as suitable candidates for spintronic applications. Indeed,
theoretical prediction of esmiconducting to half-metallic
transition in the presence of a transverse electric eld and the
realization of spin-valve devices based on ZGNRs with over
50% room temperature magnetoresistance are quite appealing
in this respect [9], [10].
According to [11], at 12-nm technology node, for
GNR-based eld-effect transistors (FETSs) to be an appropriate
alternate for silicon-based FETs, bandgap of at leagte¥
and anON/OFF current ratio as high as %0are required.
Owing to the inverse proportionality of the bandgap to the
width in ZGNRs [12], only sub-2-nm-wide ribbons can meet
the required projections. Nowadays, such narrow ribbons can
be synthesized either by a chemical solution-based technique
Index Terms—Line-edge roughness (LER), mean-eld or g bottom-up self-assembly route starting from molecular
Hubbard ‘model, nonequilibrium Green's function (NEGF) .00, r50rs [2]-[4]. At these minute scales, sources of disorder
formalism, single atom vacancy, substrate charged impurities, . . - . -
zigzag graphene nanoribbons (ZGNRs). may drastically impact the ettronic performance, implying
the necessity for evaluating the in uence of relevant sources
|. INTRODUCTION of disorder on the electronic transport properties of extremely
Rrrow and ultrashort ZGNRs.
d Extensive studies on the transport properties of AGNRSs,

atomic thickness and high carrier mobility, has heralde ) ;
g Y the presence of vacancies, edge and substrate-induced

a new horizon in the quest for novel post-silicon materials [1£i d h h h d f h
However, the semimetal nature of pristine graphene impo orders “have shown t ‘T"t mo eratg amounts of suc
?mdealmes—whwh are inevitable in the state-of-the

a serious obstacle regarding its potential application in digit% tabricati it in drasti ducti ;
logic circuits. This can be overcome by patterning graphe L fabrication processe_s—resut In drastic_ reduction 0
into quasi-1-D elongated stspnamely graphene nanoribbon near conductance and induce large transport gaps causing

(GNRs) [2]-[4]. Such structures are envisioned to be the e miconducting to Anderson insulator transitions [13]—[22].
building blocks of a diverse range of future carbon-based'S>® effects are more severe for ultranarrow AGNRS with

devices. With the edge geometry, GNRs are categorized il"i‘tofew number of propagating channels [20]. For ZGNRs,

armchair GNR (AGNR) or zigzag GNR (ZGNR). Compellin owever, most of the previous works are either limited to wide
experimental evidence regarding the existence of Iocalizg bons where electron—electron interactions have a negligible
ect on the electronic transport properties [13], [15], [17],

edge states in ZGNRs, which leads to a peculiar type 5 v f h . . f def d
magnetic ordering [5]-[8], renders zigzag-edged ribbo % ] or mainly focus on t e magnetic properties of defecte

ZGNRs [23]. In other studies, for performance assessment

Manuscript received August 23, 2013; revised October 24, 2013; accep@fl ZGNR-based FETs, the presence of a specic case of

November 6, 2013. Date of publication November 22, 2013; date of curregpnidealities [15], [23], or a retaely few number of random
version December 20, 2013. The review of this paper was arranged by Editor . . i : .
3. Knoch. realizations of disorder prole [15] are considered. For

N. Djavid, K. Khalij, and S. M. Tabatabaei are with the Depart-ZGNRS, in all the aforementioned studies, the two-parameter
ment of Electrical and Computer Engineering, University of Tehranqubbard model is used. This model is unable to capture
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s.m.tabatabaei@ut.ac.ir). the electron—hole asymmetry in the electronic band structure
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Fig. 3. LDOS for (a) ideal and (b) defectedl4-nm-wide ZGNR averaged
over energy range € 0.4 eV. Py = 3% in defected ZGNR.
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reduces the overall transmission in the whole energy range . 10" 0.6
and in principle should increase the transport gap, de ned as 5 O Trans.
the energy range where the transmission probability is smaller ¢ 10° mPoc

than 10°2. However, reducing DOS at the low-energy edge \2102
states decreases the corresponding charge density. As a con- ,© ()
sequence, the electron—electrmteraction and the resulting 10! 25
S R 114 154 194 1.14 154 194

