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ABSTRACT

We demonstrate that the electronic devices built on patterned graphene nanoribbons (GNRs) can be made with atomic-perfect-interface junctions
and controlled doping via manipulation of edge terminations. Using first-principles transport calculations, we show that the GNR field effect
transistors can achieve high performance levels similar to those made from single-walled carbon nanotubes, with ON/OFF ratios on the order
of 103-10%, subthreshold swing of 60 meV per decade, and transconductance of 9.5 x 103 Sm—1,

The continued miniaturization of Si electronic device based patterned graphene nanoribbbrisand demonstrate the
on CMOS technology is approaching the physical and intrinsic current-voltage (—V) characteristics of GNR-FETs
geometrical limits. Recent developments through innovations from first-principles calculation¥’ We show that various

in strain engineering, structural design, and hybridization with device junctions can be constructed by connecting GNRs of
new materials are expected to enable the current pace ofdifferent width and orientation with perfect atomic inter-
downscaling for another decade. It is anticipated that future face, and more importantly device units can be selectively
generations of nanoelectronics will likely go beyond CMOS doped by manipulating the edge terminations of GNRs.
technology to new device paradigms based on exotic Furthermore, our calculations show that the GNR-FETSs can
nanoscale materials such as molecules and/or novel quantungxhibit high levels of performance similar to SWNT-FETS,
transport mechanisms such as with spin current replacingwith ON/OFF ratios on the order of ¥910%, subthreshold

charge current. swing of 60 meV per decade, and transconductance of 9.5
A proof-of-concept prototype molecular device, a field x 108 S

effect transistor (FET), has been demonstrated with single-

The conceptual basis of the GNR-based devices such as
walled carbon nanotubes (SWNTsy. The SWNT-FET has

GNR-FETSs originates from the recognition that the electronic

been showr|1 t'o eXh'bk']t S“pef"”d pt;er;‘ormance/ over the properties of GNRs exhibit a dependence on the ribbon
conventional SI-FET, characterized by large ON/OFF ratio, direction and width that is the same as those of SWNTs on

fallzt sw_itching Zpﬁgi(?igh carri;zr Torgggy&’ small sutbr;chresh- the tube diameter and chirality='® A nanotube is often
old swing, and high transconductance.However, there. — io\yaq a5 a rolled-up piece of graphene; conversely, a

22:%'2 fg;eegh_illfenge; bﬁé(;;%nsswy;-za?: Ir;argﬁr\:gﬁ%anoribbon is nothing but an unrolled nanotube. The electron
1zed 1 pplications. xample, confinement, the physical origin that gives rise to the

to all molecular devices, it is difficult to construct device differentiation of semiconducting and metallic behavior, is

junctions with atomically smooth interfaces and to dope the . . . . . .
S : equivalent in the tube and ribbon configurations, as illustrated
molecular device in a controllable and selective manner. . "~ _
in Figure la. In both cases, the electrons are confined to

Graphene nanoribbons (GNRs) have recently attracted . : L
. N . form standing waves along, the rolling vector, albeit with
intensive interest because they are recognized as a new class;. . . =
o . - - Slightly different boundary conditionsC{ = ma + na,
of materials in the carbon family as promising building . .
. . . . wherem andn are integers and; anda, are the unit cell
blocks for nanoelectronic and spintronic devices. Here, we ) ;
vectors of graphene lattice.) In a GNR, two nodal points of

illustrate architectural designs of molecular devices built on . _
the standing wave must be at the ribbon edge (lower panel
h*Correipondi‘ng alz\t,f\}otr)sj Email: fliu@eng.utah.edu (F.L.); dwh@ of Figure 1a), while in a SWNT, they can be anywhere, i.e.,
phys.tsinghua.edu.cn (W.D.). ; ; T .
* Department of Physics, Tsinghua University. a_cwcumferentlal periodic boundary condition (upper panel,
* Department of Materials Science and Engineering, University of Utah. Figure 1a).
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Figure 1. (a) Schematic illustration of a GNR as an unfolded
SWNT. (b) A (3,3) asymmetric armchair GNR. (c) A (4.5,0)
symmetric zigzag GNR. (d) A (2.5,2.5) symmetric armchair GNR.
(e) A (4,0) asymmetric zigzag GNR. (f) Calculated band gaps of
zigzag (lefty-axis) and work functions (right-axis) of zigzag (up
triangles) and armchair (down triangles) GNRs as a function of

the ribbon width. The horizontal red dashed line marks the work
function of graphene at4.66 eV.

