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Quantum transport at the Dirac point: Mapping out the minimum conductivity
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The phase space for graphene’s minimum conductivity o,,;, is mapped out using Landauer theory modified for
scattering using Fermi’s golden rule, as well as the nonequilibrium Green’s function (NEGF) simulation with a
random distribution of impurity centers. The resulting “fan diagram” spans the range from ballistic to diffusive
over varying aspect ratios (W/L), and bears several surprises. The device aspect ratio determines how much
tunneling (between contacts) is allowed and becomes the dominant factor for the evolution of o, from ballistic to
diffusive regime. We find an increasing (for W/L > 1) or decreasing (W /L < 1) trend in oy, Vs impurity density,
all converging around 128¢2%/73h ~ 44q?/ h at the dirty limit. In the diffusive limit, the conductivity quasisaturates
due to the precise cancellation between the increase in conducting modes from charge puddles vs the reduction in
average transmission from scattering at the Dirac point. In the clean ballistic limit, the calculated conductivity of
the lowest mode shows a surprising absence of Fabry-Pérot oscillations, unlike other materials including bilayer
graphene. We argue that the lack of oscillations even at low temperature is a signature of Klein tunneling.
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I. INTRODUCTION

Since its discovery in the last decade, single layer graphene
has catalyzed widespread research [1] stemming from its
extraordinary material properties. Multiple electronic, spin-
tronic, and optoelectronic applications are predicted to arise
from the entire class of 2D materials emergent in graphene’s
footsteps [2]. Despite intense scrutiny, there exist many unre-
solved issues that continue to make the material fascinating.
Among them is the physics of the minimum conductivity, oyin
around the Dirac point, where the density of states is expected
to vanish. Instead of vanishing accordingly, oy, for a ballistic
sheet with large width to length aspect ratio (W/L > 1) is
shown to be a universal constant oy = 4¢%/(h) [3,4]. This
arises from the preponderance of tunneling through a contin-
uum of subbands with near zero band gaps. In these structures
(W > L samples), a series of exponentially decaying tunnel
transmissions adds up to an overall Ohmic term that factors
out of the ballistic conductance G = o W/L. Measured Op;ns,
however, are typically in the range 4-12¢>/ h [5,7-9], except
Ref. [3], larger than op. This is surprising given that these
experiments are mostly on dirty samples where we expect the
conductivity to be not only nonuniversal but certainly smaller
than the ballistic limit. The increase in oy, from o arises
from charged impurities on the substrates that create electron
and hole puddles and contribute states to the charge neutrality
point [10]. However an opposite, decreasing trend of o, vs
impurity concentration (niyp) Was demonstrated theoretically
by Adam et al. in Ref. [6] within Boltzmann transport theory, as
well as experimentally in Ref. [5]. Clearly there are several dis-

“redwansajjad @ gmail.com

1098-0121/2015/92(20)/205408(6)

205408-1

PACS number(s): 72.80.Vp, 73.63.—b, 72.10.—d

jointed pieces that have yet to come together to provide a com-
plete phase picture of the evolution of oy, with sample quality.

In this paper, we use quasianalytical Landauer equation
as well as numerical NEGF (within the Fisher-Lee formu-
lation) [11] to map out the entire phase space of o, for
varying nimp and W/L (Fig. 1). Our results clearly show that
the missing link is the total tunneling current (a function of
W/L), a piece of physics typically ignored in semiclassical
models. The observed quasisaturation arises due to a tradeoff
between the number of modes and the scattering time t from
charge puddles, as we move from the ballistic to diffusive
regime. The total conductivity can be written as

o= Go[M,T, +MT]IL/W, (1)

where Gy = 4¢>/h is conductance quantum including spin
and valley degeneracy, M, and M, are the number of
propagating and evanescent modes, and 7 is the corresponding
mode averaged transmission probability. While this equation
defines an absolute lower bound on conductivity at op =
4g? /(7 h) (dashed line in Fig. 1 top), we will shortly show that
for dirty samples with impurity density ~3 — 5 x 10'2/cm?,
it predicts a quasisaturating o, ~ 4¢>/h, consistent with
experiments (Fig. 1). Part of the fan diagram for W « L,
the decreasing trend in o, in Fig. 1 obtained earlier using the
Boltzmann transport equation, arises naturally in our model

