N

N

Current-voltage characteristics of graphene devices:
Interplay between Zener-Klein tunneling and defects
Niels Vandecasteele, Amelia Barreiro, Michele Lazzeri, Adrian Bachtold, Francesco

Mauri

» To cite this version:

Niels Vandecasteele, Amelia Barreiro, Michele Lazzeri, Adrian Bachtold, Francesco Mauri. Current-voltage
characteristics of graphene devices: Interplay between Zener-Klein tunneling and defects. Physical Review
B, 2010, 82, (10.1103/PhysRevB.82.045416). {insu-03605308)

HAL Id: insu-03605308
https://insu.hal.science/insu-03605308v1

Submitted on 11 Mar 2022

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY 4.0 - Attribution - International License


https://insu.hal.science/insu-03605308v1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

PHYSICAL REVIEW B 82, 045416 (2010)

Current-voltage characteristics of graphene devices: Interplay between
Zener-Klein tunneling and defects

Niels Vandecasteele,! Amelia Barreiro,>* Michele Lazzeri,! Adrian Bachtold,? and Francesco Mauri

1

YUMPMC, IPGP. Universités Paris 6 et 7-CNRS, 140 rue de Lourmel, 75015 Paris, France
2CIN2, CSIC-ICN, Campus UAB, E-08193 Barcelona, Spain
(Received 2 October 2009; revised manuscript received 14 May 2010; published 20 July 2010)

We report a theoretical/experimental study of current-voltage characteristics (I-V) of graphene devices near
the Dirac point. The I-V can be described by a power law (/o V* with 1 <a=1.5). The exponent is higher
when the mobility is lower. This superlinear /-V is interpreted in terms of the interplay between Zener-Klein
transport, that is tunneling between different energy bands, and defect scattering. Surprisingly, the Zener-Klein

tunneling is made visible by the presence of defects.
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I. INTRODUCTION

Zener tunneling' is a concept known since the 30s, which,
in a solid, refers to the tunneling of carriers from one band to
another through the forbidden energy gap (for example, from
the conduction to the valence band). This tunnel process is
very intriguing in graphene because the energy gap is sup-
pressed to zero and because of the peculiar charge carriers
behaving as Dirac fermions.>> In particular, some of the car-
riers (those with the velocity parallel to the electric field)
experience Zener tunneling without being backscattered,>° a
behavior which is markedly different from the one in con-
ventional semiconductors. The physics is the same as for
relativistic electrons tunneling through a barrier, a phenom-
enon called Klein tunneling7 and, for this reason, we will use
the term Zener-Klein (ZK) tunneling.

In view of the remarkable properties of ZK tunneling in
graphene, it is understandable that an intensive endeavor was
made to challenge it. So far, the effort was focused on
graphene p-n junctions.’~'3 In these devices, carriers tunnel
through a sharp energy barrier induced with external local
gate electrodes. Sophisticated nanofabrication techniques
were employed to structure these local gates. For instance,
the insulator layer was very thin,%%!2 the local gate was sepa-
rated from the graphene by an air gap,'®!" or the local gate
was extremely narrow.!?

Here, we argue that Zener-Klein tunneling can be ob-
served in graphene with the most common device layout
[undoped, four-point (4pt) configuration, and without any lo-
cal gates] by simply measuring the I-V at room temperature.
On the basis of theoretical arguments, in graphene, the ZK
current is expected to manifest itself with a superlinear cur-
rent /o V* with @=1.5. The basic concepts can be under-
stood with a semiclassical treatment which, in the case of
ballistic transport, allows us to write an analytical expression
for the I-V’s as a function of the doping. Then, we study the
role of defects with the “exact” (nonperturbative) nonequi-
librium Green’s function approach finding the counterintui-
tive result that charged impurities enhance the visibility of
the ZK current. Finally, we report measurements showing
that the 7-V’s at the Dirac point is indeed described by power
laws, I« V¥, with a ranging from 1 to 1.4. The exponent « is
higher when the mobility is lower, consistently with theoret-
ical predictions.
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II. THEORETICAL CONSIDERATIONS

In graphene ZK tunneling leads to unusual /-V’s as com-
pared to those of semiconductors/insulators. Let us consider
transport through a piece of a material and apply a voltage
—V between right (R) and left (L) sides. For a semiconductor
with electronic gap E,, ZK tunneling is possible only for
eV>E,, where ¢>0 is the electron charge (Fig. 1). On the
contrary, in graphene the gap is zero and, thus, ZK tunneling
is possible for arbitrarily small V.

More specifically, the two-dimensional electronic-band
dispersion of graphene is a cone: €= * fiv F\J’ki+k2, where k
(k) is the wave-vector component parallel (perpendicular)
to the current flow. During ballistic transport (in absence of
scattering) k, is conserved. For a fixed k,, the bands are
hyperbolae with gap A=2Avgk, (Fig. 1). For any V, there
are conducting channels for which the tunneling is possible
(with &k, such that A <V). This results in a tunneling current
I V32 (as shown below). By contrast, the ZK tunneling cur-
rent in semiconductors vanishes exponentially at low V.

