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A B S T R A C T

We present a direct comparison between two fundamental methods of chemically doping

the 2-dimensional graphene sheet: (1) passivation of dangling r-bonds resulting from a

vacancy defect and (2) charge transfer from adsorption on the pristine basal plane. Using

electron beam lithography and the negative tone resist hydrogen silsesquioxane, we are

able to observe the doping contribution from the passivation of such defects that naturally

reside along the edge of graphene sheets, and directly compare them to the doping limita-

tions of basal plane adsorption methods. We demonstrate that the passivation of the edge

is over three orders of magnitude more efficient for chemical doping than adsorption, in

terms of conducting carriers donated per available C-atom. Moreover, as large-area graph-

ene sheets are tailored into nanoscale devices, and the portion of C-atoms that occupy the

edge increases, we demonstrate that edge decoration becomes a more pronounced method

of chemical doping, exhibiting a scaling law that will induce vast carrier densities and dom-

inance over adsorption techniques in the nanoscale.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene sheets, a 2-dimensional (2D) allotrope of carbon,

have recently drawn enormous attention as a potential candi-

date for nanoscale electrical conduction applications. High

intrinsic mobility [1–3], combined with the ability to modulate

the Fermi level [4], allows the conductivity of graphene to be

tuned by orders of magnitude. Chemical routes toward doping

graphene are highly attractive over electrostatic methods,

which require static power dissipation and are limited by

dielectric breakdown and stability issues [5,6]. Being a 2D sys-

tem, graphene requires a departure from 3D bulk semicon-

ductor doping techniques and a rethinking of the most

efficient and practical route toward doping the material at

nanoscale dimensions. Owing to the graphene sheet being

atomically thin, doping techniques that are less intrusive

and preserve a pristine lattice are desirable over the direct

incorporation of dopant species into the basal plane, which

can severely limit mobility [7]. In this work, we show that
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the passivation of C-atoms residing adjacent to vacancy de-

fects is over three orders of magnitude more efficient a doping

mechanism than adsorption on basal plane C-atoms, the

metric for comparison being conducting carriers donated

per available C-atom. When leveraging naturally occurring

edge defects as dopant sites, i.e. broken r-bonds along edge

C-atoms, a scaling law of increased doping with reduced

dimensions is observed and will exhibit pronounced control

over the carrier density as large-area graphene sheets are

scaled into nanometer features.

Most of the doping methods shown to date on graphene

operate on the mechanism of surface charge transfer; adsorp-

tion or intimate contact on a continuous and nearly vacancy-

free basal plane. It has been shown that graphene doping can

be induced by interactions with a number of materials such

as adsorption of gasses [8], liquids [9], polymers [10], metals

[11], and organic molecules [12]. Also, we have demonstrated

that thin films of hydrogen silsesquioxane (HSQ) can be used

to either n- or p-dope graphene by controlling the amount of
.
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incident energy [13]; the film undergoes a transition from H-

rich to O-rich as it cross-links, corresponding to n- and p-dop-

ing, respectively.

Intrinsic graphene is thought to have a carrier density of

1011 cm�2 [4,14]; comparing this to the atomic density of

monolayer graphene (�4 · 1015 cm�2), only 1 in 40,000 atoms

contribute to conduction at room temperature. Carrier densi-

ties on the order of 1014 cm�2 have been induced by electro-

static doping [15]. Though doping by electrostatic gating is

impractical for most applications, it provides evidence that

the carrier density in graphene sheets can be increased to

more than 1000 times the intrinsic density. Surface charge

transfer induces only a weak carrier density in graphene, on

the order of 1012 cm�2, and is predicted to exhibit an effective

charge donated per C-atom on the order of 1 · 10�3–1 · 10�2

carriers [11,16,17]. Methods of inducing ultrahigh carrier den-

sities in nanoscale graphene sheets, without significant

reductions in mobility or requiring static power dissipation

are highly sought. The passivation of naturally occurring de-

fects along the edge of cleaved graphene sheets can provide

an efficient and potentially effortless chemical doping route

for widely tuning the conductance of nanoscale graphene de-

vices. Many predictions have been made on the doping possi-

bilities by graphene edge decoration with various species [18–

21]. In addition, the elevated reactivity of the edge has also

been studied in relation to the basal plane [22,23], making

edge defects a natural candidate for passivation. Along these

lines, ammonia doping of fabricated graphene nanoribbons

was thought to have a strong edge doping component [24].

