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ABSTRACT | Variability effects in graphene can result from the

surrounding environment and the graphene material itself,

which form a critical issue in examining the feasibility of

graphene devices for large-scale production. From the reli-

ability and yield perspective, these variabilities cause fluctua-

tions in the device performance, which should be minimized via

device engineering. From the metrology perspective, however,

the variability effects can function as novel probing mechan-

isms, in which the ‘‘signal fluctuations’’ can be useful for po-

tential sensing applications. This paper presents an overview of

the variability effects in graphene, with emphasis on their

challenges and opportunities for device engineering and appli-

cations. The discussion can extend to other thin-film, nanowire,

and nanotube devices with similar variability issues, forming

general interest in evaluating the promise of emerging

technologies.
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I . INTRODUCTION

Graphene draws considerable interest in electronics, pho-

tonics, and multiple cross-fields owing to its combination

of exceptional properties [1]: high carrier mobility [2], [3],

atomically thin planar structure [4], linear dispersion of

Dirac fermions [5], high mechanical strength [6], high

thermal conductivity [7], and potential low cost [8]–[10],

among others [11]. Raised by the rapid progress of material
synthesis and fabrication techniques [9], [12]–[15],

graphene has shown its potential in wafer-scale radio-

frequency analog circuits [16]–[23], broadband photo-

detection [24]–[26], electronic circuit interconnects

[27]–[29], thermal management [30]–[33], and sub-

nanometre trans-electrode membrane for DNA detection

[34]–[36]. To date, graphene-based materials, generally

referred to graphene, graphene nanoribbon, graphene
oxide, and some others [1], are the focus of nanoscience

and nanotechnology societies, with continuous efforts on

exploring their versatile applications [1], [11], [37]–[40].
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Increasing process variability poses a major challenge
to the continued scaling of semiconductor technology

(e.g., limits the reliability and yield); addressing this issue

requires optimization of both device and circuit designs

[41]–[47]. Variability sources in the standard complemen-

tary metal–oxide–semiconductor (CMOS) process can be

categorized according to their spatial characteristics, time

scales, physical/environmental origins, and systematic/

random components [42], [43], [46]. In addition, the na-
ture of variability is likely to change with the progress of

innovative materials, fabrication methods, and device

structures in the targeted applications [46], [48]–[52]:

some variability sources may diminish while others may

emerge; some can be minimized via device engineering

(e.g., variation in nominal lengths/widths), while others

are limited by the material imperfection (e.g., interface

roughness and dopant fluctuation). The identification,
characterization, and evaluation of variability effects in

emerging technologies are essential in examining their

ultimate promises for large-scale production [53]–[56].

Motivated by the potential of graphene as a material

candidate to incorporate into silicon devices for high-speed

electronics and integrated photonics [40], there has been

considerable interest on the variability effects in graphene

and graphene-related technology [12], [51], [57]–[60]. At
the moment, efforts are made on the characterization of

graphene variabilities in the prototyped device structures

and the evaluation of their effects on the device perfor-

mance [60]–[65]. However, a systematic discussion of the

variability sources in graphene and their impact on circuits

and systems are rare. From the reliability perspective,

these variabilities in graphene cause device fluctuations

and are detrimental to the yield in large-scale production.
It is, therefore, crucial to seek ways of minimizing their

effects via device engineering (e.g., adjusting the process

flow or device structure), one topic that is being heavily

investigated [12], [60], [63], [64], [66]–[70]. From the

metrology perspective, on the other hand, we demonstrate

that variabilities in graphene can function as novel probing

mechanisms [58], [65], [71]–[75], where the ‘‘signal fluc-

tuations’’ can be useful for potential sensing applications.
This role of graphene variabilities is of both fundamental

and practical interest [76]–[78], extendable to other thin

films or nanomaterials [79]–[82], and may be employed in

developing novel metrology applications.

With this introduction, here we review the status and

prospects of variability effects in graphene, discussing

their challenges and opportunities for device engineering

and applications, respectively. Section II provides an over-
view of variability sources in graphene, with emphasis on

their concepts, categorizations, and the comparison with

those in silicon devices. Two broad classes of variabilities

in graphene, those from the environmental disturbance

and those from the material imperfection, are described

with typical examples. For the first class, Section III re-

views the variabilities originating from the interface traps

close to the graphene surface. These variabilities broadly
exist in nonsuspended graphene devices, and are of parti-

cular significance to evaluate the device stability. We dis-

cuss their physical principles, characterization methods,

and the approach to minimize their effects via device en-

gineering. For the second class, Section IV reviews the

variabilities originating from the edge disorders within

graphene itself, which represent the variation sources

limited by material preparations. We examine the concepts
of edge disorders, their effects on device performance, and

ways of reducing them by improving the material quality.

Section V reviews graphene variabilities from the metrol-

ogy perspective. We present the possible use of the ‘‘signal

fluctuations’’ as novel probing mechanisms for sensing

applications (e.g., probing the band structure, selective

chemical sensing), and outlook their potential in nanome-

trology. Section VI concludes the paper with several
further discussions.

II . VARIABILITY SOURCES
IN GRAPHENE

Graphene variabilities can be fundamentally viewed as

sources/mechanisms that lead to deviations of the func-

tional behavior from its ideal case [5]. We note that

graphene can bear fluctuation mechanisms such as thermal

noise, shot noise, and electron–phonon/electron scatter-

ings [83]–[86], which belong to the inherent properties of

graphene and are out of the scope of our discussions.

Variability sources due to the nonideality of graphene
can be categorized into two broad classes (see Table 1).

I) Variabilities from the environmental disturbance

are located close to the graphene surface and

Table 1 Typical Variabilities in Graphene. Variability Sources Due to the

Nonideality of Graphene Can Be Categorized Into Two Broad Classes:

Those From the Environmental Disturbance and Those From the

Imperfection of Material Quality
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significantly affect the device properties (e.g.,
mobility, doping) [3], [64], [65], [87]–[90]. These

variabilities are attributed to the external per-

turbations of the environment surrounding the

graphene channel, such as the dielectric layer, the

ambient environment, and the substrate.

II) Variabilities from the imperfection of material

quality are randomly distributed in graphene itself

[91]–[95]. These variabilities are attributed to the
geometrical variations of the graphene material,

posed by the limit of synthesis and preparation

methods.

It is instructive to compare the aforementioned varia-

bility sources in graphene with those in silicon technology

[42], [43], [46], [96]–[99]. Both class I and II graphene

variabilities are analogous to the random variations in

silicon devices (i.e., device parameter fluctuations in an
unpredictable manner), however several differences exist

between the sources of graphene and silicon variabilities.

For example, some of class I graphene variabilities (e.g.,

adsorbed molecules, surface roughness) are less prob-

lematic in silicon devices [43]. The variabilities near the

graphene-dielectric/substrate interface have attracted con-

siderable interest in graphene communities, mostly be-

cause they are: 1) more influential in low-dimensional
graphene devices with high surface-to-volume ratios [62],

[71], and 2) relatively less understood than the Si–SiO2

interface in CMOS technology [52]. Moreover, class II

graphene variabilities are the randomness specific to the

handling of graphene materials, which are not exactly the

same as those in silicon devices [43], [55], [100], [101]. For

instance, edge disorders in graphene are not normally ad-

dressed in silicon devices possibly due to the maturity of
CMOS technology. And the graphene-on-insulator or sus-

pended graphene device structures are relatively immune

from the random dopant fluctuation in the bulk silicon, one

major random variation in CMOS processes. The differ-

ences between graphene and silicon variabilities need to be

taken into account when integrating these two materials

[40]. On the other hand, current research on graphene

variabilities has focused on the device level up to the
within-die and die-to-die scales [51], [57], whereas studies

on the circuit and system levels in the wafer-to-wafer scale

are still rare. Many systematic variations in silicon tech-

nology (i.e., definite spatial or temporal shifts caused by the

tolerance of fabrication processes) would also be critical in

the device engineering of graphene, such as length/width

variations in lithography and etching steps, film thickness

variations in deposition, and growth processes, among
others [42], [46], [99]. The related works would be crucial

in evaluating the promise of graphene electronics.

Our discussions provide an overview of the similarities

and differences between the variabilities in graphene and

those in silicon. The nature of variability effects in

graphene lies in its low dimension and ways of preparing

the material. The field is new, rapidly growing, and full of

ample research opportunities. In the following, we will
present the progress of two graphene variabilities, inter-

face traps (class I) and edge disorders (class II), which have

shown their critical roles in achieving high-performance

graphene devices (Sections III and IV) and opportunities

for potential sensing applications (Section V).