There can be, in principle, two ways to unfold SWNTs
that result in two different classes of GNRs by cutting open
the SWNT along the axial direction through a row of atoms
and then splitting the atom row onto both edges of the
resulting GNR, marked as A and i parts b and ¢ of Figure
1, respectively, or by cutting open the SWNT through a row
of C—C bonds, and then a row of atoms will be missing on
one edge of the resulting GNR as the missirngmFigure
1d and e. So, any giveim(m) armchair SWNT can unfold
into either a fn,m) or (Mm-1/2m-1/2) armchair GNR, and any
given (m,0) zigzag SWNT can unfold into either axl1,0)
or (m-1/2,0) zigzag GNR. There can be twice as many GNRs
as SWNTs. Also, a GNR may have either a tafght
symmetric (Figure 1c and d) or asymmetric (Figure 1b and
e) structure. Therefore, in analogy to naming SWNTs, we
can label all the GNRs in a unified sequence of,n/2),
wherem andn are integers, with uniquely defined ribbon
orientation and width [{/2)a; + (n/2)a;]. We note that a
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different notation of GNRs has been used in the literatute
based on the ribbon edge structures, which do not use the
direct correspondence to the SWNTs.

Our first-principles band calculatiol®f GNRs agree well
with previous studie&? 16 All of the (n/2,0) zigzag GNRs
are semiconducting, and their band gaps are shown in Figure
1f as a function of ribbon widthyV = [(n + 1)/2] x (0.246)
nm. Similar to zigzag SWNTSs, the band gaps of zigzag GNRs
are divided into three groups, with time= 3i group having
the smallest gap® the 3+1 group having a medium gap,
and the 8+2 group having the largest gap, wherés an
integer and each group of gaps decrease with increasing
width as 1¥V. We found that even a zigzag GNR of 15 nm
wide still has a gap 0f0.1 eV, which can be a useful feature
for employing the zigzag GNRs as semiconducting channels
of FETs.

We also found the zero-temperature ground state of
armchair GNRs to be spin-polarized, as predicted by previous
calculations*> However, the energy of the spin-polarized
state is only~20 meV per edge atom lower than the nonspin-
polarized staté> Furthermore, magnetization is strictly
forbidden in 1D and 2D systems at finite temperatufes.
Therefore, for our investigation of GNR-FETs, only the
nonspin-polarized metallic state of armchair GNRs will be
considered. We also note that the band gaps of zigzag GNR
channels in the FETs are underestimated by the local density
approximationt® This will affect some of the device char-
acteristics, such as the threshold voltage, but it will not alter
any of the main conclusions.

Also shown in Figure 1f are the calculated work functions
(WFs). All the zigzag and armchair GNRs (semiconducting
or metallic) are found to have almost the same WKdf58
eV, slightly lower than the WF of the graphene (4.66 eV).
This is different from the case of SWNTs, where the
curvature effect induces surface dipole that makes the WF
of SWNTs dependent on tube siZeThe constancy of the
GNR WEF turns out to be a very useful property for the design
of GNR-based devices. It indicates that when GNRs of
different type and of different size are brought into contact,
their energy levels will be easily aligned.

Similar to the synthesis of SWNTSs that requires better
control over their diameter and chirality, fabrication of GNRs
awaits for experimental progre%s,in particular the nano-
patterning techniques, to achieve control over their width
(equivalent to diameter of SWNTs) and directionality
(equivalent to chirality of SWNTS). In principle, GNRs can
be fabricated directly into device structures and even
integrated circuits by a single process of patterning a
graphene sheet, as has been demonstrated by recent experi-
ments?t2?Parts a-c of Figure 2 illustrate three basic device
building blocks: (i) a metatsemiconductor junction, (i) a
p—n junction, and (iii) a heterojunction, which can be,
respectively, made by patterned GNRs (i) along different
direction, (ii) with different edge doping, and (iii) with
different width. We envision a variety of devices can be
constructed from these building blocks. For example, a FET
can be made simply by two metasemiconductor junctions,
as shown in Figure 2d.
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Figure 2. Schematics of three device building blocks: (a) a metal N Yy, oo (f) e
semiconductor junction between an armchair and a zigzag GNR, (e) CB o2 ;‘(nmf & 7
(&

(b) ap—n junction between two zigzag GNRs with different edge
doping, and (c) a heterojunction between two zigzag GNRs of
different width (band gap). (d) Schematics of a GNR-FET, made
from one (4,0) zigzag semiconductor GNR channel and two (3,3)
armchair metallic GNR leads connected to two external metal
electrodes.