Raman studies of diazonium salt functionalization of edges

reveal that a defect-related peak (D-peak) at 1350 cm�1 is vis-

ible at the edges [25], and is attributed to covalent bonding of

edge atoms with the doping species. In this work, we provide

a direct comparison of the doping efficiency of edge defect

sites versus adsorption on basal plane C-atoms on graphene

sheets, highlighting intrinsic scaling laws unique to edge de-

fect doping that are predicted to dominate in the nanoscale

regime.

2. Experimental

2.1. Graphene sheet preparation

The mechanical exfoliation of the graphene sheets used in

this work is carried out under ambient atmospheric condi-

tions, on thermally grown SiO2 (300 nm) atop a heavily doped

Si substrate. Monolayer graphene sheets are first identified by

optical contrast then verified using Raman spectroscopy and

Atomic Force Microscopy (AFM). A four-point contact metalli-

zation pattern is defined using electron beam lithography

(EBL), followed by an electron beam (e-beam) evaporation of

a Ti/Au metal stack (20 nm/80 nm) and a standard metal lift-

off procedure. A short, controlled exposure to a 5 keV e-beam

occurs for all graphene sheets during quick scanning electron

microscope (SEM) imaging to obtain accurate geometries for

subsequent edge patterning. Graphene devices are then

pumped for 24 h at a vacuum of 1.5 · 10�6 Torr before four-

point electrical testing is performed under vacuum at room

temperature to extract the intrinsic material properties. A

pulsed-gate bias technique is used to minimize oxide and
impurity hysteresis [26], which is verified by performing dou-

ble sweeps of the gate bias.

A thin film of HSQ atop the graphene sheet is employed to

provide both n- and p-doping to either the edge or basal plane

[13]. By controlling the degree of cross-linking in the HSQ, n-

and p-doped regions can be selectively patterned [27–29]. All

graphene sheets go through a spin-on application of HSQ

(30 nm), a bake (180 �C) and an application of appropriate dose

to the edge and basal plane. The EBL dose is delivered using a

JEOL JBX-9300FS 100 keV e-beam operating at a 2 nA beam

current with a 4 nm spot diameter; �1.5 · 104 A/cm2 current

density. Lastly, the graphene sheets go through a develop in

tetramethylammonium hydroxide to remove uncross-linked

HSQ. To define an n-doped basal region, a low dose of

200 lC/cm2 is delivered to the film/graphene stack to avoid

e-beam induced damage of graphene while at the same time

providing a shift of the Fermi level (�200 meV) into the con-

duction band. To define a p-doped region, a dose of 2000 lC/

cm2 is used since it sufficiently outgases H from the film,

making it O-rich.

All graphene sheets that are compared in this work are

subject to identical process conditions to reduce process-in-

duced variability between samples, and have nearly identical

widths. After the sheets are tested for their initial (pristine)

response and spin-coated with the HSQ thin film, they are

processed into two distinct devices: (1) n-doped edge and n-

doped basal plane and (2) p-doped edge and n-doped basal

plane. These are labeled as NNG and PNG sheets, respectively.

For NNG sheets, n-doping is applied to the edge and basal

plane by exposing the entire sheet to the uniform low e-beam

dose. For PNG, p-doping is selectively applied to the graphene

edge by exposing a narrow O-rich HSQ layer along the edge of

the sheet to the high e-beam dose while the low dose is still

given to the basal plane to induce similar n-doping. A mini-

mal (�200 nm) high dose HSQ overlap onto the basal plane

of the PNG sheet is achieved, thereby allowing for an indepen-

dent study of the edge doping and basal plane doping compo-

nents. Low-power Raman spectroscopy is performed on both

the basal plane and edge of the graphene, Fig. 1. A D-peak in

the Raman spectrum is observed exclusively along the edge of

the sheet, verifying a finite passivated edge defect population

as well as the pristine quality of the basal plane.

2.2. Electrical characterization

Electrical testing on an NNG sheet reveals a significant nega-

tive shift in the minimum conductivity point (Vgmin) com-

pared to the pristine response, Fig. 2a. This is caused by the

charge-transfer from H to the graphene and is consistent with

the n-doping previously reported [13,16]. The novelty of this

work lies in understanding the behavior of PNG sheets, where

the competition between p-doped edges and an n-doped ba-

sal plane allows for a direct observation of the role of the edge

doping component, Fig. 2b. It can be seen that the PNG sheet

displays a reduced shift of Vgmin of �8 V. An NNG sheet has an

n-doped edge resulting from sp2 H-passivation of dangling

bonds on edge defects, as well as an n-doped basal plane

due to adsorption of molecular H2, Fig. 2c. A PNG sheet has

a p-doped edge resulting from O-passivation, and a similar

n-doped basal plane resulting from H2 adsorption, Fig. 2d.