In graphene, within the Landauer approach, the current
per unit of lateral length, J, is

de [ dk, (€ de (€
J=ff—lf T(ek,,V)de= — T(e,V)de,

27 e—eV e—eV
(1)
where the factor 4 accounts for spin and valley degeneracies
and the transmission T(e,k,,V) is the probability that an

electron (with energy € and perpendicular momentum k | ) is
transmitted through the channel. We assume a uniform drop

semiconductor:

graphene:
R

|
|

FIG. 1. (Color online) Bands of L and R contacts in a semicon-
ductor and in graphene. The arrows represent the possible occur-
rence of Zener-Klein tunneling.
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of the electrostatic potential (not to be confused with the
electrochemical potential, see Appendix C) along the
current-flow direction, with constant electric field V/I, being
[ the distance between the contacts. The validity of this ap-
proximation is discussed in Appendix C.

In the following we will show that, in the ballistic case
(no defects), the transmission can be calculated with a semi-
classical approach. A more reliable approach to determine
the transmission is the one based on the nonequilibrium
Green’s function (NEGF) method.'* The NEGF approach is
particularly well suited to study the role of defects, since it
provides an exact (nonperturbative) atomistic treatment of
disorder.

A. Transport ballistic

A semiclassical approach, based on the Wentzel-Kramers-
Brillouin (WKB) approximation can be used to clarify the
concept of Zener-Klein tunneling and to provide an analyti-
cal expression (valid only in the ballistic case) for the
current-voltage curves as a function of the density of carriers.
These expressions and their derivation are reported in Ap-
pendix A. The WKB method will be validated a posteriori
since it reproduces very well the exact NEGF results.

Within a semiclassical treatment, the transmission
TVKB(e,k |, V) can be equal to 1, 0, or to T x=exp[—mlA%/
(4hvpeV)] (Refs. 4, 6, and 15) [see the example in Figs. 2(a)
and 2(b)]. We call nontunneling current [Fig. 2(a)], the one
associated with carriers that always remain in the same band
m or 7 [TWKB=1, dark-shadowed (yellow) area in Fig.
2(a)]. We call “Zener-Klein” current, the one associated with
carriers that tunnel from the 7 to the 7 band [TVXB=Ty,
light-shadowed (cyan) area in Fig. 2(a)]. To verify whether
this WKB approach is reliable, we also calculated the trans-
mission with the NEGF method described in Appendix B.
The approximated WKB transmission reproduces very well
the more precise NEGF ones in all the relevant situations
[see as an example the comparison reported in Fig. 2(b)].

In a graphene-based field-effect device, the density of the
carriers n can be varied by changing the gate voltage V,. n
=V,C,/e, being C, the gate-channel capacitance. Figure 2(d)
reports the current-voltage (I-V) curves in the ballistic re-
gime obtained with the semiclassical WKB approach [by let-
ting T=T"%B in Eq. (1), see Appendix A] and with the exact
NEGF method for various dopings [we use C,=1.15
X 10™* F/m? (Ref. 16)]. The two methods give almost iden-
tical results. For zero doping (V,=0 V) there is no contribu-
tion from the nontunneling current, the current is entirely due
to ZK tunneling, and the I-V curve is superlinear (/o V32,
see Appendix A). As soon as the system is doped (already for
V,=5 V) the ZK current is no more dominant (with respect
to the nontunneling current, see Appendix A) and for small
bias (V<0.1 V) the I-V is essentially linear.

Do we expect the superlinear ZK current to be visible in
actual devices? At first sight the answer is no for two rea-
sons. First, in actual devices, the carrier concentration is
never exactly zero. Indeed it has been observed!” that the
presence of charge impurities induce a spatial fluctuation of
the Fermi level with respect to the Dirac point. As a result, it
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FIG. 2. (Color online) Electronic transport in graphene: theory.
(a) Electronic bands of L and R contacts. The hyperbolae are the
bands corresponding to a finite k| (A=2Avzk, =22 meV). In L and
R contacts the bands are filled up to €z and ez—eV, respectively,
where €>0 (€;<<0) corresponds to electron (hole) doping. [(b)
and (c)] Electronic transmissions 7 and 7, defined as in Eq. (1), for
V=0.1 V and /=1 um. In the gray zone (the region corresponding
to the Zener-Klein tunneling) 7 and 7 are magnified. (b) Ballistic
case calculated with NEGF or with the WKB approximation. (c)
NEGEF results in the ballistic case (no defects) or in the presence of
Ir or sr defects. [(d) and (e)] calculated current / per unit of lateral
length [y, vs V (the voltage applied between the electrodes) as a
function of the gate voltage (V,). V, goes from 0 to 35 V with 5V
step, /=1 wm. In the ballistic case (d), lines are approximated
semiclassical results (i.e., the analytical curves from Appendix A),
points are from the exact NEGF simulations.

is difficult to achieve the experimental condition where ZK
tunneling is observable [V,=0 in Fig. 2(d)]. Second, the scat-
tering of the carriers with optical phonons with energy 7w
=0.15 eV causes the current to saturate when increasing V to
high values'® (see also Ref. 18). This process occurs for eV
>hwl/l, (I, is the carrier elastic scattering length, due to
defects) and is, thus, particularly relevant for high-quality
high-mobility samples (with high /,;). This saturation of the
nontunneling current induces a sublinearity (/o< V* with «
< 1) which tends to cancel the superlinearity (a>1) of the
ZK current, further masking it.