Figure 3. (a—d) Calculated performance characteristics of the
intrinsic GNR-FET as shown in Figure 2f. (b)Vgae Curve for a
5.91 nm long channeMgias = 20 mV). (b) |—Vyias curves under
different gate voltageMgaw. (C) |—Vgate CUrves as a function of
channel length\{yias = 20 mV). (d) The subthreshold swin§)(as

There are some key potential advantages in designing anoE fun.ction of chanm;-l length. (e) Schematic illu§trati0n of band
. . . . ending under positive (upper panel) and negative (lower panel)

constructing device architectures based on GNRs. First, allgate voltage, illustrating the electron and hole tunneling mecha-
the junctions between GNRs of different width and direc- nisms. (f) Transmission coefficients as a function of channel length.
tionality (Figure 2a and c) have perfect atomic interface, a
feat that is difficult to achieve for interfacing nanotubes of parameters of a series of GNR-FETSs as a function of channel
different diameter and chirality. Second, it is generally length and width for both intrinsic and doped channels.
difficult to find a robust method to make contact with the Figure 3a shows the typic&tVyae curve of a GNR-FET
molecular device unit because there exists usually a largemade with a 5.91 nm long intrinsic (4,0) zigzag semicon-
contact resistance between the metal electrodes and molducting channel connected to two (3,3) armchair metallic
ecules (e.g., SWNTSs) due to a very small contact area. Thisleads (source and drain). In the voltage window froi.6
difficulty may be circumvented by using GNRs, because the to 0.6 V, the GNR-FET exhibits a near-symmetrieVgae
GNR-based devices can be connected to the outside circuiturve, characteristic of an excellent ambipolar transistor. The
exclusively via metallic GNRs, as illustrated in Figure 2d, on-currentl,, is about 0.74A. At the off-state of zero gate
which serve as extensions of metal electrodes to make contactoltage, the minimum leakage current+sl0* uA. This
with the semiconducting GNRs so that an atomically smooth translates to a very large ON/OFF ratio lgi/lo ~ 2000.
metal-semiconductor interface is maintained with minimum The large ON/OFF ratio manifests again the “perfect” atomic
contact resistance. Last, doping a molecular device has beelinterface between the metal and semiconductor GNRs with
extremely difficult. The GNRs have two free edges, which minimum contact resistance. Using theVy,e data and the
may serve as effective means for doping by manipulating effective channel width o#V ~ 1.10 nm, we have calculated
their edge terminations. Simply by replacing the C atoms at the transconductance of the GNR-FET to Ge= (dI/
the ribbon edge with different types of dopants at different dVgadv,.=1.0e\)/W ~ 9500 S/m, which can be compared with
sections, one can selectively dope one single GNR to form the best value of 50687000 S/m achieved experimentally
a p—n junction, as shown in Figure 2b. The dopant with SWNT-FETs®®
concentration should also be tunable via control of GNR size  Figure 3b shows the calculated theVyias curves under
and amount of dopant atoms (molecules) introduced. different gate voltages. At the zero gate voltagg.&= 0),

To explore the viability and potential of GNR-based the current is suppressed and a pronounced gaplike non-
devices, we have carried out extensive first-principles linearity develops around ps = 0. Thel—Vyias CUrves at
transport calculatiod8 to characterize the performance low gate voltages exhibit a typical power-law behavior of
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semiconductor transport and gradually change into an Ohmic

1

behavior when a large negativgaeis applied. The changing 0.6 .

I —Vpias Characteristics with changing gate voltage demon- o1 / _/

strates that the transport properties of the GNR-FETs can —_ El /

be effectively modulated by the gate voltage. §. 044 T om / /
We have also examined the switching characteristics of : B3 !

the GNR-FETSs by calculating the subthreshold swiig; e /

dVyadd log I ~ 60 mV/decade. This value, which is close . /

to the theoretical limit of conventional Si-based FEY®jas 1/

also seen in some SWNT-FET&The subthreshold swing 00—

is a key parameter for device miniaturization, and generally -10 08 -0.6 -04 02 00 02 04 0.6

a small value ofSis desired for low threshold voltage and Veate (V)

low-power operation when the FETs are made small. Thus, Figure 4. 1-Vgcurve calculated for a GNR-FET made of a 5.91
we have further examinesivalues against the channel length nm longN-dopedn-type channel, using a bias voltage of 20 mV.
(Ic) of GNR-FETSs. Figure 3c shows tHe-Vgae curves of