III . INTERFACE TRAP: GRAPHENE
VARIABILITIES FROM
ENVIRONMENTAL DISTURBANCE

Due to their large surface-to-volume ratio, graphene de-

vices are sensitive to the interface traps close to the

graphene surface [61], [71], [77]. They exist in the gate

oxide or the substrate of nonsuspended graphene devices,

and can also be from the attached molecules or the sur-

rounding environment [60]–[62], [70], [102]. Similar to
silicon technology, trap-induced fluctuations in graphene

pose a challenge to the device scalability since their effect

increases as the device scales down [42], [103]. We next

discuss their principles, characterization methods, and

how to minimize their effects via device engineering.

A. Device Fluctuations Caused by a Single
Interface Trap

If a single trap close to the channel has its energy near

the Fermi level (�kBT, here kB is Boltzmann’s constant and

T is the absolute temperature), the device signal (e.g.,

current) will show two-level fluctuations in the time

domain [see Fig. 1(a)] [103]–[106]. The random switching

events (i.e., capture and emission of a single carrier from

the channel by the trap) follow the Poisson statistics. In

the frequency domain, the power spectrum density (PSD)
has a form of SðfÞ ¼ g � �=ð1þ ð2�f�Þ2Þ with a corner

frequency and a prefactor as fcorner ¼ 2�� ¼ 2�ð��1
1 þ

��1
2 Þ
�1 and g ¼ ð4�1�2=ð�1 þ �2Þ2Þ � ðDiÞ2 (Di is the current

step in the time domain; �1;2 are the time constants of the

two states), respectively [104], [106]. This Lorentzian-

shape PSD is nearly constant when f � f corner, and ap-

proximately follows as 1=f 2 when f � f corner [see Fig. 1(b)].

These two-level fluctuations belong to random tele-
graph noise (i.e., RTN, generation/recombination noise)

[107]–[109]. It is commonly measured by sampling the

current variations in the time domain under a constant

voltage bias across the channel (i.e., source-drain voltage)

[105], [107]. RTN is a critical issue to the signal-to-noise

ratio of devices due to its increasing effect with device

scaling. However, RTN in graphene has not been system-

atically investigated at this stage, whereas many studies
have been reported in carbon nanotube (CNT) [110]–

[112]. The reason may be that the enclosed structure of

CNT with a small diameter (2–5 nm) can have fewer in-

terface traps than a planar graphene sheet with a micron-

sized width. RTN might be observable in small-area

graphene devices at low temperature, such as a graphene

nanoribbon with a nanometer-sized width [13], [14].
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B. Device Fluctuations From Many Interface Traps
Multiple-level fluctuations, on the other hand, are

usually characterized by low-frequency noise measure-

ment (LFN) in the frequency domain (typically from 0.1 to
100 kHz) [113]–[115]. Although other physical mechan-

isms of LFN may coexist [109], [116], [117], interface traps

are usually employed to understand the origin of LFN in

graphene devices [61], [65], [102], [118], [119]. For in-

stance, suspended graphene devices show a 6–12 times

lower LFN than those with a SiO2 substrate, suggesting

that the traps in SiO2 substrate contribute significantly to

LFN [118]. On the other hand, recent studies have sug-
gested that the LFN in graphene depends on various

scattering mechanisms, the environment near the gra-

phene surface, and the sample qualities [65], [77], [102],

[119]. For instance, Heller et al. [102] have proposed that

the LFN behavior in liquid-gated graphene devices can relate

to the charge-induced local potential fluctuations near the

graphene–electrolyte interface (i.e., the charge noise).

The McWhorter model views the LFN as the multilevel
fluctuations caused by an ensemble of many interface traps

(number� 1): each trap contributes an RTN over a wide

range of � and fcorner [see Fig. 2(a)] [109], [117], [120],

[121]. The overall PSD can be integrated as SðfÞ ¼R
� g � �=ð1þ ð2�f�Þ2Þ � pð�Þd� , where pð�Þ is the distribu-

tion function of � . Assuming that 1) electrons reach the

traps by tunneling and � depends exponentially on the

distance from the channel ðzÞ, one has � ¼ �0 expðz=�Þ
(� is the penetration depth), and 2) traps are uniformly

distributed along the z-direction (i.e., dNT=dz ¼ const:
with NT as the number of traps) [113], [117], one has

pð�Þ � ðdNT=d�Þ¼ðdNT=dzÞ� ðdz=d�Þ ¼ ðdNT=dzÞ � ð�=�Þ
and SðfÞ /

R
� 1=ð1þ ð2�f�Þ2Þd� / ð1=fÞ, which is known

as the 1=f noise. The McWhorter model is physically

intuitive and popular in LFN theorem, but it only holds

when LFN is dominated by the carrier number fluctuations
[113], [117], [121]. At present, it is still unclear about the

relative contribution of carrier number fluctuations to the

overall LFN in graphene devices.

The importance of LFN for practical applications stems

from the fact that it contributes to the phase noise of the

devices and systems via unavoidable nonlinearity. A low-

level phase noise is a critical requirement for high-

frequency applications of graphene [61], [122]. LFN
measurements are broadly used as a characterization tech-

nique to provide information about interface traps in

graphene devices [60], [61], [63], [65], [77], [123].

Fig. 2(b) and (c) shows a typical room-temperature LFN

measurement of a back-gated single-layer graphene (SLG)

device [65]. The study employed a four-probe configura-

tion to minimize the noise contribution from the contacts

(see the inset of Fig. 2): an Agilent 4156C was used to
apply dc current bias to the device, and measure its dc

conductivity �; an Agilent 35670A was used to collect the

noise spectra of the fluctuations of the potential difference

ðVÞ across the graphene samples. At each gate bias (shifted

by VDirac, the gate bias at Dirac point), the conductivity

was averaged ten times at the same time of the noise

measurement in order to ensure the data consistency [see

Fig. 2(b)]. The noise spectra ðSVÞ were averaged 20 times
from the fast Fourier transforms of the sampled voltage

signal ðVÞ, and subtracted by the background measured at

zero current bias [see Fig. 2(c)]. The measured LFN

followed the 1=f shape (i.e., 1=f�, � � 1) at each gate bias,

whereas the deviation may relate to pronounced Lorentzian

spectra from individual RTNs or other noise sources.

To quantify the data, we can normalize LFN as

ðSI=I2ÞV¼const: ¼ SG=G2 ¼ SR=R2 ¼ ðSV=V2ÞI¼const:¼A=f�

by assuming the resistance/conductance ðR=GÞ is inde-

pendent from the bias condition [109]. Parameter A is

commonly used as a measure of the LFN amplitude [61],

[65], [115], [124]. Alternatively, Hooge parameter �H is

empirically defined as ðSI=I2ÞV¼const: ¼ A=f� ¼ �H=ðf�NÞ
(N is the total number of carriers), whose value depends on

the details of the materials and devices [116], [125], [126].

As such, Table 2 summarizes the typical LFN measure-
ments in graphene and graphene nanoribbon (GNR)

devices [61], [63], [65], [70], [77], [123]. The measured

�H value (from 10�5 to 10�2) depends on many factors

such as contact material, device environment, and sample

quality. For example, the noise in chemical vapor deposi-

tion (CVD)-based graphene devices (�H � 8�9 � 10�3)

can be comparable to that in exfoliation-based graphene

Fig. 1. Device fluctuations caused by a single interface trap. (a) Left

panel: Schematics of a back-gated graphene device fabricated on a

SiO2/Si substrate. The interface traps (red dots) are located close to the

graphene surface. Right panel: Schematics of the density of trap states

ðDTÞ in the energy scale ðEÞ. The traps with energy near the Fermi

level ð�kBTÞ can cause the random switching events, which lead to

device fluctuations. (b) Left panel: Two-level signal fluctuations in

the time domain caused by a single interface trap (RTN). The time

constants of the two states are labeled as �1=2. Right panel: A typical

Lorentzian-shape PSD of RTN in the frequency domain. The PSD

exhibits a corner frequency ðfcornerÞ and a near 1=f2 shape

beyond fcorner.
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devices (�H � 10�3 � 10�2) [65], [70], [77]. This result

suggests a low amount of impurities left on graphene

during the CVD growth and transfer processes (much

better than previous results [127]). On the other hand,

bilayer GNRs (BLR) were reported to exhibit a lower noise

than SLRs, which can relate to their different band

structures and transport properties [61], [128].

C. Approach to Minimize the Effect of
Interface Traps

Trap-induced fluctuations in graphene degrade the
device performance, forming a critical issue that needs

to be addressed. Many efforts are made to minimize

their effect via device engineering, which include device

passivation [63], the use of multilayer graphene (MLG)

Table 2 Typical �H Values in Graphene and GNR Devices at Room Temperature. The Measured �H Value (From 10�5 to 10�1) Depends on Factors Such as

Contact Material, Device Environment, and Sample Quality. The LFN Data Were Measured in Either Dual-Gated [63] or Back-Gated Devices [61], [65], [70],

[77], [123]. Abbreviations: Single-Layer Graphene (SLG); Bi-Layer Graphene (BLG); Few-Layer Graphene (FLG); Multi-Layer Graphene (MLG); Single-Layer

GNR (SLR); Four-Probe Measurement (4T)

Fig. 2. Device fluctuations from many interface traps. (a) Schematics of the McWhorter model. Left panel: If there are many interface

traps with energy close to Fermi level (several kBT), all of them will contribute to the carrier trapping/detrapping processes. Right panel: An

ensemble of many trap-induced RTNs with a wide range of time constant and corner frequency ðfcornerÞ can result in LFN with a 1=f shape of PSD.