from scattering of the propagating modes o o< Go[M,T,],

where M, T, o« vnj + N/ imp = V1 + n%/nfmp (ng is the
background doping). For the opposite ballistic limit, wide
samples have a conductivity that dips down to the quantized
value op to generate the rest of the fan diagram. At the
same time, narrow ballistic samples with limited tunneling

show a conductance quantization G that bears a spectacular
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FIG. 1. (Color online) (a)Fan diagram of quasianalytical oy, for
W = 500 nm with varying W/L (inset shows conductance G), L =
125 nm, 250 nm, 1 pm, 1.5 pm, 2.5 pm. The ballistic oy, is exactly
at 0g = 4q°/mh. The two new features are (1) quasisaturation at
high impurity density to ~128¢%/7*h and (2) a flip in curvature
between aspect ratios. (b) NEGF calculated o,,;, averaged over puddle
geometries (inset). The data saturate at ~4¢>/h in dirty graphene.
Orange circle is experimental data from Ref. [5] and purple diamond
is theoretical prediction from Ref. [6].

robustness with temperature and a remarkable absence of
Fabry Pérot (FP) resonance even at low temperature. We
interpret the absence of FP (Fig. 3) as a clear signature
of Klein tunneling, where the linear relativistic electron
transmits perfectly at normal incidence due to pseudospin
conservation, contrary to the prediction of nonrelativistic
Schrodinger equation (which applies to bilayer graphene as we
show). Our results are supported by numerical NEGF sampled
over a random distribution of charged impurities.

II. MODELING CHARGED IMPURITIES

The lack of dangling bonds makes direct chemisorption
of charged impurities difficult on graphene. However, di-
electric substrates can have charged impurities that play a

PHYSICAL REVIEW B 92, 205408 (2015)

x10'2l ' .
L (b —5x109 ]

310 (b) —1x1012

1= —5x10

o)

(]

{85

a
0 . : 0 .
-04-02 0 02 04 -04-02 0 0.2 04

Energy (eV) Energy (eV)

53X 10 . . )(10"2
‘f‘; (C)—5x1o}g
St '\ Taxo™
|
?g €15} = Self-consistent
(/)1- %10 —Fit Dirty ]
@) = —
DO Limit
0420270702704 1 2 3 4 5

Energy (eV) Nimp(10'2 cm™2)

FIG. 2. (Color online) Averaging (a) the pristine graphene den-
sity of states with (b) a normal distribution of random potentials (c)
erases the Dirac point. (d) The variance of the Gaussian is calculated
self-consistently and refitted with a simplified expression Eq. (9),
closely matching with the self-consistent calculation in the dirty limit.

significant role on transport around graphene’s Dirac point.
The physisorption of charged impurities randomly dopes the
graphene, creating a Gaussian distribution in the energy of
Dirac points around neutrality. The resulting erasure of the
Dirac point is seen in quantum capacitance measurements [12].
We can average the linear density of states of graphene (D)
[Fig. 2(a)] over a Gaussian distribution of potentials [Fig. 2(b)],
with zero average potential E(, variance og. Assuming a
Gaussian distribution of dopants that in turn create a Gaussian
distribution of shifts £, around the Dirac point with an average
shift Eo, we get the modified density of states (Dpuqdie)

Dypwaaie = »_ D(E — E.)P(E.) 2)
E.
P(E.) = ———¢ (FemEo’/20F, 3)
¢ OpN2m

Note that we are assuming that the puddles have no “memory,”
i.e., a Gaussian white noise, so that the correlation between
two different energy fluctuations at E. and E/ acts like
a delta function C(E.,E!) = 028(E. — E.). Integrating the
linear density of states over the Gaussian distribution of shifted
Dirac points, we get

2 _E0? |E|
2,/ Zoge E +2|E|erf(aEﬁ)
T h2vy '

Dpuddle(E) = (4)

This expression of the density of states involving error
functions was also worked out by Li et al. [13], but we can
express it in a simpler form that interpolates between the
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low-energy parabolic and high-energy linear behavior:

2./E? + 20%/7r
Thtv:

In Fig. 2(c), we see that such approximation matches the exact
expression very well. This also allows us to have a compact
expression of the minimum conductivity as we show later.
Equation (5) shows that the variance o has a direct impact
on the minimum density of states. Figure 2(d) shows that
o increases with charged impurity concentration, so that the
minimum number of modes for conduction is proportional to
the statistical variance of charge impurities. This has also
been worked out by solving Poisson’s equation in cylindrical
coordinates [13]

Dpuddle(E) ~ (5)

