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ABSTRACT

The observation of single sheets of graphite (graphene) presents new possibilities for carbon-based nanoelectronics. We report defect tolerant
configurations for a nearly reflectionless 120  ° turn and nearly reflectionless symmetric and asymmetric splitters, which can be cut from
graphene. Connections between zigzag strips of different widths can be made with either low or high reflectance depending on the connection
shape.

The recent observation of isolated graphite sheets (grapheneattempts to create all-graphene electronic nanodevices and
supported by insulating substratesprovides new possibili-  circuits patterned from either a single graphene plane or
ties for carbon-based nanoelectronics. The potential impor-multiple planes separated by layers of insulating material.
tance of graphene as an electronic material is partially basedEither circuit concept requires passive elements and intercon-
upon the following properties: (1) Easy atomic plane nects for wiring individual circuit elements. The wiring turns
lamination and strong bonding within the plane make out to be a nontrivial issue because as we shall see only a
graphene fabrication technologically accessible through bothfew specific GNS patterns that have nearly ideal conductance
mechanical exfoliatiot® and epitaxial growtit.(2) Devices and can transmit electron flux without losses. Most other
and integrated circuits (ICs) could be processed from a patterns possess substantial reflectivity and cannot be used
graphene sheet using the existing planar technologies:for wiring purposes despite their metallic nature. In this
electron- or ion-beam lithography or direct focused paper, we suggest geometrical configurations for (1) reflec-
electroff or ion-bearf writing. The latter two could be very  tionless interconnects and (2) highly reflective patterns
precise because of the low electron or ion flux required for analogous to resistors.

carving a single atomic plane, which decreases the Coulomb Perhaps it is easiest to motivate these patterns by speculat-
repulsion between particles in the beam and hence allowsing about a possible configuration of a simple graphene IC,
superior beam focusing. (3) The main building blocks of a e.g., the flip-flop circuit for high-frequency signal generation

graphene IC are graphene nanostrips (GNSg)®Bnm wide, depicted in Figure 1. To connect the electronic components
which can have properties ranging from metallic to semi- one needs to transmit, split, and turn the electron flux with
conducting depending on their widths and edfe¢4) minimal losses. Our simulation results indicate that the 50/

Zigzag-edge GNSs have very low sensitivity to edge and 50 splitter S1, and 12Qurn T1 depicted in Figure 1b possess
substrate-induced disordéand can transmit currents of an nearly zero reflection, while the reflection of most other
order of tens of microamps for voltage ranges-a19 V in configurations is comparable to their transmission. Serial
the absence of spin polarization along the edges. (5) In theconnections of highly reflective 8Qurns marked as R1
single-channel regime, the ballistic length of GNSs can be R4 serve for controllable current attenuation. Zigzag-edge
comparable to the ballistic length of carbon nanotubes in GNSs, rather than armchair-edge GNSs, are preferred as
the presence of substrate-induced disotéi€8) Low scat- interconnecting wires because they show a higher tolerance
tering in the single-channel regime, including suppression to edge imperfections. For that reason, we align the
of acoustic phonon scatterifgallows high current densities  conjectured circuit in Figure 1b in such way that all
through GNSs with low heat dissipation, making them interconnecting wires align with [1,0] crystallographic direc-
promising materials for Terahertz ICs. tions.
The above properties have already stimulated research on The design of the active components cannot be directly
nanostrips fabricatidrt®4 and will most likely result in  checked with the non-self-consistent tight-binding approach
. . . . . . used herein, which does not allow calculation of the voltage
fgggfgsep%‘;’;ﬂ?ngt’gﬂc’[,‘niE\,'g?g't':y_de”'S-areS“"'”@””-”avy-m"- drop needed to simulate the transistor operation. However,
*Naval Research Laboratory. even this model can provide some guidance for a potential
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provide stable signal generation for the fliffop circuit
envisaged in Figure 1b.

