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Understanding the physics of charge transport in organic materials and charge
injection across organic-based interface is critically important for the development of
novel organic electronics and optoelectronics. Despite extensive efforts devoted to
the study of transport and injection phenomena in organic materials and interfaces,
the physics of thermionic carrier injection across graphene/organic interface remains
largely incomplete thus far. Here we construct a model of thermionic carrier injection
across a graphene/organic Schottky interface based on the Lengevin theory of
charge recombination and the detailed balance formalism. We show that, due to
the strong electrostatic doping effect in graphene under the influence of an external
gate voltage, the electrical current traversing the interface differs significantly from
conventional bulk-metal/organic Schottky interface and the injection current can be
efficiently modulated by a gate-voltage to achieve an on-off ratio well-exceed 107.
The model developed here shall provide a theoretical foundation for the understanding
graphene/organic Schottky interface, thus paving the way toward the development of
novel nanoscale graphene-hybrid organic electronic and optoelectronic devices.

Keywords: graphene, organic electronics, Schottky diode, thermionic, charge injection, 2D materials, charge
transport, contact

1. INTRODUCTION

Thermionic charge injection across an interface formed between a metal and a crystalline
semiconductor is governed by the celebrated Richardson-Schottky (RS) equation:

4 m*k? (CDB—,/e3V/4naeow> W

B 2
= T
RS 3 P kT

where ] is the electrical current density, m* is the electron effective mass in the metal, and w is the
depletion width in the semiconductor. For solids with low carrier mobility, such as amorphous solid
and organic semiconductors, Equation (1) is no longer valid as demonstrated in the pioneering
works of Simmons (Simmons, 1965), Emtage and O’'Dwyer (Emtage and O’Dwyer, 1966), and
Crowell and Sze in 1960s’ (Crowell and Sze, 1966). As illustrated in a more recent work by Scott
and Malliaras (SM) (Scott and Malliaras, 1999; Scott, 2003) based on the detailed balance and the
Langevin theory of charge recombination, the thermionic charge injection across a metal/organic
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interface is governed by an analytical non-Richardson-
Dushman relation,

492 Noep V. ®p — /e V/dmeegd
———exp )

Jsm = P kT

where 1/ is a voltage-dependent term related to the image charge
effect. In contrast to the RD model, the metal material parameters
is completely absent in the pre-exponential factor in Equation
(2) and the tunneling current is directly proportional to © and
Np, the mobility and the density of transport sites in the organic
materials, respectively. Such unconventional p-dependence,
absent in the classic RS model, has been experimentally
confirmed (Shen et al., 2001). Importantly, the SM model
provides a useful analytical tool for the analysis of thermionic
charge injection in bulk-metal/organic Schottky interface where
the classic RS equation in Equation (1) breaks down.

Recently, integrating low-dimensional carbon-based
nanomaterials, such as two-dimensional (2D) graphene and
one-dimensional (1D) carbon nanotube (Sarker and Khondaker,
2012), with organic materials for electronic applications has
become one of the active research topics (Kim and Kymissis,
2017; Gobbi et al, 2018). Particularly for graphene, recent
experimental works has demonstrated graphene being integrated
into the design of organic electronics as electrode (Di et al,
2008), transistor (Hlaing et al., 2015; Kim et al., 2015, 2016),
photodiode (Kim et al., 2017), sensor (Choi et al., 2015), light-
emitting diode (Ricciardulli et al., 2018), and so on. Despite
numerous ongoing efforts to uncover the unusual transport
physics (Ang and Ang, 2016; Ang et al., 2017a,b, 2018; Trushin,
2018; Pasadas et al., 2019) and device application potential (Yang
et al., 2012; Ojeda-Aristizabal et al., 2013; Sinha and Lee, 2014)
of graphene-based devices, a comprehensive physical model that
underlies the thermionic charge injection mechanism across a
hybrid graphene/organic Schottky interface remains incomplete
thus far. It should be noted that, due to the atomic-thickness
and the linear energy dispersion of graphene (Castro Neto et al.,
2009), the Fermi level in graphene can be sensitively tuned by
several strategies, such as electrostatic doping via an external
gate voltage (Yu et al,, 2009), chemical doping (Liu et al., 2011),
and light doping (Fang et al., 2012). In relevance to Schottky
interface, the electrostatically tunable graphene Fermi level
manifests as a gate-tunable Schottky barrier height which allows
the thermionic injection current to be exponentially modulated,
thus offering exceptional electrical switching capability as a
barrister device (Yang et al., 2012).