B. Transport with defects

The situation is possibly changed by the presence of de-
fects. Actual devices are characterized by defects which scat-
ter electrons elastically (that is conserving the energy).'®
Elastic defects can be neutral point defects or charged Cou-
lomb impurities'® outside the graphene plane (usually at a
distance ~1-2 nm).?° Point defects affect the electrostatic
potential seen by the carriers on a length scale smaller than
the graphene unitary cell [short range (sr)] and, thus, the
carriers cannot be described in terms of electronic bands. On

045416-2



CURRENT-VOLTAGE CHARACTERISTICS OF GRAPHENE...

the other hand, charged impurities modify the potential uni-
formly on a length scale much longer than the unit cell [long
range (Ir)] and the electronic bands are still a meaningful
concept. The ZK current is expected to be more sensitive to
short-range defects than to long-range ones. Indeed, the ZK
current is determined by a transition between two bands
whose relative energy is not affected by long-range defects.
Moreover, long-range defects are expected to diminish the
nontunneling current. Overall, one could wonder whether the
presence of long-range defects can be used to suppress the
nontunneling current and, thus, to make visible the ZK one.

To verify this hypothesis, we simulate disordered
graphene within NEGF by considering both long- and short-
range elastic defects. We consider a tight-binding Hamil-
tonian and the NEGF equations are solved as in Ref. 21 (see
Appendix B for further details). We consider a strip with
lateral infinite width. Defect-induced disorder is simulated
by changing the on-site potential by V,;=0.1 eV uniformly
on trenches of atoms which are randomly distributed on
along the channel. V, is uniform along the direction perpen-
dicular to the channel (disorder does not break the lateral
periodicity) for computational reasons. Long- (short-) range
defects are simulated using trenches long 10a((a,), where
ay is the graphene lattice parameter. V,;=0.1 eV is a
realistic choice since it provides a low-bias conductivity
in reasonable agreement with measurements (see Fig. 8 in
Appendix B).

From NEGF simulations, the presence of long-range de-
fects diminishes the nontunneling transmission [Fig. 2(c)]
but, in general, does not reduce the ZK one. For V=0.1 V,
long-range defects even increase the ZK transmission [Fig.
2(c)]. We checked that short-range defects diminish, as ex-
pected, both the nontunneling and the ZK transmission with
respect to the ballistic case [Fig. 2(c)]. To see whether the
relative increase in the ZK transmission with respect to the
nontunneling one can lead to measurable effects, in Fig. 2(e)
we show the theoretical /-V curves in the presence of long-
range defects. The superlinear behavior (the signature of the
ZK current) is still visible at V,=0 [1oc V* with a=1.4 in Fig.
2(e)] and is also visible at finite V,.

III. COMPARISON WITH MEASUREMENTS

We now turn our attention to measurements, carried out
on single-layer graphene devices. Different devices were fab-
ricated in a four-point configuration and have different mo-
bilities u ranging from 80 to 20 000 cm? V=! s~ (low mo-
bility corresponds to a higher density of defects). See
Appendix D for details on device fabrication and measure-
ments. Figure 3(a) shows a typical set of I-V characteristics
for different V, applied on the backgate for a sample with a
relatively modest mobility (u=1700 cm? V~!s7!). The I-V
is superlinear at the V,, of the Dirac point, consistent with the
above prediction of ZK tunneling. The superlinearity is bet-
ter seen in a double-logarithmic scale plot [Fig. 3(c)] where
the -V is reasonably well described by a power law = V*
with @=1.3. Both « and the current values are in a remark-
able qualitative agreement with calculations given the sim-
plicity of the model as can be seen by comparing Fig. 2(e)
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FIG. 3. Electronic transport in graphene: measurements. (a)
Measured current / per unit of lateral length /iy vs V in a low-
mobility sample for different gate values (V,=0, -20, —40 V).
V, has been shifted to —14 'V so that V,=0 corresponds to the Dirac
pomt The length between the Voltage electrodes /=1.1 um and
ly=1.1 um. (b) Measured I-V in a high-mobility sample, at the
Dirac point, before and after the introduction of defects through
electronic bombardment. /=2.2 pum and /=550 nm. (c) Double-
logarithmic scale plot of the I-V. (d) Exponent « as a function of
mobility u for different devices. / varies from 0.9 to 5.9 um and [y,
from 70 to 1500 nm.

(I=1 pm) and Fig. 3(a) (I=1.1 um) for small V,. Notice
that calculations from Fig. 2 are obtained with a two-point
(2pt) scheme. The comparison with the measurements of Fig.
3 (done in a four-point configuration) is, however, meaning-
ful (see Appendix C). We remark that the calculations do not
include scattering with optical phonons, which is relevant for
eV>tolll,.