07 = 2 Nimpq” / [A )k dk (6)
2¢7*0 Zg sinh(k d)
Ap = : (7
kiinscosh(k d) + (kicy, + 2 g7 pic)sinh(k d)
qrr = 27q” /k Dpuaaie(E). (8)

Kk, and k;,s are the respective vacuum and insulator dielectric
constants, while « is their average. Equation (8) defines the
Thomas-Fermi screening wave vector which depends on the
average density of states [Eq. (4)]. Ay is the potential solved
from Poisson’s equation which accounts for the distance of the
impurities (z,) inside the oxide, thickness of the oxide (d), and
the screening length (1/g7 ). Solved self-consistently between
og and Dpygaqie [Egs. (5)—(8)], we determine the variance of
the normal distribution of potentials [Fig. 2(d)]. Over the dirty
range, we can simplify it with a fitted equation

oz ~ 20 vinimy + C 9)

where C = 0.027 eV2. This equation closely approximates the
self-consistent calculation especially at the dirty limit. The
variation of oy, in the presence of charged impurities allows
us to quantify the competition between increasing modes and
increased scattering.

III. ANALYTICAL MODEL FOR oin

The Landauer conductivity intuitively frames conduction
as proportional to the transmission probability of electrons 7},
summed over all propagating and evanescent modes, where n
is the mode index:

49> S L
aminzGL/WzTZTnW. (10)
n=0

The general form for 7),, derivable by matching the pseu-
dospinor wave functions across an n-p-n or p-n-p junction
with barrier height U gives [4]
2

il ; (1)

- k, cosk,L +i(U,/hvg)sink,L
where k, = /(U,/hvF)? — q? and g, = nz/ W (for “metallic

armchair” edge) is the transverse wave vector in the channel
that we sum over to get the total transmission. When &k, is

T,
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real then the transverse modes are propagating, while when k,
is imaginary they become evanescent. Imaginary k, changes
all the trigonometric functions to hyperbolic functions giving
us an evanescent transmission 7, = 1/ cosh? gnL when U, is
zero. An integral over a continuum of such cosh contributions
gives an overall factor of W/ L which leads to the ballistic
conductivity quantization (o). For propagating modes, the
transmission probability 7, picks up an additional scattering
coefficient term from a series sum over the multiple scattering
history, A /(A + L), where A is the electron mean free path in
the presence of embedded impurities. The mean free path is
vF T Where the momentum scattering time t,, is determined
from Fermi’s golden rule below. Combining all the elements
in Eq. (1), we arrive at the fan diagram in Fig. 1.

Impurity scattering occurs through a 2D screened Coulomb
energy, given at long wavelength by the Thomas Fermi
equation,

2

Ver) = —L__ g, (12)
dmegr
Using the pseudospin eigenstates, W; ¢(r) =1/+/2§

(1 %) e normalized over area S, we calculate the
scattering matrix element V;y = [ dzr\lf}(r)VC(r)\IJi(r).

In terms of scattering wave vector and angle
Ak =k — ki, A6 =6 —6;,
1 T . q2
Vi —- d2—' iAk-r 1 iNgy_ 1 —Kr’
! 28 re [1e ]47r60re
1 ) 00 2 ,—Kkr 2 )
Vif — _[1 +ezA0]/ rdrq € / deelAkrcosé)’
25 0 47T€()}" 0
(13)
q2 ‘Ag o0
Vip = —[1 ! dr Jo(Akr)e ™",
1 4€0S[ +e ]/0 rJo(Akr)e
q’ i A6
Vip= ————————[1+¢"].
! 40 SV AK? + K2

We have used the Bessel function of the first kind (of order
zero), Jy, and its Laplace transform. We can change to
energy variables for elastic scattering using |k¢| = [k;| =
E/(hvp),(Ak)? = |k — ki |* = kfc + ki2 — 2kyk; cos AG =
2E%(1 — cos A@)/(hzv%). We get

g*h*v%.(1 + cos AB)
8e3S?[2E2(1 — cos AB) + hPvik?]

2
Vil” = (14)
For an impurity density nijynp and cross-sectional area S (i.e.,
number of impurities 7;y,S), Fermi’s golden rule now gives
us

B/t = 3 [VigPO(E — E(1 = cosmimpS. (15)

f

Converting sum into integral using the density of states
[Eq. (5)] and using the calculated expression for |Vif|2
simplified for low energies, we get

h q4h2v2n»
— = f Dpuddie(Ex)d ExS(E — Ey)
Tsc 16607'[

1 — cos2 AB
x | dA8 5 -
2E; (1 — cos AG) + h2vyk?