The rest of the paper is organized as follows. First, we
discuss the model used, including the applicability of a spin-
restricted approach to transport simulations. This issue is
important because, according to spin-unrestricted Hubbard
model and DFT simulations, the ground state of zigzag-edge
GNS corresponds to a spin-polarized solutidi:'6At the
same time, our simulation results indicate that the spin
polarization in GNSs is destroyed under certain nonequilib-
rium conditions, leading us to believe that the spin-restricted
model is more appropriate to transport simulations. Next,
we explain the reason for insensitivity of ballistic conduc-
tance in zigzag GNSs to edge defects and discuss operational
requirements for GNS-based circuits. Then we discuss
ballistic transport through symmetric and asymmetric splitters
and a 120 turn. Transitions between zigzag-edge GNSs of
different widths along with a 60turn and a combination of
60° turns are treated next. Smooth transitions are almost
reflectionless, while abrupt transitions can introduce up to
~70% reflection and can serve as resistor analogues.

The results of this paper were obtained by usingabital
tight-binding model with interactions included up to second
nearest neighbors, with firs¥/{) and the second neighbor
S 1 (V2) parameters taken as2.7 and—0.069 eV, respectively.
[1,0] R4 l [ . Longer range one-electron interactions are known to be

G ]//”jj\ important in describing armchair-edge strips but are neglected
- T \\3

= \ > \ because they have little effect on the electronic structure of
= 0.1um g + Tl zigzag-edge GNSs in the region of primary inteféstideed,
— the second-nearest-neighbor interaction is included only to

Figure 1. (a) Flip—flop circuit without wire crossings. (b) Its ~ Pend otherwise essentially flat bands slightly downward (see
possible GNS-based counterpart patterned from a single graphend-igure 2a), making the computations easier.
sheet. To keep this drawing compact, the capacitors C1 and C2  This model also neglects spin polarization effects at the
are not drawn to scale. zigzag-edge GNS edges. However, Fujita et al. have shown
transistor design relying only on a single sheet. The simplestthat, because of the nearly flat bands arising in a spin-
configuration of these postulated single-plane transistors restricted calculation (cf. Figure 2a), the edges of these strips
(VT1 and VT2 in Figure 1b) is a zigzag-edge metallic should become spin polarized with ferromagnetic coupling
channel with a short armchair-edge region incorporated between the major magnetic moments formed from itinerant
between the source and the drain. Source and drain stripselectrons along each edge and antiferromagnetic coupling
are of different widths, e.g., 8 and 7 nm. The short armchair between these moments across the $fr#p similar picture
segment with variable width connects the source and theemerges in first-principles LDF calculatioHs® However,
drain strips. Because of the width variation, a semiconducting this spin-polarized ground state can become unstable with
region is expected to be present in the armchair segment.respect to the spin-unpolarized state in the presence of a
The role of this region is analogous to the base in a bipolar ballistic current through the strip. Indeed, we find by using
transistor. The wider control zigzag-edge GNS (e.g., 15 nm) Fujita and co-worker's model and their self-consistent
connected to the armchair segment serves as the base leadpproacH that even if the Hubbard), which favors spin
At the point of connection to the armchair segment, the width polarization, is as large g¥/, the spin-polarized state is
of the base strip is abruptly decreased. This constriction unstable with respect to the spin-unpolarized state if the min-
results in a strong reflection of the electrons traveling in the imum applied voltage bias exceeds about 0.4 V. Furthermore,
base strip toward the channel. The non-self-consistentwhen the applied bias is removed, a spin redistribution must
simulations indicate that only1% of electrons penetrate take place for the system to return to the spin-polarized
from the base lead into the channel. The constriction ground state with electrons of the same spin accumulating
effectively isolates the control lead from the channel. The along the corresponding edges. Because there is little overlap
increase of the gate potential is assumed to shift the bandbetween the states belonging to different edges, this spin
gap in the armchair region above the Fermi level in the drain redistribution probably proceeds via processes where an
and allow electron transmission through the source-drain electron scatters from one edge into a state associated with
channel. Although an ON/OFF ratio of such a single-plane the strip interior at similar energy and then scatters to the
transistor will be insufficient for digital circuits, it might  opposite edge. The rate of such scattering is expected to be
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10N ] at the other edge. These wires have zigzag edges, which we
— (a) assume are terminated by single® spbonds to hydrogen
Eﬂ-s- N AEp atoms. We also terminate the armchair-edge GNSs in the
B M.«fz lg S — same way.
e ] To better understand the difference between the nature of
W o E /\ ] E transport in zigzag- and armchair-edge GNSs, it is instructive
723\ to compute the current density contributions from each
o5 08 08 1 (d) ballistic channel, assuming a two-terminal geometry with the
k-Vector (Relative Units) | ..., perfect strip connecting the left and right contacts. First, all
E, E, allowedk-vectors{k} associated with right-moving waves
for a given energ¥ are computed through the transfer matrix
(b) technique. Then wave functions and density matrix contribu-