the GNR-FETs made from the same (4,0) channel with its
length varying from 1.69 to 6.76 nm, from which the values
of Sare derived as a function &f, as shown in Figure 3d.
Clearly, S decreases with increasirlg and gradually ap-
proaches te~60 mV/decade wheh becomes longer than 6
nm. We found that the ON-current stays the same, indepen-

dent ofl;, but the OFF-state leakage current increases rapidly(3 3)/(4.0)/(3,3) structure, as shown in Figure 2d, but

with decreasinge, which gives r|§e to a larg8 substituted two edge C atoms with N (indicated by arrows
_ T_he_ perfor_mance of the ambipolar GNR-FETs m_ade of in Figure 2d) in the 5.91 nm long (4,0) channel. It
intrinsic semiconductor channels can be understood in terMS¢qrresponds to a dopant concentration@.4 x 10:¥/cnr?.

of metal-semiconductor tunneling junctions within the Figure 4 shows the calculatéeVyze curves undeNyias =
semiclassical band-bending model. At the OFF state of zerooq vy exhibiting the typical behavior of antype FET. In
gate voltage, the Fermi level is located at the midgap of the o mparison with the intrinsic undoped FET made from the

semiconducting channel because the WFs of both the metal,; e GNR structures. we found that the doping has had a
leads and the semiconducting channel are the same as showgma" effect on the ON-state current but increased the

in Figure 1f. As such, the carriers cannot transport through yinimum leakage current by about 1 order of magnitude
the channel because both electrons and holes experience agom ~10-4to 103 uA. Consequently, the ON/OFF ratio is
energy barrier at the metakemiconductor junction, which  jacreased by about six times frer2000 to~300, as shown
equals to one-half of the band gap of the channel. For thej, the inset of Figure 4. For the same reason, the switching
(4,0) channel, this barrier is about 0.56 eV. When a gate cparacteristic of the-type GNR-FET is modified, with an
voltage is applied, the electrostatic potential in the channel j,crease of subthreshold swing up+®00 mV/decade. In

is raised or lowered. This will result in a thinning of barrier general, using a single type pf or n-doped GNR channel

at the metat-semiconductor interface due to band bending, il decrease the overall performance of GNR-FETs because
as illustrated in Figure 3e. For the case of electrostatic doping will increase the leakage current.

potential being raised in the channel (Figure 3e, upper panel), | conclusion, we have performed extensive first-principles
holes (electrons) will tunnel from lead (channel) into channel yansport calculations to demonstrate the intrinsic current
(lead). Conversely, for the case of electrostatic potential being voltage characteristics of GNR-FETs. The FETs made from

lowered in the channel (Figure 3e, lower panel), electrons jnyinsic semiconductor zigzag ribbons can exhibit very high
will tunnel from metal lead into the semiconductor channel. |oyels of performance, with ON/OFF ratio up to “10

In this way, the FET stays in the OFF state without gate g,pthreshold swing as low as 60 meV per decade, and
voltage and will be switched on when a large enough gate {ansconductance of 9.5 10° Snrl. The performance of
voltage is applied, leading to an ambipolar FET with large. GNR-FETs can be generally improved by increasing channel
ON/OFF ratio. length and/or decreasing channel width. Our calculations
The increase of leakage current at the OFF state (also thenave laid the basis for establishing the theoretical limits of
Svalue) with decreasing channel length can be understoodan important class of GNR-based nanoelectronic devices,
within the same tunneling picture. From the leakage current, providing useful guidelines for future experimental explora-
we have calculated the transmission probabilify,)( of tion. We illustrate that the GNR-based devices can be made
carriers through the channel as a function:phs shown in  with the atomic-perfect-interface junctions and with con-
Figure 3f. On the other hand, we may estim&teusing the  trolled doping through edge termination. One may envision
semiclassical theory of tunneling through a finite square a variety of device architectures as well as complete

By a nonlinear fitting to the data in Figure 3f, we obtained
m* ~ 0.08 m,, wherem is the mass of free electron, which
is comparable to the effective mass in the ultrathin graphite
films (0.06 my).

In addition to the undoped channels, we have characterized
an n-type GNR-FET by edge doping with N atoms to
demonstrate the doping effect on GNRs. We again used the

potential barrier aJ, = 1/[1 + C sink?(«x)], whereC is a integrated circuits to be fabricated by nanopatterning of a
parameter related to the carrier energy, and v2m*A/h, single graphene sheet into the networks of GNRs, opening

m* is the effective mass of carrier, ardis the barrier height.  up a new direction of nanoelectronics.
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