(16)
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The cosine integral followed by the delta function energy
integral gives us
h h2v2ni,
_ 4 FIlimp D

T
o wadte (E)——
Tye 16637‘[ puddie( )2E4

x [2E* + R*vik® — hopr J4E2 4+ h2v3c?]  (17)

with Dpyaqie defined in Eq. (5). For E <« hvpk, the term in
square brackets expands to 2E*/h*vii? + O(E®/h*vic?).
We then get

h ~ q4nimpruddle

— o 1 TMPPHECE 18
Tye 16€2x? (19

with k¥ = qupuddle /€0, giving us h/tee = (Mimp/16) Dpuddic-
Using the Einstein relation (diffusion coefficient D =
V27,/2), we get

8q%vih

Omin = q” DpuaaieD = Dpzxuddle' 19)

Nimp
At high impurity density, D;uddle ~ 8oz /m3h*v [Eq. (5)].
Using the approximate relation from Eq. (9) matching the
self-consistent calculation fairly well in the dirty limit (Fig. 2),
we get
12842 2

. q
n " —— =4.12—. 20
Rimp—> 00 7T3h h ( )

IV. NUMERICAL MODEL FOR 0

We now show NEGF based numerical simulation results
to calculate oy, in the presence of charged impurities. First
we briefly introduce the main equations used in our numerical
calculations for NEGF. The central quantity is the retarded
Green’s function,

G(EY=(EI—H-U-%, — %) L. e2))

H is found from a discretized version of the k - p Hamiltonian,
U is the electrostatic potential in the device, and X , are the
self energy matrices for the semi-infinite source and drain leads
calculated from surface Green’s function g,. We recursively
calculate g, for doped graphene contacts, the doping related to
the contact work function. We assume that the Fermi level
is pinned under the contact and thus energy independent.
Assuming an effective doping A Er under the contacts. The
effective contact surface Green’s function is calculated from

g =(AExT—H—1lg)! (22)

which is solved iteratively using a decimation technique [14]
using AEp = 0.25eV. Then ¥ = rfgsr, where 7 is the unit
cell to unit cell coupling matrix. The total conductance is
calculated,

G = Tr(I'GIhgh (23)

in units of q2 /h; Ty, are the anti-Hermitian parts of self
energy representing the energy level broadening associated
with charge injection and removal in and out of the contacts. To
expedite computation, we employ recursive Green’s function
algorithm (RGFA) [15] to perform Egs. (21)—(23).
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We use adiscretized k - p Hamiltonian (H ) to reduce matrix
size and expedite computation. The Hamiltonian for graphene
at low energy is modified as

H(k) = hvp[keoy + kyoy + B(k; + K)o ], (24)

where vp is the Fermi velocity, k= kyX +kyJ is the wave
vector, o’s are Pauli matrices, and # is the reduced Plank’s
constant. The extra term B(k? + ki)az allows us to generate
a computationally efficient Hamiltonian using a course grid
without sacrificing accuracy. The k-space Hamiltonian in
Eq. (24) is transformed to a real-space Hamiltonian by
replacing k, with differential operator —i%, k2 with —%
etc. The differential operators are then discretized using the
finite difference method for the NEGF calculation. We use grid
spacing a = 20 Aand B =23 A, for which the band structure
is accurate up to sufficiently large energy level (~= 0.75 eV).
A more detailed description of the k - p method used can be
found in Ref. [16].

We then use a sequence of Gaussian potential profiles for
the impurity scattering centers,

Mimp

U(ry=Y_ Uyexp(—Ir —r,l*/2¢%), (25)

n=1

specifying the strength of the impurity potential at atomic site
r, with r, being the positions of the impurity atoms and ¢
the screening length (~3 nm). The amplitudes U, are random
numbers following a Gaussian distribution with a standard
deviation of 100 meV [8]. This standard deviation is to be
differentiated from the standard deviation in the density of
states description [Eq. (5)], which is a lumped description for
the entire sheet instead of individual impurities. The Gaussian
profile [Eq. (25)] is used to prevent the potential from going
to infinity at the scattering centers (Thomas-Fermi), and such
an approach is widely employed in the literature [8,17-20].
With U added to H, we calculate o, as a function njmp
[Fig. 1(b)] by calculating average conductance over ~800
random impurity configurations. We keep the width fixed at
W = 500 nm and perform the simulation for L = 125 nm,
250 nm, 1 um, 1.5 pm, and 2.5 pm. In the ballistic limit, oy,
varies linearly with L/ W, but as the sample gets dirtier, the
Omin becomes less dependent on L/ W. At high impurity limit,
Omin becomes weakly dependent on n;,, and saturates around
4¢?/ h. In most experiments, the device length L is larger than
width W, and therefore we see a decreasing trend for o, Vs
nimp such as in Ref. [5]. The evolution of oy, is from 4q2 /(mh)
to ~4¢*/ h, and therefore the missing 7 can only be seen for
devices with W > L. The differences between the numerical
and the analytical approaches most likely originate from the
lack of adequate samples.