transport gap decreases, diminishing the distinction between Width [nm] Width [nm]
Ao and A1. To distinguish the in uence of vacant sites from
the effects due to the LER,gdement of single atom vacanciegig. 4. (a) Average transmission probabilities of perfect and edge-defected
is prohibited at the edges. Yet, as shown in Fig. 3, due to tBENRs at various widths. Inset: the results fold-nm-wide perfect (solid

| idth fth dé h ’ .. _line) and edge-defected (dotted line) ZGNR over a wider interval. Red dashed
u tran{?‘”ow widths of the stu structures, such vacant S'teﬁurve: the thermal broading function. (b) and (cpN- andoFF conductances
can still affect the LDOS pro le at the edge carbon atoms. Ign units of Gy) and (d) oN/oFF conductance ratio, all plotted as a function
Fig. 3, an averaging over 0-DeV, the corresponding energyof width for perfect (dashed lines) and edge-defected (solid lines) ZGNRs.

’ f th d F', 2 . f d (e) Width dependence ohé half-transport gap in edge-defected ZGNRs

range of the edge states [see Fig. 2(a)], is performed. . calculated from the transmission probability aRgoc. In all these gures,

ON-, OFFstate conductances axada/OFF conductance ratio AL =3 nm andAW/W = 2%. The standard deviation of 16@on/Gorr)
as a function ofPy for the two examined ZGNRs are showrfliven as a percentage of the average value fb4-] 154-, and 194-nm-wide
. . . . ribbons are 287, 2393, and 2111, respectively.
in Fig. 2(c)—(e), respectively. A$y increases, due to the
overall reduction of transmission arouitk = 0.7 eV, Goyn
decreases. Furthermore, tloen-state conductance of wider Line-Edae Roughn
ZGNRs is less affected when subjected to vacancies. In tlﬁe €-Edge Roughness
presence of vacancies, despitee reduction of the transport The average transmission probability of perfect and edge-
gap, OFFstate conductance decreases. To explain this behdefected ZGNRs at various widths (1-2 nm) are shown in
ior, one should notice that the thermal broadening functidfig. 4(a). In the presence of LER, the stepwise behavior in the
(ef/oE) in (5), only encompasses transmission probabilitiedeal ZGNRs is washed out. Evidently, as the ribbon’s width
with energies in aAEe = 0.6 eV energy range aroundincreases, the in uence of LER idecreased. Furthermore, as
the Fermi level, which is set to b& = 0 eV for the opposed to ZGNRs defected by vacancies where the transmis-
OFF-state (A Eeff, is the effective energy range for the thermadion probability is uniformly sppressed in the whole energy
broadening function, namely ¢henergy range where productrange, in the presence of LER, the degradation is stronger at
of averaged transmission probability add/0E is higher lower energies. To explain this behavior, one should notice that
than 1% of its maximum value). Since, in narrow ribbon®w energies correspond to the states localized at the edges.
under study, in the 0-8 eV energy range, the degradatiorsuch states are highly sensitive to the relative position of the
of the transmission probdity is more pronounced than thevacant sites to the edges. Hence, they are severely affected
reduction of the transport gap, [see Fig. 2(b)], the decreasipg LER. As shown in the inset of Fig. 4(a), edge-defected
trend of theoFFstate conductance as a functionff can be ZGNRs have nonzero transmission probabilities in the energy
attributed to the universal reduction of the transmission protange corresponding to the transport gap of the ideal ribbon
ability. The trends inoN- and oFFstate conductances shouldsee inset of Fig. 4(a)]. This behavior can be attributed to
naturally result in a descendingN/OFF conductance ratio the reduction in the electron—electron interaction similar to
versusPy. However, a maximum aPy = 1% is observed, the case previously explained for vacancies. However, due
which is attributed to te steeper decrease of tluerstate to the much more signi cant reduction of the transmission
conductance compared with tloan-state conductance. probability in the presence of LER, and since we evaluate

Half-Gap [eV]
o
o~
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Fig. 5. (a) Average transmission probability as a function of energy at various CLs in edge-defected ZGNRs. Inset: the results over a widdr)iatedval. (
(c) oN- and oFFstate conductances (in units 0f)G (d) oN/OFF conductance ratio, all plotted as a function df.@e) Dependence ohe half-transport gap

on CL calculated from the transmission probability aRdc. In all these gures,AW/W = 2% andW = 1.14 nm. The maximum standard deviation of
log(Gon/Gor), calculated for various CLs, expressed as ec@etage of the average value is equal to789