3! tions{D"(E)} from every right-moving wave are obtained.
| ] The current per unit energy between orbitalsand
2

AEp

AEz associated witimth channel is given bjﬁﬁ(E) = (4e/h)Im-
[HasDg 4(E)],*° where H is the Hamiltonian matrix. The
projection of the vector sumsy(E) = Y3400 4(E)As
J— ( c) along the zigzag GNSs axis, averaged over A and B graphene
sublattices, are plotted for different channels in Figure 2c,d

as a function of indexx across the strip. The remarkable

Figure 2. (a) Band-structure for zigzag-edge GNS 40-ZCs wide. PTOPErty of the first Condu_ctmg Channel (green curve) profile
(b) Conductance vs energy plot for the energy range marked in IS its smooth shape with zergl(E) at the edges and

pane (a) with red lines. (c) Projected current per unit energy maximum in the middle of the strip. The first channel current
corresponding to energl; vs lateral strip direction for separate density profileii(E) has virtually the same shape in the

conducting channels grouped by the band. All plots are normalized _ .. . L
to the same relative scale. Different colors are used to indicate entire energy range of Figure 2b except for the energies in

contributions from corresponding bands in pane (b). All bands Close proximity to the three-channel regiait,. Only the
except the first one give rise to two right moving conducting first conducting channel has non-negaﬁ&éE) everywhere
channels. Shaded regions correspond to the cumulative contributiongcrgss the strip. Thizg(E) associated with other channels

from the all channels belonging to the same band. Dark-green ; : :
regions in pane (b) mark single-channel regions. (d) Current per have regions, where current per unit energy flows to the right

unit energy vs lateral strip direction for separate conducting channels interchanging with the regions where current per unit energy
corresponding to energg.. flows to the left. The total currerit(E) = Y .ig(E) for the
given channeh per unit energy corresponds to the integral

low because of the small overlap between the edge and thesf profile across the strip and indeed equa#2This current
interior states and the relatively small number of intermediate per unit energy can be viewed as the Siy(E) = i+(E) +
n

states available. Also, initially the energy lowering associated i~(E), wherei’(E) and i_(E) are contributions from the
. . . . . n 1 n n
with a sma!l mcremgnt of the. spln-polarlzgd dens.|ty at the regions where current in the given channel flows to the right
corresponding edge is proportional to the spin densny aIreadyand to the left, respectively. For large channel indeshe
accumulated at that edge. Because the spin density of theabsolute values df (E) andi_ (E) can become fairly large
spin-unpolarized state is zero, no first-order driving force is e.g., the orange channels ’}n Figure 2c. Thus, even s;nall
present to transform the system from the spin-unpolarized rela;ive change of*(E) due to the strip distor’tion may
n

to the spin-polarized states within a mean field approach. cause substantial degradatiori ¢E). The closeEE is to the