Despite the increasing research spotlight received by
graphene/organinc hybrid devices in recent years, a dedicated
transport model for the charge injection phenomena across a
graphene/organic Schottky interface remains lacking. In this
work, we expand the SM model to the case of graphene/organic
Schottky contact (see Figure 1A) where the Fermi level shifting
due to gate and bias voltages is explicitly taken into account.
Due to the strong electrostatic doping effect in graphene, the
bias-voltage-dependence of the injection current density is
significantly modified. Using a top-gated graphene/organic
Schottky diode as a proof of concept device, we show that the
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FIGURE 1 | Concept of thermionic carrier injection in graphene/organic
Schottky interface. (A) Schematic drawing of a graphene/organic Schottky
contact; (B) Energy band diagram of graphene/organic interface, where

Dy, = /e3V /4 eeqd represents the image charge effect.

thermionic injection current can be efficiently controlled by a
gate voltage, exhibiting an exceptionally large current on/off ratio
of > 107. The theoretical model developed here shall lay a useful
theoretical foundation for the analysis, modeling, and design of
graphene/organic electronic and optoelectronic devices.

2. THEORY

The charge injection from metal into a low mobility material,
such as insulator and organic material, was extensively studied by
Emtage and O’Dwyer based on a drift-diffusion model Emtage
and O'Dwyer (1966). Here we adopt an equivalent analytical
theory of thermionic-based carrier injection in the contact-
limited transport regime developed by Scott and Malliaras
(1999) based on the detailed balance principle and the carrier
recombination near the metal/organic interface as described by
the Langevin theory. At the vicinity of the graphene/organic
interface as shown in Figure 1B, the electrostatic potential energy
profile is given as

O V) = & eVx e
xV)=0p— — — ———,
B d 16w egpx

3)
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where ®p is the Schottky barrier height of the
metal/semiconductor interface, V is the applied bias voltage,
d is the thickness of the organic semiconductor, ¢ is the
dielectric constant of the organic semiconductor, &y is the
permittivity of free space, and the final term represents the
image potential effect. Here we have ignored the space-charge
field, which is well-justified when the charge transport is highly
contact-limited (Scott, 2003). A charged carrier attempting
to “fly-over” the potential peak on the semiconductor side
can recombine with its image charge induced on the metal
surface when the Coulombic binding energy between the
carrier-image pair exceeds the thermal energy kzT. By equating
the thermal energy, kgT with the Coulombic binding energy
Vbind = €%/4meegr,, the characteristic Coulomb radius can be
expressed as r. = % /4meegkpT. We first consider the case of
zero-bias, i.e., V. = 0. In this case, the image potential term
exceeds kg T when the distance from the metal/organic interface
is smaller than x., and can be solved from ®(x.,0) — ®g = kgT
to yield x, = r./4. Charged carries residing within x, from
the interface eventually recombine since the Coulombic energy
exceeds the thermal energy. The zero-bias recombination current
density at x = x, can thus be written as

Jro = noeiE(x,), (4)

where ng is the surface carrier density at x., u is the electrical
mobility of the organic material and the local electric field
strength at x, is

P = - @] _

dx |y, e

16w e8okd T?
_723' (5)

The recombination current density can thus be written as
I = —1671880710[,Lk]23T2 /e, where the negative sign signifies
that the current is flowing in the —x direction, i.e., from the
organic material into graphene. The detailed balance condition
then requires