We observe that the superlinearity vanishes for devices
with high u. Figure 3(d) shows «a (extracted at the Dirac
point) as a function of the mobility u of 22 different devices.
As the mobility increases, « tends to 1 (corresponding to
linear I-V). In an additional experiment, we introduced de-
fects in a high-mobility graphene device by bombarding it
with 10 keV electrons. From Fig. 3(b), before bombardment
the mobility u=7000 cm? V! s~ and the I-V is linear with
a=1.0. After bombardment w drops to 260 cm? V~!' s~ and
the I-V becomes superlinear (= 1.2). These observations are
consistent with the previous discussion that in high-mobility
samples the ZK superlinearity is masked by the nontunneling
current. Namely, the reduction in disorder increases the con-
tribution of the nontunneling current with respect to the ZK
one and, also, favors the nontunneling current saturation (due
to scattering with optical phonons,'®!8 see Appendix E for
further discussions). More elaborated models (e.g., with a
more realistic description of impurities, including electron-
phonon scattering and possible self-heating effects) are re-
quired to reach a quantitative agreement between theory and
measurements.

We now discuss other mechanisms that could lead to su-
perlinear /-V’s. It could be related to the physics occurring at
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tunnel barriers (such as the Luttinger liquidlike behavior in
nanotubes?>?? or the breakdown of insulating barriers). How-
ever, measurements are done on high-quality devices in a
four-point configuration, which makes the presence of tunnel
barriers unlikely. Superlinear /-V’s could also be attributed to
quantum effects, such as weak localization or electron-
electron interaction, but these effects should be negligible
since the applied current is large, heating the graphene layer
to several hundreds of celsius.?* Overall, Zener-Klein tunnel-
ing remains the most plausible mechanism to explain our
measurements.

We finally stress that previous observations of Klein
tunneling'®!>!3 in graphene were done using very different
device setups. In Refs. 10, 12, and 13, the carriers tunnel
from conduction to valence bands in a p-n junction. In these
nanostructured devices, the ZK tunneling is observed thanks
to a configuration which allows to eliminate the nontunnel-
ing current and thanks to the intense electric field at the p-n
junction (~1073 eV/A, see supplementary information of
Refs. 9 and 13). In our devices, which are not p-n junctions,
the nontunneling (intraband) current is present (this current
can mask the ZK tunneling one) and the electric field
(~107° eV/A) is substantially weaker. Despite these unfa-
vorable conditions, it is possible to probe the Zener-Klein
effect.

IV. CONCLUSIONS

Concluding, measurements and calculations show, consis-
tently, that the I-V’s of graphene devices become superlinear
in the presence of disorder (in low-mobility samples). The
superlinearity is attributed to Zener-Klein tunneling (tunnel-
ing between different energy bands, from 7 to 7). In high-
mobility (high-quality) graphene samples, the superlinearity
is masked by the contribution of the nontunneling current
(due to carriers always remaining the same band). In low-
mobility samples, the Zener-Klein tunneling current is vis-
ible because the higher density of defects decreases (filters)
the nontunneling current but, surprisingly, does not degrade
(to the same extent) the tunneling one.

Note added in proof: Recently we became aware of two
papers predicting a super-linear behavior at high bias in
graphene due to interband tunneling.?326
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APPENDIX A: BALLISTIC REGIME WITHIN
THE WKB APPROXIMATION

Here, we derive a set of analytical formula for the current-
voltage curves as a function of the carrier concentration in
the ballistic regime (neither defects nor phonon scattering),
within a semiclassical approach.

We consider a graphene sample and apply a voltage V
between the two contacts. We assume a linear drop of the
electrostatic potential along a channel of length I, corre-
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FIG. 4. (Color online) Schematic band structure and transition
probabilities of a graphene junction.

sponding to a constant electric field V/[ directed along x. In
a semiclassical trajectory, the electron wave vector along the
direction perpendicular to the field is conserved, i.e., k
=constant=A/(2%v ), where v is the graphene Fermi veloc-
ity (hvy=6.4 eV A). Figure 4 indicates the graphene band
structure of the two contacts along a line with k, =constant.
For the energies for which the two conduction bands (or the
two valence bands) of the two contact overlap, the transmis-
sion probability 7VKB=1. For energies where there is no
overlap at all between a left constant band and a right con-
stant band, TVEKB=(. Finally, for energies where a valence
(conduction) band of the left contact overlaps with the con-
duction (valence) band of the right contact TVXB=T,, and
can be computed within the WKB theory.'> The WKB mo-
mentum k,, at a position x in the channel, is given by

eVx \?
k= — | =k

Al
hvpl ( )

The transmission is obtained after an integration on the clas-
sically forbidden region

T;x=exp| —2 Im f dxkx]

-0

[ 2t [P ——
=exp —L—UFJ dS\r’l—SZ]
eV —1

=exp (A2)

eV

__ Wkiﬁvplj|

The current is obtained by letting T=T"XB in Eq. (1). Let us
write the total current per unit of lateral length as J=J,,
+J,, where J,, and J, are the nontunneling and ZK currents,
For =0,

Ju=0,

JZ: 2]0f(K0), (A3)

where Jy=V/(mRyl) with Ry=mh/e*=12.9064 kQ the
quantum of resistance. ko= meVI/ (4ﬁv 7)=121VI/(nm V) is
adimensional, and F(x)=\mx erf(\Vx)+e™—1. For typical
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FIG. 5. (Color online) Zener current (J;) and total one (J,
+J,,) from Eqgs. (A3) and (A4) for various gate voltages V,. The
length /=1 um.

