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Tunneling current density in Metal/oxide/graphene and Metal/oxide/Metal system

Assuming a barrier is in the x direction, the transmission probability D that an electron can
penetrate the barrier depends only on the energy component Ex of the incident electron in the x

direction. It can be calculated by the well-known WBK approximation as D = exp(—2K), where

K = f;‘f k(x, E)dx, (S1)
K(x, Ey) = (E0Edyy2 (S2)

Here, parameters x; and x. denote limits of the barrier at Femi level, m” is the effective mass of
electrons, while V(x) is the height of the potential barrier. With the definition of the transmission

probability, the tunneling current density then can be described as [S1]

J == [ dE[f(E) - f(E + eV)] [f d?k.D(E) (S3)
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If the thickness of the electrode is extremely small, e.g., the one-atom-thick graphene layer,

the density of states for the two-dimensional motion of electrons would affect the tunneling. The
expression of tunneling current density in Eq. (S3) can be reorganized as

2 ©o E
J =21 dEf(E) = f(E + V)] f, p(E)D(E)dE, (S4)
where Erand p are the energy component and the density of states for the two-dimensional motion
of electrons in the transverse direction, respectively.
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The electronic energy dispersion of graphene is E;(p) = iﬁw/(kg + k%) . The
corresponding density of states can be expressed as [S3]
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p(E) = 55 = 2ol (s5)

where gs and gy are the spin and valley degeneracies, both of which are 2.



By substituting Eq. (S5) into Eq. (S4), we obtain the tunneling current density in a metal-oxide-

graphene junction
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= T f_w[f(E) — F(E + eV][(4*(n = E)*/? + 34%(n - E)
+6A(1 — E)Y/? + 6)e~A0-E)"]
(S6)
where A = 4nftvV2m*/h, t is the thickness of the tunneling-oxide layer and g =~ 1 [S3]. In

comparison, the conventional Fowler-Nordheim (FN) formula used in the main text is expressed

as
_q° 2 —-8m\V2m*(Pg—Efp)3/2
J= 8n'h(Z)BE exp( 3hqE ) (S7)

We compare calculation results based on equations (6) and (7) at different Femi levels Er of
graphene. For example, J¢/J ~0.15 and 0.43 at Er = 0.2 eV and 0.4 eV, respectively. Although the
conventional FN model doesn’t take the peculiar band structure and density of states of graphene
into account, it produces a result of acceptable accuracy. However, the benefit of using the
conventional FN model is that the close-form expression of tunneling current density in Eq. (S7)

greatly simplifies the calculation.
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