzipping
process, which is responsible for CNTs opening, easto the generation of local stress in the
CNT?6. All these groups concluded that almost perfelitigar cuts could be achieved in CNTs
through the unzipping process, which suggestsatsmilar process can be suitable for cutting
GNR edges. Reconstruction and evaporation of C atatrthe edges of ZZ-GNRs were also
investigated through MD and DFT calculati¢hsAt very high temperature (~3000 K), carbon
atoms were found to evaporate (as single atoms) iow-by-row fashion from the outermost
zigzag edge region, with formation of linear carbomaing®. Finally, Jin et al. realized
experimentally stable and rigid carbon atomic chalyy removing C atoms row-by-row from
graphene through controlled energetic electrordiation inside a TEM. Like in our study,

they report that a surface atom sputtering mecharsBould dominate the thinning process,
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which would be initiated by removing the doubleabonated C atoms at the two edges of the

GNR and followed by the further sputtering of thigagent C aton?s.

2. Influence of the substrate temperature

In this subsection, MD calculations similar to $baliscussed in section Ill.A are performed
for varying graphene substrate temperature§300K, 600K, 1000K). The goal of this study is
to understand howsImodifies the etching mechanism of ZZ-GNRs in dave@n B plasmas,
and to provide a possible explanation for the teaipee dependence of the etch rate observed
experimentally (peaks at 800K and decrease for dlawehigher substrate temperaturés}2>
Figure 8 illustrates how the hydrogenation and eétehing of the GNR (zone 1) proceed as
function of the H fluence for various surface tenapares F and for H radical energieRETs.
Here again we present separately the hydrogenatites of the GNR edges (H uptake on
double-coordinated C atoms) and of the GNR basaiepl(H uptake on triple-coordinated C
atoms), as well as the carbon etching ratio. WemMesthat free edge hydrogenation takes place
initially for all substrate temperatures. At rooemiperature (300K), saturation of edge C atoms
(double-coordinated) leads mostly to single C-H dsoformation with very rare GHgroup
contributions. Figure 8a) also shows that hydrogenaf the basal plane is impossible because
thermal H atoms (~0.026eV) do not have sufficiemtrgy to chemisorb on triple-coordinated
carbong. Therefore, at room temperature, the requirecasertonditions to generate unzipping
events (i.e. edge and near-edge H functionalizaaoa not reached and no etching is observed
(the edge H uptake curve reaches a steady state€§0@K, hydrogenation of the GNR basal
plane (H uptake on triple-coordinated C atoms)tstaiter a fluence of ~1.41x1¥Gtom/cn3, i.e.
as rapidly as at 800K (see figure 3). However,jladility of H atoms to bind on the C-C dimers

configurations as fast as they do at 800K, slowsrdgignificantly the hydrogenation of the
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inner C atoms (Phase 2). As a consequence, thecBueeeded to initiate etching is ~7 times
higher at 600K (2.8xT8atom/cn?) than at 800K (3.8xE0atom/cn?). This is partly attributed to
the fact that at 600K, thermal vibrations and begddf the GNR hydrogenated edges do not
reduce the surface potential barriers as strorgjgt 800K. The H radicals energy is also smaller
at 600K (=0.052 eV) than at 800K (E0.069 eV), which does not favor C-H bonds formatio
either. Although Phase 2 is slowed down at 600K mamed to 800K, figure 8b shows that once
etching starts (Phase 3), the basal plane hydréigeanamains high and the carbon etching ratio
keeps increasing, indicating that etching is finadliking place. At higher temperature (1000K),
the H uptake on the edges (double-coordinated @sjtoscillates strongly and remains below 1
for fluences smaller than 4x¥@tom/cnd, indicating a competition between adsorption and
spontaneous thermal desorption of H atoms on the &édges. This slows down significantly

Phase 1, which lasts ~4 times longer than at 600B00K. Once the edge C atoms are fully

edge
upt

hydrogenated i >° >1), hydrogenation of the basal plane increases Isapidth the H dose.