Thus, even if the critical voltage is not applied permanently, : .
. . . S . band edge, the larger anﬁ(E)| and|i, (E)| and, therefore,
the spin-unpolarized state might be maintained continuousl - n .
pin-unpolariz 'd nta nuou ythe more sensitive the channel to defects. The sumgef

if the time intervals between successive voltage pulses are belonaing to th band debicted in Fi
less than the time required to return to the spin-polarized overn belonging 1o the same band areé depicted in Figure

state. Hence, in the following, we assume that the applied 20,(;1 by_ glj(rlay shaddes. Theﬁe sums are always non_—negqtlk:/e
bias is above spin-unpolarized state threshold for stability and quickly spread over the entire strip cross-section wit

Energy

. o .
and/or the frequency is sufficiently high to prevent relaxation ncreasingn. The higheri,(E) near the strip edges, the more
to the spin-polarized state. Therefore, we assume the tight-PTone to degradation is thg trans_rmssmn due toledge defects.
binding model that yields results for the electronic structure f more than one channel is avaHaPIe for the given energy,
practically identical to corresponding spin-restricted first- e highesh channel operates as a “scattering sink” for other
principles calculation& channels, which are coupled to chann¢hrough scattering
Each zigzag-edge GNS can be thought of as a series ofProcesses. Thus, for zigzag-edge GNSs, the best ballistic
N,, parallel zigzag chains (ZCs) so that the strip width in Fransm|s§|on, i.e., the Iarggst localization length, is obtained
terms of the G-C bond distancel (~ 0.142 nm) is given in the s!ngle-channel regime. The corre.spolndlng energy
by d(3N,, — 2)/2. Thus, for example, the zigzag-edge GNS window is marked by a dark-green color in Figure 2b.
40-ZCs wide has a width of 8.38 nm measured from The current per unit energﬁ(E) associated with the first
outermost carbon atom at one edge to outermost carbon atonthannel of the armchair-edge GNS is almost uniform across
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the strip. Nonzerdi(E) at the strip edges causes strong
backscattering due to edge disor#ferhich makes armchair
GNS much less suitable for connecting electronic compo-
nents.
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Operational voltage range of the GNS circuit is restricted Energy (eV)
to the single-channel windowE,, that has a size inversely
proportional to the strip widthW (AE,;W ~ 5.3 eV nm) RN
for zigzag-edge GNSS.Thus, if the desired voltage range (b) S \ VA
is 0.75 V, the width of the zigzag-edge GNS wires S \ VAN
throughout the circuit should not be greater thai7.0 nm. N : - \ NENENRNN
Position-resolved currents and position-resolved currents SR \ : S 3 LA
per unit energy presented in Figures@are computed by R \ N 33:5Q‘ S
spatial averaging of the current per unit energy between AR N :?:':lt}:“ NG,
orbitalsa and g A SO NN
i R
P I A 8.

iq,5(E) = (4e/M)Im[H, ;D 4(E)]

Here D(E) is the energy-resolved nonequilibrium density
matrix evaluated through the standard real-space nonequi-
librium Green’s function formalisrt? The total current per

unit energy through the two-terminal system is obtained by SRR St i
summation over all pairs of orbitals lying on different sides RN s
of an arbitrary imaginary line crossing the strip R Y
AR A
. . RN AR
i(E) = G(E)le= % i,5(E) R R R L oA
W ERARDEDS S Ll O L S AR LA AR
LN S R S R A
LR SO R B S A S
S
where G(E) is the conductance. The total current through R
the two-terminal device is BRI
L (e) (d) W
|—LR i(E) dE NEE
N
whereu, andur (1. > ug) are the Fermi levels of the left s
and right contacts, respectively, under nonequilibrium condi- S s
tions. The difference between andur is determined by soafoaboliain
the applied voltage: (. — ur)le = Vapp Three terminal SR
systems (splitters) are treated as topologically two-terminal Ty
ones with two output leads (e.g., top and bottom leads in i
Figure 3b) joined into a single terminal described by a self- M
energy matrix
s = 20 Figure 3. Symmetric splitter. (a) Splitter currents per unit energy
0 2 iI(E) = >.in(E). Blue dashed line i$(E) in the ideal zigzag-edge

strips 32-ZCs wide, which constitute the splitter. Dark-red line is

the sum of theé(E) transmitted into both output leads. Green line
whereX; ; are the contact self-energy matrices for separate is i(E) transmitted into top (bottom) strip of the splitter, which is
output leads. exactly ¥/, from the totali(E). (b) Current distribution per unit