(b) The dependence of direct current (dc) conductivity ð�Þ on the gate bias ðVg Þmeasured in an SLG device under four-probe configuration

(shifted by the gate bias at the Dirac point VDiracÞ [65]. The inset shows the optical image of a fabricated multiterminal device (graphene was

outlined in dotted lines). (c) Typical room-temperature LFN spectra of a back-gated graphene sample [65]. The four-probe noise spectra ðSVÞ
followed 1=f� behavior with � ranging from 0.85 to 1.12 with gate biases varying from �50 to 100 V.
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channels [64], [70], surface cleaning [60], and substrate

engineering [3], [118].

A recent study has reported the measurements of LFN

in the double-gated graphene devices, which helped to

understand the effect of passivation on the noise level [63]
[see Fig. 3(a)]. SLG sheets (width � 10 �m) were exfo-

liated from highly oriented pyrolytic graphite onto a

thermally grown 300-nm SiO2 dielectric layer on a highly

doped Si substrate which acts as the backside gate (BG). A

20-nm HfO2 layer achieved by atom-layer deposition

(ALD) method was used as the top-gate dielectric, which was

patterned by electron-beam lithography to partially cover

the graphene channel. The Cr/Au metal layers (5/60 nm)
were evaporated to serve as the source, drain, and top-gate

electrodes. A two-terminal LFN measurement was con-

ducted in ambience by monitoring the PSD of the current

ðSIÞ with a constant drain-to-source bias ðVdsÞ. The devices

benefit from the top-gate passivation by the HfO2 layer,

where the gated channel is immune to the possible traps

from ambiance. The measured LFN was low (�H � 10�3),

and found to be mainly due to the ungated graphene channel
(i.e., uncovered by the HfO2 layer). This result suggests that

a low-noise graphene device can be achieved by improving

the passivation of the channel.

Using MLG (i.e., > 1 layer) as the channel material is

another approach to achieve low-noise devices. For exam-

ple, a graphene sheet with more than three layers [few-

layer graphine (FLG)] has been found to have much lower

LFN than that in SLG, which are of practical interest [70].

The physics can be explained as the efficient screening to

the interface traps in FLG with more layers, whereas the

difference in the band structures between FLG and SLG
also plays a role [66], [70]. In this context, the thickness-

graded graphene (GTG) transistor was utilized to study the

layer dependence of LFN [64]. The fabrication method was

the same as in the conventional back-gated graphene de-

vices. The channel of GTG devices was confirmed to grad-

ually vary from a single-layer in the middle to multilayers

(� 2 layers) near the source/drain contacts. The measured

LFN in GTG and bilayer graphene (BLG) was typically
lower than that in SLG with the same device area ðSÞ [see

Fig. 3(b)]. The lower LFN in GTG and BLG (than that in

SLG) can relate to a smaller metal-doping induced Fermi-

level shifts near the contact and/or more effective carrier

screening to the interface traps, which result from the

difference in their band structures and transport proper-

ties [61], [64]. This result shows the layer dependence on

the LFN in graphene, providing insight for designing low-
noise devices with MLG. The contact engineering is yet

another significant aspect in lowering the LFN in graphene

devices. However, no consensus about the weight of LFN

contribution from the metal–graphene contact (compared

to that from the graphene channel) has been reached yet

[64], [65], [77], [119]. The results can relate to the fraction

Fig. 3. Device engineering to minimize the effect of interface traps in graphene devices. (a) Top panel: A dual-gated SLG device with a SiO2/Si

substrate (back gate) and a 20-nm HfO2 layer as the top-gate dielectric [63]. Bottom panel: The low-noise SLG devices (�H � 10�3) benefit from

the top-gate passivation, where the noise was mainly from the ungated graphene channel. (b) Comparison of the normalized LFN values (SI=I2

at f ¼ 10 Hz with jVg�VDiracj 	 30 V) in GTG, SLG, and BLG devices [64]. The lower noise in GTG (than that in SLG) can be from the reduced

noise contribution near the contact with more layers. (c) Top panel: The optical image of the silicon nanowires patterned onto single layer

(light blue) and multilayer (dark blue) bulk graphene sheet on top of 300-nm SiO2 layer (purple) [60]. Bottom panel: The AFM image of a typical

BLR after removal of the nanowire mask (Ti/Au contacts). This fabrication method avoided the photoresist contamination (e.g., HSQ) to the

GNR surface, which helps lower the noise.
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of the contact resistance over the entire device resistance
in as-made graphene devices, which depends on the device

qualities and the contact material in use [115], [123].

Cleaning the graphene surface is also helpful in lower-

ing the effect of interface traps. The adsorbed particles left

on graphene surface during the fabrication, for example,

can significantly affect the device performance [129]–

[131]. Xu et al. [60] have reported an improved LFN level

in GNR devices by cleaning the graphene surface. As shown
in Fig. 3(c), GNRs were patterned using a Si-nanowire mask

to avoid the use of photoresist (e.g., HSQ) which strongly

affects device performance [129]. A 20-min, 100 
C vacuum

annealing process was conducted to desorb the contaminants

on the graphene surface. The cleaned single-layer GNR

(SLR) devices feature an improved hysteresis (during a dual

sweep of the gate bias) and a 30% lower LFN than those

achieved by HSQ-based methods [61]. The LFN improve-
ment can be attributed to a cleaner graphene surface,

whereas the four-probe configuration also reduces the noise

contributed from the contacts as in two-probe setups. This

work presents an approach of achieving low-noise GNR

devices using the nanowire-patterning method.

Last, improving the substrate quality can also reduce

the number of interface traps in graphene devices. For

instance, boron–nitride (BN) substrate shows its potential
in achieving high-performance graphene devices, which

outweigh those on SiO2 substrates [3], [40]. Its superior

properties, such as ultraflat surface with very few dangling

bonds and charge traps, are expected to minimize the trap-

induced fluctuations and lower the noise. Suspending

graphene (i.e., free of substrate) is another option to

greatly reduce the LFN with much fewer traps in devices

[119], which may show promise for low-noise applications.
A recent study shows that the graphene devices can have

6–12 times lower LFN by etching away the SiO2 substrate,

which can benefit the device performance in pH-sensing

applications [118].

Reducing the effect of interface traps is a key issue to

continued miniaturization of graphene devices, circuits,

and systems. Future studies require the clear understand-

ing of their physical mechanisms and a systematic optimi-
zation of the device engineering.

IV. EDGE DISORDER: GRAPHENE
VARIABILITIES FROM
MATERIAL IMPERFECTION

Unlike a CNT with a perfectly enclosed structure,

graphene usually has unavoidable edge disorders for its
planar geometry [12]. As the width of graphene narrows

down to the nanometer scale, a graphene nanoribbon

(GNR) would become very sensitive to the scattering in-

duced by these edge disorders [5]. One should also men-

tion that the edge disorder produces a major detrimental

effect on the graphene thermal conductivity [132]–[135].

The question of how to control the edge disorders in GNR

devices well is essential in evaluating the graphene scaling
along the width direction and the practicality of GNR

electronics: GNR has an energy gap that benefits the de-

vice switching; however, its mobility can be seriously de-

graded by edge disorders [1], [5]. We next discuss their

concepts, roles on device performance, and the ways of

reducing their impact by improving the material quality.

A. Type of Edge Disorders
Various edge disorders exist in as-made GNR devices

[91]. It is important to identify the difference in their

origin, morphology, and length scale. Here, we discuss the

main categories of edge disorders that are commonly

referred to in the literature (see Fig. 4).

1) Carbon atoms (C-atom) form dangling bonds at

the GNR edge, which can bind to different atoms,

including H, O, F, and OH [see Fig. 4(a)] [136].
Due to the difference between the local density of

states at the edge and that in the center of the

GNR, these edge disorders serve as scattering

sites. This type of edge disorders can even exist in

GNRs with perfect zigzag or armchair edges.

2) Mixed edge structure composed of both zigzag

and armchair edges are broadly observed in as-

made GNRs [see Fig. 4(b)] [12], [137], whereas
edge structures beyond zigzag and armchair edges

are also reported [138]. The existence of these

edge disorders partly explains why the chirality

dependence of GNR can be diluted in real samples

[139], which do not follow the theoretical predic-

tions based on pure zigzag or armchair edges.