V. ABSENCE OF FABRY-PEROT AS A SIGNATURE
OF KLEIN TUNNELING

We now take a closer look at the conductance near the Dirac
point at the ballistic limit with a motivation to demonstrate
the difference between single layer and bilayer graphene. We
employ the same numerical formalism [Eqs. (21)—(23)] but this
time with a 1 p, orbital basis tight binding Hamiltonian with a
40 nm x 40 nm wide graphene sheet (armchair edge). Due to
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FIG. 3. (Color online) NEGF calculation of total conductance G
of single layer graphene and bilayer graphene reveals the nature of
Fabry-Pérot oscillation for the lowest mode. (a),(d) show linear and
parabolic £ — K in single layer and bilayer graphene. The lowest
mode in single layer does not show any oscillation (b) but the bilayer
does (e). The variation of minimum conductance and conductivity
for single layer shows saturating G, at 2¢%/h (c), while for bilayer
graphene the minimum conductance never saturates and produces
oscillation in both G ,;, and o, (f).

nonuniform doping along the metal-graphene-metal captured
in our model by the differential dopings, a Fabry-Pérot cavity
is formed. Such a cavity leads to quantum interference oscil-
lations and conductance asymmetry (n-n-n vs n-p-n doping),
seen in Fig. 3 in the ballistic limit. Such oscillations have
been seen experimentally at low temperature in 2DEGs [21]
but are conspicuously missing for the lowest mode in single
layer graphene (SLG), as seen in Fig. 3(b). In contrast, the
higher modes show oscillations, as do all the modes for
bilayer graphene (BLG) seen in Fig. 3(e). The lowest mode
in single layer graphene has forward and reverse propagating
E — k bands with opposite pseudospin indices (bonding vs
antibonding combinations of dimer p, orbitals) that disallow
any reflection at heterojunctions. The resulting Klein tunnel-

PHYSICAL REVIEW B 92, 205408 (2015)

ing [22] makes the heterojunctions completely transparent to
the lowest propagating modes and eliminates any Fabry-Pérot
oscillations. The parabolic lowest bands of BLG have twice
the winding number around the Fermi circle (angle 26; ; in the
pseudospin eigenstate W; ) and thus a common pseudospin
index, leading to finite reflection and Fabry-Pérot oscillations.

We thus expect distinct behaviors of o, vs L/ W in
single layer and bilayer graphene. For large L/ W, G
for SLG approaches 2¢?/h eliminating all tunneling modes
from source to drain and o, = GL/W increases linearly
[Figs. 3(a)-3(c)], already demonstrated in experiment [3]. For
BLG [Figs. 3(d)-3(f)], the conductance oscillation for the
lowest mode is manifested in the length dependence as well,
leading to an oscillation in both G, and oy,. For small
L/ W, the oy, saturates to 4g>/(mh) and 2¢%/ h for SLG and
BLG, respectively [4,23]. Such nontrivial transport behavior
near the Dirac point is a measurable signature of Klein tunnel
and reflection.

VI. CONCLUSION

The composite phase plot of graphene’s minimum con-
ductivity is presented within a unified Landauer-Fermi’s
golden rule and NEGF transport model. We show a general
convergence of oy, Vs impurity concentration along with
a quasisaturation at high impurity concentration to ~4q>/h
irrespective of device dimensions. For high aspect ratios the
increase in density of states due to charged impurities results
in a logarithmically increasing oy, from the ballistic limit.
On the other hand, for low aspect ratios the scattering due
to charged impurities dominates and results in a power law
decrease in the opn,. For clean samples with conductance
quantization, gating the sample into its lowest mode reveals a
striking absence of low-temperature Fabry-Pérot oscillations at
low temperatures for SLG but not BLG, providing a signature
of Klein tunneling.
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