Jro + Jimo = 0, (6)

where Jyo is the zero-voltage thermionic injection current
density, which can be assumed to take the Arrhenius form of
Je ~ exp(—®p/kpT). For the detailed balance condition to
hold for all temperature, the ny in J, must contain the same
exponential dependence (Scott and Malliaras, 1999), i.e., ny =
No exp (®p/kgT), and Ny is the density of transport sites. Hence,
we arrived at the MG zero-bias thermionic injection current
density of

167 89 No k3 T? 0]
Jio = —Jro = ERR0TOTET exp 5. (7)

~ksT

A hallmark of Equation (7) is the absence of material parameters
of the metal in the effective Richardson constant, Ay =
167 £69No/1k3 T2 /e and the presence of j-dependence as verified
experimentally (Shen et al., 2001).

Up till Equation (7), the recombination and the injection
current densities are identical for both conventional bulk-
metal/organic and graphene/organic interface in the zero-bias

limit. The distinction becomes more dramatic with finite-bias,
V' # 0, where the field-effect tunning of graphene Fermi level
can sensitively influence the charge injection. For graphene, the
energy dispersion is described by linear Dirac equation, gx =
hvg |k|, where ve = 10° m/s is the Fermi velocity and k is the
2D crystal momentum lying in the 2D plane of graphene. The
density of states (DOS) is linear in ¢y, i.e., D(gx) = gs&k/27 hzv}%
where g;, = 4 is the spin-valley degeneracy. The carrier density
in graphene, i.e., ng = fOSFO D(gg)dey, can be obtained as

2
8svErg
Ny = . (8)
£ 4mntt

Correspondingly, the Fermi level becomes

ero = sign(ngy)y/ 4 B*Vinge /s, (9)

where sign(x) is the sign function. In the presence of a bias-
voltage, additional charge carriers are induced on graphene.
Consider a planar diode geometry as shown in Figure 1, the
parallel-plate capacitor model can be used to calculate the
induced carrier density,

egyV
Aind = ———>
1n ed

(10)
and the negative sign is necessitate since when a positive
(negative) bias is applied, positively (negatively) charged holes
(electrons) are induced on the graphene sheet for the device
shown in Figure 1B. The total carrier density on graphene sheet
is then given by

(11)

Miotal = Ngr + Mind>

and this results in a shifting of the Fermi level. From Equation
(9), the shifted Fermi level can then be calculated as

47‘[”!21/%880 \%4

, 12
tned (12)

SFZUS\/‘Q}Z:()'FS

where n = sign [81%0 + sign(8p0)4nh2v%880V/gsved] and & =
sign(epp). Correspondingly, the Schottky barrier height becomes
bias-dependent, i.e.,

®p(V) = &g + ADp(V), (13)
and
dniPviesyV
ADR(V) = ex — ns\/sﬁo +E—L—. (14
gsved
From Equation (3), the ®p(x, V) peaks at
[ ed

= |—) 15
Amax 16mwegyV (15)
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which corresponds to a peak potential of

eV
4 eegd

D max = P(Xmax, V) = Op 4+ ADp(V) — > (16)

where the square-root term represents the usual Schottky barrier-
lowering effect while the A®p(V) represents the field-effect
tunning of the Schottky barrier height which arises due to
the reduced-dimensionality and the linear energy dispersion
of graphene. We now determine the voltage-dependent critical
distance, x.,y, below which charge-image recombination occurs.
The x.(V) corresponds to the position where ®pax
D(x.v, V) = kpT, which yields the x.-quadratic relation:

T kBTd kBTd
x?,v - < 7ceV + A )xc,V +

After some algebra, we obtain x. y as

kgTd 12 !
= — /2
XV T <1 +f J1+2f , (18)

where we have chosen the solution that is closest to the interface,
and f = r.eV /kpTd. The bias-dependent recombination current
can then be expressed as

kgTd
B2 o a7
4eV

Jrv = nOeNE(xc,V) =

4 nge€gL (kBT)2 ( 1
e

ﬁ‘)’ (19

where ¥ = f712 4+ 71 — 71 /1 +2f1/2. Similarly, the

thermionic injection current density is expected to take the form,

APp(V)