the transport gap values at magnitudes of the transmissgmaled AGNRSs [20]. In this paper, the validity of this model in
probability as high as I, one can see that the transport gapdge-defected ultranarrow ZGNRs investigated. The width
in edge-defected ZGNRs isgsii cantly increased compared dependence of the half-gap extracted from the transmission
with the ideal ribbons. probability andP_oc (de ned as energy range whef@ oc
ON-, OFFstate conductances axh/OFF conductance ratio is less than 50%) is shown in Fig. 4(e). While edge-defected
as a function of width are shown in Fig. 4(b)—(d), respectivel AGNRs exhibit strongly localized nonzero DOS in the trans-
For perfect ZGNRs with widths in the range 1-2 nm, aport gap [20], electron—electron interactions in edge-defected
the ribbon becomes wideGoy remains constant owing to ZGNRs prevent such localized states to be formed in the
the xed value of the trasmission pobability aroundEr = transport gap energy range. Although such states in edge-
0.7 eV andGogr increases due to the reduction of the bandgagefected ZGNRs are localized at the edges, they are extended
In the presence of LER, the aforementioned trendGer= along the ribbon’s length connecting the source and drain
as a function of width is presesd. Furthermore, comparedregions. This accompanied by tdestructive in uence of the
with ideal ZGNRs and ribbons defected by vacanciesi- LER on localized edge states lead to a consistency between
state conductances have smaller values. Consid€iglg it PLoc- and transmission-based transport gap values.
can be seen that then-state conductance of the edge-defected Fig. 5(a) shows that the transmission probability decreases
ZGNRs are smaller than that of ideal ribbons and the reductias the CL is reduced. Clearly, the reduction is more pro-
is less pronounced when the ribbons width is increased.nibunced at lower energies. As a result, one would expect both
should be mentioned that in Fig. 4, de ning the relative®N- and oFFconductances decrease as CL is reduced. While
roughness amplitude a&aW/W, the ribbons with different this is indeed the case f@qy [see Fig. 5(b)]Gorr increases
widths are compared when they are exposed to the saa®eCL is shrunk [see Fig. 5(c)]. This behavior is related to the
amount of roughness compared to their width. This approaititcrease of the transmission probability in the bandgap energy
has been previously adopted for AGNRs in [21]. Furthermoregnge of the ideal ribbon at very short CLs [see the inset of
it can be easily concluded that if the ascending trenGgf, Fig. 5(a)]. Thereforewith increasing CL, the@N/OFF conduc-
and Goge are present in the case of xedW/W, they will tance ratio is increased [see Fi(d)]. Fig. 5(e) compares the
be surely present in the case whex®V is kept constant. half-gap obtained byP oc and transmission probability. The
To study the role of edge defects on the transport gapsults show that despite the discrepancy at long GLsc
of GNRs, mobility edge theory can be applied [20], [34]can appropriately predict the transmission-based transport gaps
This model employs an LDOS-based parameter, which quaat-short CLs or in the presence of rough LER pro les.
titatively describes the degree of uniformity in the spatial The average transmission probability as a function of energy
distribution of the DOS along the transport direction: and relative roughness amplitudesisown in Fig. 6(a). Similar
_ _ to the case wher@d L is decreased, ith increasingAW/W,
PLoc(E) = (N, (E)/Nwot — NR) x 100 (8) the transmission probability is reduced in the whole energy
whereNt is the total number of atoms in the perfect channalange. The reduction, however, is much more pronounced
NRr is the number of removed atoms, aNg is the number of at higher energies compared with the case where CL is
atomic sites with DOS higher than 5% of the maximum DO$hort, suggesting that the corresponding bulk states are more
at that energy. Previously, it has been shown that mobilitfffected by relative roughness amplitude rather than CL of
edge theory is unable to predict the transport gap in extremely LER pro le. Fig. 6(b) and (c) showsN- and oFFstate
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with their armchair counterparts, implying superior robustnegis] A. Yazdanpanah, M. Pourfath, Mrathipour, and H. Kosina, “Device
of ZGNRs in the presence of potential uctuations.
In conclusion, our results demonstrate the signicant

inuence of the structural

disorders on the electronifi9]

transport properties of technologically relevant extremely
scaled ribbons, emphasizingethrole of nonidealities in the [20]
performance characteristics afalistic devices. Our work for
ultranarrow ZGNRs along with a similar study for AGNRs
presented in [20], comprehensively unfolds the effect ?jl]
structural imperfections on the electronic transport properties
of GNRs at extremely scaled dimensions.
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