3) C-atoms at the edge can restructure themselves

into other morphologies [see Fig. 4(c)]. These
edge disorders can be in the form of dislocations

within or out of the GNR plane [91], [140]. Exam-

ples include point defect, vacancies, 5-7-5 or 5-8-5

edge deformations, loops, line defects, adatoms,

and interstitials. Study of this type of edge dis-

orders is at its early stage.

4) Multilayer GNRs can form a partially closed edge

structure [see Fig. 4(d)]. This type of edge dis-
orders has been found in both GNRs and micron-

wide graphene sheets [141]–[143]. They may

weaken the edge-induced carrier localization in

multilayer GNRs compared to that in SLRs [144],

since the carriers can couple among different

layers through the closed edges.

5) Line edge roughness (LER) and line-width rough-

ness (LWR) also exist in as-made GNRs [see
Fig. 4(e)]. Depending on the material prepara-

tions, LER/LWR can have a length scale of 100–

101 nm, which is directly observable using atomic

force microscopy (AFM) [59]. If LER/LWR be-

comes serious, GNR behaves more like a chain of

connected quantum dots and forms a Coulomb

blockade [145]. LER/LWR is expected to be more
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controllable by material engineering than the edge
disorders with an atomic scale.

Overall, the edge disorders in 1)–3) can be treated as

local disturbances (short-range scatters) near the GNR

edge; those in 4) and 5) relate to the irregularities that

deviate from ideal GNRs [91], [140]. Whichever categor-

izations we take, it is clear that the component of edge

disorders in GNR (and graphene sheet) is complicated.

Due to the lack of accurate manipulation of these edge
disorders, most experiments could not differentiate the

role of a certain type of edge disorders from the others at

the moment. The solution can appear with the advance-

ment of fabrication and characterization methods.

B. Effects of Edge Disorders on Device Performance
Edge disorders in as-made GNRs raise the concern of

their impact on transport properties and device operations.

For example, the transport gap observed in GNRs makes

them advantageous in switching on/off the devices, while

the question of how the edge disorders affect or contribute

to the observed gap in GNR devices is still debated [130],

[146], [147]. Han et al. [130] have reported the size de-

pendence of SLR at low carrier densities, attributing the
transport gap to a combination of the edge effect and the

Coulomb charging effect. However, their fabrication meth-

od leaves chemical residues (HSQ) on top of the GNR

samples, which makes it difficult to probe the intrinsic

GNR properties [139]. In contrast, a study of SLRs pre-

pared by a metal-mask etching method suggests that the

transport gap mainly originates from the effect of charged

impurities instead of edge disorders [147]. Given the sen-
sitivity of GNRs to the weight of various scatterings, it may

not be surprising to see the inconsistency of the role of

edge effects in these measurements, since SLR devices

fabricated through different methods can yield quite dif-

ferent transport properties (see details in Table 3) [13],

[14], [60], [129], [139], [147]–[157]. Details in sample

preparations can affect the weight of edge-induced scatter-

ing in specific GNRs, and need to be considered for com-
paring the results. On the other hand, Yang and Murali

[150] have studied the width dependence of carrier

mobilities in GNR-array devices patterned by lithography.

The decrease of mobility in samples with a narrower width

was attributed to the increased scattering from LER, which

poses a constraint to the device performance.

Xu et al. [58] have recently employed the length de-

pendence of sample resistance (i.e., resistance scaling, R–L
relation) to investigate the role of edge disorders in the

transport of SLG and BLG and GNR (SLR and BLR) devices

(see Fig. 5). According to one-parameter scaling law, R–L
relation can identify the transport regimes in low-

dimensional systems, such as the exponential R–L relation

and linear the R–L relation for localization and diffusion

regimes, respectively [81], [158], [159]. Here, GNRs were

fabricated by a nanowire-mask etching method with
good performance, as reported before [60]. The room-

temperature sample resistance was measured within the

low-bias regime at both low and high carrier densities. The

experimental data showed that the SLR transport lies in a

strong localization regime (exponential R–L relation),

Fig. 4. Main categories of edge disorders in as-made GNR/graphene materials. (a) The dangling bonds of the outmost C-atoms can bind to

H/F/OH/O atoms (in red) [136], which even exist near the perfect zigzag (top panel) or armchair edges (middle and bottom panels). The top and

middle panels show typical H or F atoms near the GNR edge, where the bottom panel shows typical O atoms near the GNR edge. (b) Mixed edge

structure composed of both zigzag and armchair edges [12], [137]. (c) Restructured C-atoms near the edge (in red) [91], [140]. Examples are

illustrated from top to bottom: (in-plane) 5-7-5 dislocations near a zigzag edge, 5-7-5 dislocations near an armchair edge, 5-8-5 dislocations near

a zigzag edge, single/multiple vacancies, (out-of-plane) adatoms/interstitials. (d) Enclosed edges (in blue) in BLG or MLG families (number of

layers> 2) [141]–[143]. Note that the blue part is just for illustration; C-atoms from different layers may not connect this way. (e) LER/LWR [59].

They have a spatial size of 100 � 101 nm in the nanowire-mask-based GNR devices.
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which can be attributed to a strong edge effect [see

Fig. 5(a)]. In contrast, BLRs featured diffusive transport

(linear R–L relation), where the absence of localization can

relate to a weaker edge effect than that in SLRs [see
Fig. 5(b)]. Through the comparisons among SLR, BLR,

SLG, and BLG, the edge effect in graphene materials was

found to be reduced by enlarging the width, decreasing the

carrier densities, or adding an extra layer [see Fig. 5(c)].

From SLR to SLG, the data showed a dimensional crossover

of the transport regimes possibly due to the drastic change

of the edge effect. These results reveal a critical role of edge

effect in graphene transport and thus the resistance scaling
rules, which may provide insight to achieve scalable

graphene electronics.

Another recent work has reported a direct analysis of

the LWR in GNR devices fabricated by the nanowire-mask

method [59], [160]. The edge profile of GNRs was ex-

tracted from their AFM/SEM images by an image pro-

cessing algorithm [see Fig. 6(a)]. Then, the width values

were sampled along the L-direction of the edge-profile

image, which were used to calculate the standard deviation
ð�Þ as the LWR amplitude. The LWR amplitude among

13 SLRs and five BLRs was found to generally decrease

with the GNR width ðWÞ, and the smallest LWR amplitude

was below 5 nm for SLRs with W � 30 nm [59]. This result

can relate to the etching undercut due to the circular cross

section of the nanowire mask. The W-dependence of on/off

ratios in the GNRs with different � values was measured to

evaluate the LWR impact on device performance (see
Fig. 6(b); the Gon=Goff ratio at T ¼ 300 K is calculated by

the measured conductance ðGÞ at jVg � VDiracj ¼ 30 V and

Vg ¼ VDirac, respectively). The data showed a large variation

in the W-dependence of the Gon=Goff (e.g., the Gon=Goff

value in SLRs varies from 2.2 to 3.5 near W � 40 nm), with

Table 3 Typical Fabrication Methods of GNR Devices. Plasma-Based GNR Fabrication Methods Typically Use O2/Ar Plasma Etching to Form the GNR, With

Chemical Resists, Nanowires or Metal Lines Being Employed as the Etching Mask [14], [60], [129], [139], [147]–[157]. On the Other Hand, GNRs Can Be

Chemically Derived via Unzipping CNTs [152], [153] or Thermally Grown on SiC Wafers [13]. The Chemical-Solution-Based Method Can Achieve Ultranarrow

GNRs With a Sub-5-nm Width [152]. Since GNR Is Sensitive to Multiple Types of Scattering, It May Not Be Surprising to See the Inconsistency in Their

Transport Properties, Which Can Be Quite Different in Samples Prepared by Different Methods. HSQ and PMMA Are the Photoresist Materials Used in

Ebeam Lithography
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no clear dependence on the � values. This large variation of

on/off ratios in GNRs in the presence of LWR is consistent

with theoretical works [161]–[163]; however, it may not be

fully attributed to LWR because other atomic-scale edge
disorders can also contribute to the variations. Although

LWR itself could lead to device degradation, the complexity

in the component of edge disorders needs to be taken under

account in as-made GNRs.

C. Advancement in Reducing Edge Disorders
in Graphene

Edge disorders represent the graphene variabilities

posed by material preparations, which challenge the relia-

bility and scalability of graphene systems. Much progress

has been made to reduce their effect through the advances

of material synthesis and patterning methods, with some

technology showing very promising results (see details in

Table 3). For example, Wang et al. have developed a gas

phase etching chemistry to narrow the GNRs down to
G 10 nm with a well-controlled etching rate [155]. The

achieved sub-5-nm-wide GNR devices show a high on/off

ratio up to �104 at room temperature. On the other hand,

Jiao et al. [153] have demonstrated high-performance

GNRs derived from unzipping multiwalled CNT samples.