To minimize power loss in the interconnecting wires, one ENEry integrated over single-channel window (highlighted with
! light-green in pane (a)). (c) Current distribution per unit energy

needs the means to split and turn electron flux without jytegrated over three-channel region near Fermi level (light-blue
backscattering. Figure 3 presents the symmetric splitter, in pane (a)). (d) Current distribution per unit energy integrated over
which consists of zigzag-edge GNSs of the same widths. three-channel regions (light-yellow in pane (a)). Panesdjthave

The remarkable property of this configuration is near-zero different scales.

reflection within the entire single-channel energy window

with the total transmission, including both top and bottom and light-blue regions in Figure 3a). Scattering from the first
strips, better than 99.9%. Transmission deteriorates forto the second and third conducting channels can be observed
energies that allow more than one open channel (light-yellow in Figure 3d. Incoming current is composed from the mix
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Figure 4. Asymmetric splitter. (a)(E) in the perfect zigzag-edge
strips constituting the splitter: green lin€E) in the left zigzag-
edge GNS 14-ZCs wide; dark-red lin€E) in the right zigzag-
edge GNS 32-ZCs wide; blue lirg(E) in the central zigzag-edge
GNS 24-ZCs wide. (b)(E) in different leads of the splitter. Blue,
input i(E) in the central strip; green, outpYE) in the left strip;
dark-red, output(E) in the right strip. (c) Current distribution per
unit energy integrated over the energy range where all three strips
have single-channel conductance. (d) Current distribution per unit _ . .
energy integrated over the energy range marked with light-yellow Figure 5. Symmetric 120 turn composed of zigzag-edge GNSs
color. These energies correspond to single-channel conductance i32-2CS wide. (&) Conductances of the 120rn (dark-red) and

the central and the left strips and three-channel conductance in theP€rfect GNS 32-ZCs wide (dashed blue). Light-blue regions
right strip. correspond to the energy ranges for which the circular current

pattern is observed. (b) Current per unit energy pattern for the
of the first and the second bands, while the transmitted energy marked with blue vertical line in pane (a). (c) Projection of
current predominantly corresponds to the second band (cf.magnetic field along a normal into the page in pane (b) in the region
Figure 2c). marked with light-green in that pane integrated over the energy

range corresponding to the left light-blue rectangle in pane (a).

The effects of substantial edge erosion and substrate-

induced defects on the splitter performance have been tested.
Only minor transmission deterioration was observed as leads operate in single-channel modes. Corresponding ener-
expected based on our previous wétBecause it will be gies are marked with light-yellow in Figure 4a,b and are
difficult to fabricate the splitter with exactly the same strip characterized by near-perfect transmission through the wide
widths, the asymmetric splitter configuration presented in lead and near-zero transmission through of the narrow lead;
Figure 4 has also been tested. Although for the asymmetricthe sum of the two is still better than 0.998.
case, the currents per unit enerif) = >.in(E) are The “"-shaped splitter is the only configuration with
unequally distributed between the outgoing leads, the sumnearly 100% transmission we were able to find. The “T"-
of currents per unit energy in both output leads averaged shaped zigzag-to-armchair and armchair-to-zigzag splitters
over the single-channel energy range of the input strip is along with the “Y”-shaped zigzag-to-zigzag splitter have
still 0.998 Z/h. been also tested. For all these configurations, the backscat-
An interesting behavior is observed when the wide output tering in the single-channel mode is comparable to or even
lead operates in the three-channel regime, while the otherhigher than the transmission.
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AAd - Figure 7. Effects of abrupt changes in strip width on current
A T BLINGRCLIN attenuation. (a) Symmetric and (b) asymmetric attenuator configura-
$ ey } “ L tions. Relative integrated current as function of the relative width
T \ T Yy N A A increase for (c) symmetric, and (d) asymmetric attenuator configu-
AR\ VST e : - rations. Current is obtained by integration over the single-channel
i | T ) g I SR T window.
p AR A “appa X *& A
S i & & &
I k }éfé.}/ ’ff;(;, ;'\ AA + exhibits a resonant behavi#twhich yields a current per
N ;ﬁ oo ] A * unit energy in the “resonant cavity” of substantially higher
+ RS /}/}f’x I } magnitude than the input/output currents per unit energy
N 5 ) (Figure 5b). Circular currents have the same directions and