Fig. 1 – (a) Raman spectroscopy is performed on the edge and basal plane of all graphene sheets to identify monolayer

graphene. A prominent D-peak is found to emerge exclusively along the edge of the sheet, indicating defects and covalent

passivation. (b) An SEM image of a fabricated PNG sheet identifying the edge and basal Raman mapping locations. A thin

layer of HSQ selectively cross-linked along the edge of the sheet is visible. A minimal basal plane overlap of �200 nm is

maintained for all PNG sheets.
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An SEM image of a PNG sheet with contact metallization is

shown in Fig. 2e. A narrow O-rich region of heavily cross-

linked HSQ is visible along the sheet edge, inducing O-passiv-

ated edge defects. NNG sheets are found to exhibit shifts of

Vgmin ranging from �40 to �28 V and PNG sheets exhibit shifts

from �15 to �3 V. The variation in the pristine doping level of

the NNG and PNG sheet is attributed to dopants trapped be-

tween the graphene and substrate. Despite thorough cleaning

and sufficient dwell time under high vacuum, these doping

levels will vary slightly between substrates, yet remain con-

stant throughout processing.

A direct observation of edge doping is obtained by demon-

strating NNG and PNG behavior on the same graphene sheet,

Fig. 3a. An NNG sheet is compared to its pristine response and

found to exhibit a �25 V shift of Vgmin. The edge is then tran-

sitioned from n- to p-doping via an EBL exposure; similar to

all PNG sheets. It is found that by changing the polarity of

only the edge doping component, a shift of Vgmin of 13 V

(�230 meV) is induced. SEM imaging of the NNG and PNG

graphene sheet are shown in Fig. 3b and c.
3. Results and discussion

3.1. HSQ doping mechanism

In extracting the doping efficiencies, a detailed understanding

of the HSQ doping mechanism is required. The process of

spin-coating the HSQ resin precursor (H8Si8O12) atop the

graphene releases approximately 65% of its H-content in the

form of volatile molecular H2 [30]. Since this will diffuse out

all surfaces of the film, it is assumed that a flux of H2 on

par with �30% of the resin’s content will reach the graphene

surface. For a film thickness of 30 nm, and an HSQ molecular

mass of 424 g/mol, the flux of H2 to the basal plane of the

graphene sheet should be on the order of 1 · 1016 cm�2, which

is comparable to the atomic density of the graphene lattice.

The binding energy of molecular H2 to the pristine graphene

surface should be on the order of 70 meV [31]. Although there

is a slight preference (�10 meV) for the molecule to situate in

the center of the graphene hexagon, the 200 �C bake of the

film to remove solvent provides sufficient energy for over-
coming the 14 meV diffusion barrier of H2 on the graphene

sheet, making a uniform adsorption atop basal plane C-atoms

likely [31]. Chemical doping via adsorption is the primary

mechanism of charge transfer on the basal plane, as indicated

by the lack of a significant defect population, verified by spec-

troscopy in Fig. 1. The 5 keV e-beam exposure that occurs dur-

ing SEM imaging is over an order of magnitude below the

incident energy required for the sputtering of C-atoms [32],

and will not generate vacancy defects on the basal plane.

Similarly, the 100 kV e-beam of the EBL used to deliver the

200 lC/cm2 dose to the basal plane is below the �130 keV

threshold for knock-on displacement of sp2 bonded carbon

[33], thus maintaining a pristine, adsorption doped, basal

plane. Moreover, the dwell time of the e-beam over basal C-

atoms is on the order of 10’s of nanoseconds for a 200 lC/

cm2 dose, which is far below the sputtering rate for even

200 keV electrons, which is on par with 1 nm/s [34].