lengths of a few micron, if V>1 mV, x,>1 and J,
=2J Ky V32 At these conditions the ballistic Zener con-
ductance is

Oz =JAIV =2\ 7K/ (7PRy) = 0.398/Ry\ VI/(nm X V).
For e.# 0 we distinguish three cases

eV<er J,=J,12-eViep)eVieg,

JZZO,

e<eV<2e J,=/J,

Jy=JoFlki(eVieg—1)7],
2ep<eV J,=Jy,

Jz=Jo[2F (ko) = Flky)], (A4)

where J;=evgn/ m, being nzqz;/ a/(hvg)? the electron con-
centration (number of carriers per surface unit cell), and «,
=J,/Jy is adimensional. Note that the calculated saturation of
the nontunneling current at eV=¢€p in the ballistic regime
[J,,=J,, see Fig. 2(d)] should not be confused with the satu-
ration due to optical-phonon scattering described in Refs. 16
and 18. For Vg=0, the current is entirely due to Zener tun-
neling (J,,=0). By increasing V,, the Zener current decreases
(Fig. 5 upper panel) while the total one increases (Fig. 5
lower panel). Thus, already at V,=5 V the nontunneling cur-
rent dominates over the Zener one. Note that, for simplicity,
we have neglected the electronic temperature. We checked
numerically that such an approximation is valid for voltages
eV>KpT, as expected.

Equations (A3) and (A4) can be easily derived as follows.
First we consider the Zener current. For €,=0, the Zener
tunneling operates, for a given k, in an energy window of
width eV-A=eV-2hvpk, (see Fig. 4). So, the Zener tunnel-
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ing occurs only if k| <eV/(2Avg). The current (per lateral
unit length), J, according to a Landauer formalism is

de (*m dk, (" de
Jy=— f = f dl,—T ek
27Th _km 27T 0 dkx

4e (*mdk, >
=— | T—(eV-A)eL
7Tﬁ 0 277( )e
4evy ki —a?
= i dk | (k,, = [k  [)e=
0
1
= Z%Zakifo ds(1 - s)e_“krzns2
= Zjof(l(o), (As)
where 4 count spin, and valley degeneracy, and
eV
k,, = YR (A6)
F
eV \?
k11:\,<ﬁ> -k, (A7)
F
€ = hv el +15)1?, (A8)
Tho gl
= (A9)
2
evp eV
Jo=—"= , A10
L ph ey (A10)
Vi
K0=a,2n=::-;v , (A11)
F
! 2 —
Flk)= 2Kf (1-s)e™ds=\mk erf(\ﬁ() +e " —1.
0
(A12)

Now, we consider the Zener current for an arbitrary e,=0.
For eV<ep, J;=0. When €,<eV<2e¢p

_ e k’&(vé >_ak§
=)y 2w\ T2 )"

2evp [N
=5 | dki ke
0

1

euf P _ k2S2

=—2ak; | ds(1- ki
., a lJo s(1—19)e

= JoFlk (eVier—1)2], (A13)

where

V-e€
k= (A14)

ﬁUF
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kp= (A15)
hUF
7Tl€2 2 J]
=—. Al6
K1 = fiw peV =dakp 7o ( )
For eV>2¢, the Zener current becomes
dkl 2
Jz= V—A)e kL
= 2 2 € Je
L de "F dkL( A > 2
V- —ak’}
Wﬁ 2 ¢ 27 r)e
4ev i
= ﬂf JO dk | (k,, =k )e L
2evy ke a2
- . dky (kp—k )e L
= Jo[2F () = Flk))]. (A17)

Now, we consider the nontunneling current, an arbitrary €p
=0. The nontunneling current operates, for a given k; in an
energy window between € and max(fvpk, ,eV—e5) (see
Fig. 4). Thus, the current (per lateral unit length), J,, accord-
ing to a Landauer formalism is

ep/hvp dk |
= ZWﬁJ _[fF max(hvpk | ,eV - €p)]

e
- ﬂlﬁquo del e —max(e, €= eV)]. (A18)
If eV> € the current saturates to J,,=J; with
ST & _evpn (A19)
U Phve mRpehvy o

where Ry=7fi/e? and n=ep/[m(hvg)?] is the numbers of
electron per unit area. If eV<ep,

2e
Jui = %{ev&p— evV)+ f

eg—eV

€F

de(ep— E)i|

=J,(2-eVlep)eViep. (A20)

APPENDIX B: NEGF CALCULATIONS

Here we describe the NEGF approach!* which is used to
compute the transmission of graphene in presence of disor-
der. We use an orthogonal tight-binding Hamiltonian with
one p, orbital per carbon atom, and nearest-neighbor hopping
t=-3 eV(vp=10% cm/s). The external electrical field and
the impurities affect only the on-site potential, the hopping
and overlap are unchanged. The conduction properties per
lateral unit length are independent of the lateral edge termi-
nation. In our calculation we consider graphene samples in-
finitely wide (in the L direction), where both the leads and
channel are made out of graphene. The left (right) leads is
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FIG. 6. (Color online) Scheme of short- and long-range disorder.
The dark and the light (red and blue) dots correspond to an on-site
potential +V,; and —V,. The perfect leads are shown by the white
dots where the on-site potential vanishes.