\ ,‘___Afi}' B similar patterns for left and right energy intervals marked

with blue in Figure 5a. This circular current pattern gives
rise to a weak, but highly localized magnetic field plotted
in Figure 5c.

The 120 turn conductance inside the single-channel
window deviates slightly from &/h for very narrow strips.
The 4-turn loop composed of GNSs only 8-ZCs wide is
presented in Figure 6. For this extreme exampl&)
integrated over single-channel window is 88% of the ideal.
The magnetic field associated with this current loop is of
the order of 0.1 KGauss, which is about 50 times weaker
than the field used to record data on conventional ferromag-
netic coatings. The secondary effect of the magnetic field is
negligible because, even for slow electrons with velocities

Figure 6. GNS loop composed of zigzag-edge GNSs 8-ZCs wide ; ;
with four 120 turns. (a)i(E) integrated over single-channel window. 1 cmis, the cyclotron radius exceedgrh. The inductance

Insert: conductance of the loop (dark-red), and conductance of the©f the loop is of the order of 16° H and hence the loop
ideal zigzag-edge GNS 8-ZCs wide (dashed blue). (b) Projection impedance in THz range is negligible.
of magnetic field along a normal into the page in pane (a) inthe  The almost reflectionless nature of P2€urn is still
region marked with light-green in that pane. preserved in the asymmetric 122irns composed from the
The 120 turn depicted in Figure 5 has perfect transmission strips of different widths. The degree of reflection depends
inside the entire single-channel energy window. For certain on the relative width difference and is of the order of 1% if
energies inside this window, more than one conducting One strip is twice as wide as the other. Such turns might
channel is locally allowed in the kink area because the Serve as compact reflectionless connectors between the strips
“effective width” in the kink region is larger than the width  of different widths.
of the strips composing the 120urn. That leads to Abrupt variation in the strip width causes strong elastic
interesting interference effects, which are stable to edge andbackscattering and can be used for the controlled signal
substrate-induced distortions. The current per unit energy attenuation and/or for obtaining the desired voltage drop. The
exhibits a pronounced circular pattern in the energy rangesabrupt constriction operates similarly to a moderately
marked by light-blue color in Figure 5a. The circular pattern nonlinear resistor. Figure 7 plots current attenuation as a
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[ - Various zigzag-zigzag, armchatrarmchair, and zigzag
armchair GNS intersections have also been tested. However,
none of them allows transmission of the electron flux through
the intersection without backscattering and splitting a
D I | (b) substantial part of the incoming flux into the intersecting
wire. We believe that the noninterfering wire crossing
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requires at least two graphene planes. Only few topologically
0= 0.0 025 05 0.75 simple circuits, which allow crossing-free routing, can be
Energy (eV) implemented by carving a single graphene plane. These few,

however, could be used as a starting point for experimental
Figure 8. Conductance of the asymmetric’8@rns composed of  development of graphene-based nanoelectronics.
zigzag-edge GNSs 16- and 24-ZCs wide (dark-red). Inserts show
the turns geometry. (a) Single turn. Dashed blue line, conductance

of the ideal zigzag-edge GNS 24-ZCs wide. (b) Twd 60rns Acknowledgment. This work was supported by ONR
connected in series. Dashed blue line, conductance of the idealboth directly and through the Naval Research Laboratory.
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