The edge of the graphene sheet is passivated through dis-

tinctly different mechanisms for the NNG and PNG sheets,

which exhibit n- and p-doped edges, respectively. For the

NNG sheet, a partially-decorated H-passivated edge that is

n-doped is assumed to result from the exfoliation process

[20]. STM measurements of sp2 hybridized graphite edges in

air at room temperature have revealed edges passivated by

H [35]. Additionally, the spontaneous disassociation of gas-

eous molecular H2 and water vapor to form H-passivated edge

defects has been shown to occur exothermically through a

number of possible scenarios [36,37]. Graphene sheet edges

cleaved under ambient conditions with typical partial pres-

sures of molecular H2 preferably form sp2 bonding [38]. The

sp2 H-passivated NNG edge that exists will donate unpaired

electrons for conduction [18,39]. The PNG O-passivated, p-

doped, edge is generated through the process of replacing H

with O at passivated edge C-atom sites. This transition occurs

through the mechanism of knock-on displacement of light H-

atoms passivating the ribbon edge, which takes place at elec-

tron energies below the threshold for C-atom displacement

[40]; i.e. H can be displaced while maintaining the graphene

lattice. A similar mechanism of irradiation-induced selective

expulsion of H from C-films was previously demonstrated

using ion irradiation [41]. The 2000 lC/cm2 dose that is ap-

plied to the edge of the PNG sheet effectively outgases H from



Fig. 2 – (a) Four-point electrical testing under vacuum of a graphene sheet with an n-doped edge and basal plane (NNG). A

shift of Vgmin of �35 V from its pristine doping is observed. (b) Electrical testing of a graphene sheet with a p-doped edge and

n-doped basal plane (PNG) exhibits a reduced shift of Vgmin of �8 V. This reduction is attributed to the competing p-doping

contribution from the edge passivation. (c) An NNG sheet is described as having a uniform basal plane adsorption of

molecular H2, inducing an n-doped basal plane. Hydrogen passivation along the edge of the NNG induces an n-doped edge.

(d) A PNG sheet is described as similarly having an n-doped basal plane resulting from molecular H2 adsorption, however a

thin film of heavily cross-linked HSQ along the edge passivates dangling bonds with O, inducing a p-doped edge. (e) An SEM

image of a PNG sheet with contact metallization.
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the HSQ film, which facilitates the transition from a H- to O-

rich environment around the freshly de-passivated edge C-

atoms [28]. The passivation of dangling r-bonds along the

edge of the graphene sheet with O has been studied previ-

ously and should contribute p-carriers to the conducting

graphene p-system [42].

Regarding the extent of doping at the graphene edge, only

a fraction of total available edge C-atoms will contribute to

chemical doping; i.e. a mixed edge exists [43]. The instant

the graphene edge is cleaved during the exfoliation process,

which is identical for all NNG and PNG sheets, it is assumed

that a fixed, and finite, population of edge C-atoms passivate
with foreign species from the ambient environment or re-

main chemically reactive, whereas the remainder will be-

come chemically inert through the process of C–C edge

reconstruction. There are two primary mechanisms that gov-

ern the extent of edge passivation. The first is the fraction of

the graphene edge that orients with a zigzag chirality, since

this is the only edge state that is predicted to facilitate chem-

ical passivation due to the large density of states near the Fer-

mi level, which is absent for other orientations [44–46]. The

second is the availability of potential passivating species,

whose absence would result in an entirely reconstructed

edge, as observed by STM imaging under vacuum [47]. Based



Fig. 3 – (a) A direct observation of the doping from edge C-atoms is extracted from the same graphene sheet. A pristine

graphene sheet is doped with an n-typed edge and basal plane (NNG) and found to exhibit a shift of Vgmin by �25 V. The edge

is then transitioned from n- to p-doping (PNG) by exposing an O-rich HSQ region selectively along the edge of the same

graphene sheet. By switching the doping polarity of the edge, a Vgmin of �12 V is observed. The reduced n-doping is again

attributed to the competing p-doping from the edge passivation. (b) SEM imaging of the graphene NNG sheet. (c) SEM imaging

of the same graphene sheet as PNG. A thin layer of HSQ is observed along the edge.

Fig. 4 – Four-point electrical testing under vacuum of

pristine graphene sheets fabricated on two separate

substrates. The Fermi level positions (doping) for sheets on

the same substrate, defined as a batch, are plotted as a

function of the graphene sheet width. It is found that a trend

of increased n-doping with reduction of width is observable.