defect free, and semi-infinite in the —x (+x) direction. The
electrostatic potential is constant within the two leads. The
graphene channel between the two leads has a length (in the
x direction) of ~1 wm, which is comparable with the dis-
tance between contacts in the experimental samples. The
channel is placed in a constant electric field along x. The
graphene lattice is oriented as shown in Fig. 6, i.e., we con-
sider infinitely wide zigzag ribbons. In real samples the dis-
order scatters the electrons in both the directions along and
perpendicular to the channel. Within our approach, such a
disorder could be modeled using supercells with a periodic-
ity W along L. The width W should allow lateral ( L) scat-
tering within the Fermi surface, i.e., W> 27T/kp, where the

Fermi wave-vector kp=e€p/ (hvg), €p=hvpy anf and, in the
present experimental setup, 7=7%210' cm . As an
example, for a value of the gate potential Vg—S vV, W

>2m/ \s"Tran:O.l pum. The present algorithms for the
computation of the transmission within a Green’s function
approach requires a computational time that scales as W3L,
where L is the channel length and W is the channel width.?!
Since with the available computational resources it is impos-
sible to deal with systems with both length and lateral sizes
on the order of micron, we neglect the lateral scattering and
we consider a one-dimensional disorder along the x direction
(the disorder is taken to be invariant in the L direction). In
this case the lateral periodic unit cell is four atoms wide, see
Fig. 7 and the transverse momentum k; is a good quantum
number. For each k |, the transmission can be computed on a
narrow graphene sample with four atoms in the L direction
as shown in Fig. 7. The transmission is then averaged over
k.

The two disorder models, henceforth called short- and
long-range disorder, used in this study are shown in Fig. 6. In
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X slab

FIG. 7. Scheme of the slab used in the NEGF calculations. For
a given transverse wave vector, the transmission is computed on a
narrow graphene sample with four atoms in the L direction.

the following, a slab is defined as shown in Fig. 7. For the
short- (long-) range disorder, the on-site potential in one (ten
sequent) slab(s) is a random variable equal to +V, with prob-
ability 0.5 and +V,; with probability 0.5.

The channel Green’s function is

G=(E+15—HD—EL—ER)_1, (Bl)

where 6=10"% eV is a small positive smearing parameter
and X; (Sy) is the self-energies due to the left (right) lead.
The self-energies X; and Xy are computed using the decima-
tion algorithm. The transmission is computed using the algo-
rithm described in Ref. 21 in the context of phonons elastic
scattering. The transmission is derived using

Ty = Tr(TLGplRGY). (B2)

where the subscript k£, recalls that, at this point, only one
transverse wave vector is considered, and

Tor=1CLr -2 R)- (B3)

The total transmission is obtained by summing over M trans-
verse wave vectors. The transmission per unit width is

M
= M_WE) Ty =ppmaw)» (B4)

where W= \«“an and ay=2.46 A is the graphene lattice con-
stant.

In the calculation, for energies corresponding to Zener
transmission, we use MW=3.2 um and, for the normal
transmission, we use MW=0.8 wm. The length of the
graphene channel is 0.98 um which corresponds to 4000
slabs. The transmission in Fig. 2 of the paper is averaged
over 200 disorder realizations. The transmissions used for
the current are averaged 100 times since the integration over
the energies smooths the results.

We used a value of V,;=0.1 V to describe the disorder.
With such a choice the computed conductivities (at low field)
with short- and long-range disorder are similar to those mea-
sured experimentally, see Fig. 8.
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FIG. 8. (Color online) Conductivity (o) vs gate voltage (V,) of
graphene. Measurements are done on two devices (dev. A and B)
described in the text. Calculations are done using NEGF (V,
=0.1 V) with sr and Ir defects.

APPENDIX C: ELECTROCHEMICAL POTENTIAL:
FOUR-POINT VS TWO-POINT MEASUREMENTS

It is important to distinguish the electrostatic potential
from the electrochemical potential.'* The electrostatic poten-
tial is determined from the charge distribution of the system.
In general, it has to be determined self-consistently from the
local charge distribution by solving the Poisson equation. In
the present specific case, we assume that the electrostatic
potential is entirely determined by the charge accumulated in
the current contacts [A and D in Fig. 11(b)] and, for simplic-
ity, we also assume that the electrostatic potential decays
linearly. The electrochemical potential is a local quasi-Fermi
energy (see Ref. 14 for a discussion) which corresponds to
the quantity measured by the voltage contacts [B and C in
Fig. 11(b)] in a multiterminal device. We now show how the
electrochemical potential can be computed.