W] exp (f7), (20)

Jinv = Jin,o0 €Xp |:

where the first exponential term corresponds to the gate-
tunability of ®max as shown in Equation (16) and the second
exponential term corresponds to the usual Schottky effect.
Knowing that the net injection current density is given by the
relation J(V) = Jgpv — Jov = mnoyveV where ngy is the
bias-dependent surface carrier density at x,/, we obtain

g+ ADp(V)

noy = 4¢2N0 exp |:— kaT

j|exp (fl/z), (21)

and the net thermionic injection current at V > 0 becomes

42 NoepV
J(V,T) = 4y "NoepV
d
/ 4 *vieg)V
dp + <£F0 —né 8}2;0 + 57” g:;FeZSO )
exp | — exp (fl/z),

kgT

(22)

Here the material properties of graphene is coupled to the
transport current density through A®p(V), which is in stark
contrast to the case of conventional metal/inorganic interface
where the transport current is independent of metal properties.
Interestingly, the square-root term in the square parenthesis
which corresponds to the electrostatic doping of graphene can be
rewritten in terms of a characteristic Coulomb energy parameter
as 47Th2V%7880V/g5V€d = E%f, where we have defined the
characteristic Coulomb energy parameter,

hVF
EC = >
Isvlc

(23)

Atroom temperature and consider a typical dielectric constant of
& = 3.5 and graphene Fermi velocity vp = 106 m/s, the Coulomb
energy parameter at room temperature is e¢ ~ 10.4 meV. By
combining Equations (22) and (23), we obtain

2
](V,T):M+6W
Op + (epo — nE ek, + E?
exp | — B ( FO Fo Cf) exp (fl/z)y (24)

kgT

which can be compactly written as

(oot vests) |,

— U2 _
JV, T) =¥~ Jo(T)f exp ko T

>

(25)
where Jo(T) = (4N0MkBT/rc) exp (—d>B/kBT). Importantly,
it can be seen from Equation (24) that the injection
current is directly proportional to the density of the
transport sites in the organic semiconductor, Np, which
can be controlled by appropriately doping the organic
semiconductor (Shen et al., 2003). Such feature is absence
in the classic thermionic emission model in Equation (1),
and thus shall provide a distinctive smoking signature for
experimental verification.

3. RESULTS AND DISCUSSIONS

Equation (25) represents the central result of this work. The
physical significance can be clearly seen. In addition to the
conventional Schottky image potential effect as encoded in
the term exp(f!/?), the thermionic injection current is further
enhanced by the electrostatic doping effect in graphene in the
presence of an bias voltage. This significantly modifies the current
voltage-characteristics as shown in Figure 2 where we have used
35and T = 300 K. At low applied bias voltage,
both SM model and the graphene/organic model developed
are in good mutual agreement. However, at large applied
bias voltage when the electrostatic doping effect in graphene
becomes sufficiently strong, the field-induced enhancement of
the thermionic injection current in graphene/organic Schottky
interface becomes obvious as compared to the SM model where

£ =
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FIGURE 2 | Current-voltage characteristics of thermionic carrier injection in
graphene/organic Schottky contact at various intrinsic Fermi level, efq, with
organic semiconductor dielectric constant ¢ = 3.5 and room temperature
T =300 K.

100

such electrostatic doping effect negligible due to the strong
screening of external electric field in conventional bulk metal.
Such field-enhanced thermionic injection is especially obvious
around the Dirac point, i.e., egg & 0 due to vanishing carrier
density which strongly amplifies the field-induced Fermi level
shifting. For epg = —0.05 eV, the thermionic injection current
increases sharply when e is scanned across the Dirac point
(see Figure 2), and this results in over two-order of magnitudes
enhancement of the injection current compared to that of the
SM model.