The n-doping is attributed to H passivation of dangling r-

bonds which occurs during the exfoliation of the graphene

ribbons in the ambient environment. Since the number of

edge atoms stays relatively fixed regardless of the width, the

induced n-carrier density from the edge passivation

increases with reduced dimensions. A cross-over from the

graphene sheet being dominated by the background p-type

doping on the basal plane to the n-type doping from the

edge is observed as the width is reduced. This trend should

exhibit an order of magnitude increase in the edge doping

component with every 10 times reduction in sheet width.
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on an abundance of ultrahigh resolution STM and tunneling

electron microscopy (TEM) imaging of graphene and sp2

hybridized graphitic edges cleaved in an identical manner to

those produced in this work, approximately 30% of the graph-

ene edge will oriented as zigzag [35,39,48–52]. Graphene edges

with a zigzag orientation have been shown to be highly chem-

ically reactive and energetically unstable when un-passiv-

ated, making them subject to spontaneous and relatively

effortless passivation with dopant species [22,25]. Therefore,

all edge C-atoms residing on zigzag portions of the sheet edge

are expected to contribute to chemical doping.

The fraction of edge C-atoms participating in chemical

doping is defined by the exfoliation process, which is identical

for NNG and PNG sheets, and expected to remain fixed

throughout the subsequent fabrication steps. The electron

energies used to irradiate the graphene edge are below the

values required for sputtering of C-atoms along the graphene

edge or milling a new edge orientation into the sheet [32,33].

We have verified this by exposing the HSQ-coated basal plane

of a graphene sheet to the same e-beam dose used at the

edge, and observed the maintenance of a pristine, defect bar-

ren, basal plane via Raman spectroscopy. The production of

the PNG sheet involves the replacing of previously H-passiv-

ated edge sites with O, producing a p-type edge; thus the ex-

tent of edge doping is similar for both NNG and PNG sheets.

With both sp2 H and O passivation predicted to contribute 1

carrier per passivated C-atom [18,42], similar doping levels

should exist for the NNG and PNG sheet edge.

3.2. The dimensional scaling of edge doping

The intrinsic n-type edge of the graphene sheet is experimen-

tally observed on pristine devices, where a scaling law of in-

creased doping with a reduction in dimension should exist.

Multiple pristine graphene sheets of varying dimension are

fabricated on two separate substrates (defined as a batch).

The position of the Fermi level (Ef) is carefully extracted and

plotted as a function of the sheet’s width, Fig. 4. All substrates
are thoroughly cleaned before the application of the exfoli-

ated graphene sheets. Once applied, the sheets are cleaned

using a copious solvent rinse, and then placed under a vac-
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uum of 1.5 · 10�6 T for 24 h before performing 4-point electri-

cal testing at room temperature. Due to limitations in the

exfoliation process, obtaining more than four high-quality

graphene samples within a batch is difficult to achieve. A

scaling law characteristic of edge doping, p- to increasingly

stronger n-doping as the n-type edge gains dominance, is ob-

served for all graphene sheets within a batch. The apparent

background p-doping on the basal plane is attributed to

adsorbates from the ambient environment [4], possibly pin-

ned between the substrate and graphene sheet, whose doping

contribution changes between batches, but is found to remain

relatively constant within a batch; exhibiting similar values

for flakes of similar dimensions but at different locations on

the substrate.

3.3. Charge donation efficiencies

A model is developed to extract the charge donation efficiency

for edge and basal C-atoms, based on the observed shift of

Vgmin from multiple fabricated NNG and PNG sheets, Fig. 2.

All sheets were chosen to have a nearly identical width of

2.2 lm, defined by the exfoliation process. The length of the

graphene sheet is defined by the contact metallization spac-

ing, which is set at 3 lm to avoid doping from the adhesion

layer metal into a signification portion of the graphene chan-

nel [53,54]. Initially an entirely zigzag chirality is assumed for

the orientation of the sheet edge. The total number of edge

and basal plane C-atoms for the graphene sheet are extracted

based on the chaining of an edge and basal unit cell, which

dictates eight C-atoms per 0.983 nm of edge length and 16

C-atoms per 0.4217 nm2 of basal plane, respectively. These

values are derived using a 2.46 A lattice constant for the hex-

agonal C-sheet [55].