They achieve this by either plasma etching of the CNTs in a

polymer film, or mechanical sonication of the gas-phase

oxidized CNTs in an organic solvent. The obtained GNR
devices have very smooth edges and the room-temperature

mobility as high as 1500 cm2=ðVsÞ with a 10–20-nm width.

A recent study shows that these GNRs can behave as

perfect quantum wires under low temperature [15].

Moreover, Cai et al. [164] reported an atomically precise

bottom-up fabrication of GNRs, which can provide GNRs

with engineered chemical and electrical properties. The

Fig. 6. LWR analysis for GNRs [59]. (a) Left panel: The extracted GNR

edge profile from the AFM image for LWR analysis. Right panel: The

width sampling (smoothened) along the L-direction of an SLR versus

the distance along the L-direction ðLÞ. The LWR amplitude � was

defined as the standard deviation of the sampled width values. (b) The

ON/OFF ratios ðGon=GoffÞ of as-made GNRs (both SLRs and BLRs, T ¼
300 K) versus the averaged width ðWÞ. The low-bias conductances

ðGon=GoffÞ at both ON- and OFF-states were measured atVg�VDirac ¼ 30 V

and Vg ¼ VDirac, respectively. The values of � were labeled at each data

point (unit: nanometers). The guide to the eye showed that the

ON/OFF ratios are generally lower in BLRs than those in SLRs.

Fig. 5. Effect of edge disorders on resistance scaling rules in graphene nanostructures [58]. (a) Room-temperature R�L relations for SLR at

off-state ðVg ¼ VDiracÞ, where Roff exponentially increases with L. The fitting showed a characteristic localization length of L0 � 0.27 �m for

W � 45 nm and L0 � 0.056 �m for W � 34 nm, respectively. (b) Room-temperature R�L relations for BLR at off-state ðVg ¼ VDiracÞ, where Roff

linearly increases with L. The fitting showed a characteristic mean-free path of Lm � 40 nm for W � 42 nm and Lm � 32 nm for W � 53 nm.

(c) Schematics for the crossover of transport regimes in graphene devices. This edge effect in SLR can be weakened by either adding an extra layer

to form BLR or increasing the width to form SLG; both cause the transition of transport regimes from localization to diffusion.
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topology, width, and edge profile of GNRs are well defined
by the structure of the precursor monomers, which are

prepared by surface-assisted coupling and cyclodehydro-

genation. This work provides another approach in devel-

oping high-performance GNR devices. Overall, we expect

that the continuous technology improvement with an

accurate manipulation of the edge disorders will bring

much more excitement in graphene community.

V. GRAPHENE VARIABILITIES FOR
SENSING APPLICATIONS

While variabilities in graphene are generally considered

the challenges for device engineering, a revisit of their

concepts can open up potential applications. Recent

studies have revealed strong correlations between the

‘‘signal fluctuations’’ in graphene devices with their sur-

rounding environment and the material properties (e.g.,

band structures) [65], [71], [75], [76]. By characterizing

the graphene variabilities (e.g., LFN), one can thus probe
the environmental change near the graphene surface

and the alteration of graphene properties. This variability-

based probing mechanism, although at an early stage of

development, can be useful in graphene-based sensing ap-

plications. Similar ideas have been implemented in silicon-

nanowire and carbon nanotube devices, where the LFN can

be employed in gas sensing and biosensing with high

sensitivities [82], [165].

For example, charged impurities left near the
graphene–SiO2 interface can create an inhomogeneous

charge distribution along the graphene sheet, which is a

dominating scattering mechanism that limits the carrier

mobility and can be responsible for several physical ano-

malies near the Dirac point [see Fig. 7(a)] [5], [87], [88],

[166], [167]. To investigate how the presence of spatial

charge inhomogeneity influences the LFN behavior in

graphene, Xu et al. [65] conducted research on the gate
dependence of the LFN amplitude ðAÞ in back-gated SLG

and BLG devices built on a SiO2/Si substrate. Graphene

devices were maintained in a vacuum environment and a

20-min vacuum bakeout (100 
C) process was generally

applied before the LFN measurements. Using a four-

probe measurement (4T) setup as described before (see

Section II), the gate dependence of LFN in SLG and BLG

was found to feature an M-shape and V-shape, respec-
tively [see Fig. 7(b) and (c)]. The analysis showed that

the noise behavior near the Dirac point can be attributed

to the extent of spatial charge inhomogeneity at low

carrier density limits (e.g., the noise maximum in the

M-shape of SLG matches the density of charged impurities

nimp). The correlation between the gate dependence of

LFN and the spatial charge inhomogeneity in graphene

can act as a probing mechanism to characterize the
nonuniform doping profile of graphene. For instance, the

LFN spectroscopy indicates the amount of charged

impurities near the graphene surface, which can be used

Fig. 7. Gate dependence of LFN in graphene devices: Probing the charge impurities by noise behavior [65]. (a) Charged impurities near the

graphene–SiO2 interface can create an inhomogeneous charge distribution along the graphene sheet, which is a dominating scattering mechanism

that limits the carrier mobility. (b) Gate dependence of LFN amplitude ðAÞ in SLG featured an M-shape at room temperature (shifted by the gate

bias at the Dirac point VDirac). (c) Gate dependence of LFN amplitude ðAÞ in BLG featured a V-shape at room temperature (shifted by VDirac). The

analysis showed that the noise behavior near the Dirac point can be correlated to the extent of spatial charge inhomogeneity at low carrier density

limits (e.g., the noise maximum in the M-shape of SLG matches the density of charged impurity nimp).
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to evaluate the substrate/dielectric quality of graphene

devices.

Taking one step further, Xu et al. [71] extended the

LFN study in back-gated SLR and BLR devices, aiming to

investigate the impact of their quasi-1-D transport on the

noise behavior. The GNR devices were achieved by the

nanowire-mask-based method [see the inset of Fig. 8(a)],
and kept in vacuum for both LFN and dc conductance

measurements. Data were presented in the energy scale to

compare with the band structure (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jVg � VDiracj

p
in SLR;

jVg � VDiracj in BLR). Through the analysis, the enhanced

conductance fluctuations (noise) were found to originate

from the quantum confinement along the GNR widths. In

SLRs, the gate dependence of LFN showed peaks whose

positions quantitatively match the subband positions in the
quasi-1-D band structures (see Fig. 8(a); W � 42 nm). The

LFN peaks can be attributed to the enhanced trap-induced

conductance fluctuation: the fluctuating occupancy of

interface traps causes the variation of the local potential;

the resulting conductance fluctuation is enhanced near the

subband thresholds where the density of states (DOS)

diverges [71], [79]. In BLRs, the LFN peaks were also

obvious while the subband feature was unclear in conduc-
tance data (see Fig. 8(b); W � 49 nm). Overall, the cor-

relation between LFN and DOS provides a more robust

mechanism to electrically probe the band structure of

GNRs than the conductance measurement (where the

subband feature is not clearly seen from the conductance

plateaus). High-quality GNRs with a narrower width (e.g.,

sub-10 nm) are expected to result in a larger separation

among the noise peaks and larger noise amplitudes (for a

smaller GNR area), which would make the noise peaks

observable at 300 K or higher temperatures. The gate

dependence of LFN can be employed to probe the change

of GNR band structures, which can find its use in a broad

range of sensing applications. For example, the LFN spec-

troscopy of GNR can detect the surface functionalization,
the biomolecule attachment, and the strain variations, all

of which alter the band structure of GNRs chemically,

biologically, or mechanically.

A recent study by Rumyanttsev et al. [75] has demon-

strated the LFN-based selective gas sensing in back-gated

graphene device. The room-temperature LFN spectra were

collected in 1 min after the device exposure to the chemi-

cal vapors with a well-controlled pressure (a degassing
process was applied before switching the vapors). The data

showed a discernible change of the LFN spectra due to the

graphene exposure to chemical vapors [see Fig. 9(a)]. The

noise spectra in open air were close to the 1/f shape,

whereas most vapors introduced Lorentzian bulges over

the 1/f noise background. The Lorentzian noise compo-

nents can relate to the additional traps created by the gas

molecules, which lead to the trapping/detrapping process-
es with specific time constants [104]–[108]. Furthermore,

the normalized LFN multiplied by frequency ðSI=I2 � fÞ
featured a maximum at a characteristic frequency f c [see

Fig. 9(b)], which was different in different vapors (e.g.,

f c � 10–20 Hz and 500–700 Hz for tetrahydrofuran

and acetonitrile, respectively). The LFN spectra were

reproducible from multiple measurements, which can be

Fig. 8. Gate dependence of LFN in GNR devices: Probing the band structure by noise behavior [71]. (a) Temperature-dependent noise (A, top) and

conductance (G, bottom) in SLR (W � 42 nm, L �0.81 �m) in the scale of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vg�VDirac

p
for the electron–conduction side ðVg > VDiracÞ. The upper inset

shows the AFM image of the SLR device with a scale bar equal to 0.5 �m. At 77 K, the gate dependence of LFN showed peaks whose positions

quantitatively matched the subband positions in the quasi-1-D DOS (see the lower inset for the schematics). The strong correlation between

LFN and DOS provides a robust mechanism to electrically probe the band structure of GNRs. (b) Temperature dependence of LFN behavior

in BLR (W � 49 nm, L � 0.79 �m) was presented in scale of Vg�VDirac for the electron–conduction side ðVg > VDiracÞ. At T ¼ 77 K, the noise peaks

(as arrowed) appeared while the corresponding conductance plateaus (bottom) were not obvious.
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used for reliable chemical sensing. The frequency f c of
vapor-induced noise spectra, in combination with the real-

time resistance changes [see the left inset of Fig. 9(a)], can

serve as distinctive signatures for highly selective gas

sensing by a single graphene device. This approach avoids

the fabrication of a dense sensor array which requires

specific functionalization for individual gases.