In Figure 3, we show the transfer characteristic of a field-
effect Schottky barrier transistor device based on a top-gated
graphene/organic Schottky contact. The schematic drawing of
the device is shown in the inset of Figure3. The top gate
introduces an additional term in Equation (25), i.e.,

J(V,T) =

er0 — /6y el + & (e3f + 8o)
ks T

Y2 o(T)f exp | — +f172,

(26)
where n' = sign [8%0 +& (8%f+ ééfc)],fc = eVgrc/kgTdg,

fc = e?/4megeokpT, dg is the thickness of the gate insulator,
eg is the dielectric constant of the gate insulator, and éc =

T (Va)/To

Gate electrode

Gate dielectric

FIGURE 3 | Transfer characteristics of a top-gated graphene/organic
field-effect Schottky barrier transistor at various bias voltage parameter, f. Inset
shows the schematic drawing of the device. The injection current is calculated
by considering a gate dielectric thickness of dg = 5 nm and of dielectric
constant e = 6.4 which is typical for AloO3 gate dielectric. The organic
semiconductor dielectric constant is assumed to be ¢ = 3.5 and the device is
operated at room temperature T = 300 K.

hve/gswrc. The transfer characteristic curve is calculated by
considering a dg = 5 nm thin ALO3 of e = 6.4 as the
gate dielectric, which is typically used in graphene field-effect
devices (Kim et al., 2009; Pedrinazzi et al., 2017). A rapidly raising
injection current density is clearly visible at gate voltages slightly
larger than 0, which corresponds to the much enhanced field
effect when the Fermi level crosses the Dirac point as discussed
above in Figure 2. It can be seen from Figure 3 that the current
can be switched over several orders of magnitude when Vg is
tuned from —2 to +2 V, thus yielding an exceptionally large
current on-off ratio of > 107 at room temperature. This predicted
large on-off ratio is also consistent with the experimental values
ranging from 10% to 10° in graphene-based organic barristor
(Lemaitre et al., 2012; Hlaing et al., 2015; Oh et al., 2015; Kim
et al., 2016).

Finally, we remark that the we have considered a
field-independent carrier mobility, u, in modeling the
injection currents in Figures2, 3. In general, the carrier
mobility can have complex dependencies on the applied
electric field strength (Blom et al, 1997), carrier density
(Pasveer et al, 2005), and spatial disorders (Zubair et al.,
2018), and such effect can be readily incorporated in the
graphene/organic thermionic injection model developed above.
Especially for organic semiconductor with field-dependent
mobility, such as poly(dialkoxy p-phenylene vinylene), the
current-voltage characteristic is expected to be appreciably
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altered. The field-dependent mobility takes the form of
(Pai, 1970; Blom et al., 1997),

n(B) = n(O) exp (v VE) 27)
where 1(0) is the zero-field mobility, and y is a material-
dependent constant. In this case, the mobility term in the
injection current density should be replaced by w[E(x, V)],
where the electric field strength at the injection position x, is

Ec,V = (28)

22 Y2
By combining Equations (26) and (27) evaluated at E.y, we
obtain the current-voltage characteristics for a Schottky interface
composed of graphene and an organic semiconductor with field-

dependent mobility as

4eeg(kgT?) ( 1 )

EF0 — 77/5\/81%0 +£ (Séf + é%fG)
kgT

4meey(kpT?) ( 1 >
e P2 ’

J(V,T) = ¥ *Jo(T)f exp | —

+H2 +y - (29)

where Jo(T) = (4N0,u(0)kBT/rC) exp (—dDB/kBT).

It should be further noted that the Schottky contact model
developed above falls in the contact-limited transport regime
where the electrical characteristics is dominated by the interfacial
charge injection (Simmons, 1965), while is minimally influenced
by the bulk effects, such as the field-effect tuning of the carrier
density in the organic semiconductor and the space-charge-
limited transport (Zhang et al., 2017). Such bulk effects shall
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