The extent of doping along the graphene edge is added to

the complexity of the model by scaling back the number of

edge atoms that are predicted to contributed to chemical dop-

ing; i.e. passivate. First, the effect of edge roughness is ac-

counted for by scaling up the number of available edge C-

atoms by a factor of 1.5 to account for added surface area

along the contours of the cleaved edge. Second, the number

of contributing edge C-atoms is scaled down by a factor of

0.3 to account only for portions of the graphene edge that ori-

ent with a zigzag chirality, which is the only orientation ex-

pected to facilitate passivation [44–46]. Both of these values

are extracted based on a large sampling of high resolution

STM and TEM imaging of graphene and graphitic edges pro-

duced in a similar manner to all graphene sheets used in this

work [35,39,48–52].

The purpose of developing this model is to extract the dop-

ing efficiency for edge (vE) and basal (vB) C-atoms, in a metric

of carriers donated per C-atom, based on experimentally ob-

served shifts in the bulk carrier density between NNG and

PNG sheets. By observing the role the edge plays in suppress-

ing the n-type doping for a PNG, resulting from the competing

polarity of the p-type edge and n-type basal plane, such an

extraction can be made. The total carrier density in the graph-

ene sheet (nsheet) can be expressed as the joint contribution of

the basal and edge component:

nsheet ¼ nedge � nbasal ð1Þ
where,

nedge ¼ atomsE � vE ð2Þ

nbasal ¼ atomsB � vB ð3Þ

Here, atomsE and atomsB represent the total contributing

edge and basal plane C-atoms, respectively. For NNG sheets,

the edge and basal component sum, while for PNG sheets

these components subtract. The carrier density is tied to the

position of Vgmin through the relation: CoxÆVgmin = eÆn, where

Cox in the devices produced in this work is 11.6 nF cm�2 for

300 nm of SiO2. For PNG devices, an approximate 200 nm over-

lap of the cross-linked HSQ onto the basal plane of the sheet,

verified by ultrahigh resolution SEM, is taken into account by

reducing the n-type basal region, and adding a finite p-doped

basal region [13]. A range of likely basal plane efficiencies,

based on previously reported predictions for adsorption, from

1 · 10�5 to 1 · 10�3 carriers per C-atom is initially assigned to

vB [11,16,17]. For each specific estimate for vB, the correspond-

ing value of vE that produces the observed bulk carrier density

in the graphene sheet can be determined. The result is a solu-

tion set of unique pairs of vE and vB, spanning all values of vB

that fall within the predicted basal plane adsorption range.

These solution sets are produced for both NNG and PNG

sheets. For NNG sheets, a range of Vgmin shifts from �40 V

to �28 V was observed, with the mean falling at �34 V. For

PNG sheets, a range from �15 V to �3 V is used, with the

mean falling at �9 V. The true values of vE and vB lie at the

intersection of the NNG and PNG curves, i.e. the v pairs that

satisfy the observed behavior of both type sheets, Fig. 5.

The spread of projected values for ve and vb is indicated by

the intersection of the solutions for the PNG and NNG sheets,

indicated in bold outline in Fig. 5. The true v values are taken

at the intersection for the mean curves for both sheets, indi-

cated with a dot. The results in Fig. 5 reveal that the passiv-

ation of C-atoms residing adjacent to vacancy defects

contribute close to .85 carriers per C-atom, while adsorption

atop basal plane C-atoms contributes close to 5.5 · 10�4 carri-

ers per C-atom. This makes the passivation of edge defects

over three orders of magnitude more efficient than basal

plane adsorption, as a route towards chemical doping. The

value obtained for ve lies close to the expected value, which

should reside around one carrier per atom for sp2 H- and O-

passivation [18,42]. A strict upper limit on the potential for

edge passivation is indicated in red, with two carriers per

atom being possible through the pyrollic N-passivation of

graphene defects [56]. Donation efficiencies beyond this value

are unlikely. Similarly, edge charge donations below 0 carriers

per atom represent v pairs that are not possible for PNG

sheets. The extremes of the model do slightly predict values

residing in these forbidden ranges, this error is related to var-

iability in the experimental fabrication arising from minor

deviations in width of the graphene sheets and basal plane

overlap of the cross-linked HSQ on PNG sheets. An estimation

of v is also extracted from the wider graphene sheet in Fig. 3

and found to lie within the outlined spread in Fig. 5; with vE

predicted to be 1.1 carriers per C-atom. This wider sheet be-

haves as expected, with the edge having less influence on

the overall carrier density; a lower n-doping for the NNG sheet

and a weaker shift from the p-doped edge of the PNG.