The idea of LFN-based metrology has also been imple-

mented on the scanning probe microscopy (SPM) plat-
form. Sung et al. [76] have recently developed a scanning

noise microscopy (SNM) for graphene strip devices: a

scanning Pt tip is contacted to the graphene surface to

measure the current noise spectrum through it. The length

dependence of the LFN amplitude was analyzed using an
empirical model, which extracted the noise contribution

from the device channel. Importantly, this SPM method

gave a 2-D noise mapping of the graphene strip device,

which clearly indicated the spatial fluctuations of the

graphene qualities (e.g., structural defects). The SNM

method can be integrated in existing SPM technologies

and achieve a spatial resolution as small as 1 nm by opti-

mizing the tip size. A high-resolution noise mapping can
be useful in detecting the local surface qualities on

graphene and many other materials, which can benefit

fundamental research on nanoscale devices.

The development of variability-based sensing applica-

tions with graphene can bring research opportunities in

multiple fields. For example, if a single-trap graphene sys-

tem can be achieved, the statistical analysis of RTN can be

employed to extract the trap information. For example, the
spatial location of a single trap away from the graphene

surface can be estimated by the gate dependence of the

time constant ratios (i.e., �1=�2) [111]. And the RTN be-

havior under a magnetic field can detect the spin reso-

nance of a single electron in graphene devices, which may

provide interest for graphene spintronics [168]. The new

role of graphene variabilities, employing the ‘‘signal fluc-

tuations’’ as the ‘‘sensing signal,’’ would attract both fun-
damental and practical interest.

VI. CONCLUSION

This paper has reviewed the variability effects in graphene,

with emphasis on their challenge and opportunities for

device engineering and applications. The variabilities in as-

made graphene devices can result from the environmental
disturbance (class I) and the material imperfection

(class II). In class I variabilities, we review the research on

interface traps near the graphene surface, with the focus

on their physical principles, characterization methods, and

the approach to minimize their effect via device engi-

neering. In class II variabilities, we review the research

on edge disorders that broadly exist in graphene mate-

rials, discussing their concepts, critical roles in device
performance, and the technology advancement in re-

ducing their effect. From the metrology perspective, we

discuss the potential use of graphene variabilities for sens-

ing applications, such as the surface-quality detection, se-

lective gas sensing, and SPM technologies, which may

promote interest in developing variability-based graphene

applications.

Aligning the concepts of graphene variabilities with
those in silicon devices, we see that the research is still at

an early stage. Efforts need to be made in larger spatial

scales with discussions from the circuit and system per-

spectives. Even within the device level, an exclusive cov-

erage of this rapidly growing field is difficult for its

multidisciplinary nature. For example, structural defects

(away from the edges) are important variabilities in bulk

Fig. 9. Selective gas sensing in back-gated graphene devices [75].

(a) LFN spectra of SLG devices measured in open air and under the

exposure to acetonitrile and tetrohydrofuran vapors (T ¼ 300 K at

Vg ¼ 0 V). The source-drain voltage is biased at Vds ¼ 100 mV. The left

inset shows the real-time resistance response of a graphene device

(Vg ¼ 0 V) to the exposure of ethanol. The right inset shows the typical

scanning electron microscopy (SEM) images of a back-gated graphene

device with a scale bar equal to 2 �m. (b) Normalized LFN spectra

multiplied by frequency ðSI=I2 � fÞ in three SLG devices exposed to

acetonitrile vapor. All three devices feature the same characteristic

frequency fc , showing excellent reproducibility of the noise response

to chemical gases.
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graphene (with a micrometer width), which are much
concerned in graphene samples prepared by CVD-based

transfer technology [92], [140]. Artificially generated

structural defects (e.g., ion irradiation) have been found

to lower the mobility, shift the Dirac point, increase the

noise, and modify the transport properties [69], [169]–

[171]. However, the quality of CVD graphene has been

significantly improved in recent years [17], [23], [172].

The effects of structural defects on the performance of
CVD-based graphene devices would need to be evaluated

with consideration to the presence of other variabilities

(e.g., charged impurities). In addition, large geometrical

distortions in graphene, such as ripples, can be potentially

implemented in strain and thermal engineering [85], [93].

A recent study reveals that a giant pseudomagnetic field

(300 Tesla) can be achieved in graphene nanobubbles via

strain engineering [173].
With the presence of variabilities, scalability of the

graphene devices is a critical issue to evaluate their ulti-

mate promise. Besides the resistance scaling as discussed

before (Section III), scaling behaviors of the graphene de-

vices, such as on/off ratio and transconductance, require

continuous focus. For example, Sui et al. [66] have re-

ported the role of disorder (e.g., charged impurities) to

the size scaling of minimum conductivity at Dirac point in
SLG devices. Meric et al. [174] have characterized the

length dependence of the high-bias transport in dual-gated

graphene devices, which reveal the effect of interface traps

to the output conductance and current saturation. How

these graphene variabilities will be affected by size scaling
is yet another important topic to investigate. Similar to

silicon devices [99], [101], the scaling of graphene devices

may increase the impact of graphene variabilities on

device performance. As the device scales down, the va-

riabilities with a small scale (e.g., interface traps, atomic-

scale edge disorders) might become more influential than

those with a large scale (e.g., ripples larger than 300 nm

can be less likely to exist in small devices [93]). The effect
of graphene variabilities also depends on technology

advances. For instance, the scattering rate due to charged

impurities is lower in graphene devices on a BN substrate

than those on a Si/SiO2 substrate[3]. Research on these

aspects will help the exploration of the scaling limit in

graphene electronics.

We finally mark that our discussions can extend to

other thin-film, nanowire, and nanotube devices, in all of
which variabilities exist and need to be addressed for de-

vice applications. A controlled manipulation of these va-

riabilities may lead to flexible metrology tools that can

provide surprises in the future. h
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‘‘Evidence for graphene edges beyond zigzag
and armchair,’’ Phys. Rev. B, vol. 80, 2009,
073401.

[139] M. Y. Han, B. Ozyilmaz, Y. Zhang, and
P. Kim, ‘‘Energy band-gap engineering of
graphene nanoribbons,’’ Phys. Rev. Lett.,
vol. 98, 2007, 206805.

[140] F. Banhart, J. Kotakoski, and
A. V. Krasheninnikov, ‘‘Structural defects
in graphene,’’ ACS Nano, vol. 5, pp. 26–41,
2011.

[141] K. Kim, Z. Lee, B. D. Malone, K. T. Chan,
B. Alemán, W. Regan, W. Gannett,
M. F. Crommie, M. L. Cohen, and A. Zettl,
‘‘Multiply folded graphene,’’ Phys. Rev. B,
vol. 83, 2011, 245433.

[142] Z. Liu, K. Suenaga, P. J. F. Harris, and
S. Iijima, ‘‘Open and closed edges of
graphene layers,’’ Phys. Rev. Lett., vol. 102,
2009, 015501.

[143] J. Zhang, J. Xiao, X. Meng, C. Monroe,
Y. Huang, and J. Zuo, ‘‘Free folding of
suspended graphene sheets by random
mechanical stimulation,’’ Phys. Rev. Lett.,
vol. 104, 2010, 166805.

[144] M. Evaldsson, I. V. Zozoulenko, H. Xu, and
T. Heinzel, ‘‘Edge-disorder-induced
Anderson localization and conduction gap
in graphene nanoribbons,’’ Phys. Rev. B,
vol. 78, 2008, 161407.

[145] F. Sols, F. Guinea, and A. H. C. Neto,
‘‘Coulomb blockade in graphene
nanoribbons,’’ Phys. Rev. Lett., vol. 99,
2007, 166803.

[146] J. Poumirol, A. Cresti, S. Roche,
W. Escoffier, M. Goiran, X. Wang,
X. Li, H. Dai, and B. Raquet, ‘‘Edge
magnetotransport fingerprints in
disordered graphene nanoribbons,’’
Phys. Rev. B, vol. 82, 2010, 041413.