This is due to strong thermal vibrations and tohtgher energy of H radicals & 0.086eV) at
1000K, which lead to a higher probability of H clisamption on the inner C atoms"{Zarbon
row). As a consequence, Phase 2 is shorter th&9@{ and carbon sputtering starts for a
fluence ~8x1&atom/cni, i.e. twice as long than at 800K but 3 times sodn@n at 600K.

Even if our results are deduced from only a reddyi restricted bombardment area (zone 1),
interesting tendencies can be seen by comparing\bkition of the carbon etching ratio for
temperatures §>300K. First, there is an H dose threshold (delay)nitiate etching, which
depends on temperature (it is significantly highér600 K) and is due to the temperature
dependence of the GNR hydrogenation rate in PhasadlPhase 2. However, since the

equivalent timescale of fluences presented in @&giwould be roughly about a second in real
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plasma discharges, this delay should be negligibl@rocesses which last many minutes.
Furthermore, by looking at the carbon etching WelC removed per incident H) for the three
temperatures, the lateral etching of the GNR afgpteabe faster at 800K than at 1000K or 600K,
in qualitative agreement with experiments. In ortteprovide calculations for a more realistic
case, the following section presents the resultsioéd when a larger area is cumulatively

bombarded and hydrogenated at 800K.

2C



Page 21 of 29 CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT JPhysD-104062.R2

1
2
3
4 25 ' 1.0
5 | - - - - edge
‘ Lol
7 8 IS
8 s o
9 T s {06 2
10 & 5
11 Q PR AR i
12 g 1.0F -- Jo04 <
14 T Phase 1 T
15 0.5F 4020
16
17
18 0.0 . L . L . L . L . 0.0
0.0 2.0x10" 4.0x10" 6.0x1¢" 8.0x1d" 1.0x10°
19 25 . . ' . . 2 . 1.0
32 : ........ edge :
basal b) 600K 3 :
2 o] DL PR s
23 %) 3 <
24 £ [ -
25 L 15} - 06 €
3+ | “ ¥ =
26 :)/ B R =
27 S ES ii i
28 £ 10 ':'3.‘5{.‘5 2 i 04 ¢
o sende o :..,' .o o
29 ) I ¥ ke
30 T ¥ : T
31 0.5 Phase 2 020
i
32 |
33 0.0Ek —T P . oo
34 0.0 6.0x10" 1.2x10° 1.8x10° 2.4x1d° 3.0x1d° 3.6x10°
35 2.5 ———m——— 1.0
36 ........ edge | |
37 basal' c) 1000K |
38 —~ 2.0} ! ' Jos o
@) | | =]
39 E | | &5
40 I | |
41 & 15r | | 1% 2
jg % :a ..,::..:...0;.:. - : 459
1 5 10} ig !;'.E :_- o Lfy aeeereeeeeeseeseess <404 Lé]
i R £ i A | ©
45 T [f L] W g 2
46 05F € 13 0.2 S
47 I A
48 Phasel !
49 0.0 . 1 ! . 1 . 1 . 1 . 1 0.0
50 0.0 2.0x1d" 4.0x10" 6.0x10" 8.0x10" 1.0x10° 1.2x10°
g; Fluence (atom/cf)
53
54 Figure 8. Hydrogenation of the GNR cell (zone 1) as functibthe H fluence for E=Ts= a) 300K, b) 600K and c)
55 1000K. Hydrogen uptake on the edges (double-coateihC atoms) and on the basal plane (triple-coateihC
56 atoms) is shown with dotted and solid black lirespectively. The red curve represents the carliringt ratio.
57
58
59
60

21



©CoO~NOUTA,WNPE

CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT JPhysD-104062.R2 Page 22 of 29

B. Full ZZ-GNR trimming at Ts = 800K

initial GNR cell

e
S
S
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X
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Figure 9. MD snapshots showing the evolution of the full GBEY at 800K after an H fluence of 1x£a&tom/cns.