Fig. 5 – The extraction of the charge donated per C-atom for

the edge and basal plane (vE and vB). Based on the

experimentally observed shift of Vgmin for multiple NNG and

PNG sheets, curves representing all pairs of vE and vB that

could produce the observed doping level in the sheet are

plotted. NNG sheets are plotted for the experimentally

observed span of shifts from �40 to �28 V, with the mean

falling at �34 V. PNG sheets are plotted for shifts ranging

from �15 to �3 V, with the mean falling at �9 V. The

intersection of the NNG and PNG curves, outlined in bold,

represents the possible values for v. The true values for vE

and vB are taken as the intersection of the mean curves,

marked with a dot. It is found that charge donation for

adsorption atop a basal atom is on the order of 5.5 · 10�4

carriers per C-atom and 0.85 carriers per C-atom for edge

atoms. This indicates that edge atoms, or C-atoms residing

adjacent to vacancy defects, are over three orders of

magnitude more efficient than basal plane atoms as a route

towards chemical doping.
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The values of vE and vB can be similarly extracted from

the scaling law identified on pristine graphene sheets of

varying widths, Fig. 4. Based on the observed shift of Ef as

the graphene sheet dimensions are reduced, and assuming

that similar basal plane doping exists for all devices within

a batch, the contribution of edge and basal atoms is calcu-

lated using an iterative method. It is found that for both

batches, the value of vE converges to a range of 0.5–1 carrier

per edge C-atom, while vB converges to a range of 0.5–

2 · 10�4 carriers per basal C-atom. These v values are

slightly less than those estimated from the NNG and PNG

sheets. The difference is a result of changing the basal

plane dopant species between the pristine graphene and

HSQ-doped (NNG/PNG) sheets. The basal plane of the pris-

tine graphene sheets is expected to be doped by O and

atmospheric adsorbents [4]. The efficiency of basal plane

doping is dependent on how close the dopant molecule is

to the surface of graphene [31]. The adsorption of H for

the NNG and PNG sheets is expected to have a more inti-

mate contact with the basal plane of the graphene sheet

than atmospheric adsorbates [17], Fig. 4, resulting in more
efficient doping. An underestimation of the basal plane dop-

ing efficiency for pristine sheets results in a similar under

estimation of the edge doping component. Despite these

variations in the estimates for vE and vB, the passivation

of edge defects is still predicted to be over three orders of

magnitude more efficient. This scaling law, observed in

Fig. 4, is unique to edge doping and is highly desirable as

a combatant to the onset of LER-limited mobility at narrow

dimensions [57]. Based on the analysis presented in this

work, a single passivated edge C-atom could provide the

equivalent carrier injection to that of adsorption atop a

7 nm· 7 nm basal plane region. Additionally, this work high-

lights the necessity of carefully controlling the edge chemis-

try in nanoscale graphene devices. The heightened

reactivity of the graphene edge in comparison to the basal

plane makes it an attractive candidate for effortless chemi-

cal doping [22,25], both deliberately and unintentionally. As

large area sheets are patterned into nanometer features,

variability in the edge passivation can begin to significantly

impact the bulk carrier density, resulting in conductance

modifications. Plasma etching techniques can provide inter-

esting avenues for controlling and exploiting the edge

chemistry of etched graphene devices.
4. Conclusions

We have directly probed two fundamental routes for chemi-

cally doping graphene sheets and shown that passivation of

dangling r-bonds from vacancy defect sites is inherently over

1000-fold more efficient than adsorption on a defect-free

graphene lattice, in terms of carriers donated per contributing

C-atom. We have carefully extracted the chemical doping effi-

ciencies of edge and basal atoms, in a metric of carriers do-

nated per C-atom and present values of 0.85 and 5.5 · 10�4,

respectively. Using electron beam lithography for edge passiv-

ation, the interplay between doping via edge C-atoms and the

basal plane adsorption was directly observed on the same

graphene sheet. The leveraging of naturally occurring defect

sites along the edge of a cleaved or etched graphene sheet

exhibits an inherent scaling law of increased doping with re-

duced dimensions; carrier density growing by an order of

magnitude with every 10 times reduction in width. This trend,

observed here experimentally on pristine graphene, will in-

duce large carrier densities at nanoscale widths, making it

dominant over other chemical doping methods. This work

demonstrates the capability of naturally occurring defect sites

along the edge of graphene sheets to provide a route towards

ultra-high carrier densities in nanoscale graphene systems

requiring high conductance.
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