[147] P. Gallagher, K. Todd, and
D. Goldhaber-Gordon, ‘‘Disorder-induced
gap behavior in graphene nanoribbons,’’
Phys. Rev. B, vol. 81, 2010, 115409.

[148] C. Lian, K. Tahy, T. Fang, G. Li, H. G. Xing,
and D. Jena, ‘‘Quantum transport in
graphene nanoribbons patterned by metal
masks,’’ Appl. Phys. Lett., vol. 96, 2010,
103109.

[149] J. Bai, X. Duan, and Y. Huang, ‘‘Rational
fabrication of graphene nanoribbons using
a nanowire etch mask,’’ Nano Lett., vol. 9,
pp. 2083–2087, 2009.

[150] Y. Yang and R. Murali, ‘‘Impact of size
effect on graphene nanoribbon transport,’’
IEEE Electron Device Lett., vol. 31, no. 3,
pp. 237–239, Mar. 2010.

[151] Z. Chen, Y. Lin, M. J. Rooks, and P. Avouris,
‘‘Graphene nano-ribbon electronics,’’ Phys. E,
Low-Dimensional Syst. Nanostruct., vol. 40,
pp. 228–232, 2007.

[152] L. Jiao, X. Wang, G. Diankov, H. Wang, and
H. Dai, ‘‘Facile synthesis of high-quality
graphene nanoribbons,’’ Nature Nanotechnol.,
vol. 5, pp. 321–325, 2010.

[153] L. Jiao, L. Zhang, X. Wang, G. Diankov, and
H. Dai, ‘‘Narrow graphene nanoribbons
from carbon nanotubes,’’ Nature, vol. 458,
pp. 877–880, 2009.

[154] R. Yang, L. Zhang, Y. Wang, Z. Shi,
D. Shi, H. Gao, E. Wang, and G. Zhang,
‘‘An anisotropic etching effect in the
graphene basal plane,’’ Adv. Mater.,
vol. 22, pp. 4014–4019, 2010.

[155] X. Wang and H. Dai, ‘‘Etching and narrowing
of graphene from the edges,’’ Nature Chem.,
vol. 2, pp. 661–665, 2010.

[156] D. V. Kosynkin, A. L. Higginbotham,
A. Sinitskii, J. R. Lomeda, A. Dimiev,
B. K. Price, and J. M. Tour, ‘‘Longitudinal
unzipping of carbon nanotubes to form
graphene nanoribbons,’’ Nature, vol. 458,
pp. 872–876, 2009.

[157] J. B. Oostinga, B. Sacepe, M. F. Craciun,
and A. F. Morpurgo, ‘‘Magnetotransport
through graphene nanoribbons,’’ Phys. Rev.
B, vol. 81, 2010, 193408.

[158] J. H. Bardarson, J. Tworzydao,
P. W. Brouwer, and C. W. J. Beenakker,
‘‘One-parameter scaling at the Dirac point
in graphene,’’ Phys. Rev. Lett, vol. 99, 2007,
106801.

[159] M. S. Purewal, B. H. Hong, A. Ravi,
B. Chandra, J. Hone, and P. Kim, ‘‘Scaling
of resistance and electron mean free path
of single-walled carbon nanotubes,’’ Phys.
Rev. Lett., vol. 98, 2007, 186808.

[160] M. Wang, E. B. Song, S. Lee, J. Tang,
M. Lang, C. Zeng, G. Xu, Y. Zhou, and
K. L. Wang, ‘‘Quantum dot behavior in
bilayer graphene nanoribbons,’’ ACS Nano,
vol. 5, pp. 8769–8773, 2011.

[161] Y. Yoon and J. Guo, ‘‘Effect of edge
roughness in graphene nanoribbon
transistors,’’ Appl. Phys. Lett., vol. 91,
2007, 073103.

[162] D. Basu, M. J. Gilbert, L. F. Register,
S. K. Banerjee, and A. H. MacDonald,
‘‘Effect of edge roughness on electronic
transport in graphene nanoribbon channel
metal-oxide-semiconductor field-effect
transistors,’’ Appl. Phys. Lett., vol. 92, 2008,
042114.

[163] M. Luisier and G. Klimeck, ‘‘Performance
analysis of statistical samples of graphene
nanoribbon tunneling transistors with
line edge roughness,’’ Appl. Phys. Lett.,
vol. 94, 2009, 223505.

[164] J. Cai, P. Ruffieux, R. Jaafar, M. Bieri,
T. Braun, S. Blankenburg, M. Muoth,
A. P. Seitsonen, M. Saleh, X. Feng,
K. Mullen, and R. Fasel, ‘‘Atomically
precise bottom-up fabrication of graphene

Xu et al. : Variability Effects in Graphene: Challenges and Opportunities for Device Engineering and Applications

1686 Proceedings of the IEEE | Vol. 101, No. 7, July 2013



nanoribbons,’’ Nature, vol. 466, pp. 470–473,
2010.

[165] D. Kingrey, O. Khatib, and P. G. Collins,
‘‘Electronic fluctuations in nanotube circuits
and their sensitivity to gases and liquids,’’
Nano Lett., vol. 6, pp. 1564–1568, 2006.

[166] P. Wei, W. Bao, Y. Pu, C. N. Lau, and J. Shi,
‘‘Anomalous thermoelectric transport of
Dirac particles in graphene,’’ Phys. Rev. Lett.,
vol. 102, 2009, 166808.

[167] H. B. Heersche, P. Jarillo-Herrero,
J. B. Oostinga, L. M. K. Vandersypen, and
A. F. Morpurgo, ‘‘Bipolar supercurrent in
graphene,’’ Nature, vol. 446, pp. 56–59,
2007.

[168] M. Xiao, I. Martin, E. Yablonovitch, and
H. W. Jiang, ‘‘Electrical detection of the spin
resonance of a single electron in a silicon
field-effect transistor,’’ Nature, vol. 430,
pp. 435–439, 2004.

[169] J. Hwang, C. Kuo, L. Chen, and K. Chen,
‘‘Correlating defect density with carrier
mobility in large-scaled graphene films:
Raman spectral signatures for the estimation
of defect density,’’ Nanotechnology, vol. 21,
2010, 465705.

[170] Y. Zhou, Z. Liao, Y. Wang, G. S. Duesberg,
J. Xu, Q. Fu, X. Wu, and D. Yu, ‘‘Ion
irradiation induced structural and electrical
transition in graphene,’’ J. Chem. Phys.,
vol. 133, 2010, 234703.

[171] I. Childres, L. A. Jauregui, J. Tian, and
Y. P. Chen, ‘‘Effect of oxygen plasma
etching on graphene studied using Raman
spectroscopy and electronic transport
measurements,’’ New J. Phys., vol. 13,
2011, 025008.

[172] N. Petrone, C. R. Dean, I. Meric,
A. M. van der Zande, P. Y. Huang,
L. Wang, D. Muller, K. L. Shepard, and

J. Hone, ‘‘Chemical vapor deposition-derived
graphene with electrical performance of
exfoliated graphene,’’ Nano Lett., vol. 12,
pp. 2751–2756, 2012.

[173] N. Levy, S. A. Burke, K. L. Meaker,
M. Panlasigui, A. Zettl, F. Guinea,
A. H. C. Neto, and M. F. Crommie,
‘‘Strain-induced pseudo-magnetic
fields greater than 300 tesla in
graphene nanobubbles,’’ Science,
vol. 329, pp. 544–547, 2010.

[174] I. Meric, C. R. Dean, A. F. Young,
N. Baklitskaya, N. J. Tremblay, C. Nuckolls,
P. Kim, and K. L. Shepard, ‘‘Channel
length scaling in graphene field-effect
transistors studied with pulsed
current-voltage measurements,’’ Nano
Lett., vol. 11, pp. 1093–1097, 2011.

ABOUT T HE AUTHO RS

Guangyu Xu (Member, IEEE) received the B.S. and

M.S. degrees in fundamental sciences and electri-

cal engineering from Tsinghua University, Beijing,

China, in 2003 and 2006, respectively, where he

investigated the applications of microstructured

optical fibers. He received the Ph.D. degree in

electrical engineering from the University of

California Los Angeles, Los Angeles, CA, USA, in

2011, where he conducted research on carbon-

based electronics.

He is currently a Postdoctoral Fellow at the School of Applied Science

and Engineering, Harvard University, Cambridge, MA, USA. His current

research interests include solid-state and biological system interface,

and plasmonic circuits based on nanodevices. During 2009–2010, he

collaborated with the Molecular Foundry at Lawrence Berkeley National

Lab, where he worked on graphene-based nanoelectronics as a Guest

Researcher. His doctoral work examined the variability effects in carbon

nanotube, graphene, and graphene nanoribbon devices from both the

device engineering and the sensing (metrology) application perspectives,

which have been reported by Science Daily, Berkeley Lab News Center,

R&D Magazine and PhysOrg, among others.