In this section, a larger bombardment area — d¢atlene 2 — is selected to study the
propagation of the etch front and the trimminghad full GNR at 800K (red zone in figure 1). In
this case again, only the free edges and a feveadjaarbon rows from the basal plane (3 along
each free ZZ edge) are exposed to plasma radioalghose that are susceptible to react; the
remainder of the cell is simulated but not bombdré&égure 9 shows the evolution of the full
GNR cell before and after an H fluence of 1¥a@bms/cm. We observe that almost two entire
carbon rows were removed from the free GNR edgés;hwindicates that lateral etching takes
place. One should note that the structure distodiod absence of etching near the extremities of
the ribbon are only due to numerical edge effectdeed, as explained in section Il, periodic

boundary conditions are imposed along the Ox awisnimic a semi-infinite ribbon) and two
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bombardment. Since these two fixed C atoms prdwvetht extremities of the GNR to behave the

11 same way as its middle part, only the middle pathe ribbon should be considered here.

48 Figure 10. MD snapshots illustrating the propagation/cascadenaipping and sputtering events along the GNR
49 free edge at 800K.

52 Although numerical edge effects are inevitable &iffinite computational domain and
worsen as the cell size is reduced, all trendscamdlusions drawn from the fundamental study
57 carried out on zone 1 (see section Ill.A.1) areficored by this study on zone 2. In particular, if

59 one excludes edge effects, no significant edgetmoess (LER) is generated in the middle part of
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the GNR cell during its lateral etching. This isemarkable result but the reasons for this might
be more complex than it was suggested earlier.elthdene could expect from results on zone 1
that the lateral etching of ZZ-GNRs could proceed-by-row (i.e. by removing, one-by-one,
one entire row of C atoms after unzipping it). &at, we observe that lateral etching proceeds
through a cascade of unzipping/sputtering event&lwpropagates along the GNR edge, as
illustrated in figure 10. In fact, unzipping a fakrbon row is difficult because the hydrogenation
of near-edge C-C dimers takes place randomly aklwegGNR (due to random H impacts
locations), and as soon as any C-C dimer is hydratge, unzipping occurs rapidly (and locally)
without any further bombardment assistance. Sinisiinpossible to saturate all near-edge C-C
dimers at once, it is thus impossible to unzip atire carbon row. Instead, suspended carbon
chains containing between 3 and 5 atoms will appaatomly along the edge. And as shown in
figure 10, the subsequent rupture of these unzigbedhs will cause the sputtering of their C
atoms.

At first glance, one could think that this randaone-by-zone etching should lead to the
generation of LER. Our MD simulations show it ig tiee case, because the etching mechanism
proceeds through a sequential cascade of unzipgmagsputtering events, which propagates
along the edge only. This is a self-limited pro¢essce the etching cannot propagate to fe 2
or 39 carbon rows before theftarbon row is removed from most part of the cElie root
cause is that hydrogenation of the basal plandréan the edge is highly unlikely due to the
absence of sufficient stress and bending (causesitfgice reconstruction), which are needed to
reduce the surface potential barriers. Therefordy ¢the near-edge region is hydrogenated
enough to produce unzipping, which typically progi@g like an avalanche: the stress generated
by C sputtering from one chain often initiates thpture of neighbor unzipped chains and C

sputtering from these chains (figure 10). This ek why the etching process does not generate
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LER on the GNR edges: even if C atoms are remotggats/-step along the row on the edges, a
global trend of row-by-row etching is still obsedveThis suggests that the process can be
controlled at the atomic scale, allowing a preasatrol of the final ribbon dimension, as
reported in experimerfs?®. Moreover, while typical plasma etching processelying on
volatile hydrocarbon products formation would likelead to strong edge roughness, the
proposed unzipping mechanism does not. As showfigime 11, no hydrocarbon etching
products were observed through our entire MD stlratead, almost 80% of etched carbon left

as single C atoms and about 20% asnGlecules.
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Figure 11. Carbon etching as function of the H fluence forfileGNR cell at 800K. Inset: Distribution of eficly
products.