We now consider just one of the two equivalent Dirac
cones. For a given k, and energy e, the wave functions in-
side the contact regions (x<<0 and x>/ in the lower panel of
Fig. 4) can be classified as qbzle(x) and qb;ﬁ(x) for x<0 (in
the left contact) and (Zzle(x) and %;Le(x) for x> (in the
right contact). The superscripts + and — indicate wave func-
tions moving toward the right and the left directions, respec-
tively. The ¢ functions are normalized to one on the
graphene unit cell. We now consider the usual definition of

left/right (L/R) scattering states'# that are the wave functions
lﬂkle(x) and zﬁfie(x) defined by the conditions at the border:

Wkl )= (f)Zl )+ ady, (x) for x<0 and tﬂ,:i ()=B %Zi (x)

for x>1; gbfﬁ(x):%;f(xha’&;f(x) for x>1 and ¢‘}§i (%)
= ,B’qb;le(x) for x<0. a, B, ', and B’ are to be determined
by imposing that the scattering states are eigenstates of the
Hamiltonian. ¢/~ and ¢® describe an electronic state coming
from left and right contacts, respectively.

We now consider a metallic probe in a point x of the
graphene sample. u(x) is the electrochemical potential of the
probe. Assuming that the transmission probability between
the probe and graphene does not depend on € and k, and that
the density of states of the probe is constant, the current J,,
between graphene and the probe is
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FIG. 9. (Color online) Calculated electrostatic potential and
electrochemical potential, w(x), as a function of the position x along
a graphene channel. Calculations are done in the ballistic case (no
defects) or in the presence of long-range defects for two different
gate voltages V,. The length of the channel is /=2 pum and the
applied voltage V=04 V.

Jop(x) = Cf dk{f de,

gk, @Y ()Hfle= efl - fle- )]} +grlk .0
X[ P fle- ] - fle— u)T, (1)

where C is a constant, g (k| ,€) and gg(k, ,€) are the densi-
ties of states at that € and k, in left and right contacts, and
f(e) is the Fermi occupation function (we assume zero tem-
perature). 6];-=€F and 6§= er—eV are the Fermi levels in left
and right contacts. In four-point measurement (Fig. 11), the
current between the voltage contacts [B and C in Fig. 11(b)]
and the graphene channel is zero and the electrochemical
potential of the voltage contacts coincides with the one of
graphene in that point x. Thus, the u(x) such that J,,(x)=0
determines the electrochemical potential in the point x of the
graphene sample as it is measured in a four-probe measure-
ment.

In Fig. 9, we show some examples of the electrostatic
potential and of the electrochemical potential wu(x) (deter-
mined with the above procedure) in the ballistic case and in
the presence of long-range defects for two different gate
voltages V,. One should notice the discontinuity of wu(x) at
x=0 and x=/. These jumps correspond to the contact resis-
tance at the current electrodes. We remark that, in all the
cases, the jump is small compared to overall potential drop.
This implies that the contact resistance in the simulations is
small compared to that of the channel. This is true for V,
=0, where the current is only due to Zener tunneling, and
also for Vg=35 V, where the nontunneling current is domi-
nating. Moreover, this is true in the presence of defects and
also in the ballistic case. We also remark that the drop of
u(x) is quite uniform along the channel and that, in the cen-
tral region, it has a slope similar to the one of the electro-
static potential.
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FIG. 10. (Color online) Comparison of the I-V characteristics
calculated in a 2pt configuration and in a 4pt one, in the ballistic
case (no defects) or in the presence of long-range defects for vari-
ous gate voltages V,. AV, is the drop of the electrostatic potential
along the length of the channel, /=2 um. AV, is Au along a 1/2
distance in the middle of the channel (see the text).

In the main text of the paper, we are comparing experi-
mental /-V curves measured in a four-point configuration
with theoretical curves which correspond to a two-point con-
figuration. We now show why this comparison is meaningful.
In a four-point measurement the relevant voltage is the drop
of the electrochemical potential between the two voltage
contacts [B and C in Fig. 11(b)]. In a two-point configura-
tion, the relevant voltage is the drop of the potential between
the two current contacts [A and D in Fig. 11(b)]. In order to
simulate four-point measurements in a configuration similar
to the experimental one, in Fig. 10 we plot the current vs the
drop to the electrochemical potential along a /2 (I is the
channel length) distance in the middle of the channel (Au
between x; and x; in Fig. 9, AV, in Fig. 10). Figure 10 also
report the current as a function of the drop of the electrostatic
potential along the length of the channel (V in Fig. 2, AV,
in Fig. 10). By comparing the curves obtained with the 4pt
configuration with the 2pt ones, in all the cases, the overall
shape and behavior is very similar apart from a rescale of the
voltage axis. This is due to the facts that the contact resis-
tance is small and that the drop of the electrochemical po-
tential is quite uniform along the channel (Fig. 9), as dis-
cussed in the previous paragraph. This justifies, a posteriori,
the use of a two-point configuration in the theoretical model
discussed in the main text of the paper.

APPENDIX D: SAMPLE FABRICATION AND
EXPERIMENTAL SETUP

Graphene devices are fabricated as in Ref. 16 by means of
standard nanofabrication techniques. Graphene flakes are ob-
tained by mechanical exfoliation of kish graphite (Toshiba
Ceramics) by adhesive tapes on highly doped silicon wafers
coated with a 280-nm-thick thermal silicon-oxide layer.
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b T w2

FIG. 11. (a) Atomic force microscopy image of a graphene de-
vice. The scale bar is 1 um. (b) Schematic of the setup for the
four-point measurement. The device is symmetrically voltage
biased.