Dr. Xu is the recipient of the MRS Spring Meeting Best Symposium

Presentation Golden Award, the Chinese Government Award for Out-

standing Students Abroad, the FCRP FENA Review Outstanding Theme

Poster Award, the Henry Samueli Electrical Engineering Graduate

Student Fellowship, and the General Electric Fellowship, among others.

He serves as the Reviewer for Nano Letters, Applied Physics Letters, ACS

Nano, Journal of American Chemistry Society, the PROCEEDINGS OF THE

IEEE, and the IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS.

Yuegang Zhang (Member, IEEE) received the B.S.

and M.S. degrees in physics from Tsinghua Univ-

ersity, Beijing, China, in 1986 and 1989, respec-

tively, and the Ph.D. degree in materials sciences

from the University of Tokyo, Tokyo, Japan, in

1996.

From 1989 to 1993, he was a Lecturer in the

Department of Physics, Tsinghua University. From

1996 to 2000, he was a Researcher at NEC Fun-

damental Research Laboratories. From 2000 to

2002, he was a Research Associate at Stanford University, Stanford, CA,

USA. From 2002 to 2008, he was a Senior Researcher at Intel Cor-

poration, where he led the Intel Carbon Nanotube Research Project and

chaired the Memory Strategic Research Sector. In 2008, he joined

Lawrence Berkeley National Laboratory, Berkeley, CA, USA, as a Career

Staff Scientist. Since the end of 2012, he has been a Professor at the

Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of

Sciences, Suzhou, China. His research interests cover graphene-based

electronic device, nonvolatile memory devices, and electrochemical

energy storage technologies.

Dr. Zhang received the research fellowship of the Japan Society for the

Promotion of Science (JSPS) for Young Scientists in 1995 and 1996. From

2006 to 2008, he served as a member of the Technical Advisory Board of

Memory Technologies, Semiconductor Research Corporation (SRC). Since

2003, he has been serving as a member of the Emerging Research

Devices (ERD) and Emerging Research Materials (ERM) Working Groups

for the International Technology Roadmap for Semiconductors (ITRS).

Xiangfeng Duan received the Ph.D. degree in

physical chemistry from Harvard University,

Cambridge, MA, USA, in 2002.

Currently, he is an Associate Professor at the

University of California Los Angeles (UCLA), Los

Angeles, CA, USA. He was a Founding Scientist and

then Manager of Advanced Technology at Nanosys

Inc., a nanotechnology startup founded partly on

his doctoral research. He joined UCLA as an Assis-

tant Professor with a Howard Reiss Career Devel-

opment Chair in 2008, and was promoted to Associate Professor in 2012.

His research interest includes nanoscale materials, devices, and their

applications in future electronics, energy science, and biomedical

science.

Alexander A. Balandin (Fellow, IEEE) received

the B.S. and M.S. degrees (summa cum laude) in

applied physics and mathematics from the

Moscow Institute of Physics & Technology

(MIPT), Moscow, Russia, in 1989 and 1991, re-

spectively, and the M.S. and Ph.D. degrees in

electrical engineering from the University of Notre

Dame, Notre Dame, IN, USA, in 1995 and 1997,

respectively.

From 1991 to 1993, he worked as a Research

Associate at MIPT on projects sponsored by the Russian Space Agency.

From 1997 to 1999, he worked as a Research Engineer at the Department

of Electrical Engineering, University of California Los Angeles (UCLA), Los

Angeles, CA, USA. In 1999, he joined the Department of Electrical

Engineering, University of California Riverside (UCR), Riverside, CA, USA,

where he is a Professor of Electrical Engineering and the Director of the

Nano-Device Laboratory (NDL), which he organized with extramural

Xu et al. : Variability Effects in Graphene: Challenges and Opportunities for Device Engineering and Applications

Vol. 101, No. 7, July 2013 | Proceedings of the IEEE 1687



funding in 2000. In 2005, during his sabbatical, he was a Visiting

Professor at the University of Cambridge, Cambridge, U.K. He is a Found-

ing Chair of the UCR campus-wide Materials Science and Engineering

(MS&E) program. His research interests are in the area of advanced

materials, nanostructures, and nanodevices for electronics, optoelec-

tronics, and energy conversion. He conducts both experimental and

theoretical research. He is recognized internationally as a pioneer of the

phononics and graphene thermal fields who discovered unique heat

conduction properties of graphene, explained them theoretically, and

proposed graphene’s applications in thermal management, thermally

aware electronics, and energy storage. He made key contributions to

development of the phonon engineering concept and its thermoelectric

energy and electronic applications. He is known for his works on thermal

transport in nanostructures, exciton, and phonon confinement effects,

1/f noise in electronic devices, physics, and applications of quantum dots

and graphene. He published �185 technical papers, 12 invite chapters,

edited/authored six books and the five-volume Handbook of Semi-

conductor Nanostructures and Nanodevices (ASP, 2002). His h-index is

50 and his papers were cited more than 11 000 times. His research has

been supported though grants and contracts from the National Science

Foundation (NSF), the U.S. Office of Naval Research (ONR), the U.S. Air

Force Office of Scientific Research (AFOSR), Army Research Office (ARO),

the National Aeronautics and Space Administration (NASA), the U.S.

Department of Energy (DOE), Semiconductor Research Corporation

(SRC), the Defense Advanced Research Projects Agency (DARPA), the

Civil Research & Development Foundation (CRDF), UC MICRO, IBM, TRW,

and Raytheon.

Prof. Balandin is a recipient of the IEEE Pioneer of Nanotechnology

Award in 2011. He was also recognized by the ONR Young Investigator

Award, the U.S. NSF CAREER Award, the University of California

Regents Award, the CRDF Award, and the Merrill Lynch Innovation Award.

He is an elected Fellow of several major professional societies, including

the American Physical Society (APS), the Optical Society of America (OSA),

the International Society for Optics and Photonics (SPIE), the Institute of

Physics (IOP), the Institute of Materials, Minerals and Mining (IOM3) and

the American Association for the Advancement of Science (AAAS). He has

given �80 plenary, keynote and invited talks at conferences, universities

and government organizations. He serves as Editor of the IEEE TRAN-

SACTIONS ON NANOTECHNOLOGY (TNANO), and as an Editor-in-Chief of the

Journal of Nanoelectronics and Optoelectronics.

Kang L. Wang (Fellow, IEEE) received the B.S.

degree in electrical engineering from the National

Cheng Kung University, Tainan, Taiwan, in 1964

and the Ph.D. degree in electrical engineering from

the Massachusetts Institute of Technology (MIT),

Cambridge, MA, USA, in 1970.

In 1970–1972, he was an Assistant Professor at

MIT. From 1972 to 1979, he worked at the General

Electric Corporate Research and Development

Center as a Physicist/Engineer. In 1979, he joined

the Electrical Engineering Department, University of California Los

Angeles (UCLA), Los Angeles, CA, USA, where he is the endowed

Raytheon Professor of Physical Science and Electronics. He served as

Chair of the Department of Electrical Engineering, UCLA, from 1993 to

1996. Currently, he serves as the Director of the Marco Focus Center on

Functional Engineered Nano Architectonics (FENA), an interdisciplinary

Research Center, funded by the Semiconductor Industry Association and

the U.S. Department of Defense. He leads the Western Institute of

Nanoelectronics (WIN), a coordinated multiproject spintronics Research

Institute. He also serves as the Director of King Abdulaziz City for Science

and Technology (KACST) at UCLA. He was also the Dean of Engineering

from 2000 to 2002 at the Hong Kong University of Science and

Technology, Hong Kong. His research activities include semiconductor

nanodevices, quantum information devices, spintronics/ferromagnetic

materials and devices, nanoscience, and technology; molecular beam

epitaxy, quantum structures, and devices; and nano-epitaxy of hetero-

structures. The current ongoing projects are aimed at semiconductor/

spintronics and correlated systems for low-power applications. He holds

more than 20 patents and has published over 400 papers.

Dr. Wang received many awards, including the Outstanding Alumni

Award from the National Cheng Kung University (2012); the SIA University

Research Award (2009); the IBM Faculty Award; the TSMC Honor Lec-

tureship Award; Honoris Causa at Politechnico University, Torino, Italy;

Semiconductor Research Corporation Inventor Awards; the European

Material Research Society Meeting Best paper award; and the Semicon-

ductor Research Corporation Technical Excellence Achievement Award.

He is a Guggenheim Fellow. Currently, he serves as the Editor-in-Chief of

IEEE TRANSACTIONS ON NANOTECHNOLOGY (TNANO). He also serves on the

editorial board of the Encyclopedia of Nanoscience and Nanotechnology

(American Scientific).

Xu et al. : Variability Effects in Graphene: Challenges and Opportunities for Device Engineering and Applications

1688 Proceedings of the IEEE | Vol. 101, No. 7, July 2013



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