V. CONCLUSION

In this paper, we studied the lateral etching rma@dm ofsuspendedGNRs with free ZZ
edges in downstreamyhplasmas using Molecular Dynamics (MD) simulatiofise influence of
the substrate temperature on the etching mechamias investigated and found to be in
gualitative agreement with experiments. We prop@adw etching mechanism, which occurs in
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three consecutive phases and requires a contiraxquaasure of the GNR to H atoms, as well as
thermal vibrations of the graphene surface at béghperature (~800K). Phase 1 consists of the
hydrogenation of the GNR edges and is possibleusechl atoms chemisorption is barrierless on
free ZZ-edges (double-coordinated C atoms). Foomaif both CH and CHgroups is observed
on the edges during this phase. As a result, tfacipotential barriers to H chemisorption on
inner C atoms from thestland 29 carbon rows can be reduced, allowing the hydrogEmaf
near-edge C atoms from the basal plane. An impbrtdep in the mechanism is the
hydrogenation of C-C dimers from thé& and 29 carbon rows. Indeed, CH bond formation on
these dimers creates mechanical stress betweenwtheC atoms (due to local %po-sp
rehybridization and corresponding bond angle chengad leads to the rupture of the C-C
dimers bond, thus unzipping locally th#dnd 29 carbon rows. At this point, H atoms previously
bound to the edge C desorb, leaving behind chdinS with no attached H. This unzipping
mechanism propagates randomly along the edges r@ades linear carbon chains suspended
along the edge of the ribbon (Phase 2). The suggklmiear C chains are then weakened by the
continuous H bombardment: H impacts bring additicgr@ergy in the system or mechanical
stress by forming new CH bonds around the unzipgre@. This sequence may result in the
rupture of the suspended chains and the sputtefititeir carbon atoms as C single atoms pr C
molecules (Phase 3). All CH bonds formed on edgadins rupture before the C is sputtered

since none of the sputtered C atoms was obseruautiio H.

The original mechanisms evidenced by our MD stasysupported by experimental results
reported in the literature, especially in the fieffdcarbon nanotubes (CNTs) where unzipping
allows to transform CNTs into GNRs via a sharp atraight cutting of the nanotubes. The

influence of substrate temperature on the fundaahemthing mechanisms of ZZ-GNRs was also
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investigated. Our analysis suggested the dominachamisms for understanding the temperature
dependence of the etch rate observed experimerffebks at 800K and decreases for lower or
higher substrate temperatures). This study densisstrthe capacity of classical MD to
reproduce and explain the slow etching mechanisives 2D material - graphene - with quite
good agreement with other theoretical and experiahemorks. We also underline that the
proposed 3-phase mechanism is not intuitive sihaeccurs through a sputtering mechanism
caused by mechanical stress (due to edge and dgardd functionalization) and thermal
vibrations, and not through hydrocarbon volatil@darcts formation as in a typical plasma
etching processes. H plays an important indirelet oy forming CH bonds that alter the C atom
hybridization, thus creating the mechanical stteasallows C-C bonds to break to form partially
unzipped chains. But these crucially important Céhds break before the unzipped chains
rupture and before the C actually leaves the layéis complex, sequential and counter-intuitive
mechanism explains why the ribbon edges can bepsharwithout generation of line-edge

roughness (LER), as also observed experimentally.

Finally, computational edge effects appeared tab®n-negligible issue in our MD
modelling of full ZZ-GNRs lateral etching. This nencal artefact arises from computationally
necessary but unphysical C atom fixation on theopar edges of the ribbon, which is required to
anchor the graphene surface during H bombardmerdtder to avoid these effects, none of the
GNR atoms should be fixed in the simulation. Foarmagle, one could instead model bilayer
GNRs (i.e. a GNR on top of an infinite grapheneetheith no atom fixed on the top layer, a
GNR reported on top of a specific substrate (SiGR). This would however require the
use/implementation of long-range attractive Van \dals forces in the simulation, which are

necessary to hold the sheets of graphen¢he GNR and the substrastacked together. These
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forces were not included in the simulation restdysorted here, and further discussion of these
forces is beyond the scope of the present papexekter, we note that our studie$ bilayer
GNRsincluding these forces show that the basic edgéesjing mechanism reported here is not
affected by the lack of Van der Waals forcBg. contrast, the presence of a different substrate
material (SiO2, Cu) below the GNR could have anadotpon the etching process, since H
radicals could eventually chemisorb on the substsatface (in absence of potential barrier) and
migrate to the GNR edges, thus modifying the distion of H atoms on the ribbomhe study of
multilayer graphene interaction withxdlasma species, including Van der Waals forcel,bei

reported in a forthcoming paper.
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