Single layers are identified with Raman spectroscopy and/or
by measuring the reflected light intensity using a camera
mounted on an optical microscope. Graphene layers are pat-
terned in a Hall-bar configuration using O, plasma etching.
Cr/Au electrodes are fabricated on top of the samples using
electron-beam lithography followed by a lift-off in acetone
and dicholoroethane. Devices are cleaned using thermal an-
nealing at 350 C in H,/Ar for a few hours and the current-
induced cleaning technique in vacuum.?’ Figure 11(a) shows
an atomic force microscopy image of a device at the end of
the fabrication process.

We employ a four-point configuration to avoid the contri-
bution of the contact resistance at the graphene-electrode in-
terfaces [Fig. 11(b)]. This is important for the study of
current-voltage characteristics as the contact resistance may
change when increasing the applied voltage. In addition, the
four-point configuration allows us to have a better spatial
homogeneity of the carrier density. Indeed, the voltage elec-
trodes can be patterned away from the central channel [Fig.
11(a)] so they screen the electric field between the gate and
the graphene sheet to a lesser extent. The device is symmetri-
cally voltage biased. The current is measured through elec-
trodes A and D while the four-point voltage between elec-
trodes B and C.

Measurements are done at 300 K and 10% mbar. We take
care not to degrade the graphene sheet when bringing the
device into the high current regime. Indeed, these conditions
are especially harsh, since a lot of energy (up to several
milliwatts) is dissipated in a ~1 um? surface area. To pre-
vent degradation, measurements are carried out in vacuum
(107 mbar) and I-V characteristics are measured rapidly
(within ~1 s). After each measurement, we control that the
gate-voltage dependence of the zero-voltage conductivity has
not changed.

The mobility is obtained from the dependence of the con-
ductivity on the gate voltage V, [see, e.g., Fig. 12(a)], as u
=do/(dV,)/C,, being a(V,) the zero-bias conductivity as a
function of V,. u is measured in the region where o(V,) is
linear (which is usually attributed to the presence of Cou-
lomb scatterers'®). The exponent « reported in the text are
obtained from the linear fit of the /-V in a double logarithmic
scale plot for V>0.1 V.

APPENDIX E: HIGH-MOBILITY DEVICES

Measurements on high-mobility devices deserve a further
discussion. Figure 12(b) shows the current-voltage character-
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FIG. 12. Electronic transport in graphene: measurements on a
high-mobility device [7000 cm?/(V s)]. (a) Conductivity as a func-
tion of the gate voltage V,, measured at zero voltage (V<KT). The
width of the channel is /;y=540 nm and the length is /=2.1 um.
(b) I-V characteristics for different V, (from 0 to 24 V in 6 V steps).
(c) Numerically differentiated dI/dV as a function of V at the Dirac
point.

istics for several gate voltages measured on a device with a
relatively high mobility of 7000 cm?/(V s). The I-V appears
linear at V,=0 (Dirac point) which contrasts to the case of
high V, for which the current tends to saturate. The current
saturation has been carefully analyzed in Ref. 16 and has
been attributed to scattering due to optical phonons of
graphene (0.15 V). In some cases the relevant scattering can
be due to phonons of the substrate with a smaller energy of
=50 meV.'"® We emphasize that the current saturation in
Fig. 12(b) has a different origin from the one predicted in the
case of ballistic graphene devices and shown in Fig. 2(d).
There, the current saturation is a consequence that the non-
tunneling current ceases to increase when eV> e, (see Ap-
pendix A).

We now focus on the -V characteristics at the Dirac
point. Careful inspection reveals a small deviation from lin-
earity. This is better seen in Fig. 12(c) where the differential
conductance dI/dV is plotted as a function of V. dI/dV does
not remain constant but increases at low V and decreases at V
above ~1 V. Similar results have been obtained for all the
high-mobility devices that we have measured (eight in total).

The I-V at the Dirac point of high-mobility devices can be
interpreted as a consequence of the competition between the
Zener tunneling effect and the contribution of the nontunnel-
ing intraband current, which tends to saturate. Namely, the
superlinearity of the I-V due to Zener tunneling is more or
less compensated by the current saturation due to optical
phonons. The balance between the two mechanisms changes
when V is increased. At low V, Zener-Klein tunneling domi-
nates and the I-V is slightly superlinear. At higher V, the
scattering with optical phonons become more relevant and
the /-V is slightly sublinear, which is in agreement with the
measurements in Fig. 12(c). Moreover, at high-bias self-
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heating of the graphene channel can be relevant.’* This is
associated with an increase in the scattering with acoustic
phonons resulting in a sublinear behavior which will also
mask the ZK current.

As for low-mobility devices, the I-V’s are observed to be
much more superlinear. This is consistent with the picture of
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competition between Zener tunneling and scattering due to
optical phonons. Indeed, disorder in low-mobility devices
tends to suppress the saturation of the current!® (electrons are
mainly scattered by disorder centers which reduce the effect
of optical phonons on transport). As a result, the mechanism
relevant for transport is Zener tunneling.

*Present address: Kavli Institute of Nanoscience Delft, Delft
University of Technology, PO Box 5046, 2600 GA Delft, The
Netherlands.
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