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ABSTRACT Gate-tunable Schottky barrier diodes find many applications in logic transistors, photodiodes,
and sensors. In this work, the electrical properties of Schottky barrier diodes with graphene/pentacene
junctions and additional gates were investigated in detail. The results of modeling equations that considered
the ideality factor, series resistance, and effective barrier-height according to the gate bias (V) were in
good agreement with the experimental results. In addition, the dominant conduction mechanism when the
effective barrier-height was controlled by Vy is discussed from the perspective of the temperature-dependent
currents in Schottky barrier diodes. This work provides critical information that aids our understanding
of gated Schottky diodes with graphene/pentacene junctions, increasing the possible practical applications

thereof.

INDEX TERMS Gate-tunable Schottky barrier diodes, graphene/pentacene junction, ideality factor, series

resistance, effective barrier-height, modeling.

I. INTRODUCTION

Organic semiconductors such as pentacene (with five ben-
zene rings) are attractive in terms of electronic applications;
they are inexpensive, easy to fabricate at low temperatures
(T), and mechanically flexible [1], [2], [3]. Pentacene-based
field-effect transistors, light-emitting diodes, photovoltaic
devices, and advanced sensors have found applications in
many fields such as display devices, flexible electronics,
electronic papers and synaptic devices [4]. Graphene (a
two-dimensional single-atomic layer material) has high
mobility, good flexibility, and transparency, and it is compat-
ible with the conventional top-down lithographic processes
commonly used for fabrication of advanced -electronic
devices [4], [5], [6]. The junction between the organic
semiconductor and the graphene electrode creates a Schottky
contact that can serve as a valuable building block when
creating novel hybrid devices [7], [8], [9], [10]. Notably,

the Schottky barrier at an organic semiconductor/graphene
interface can be modulated via gate voltage control of
the work functions of both the organic semiconductor and
graphene. This is why a gate-controlled Schottky barrier
with a graphene electrode is also termed a barristor [11].
A few studies have explored the electrical properties of
gated Schottky diodes based on organic semiconductors and
graphene [7], [8], [9], [10], [12]. However, further electrical
characterization by considering equivalent circuit models and
derivation of important parameters such as barrier height,
ideality factor and series resistance, for Schottky diodes
tuned by gates remains to be achieved.

In this paper, Schottky barrier diodes based on
graphene/pentacene junctions were fabricated with additional
gate electrodes and subjected to T-dependent measurements.
Then, the electrical properties were investigated in detail
with a focus on the ideality factor, series resistance (Ry),
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FIGURE 1. (a) Schematic of a graphene/pentacene Schottky junction
controlled by Vg; the inset shows the Raman spectrum of graphene.

(b) Optical microscopy image of the fabricated pentacene/graphene
heterojunction. (c) Equivalent circuit model of gated Schottky diodes based
on graphene/pentacene. The variable resistor is a series resistance that
changes as the resistance of pentacene and graphene vary according to Vg.

and effective barrier-height, all of which were extracted from
modeling equations.

Il. EXPERIMENTS

Graphene was synthesized on a Cu foil using a conventional
chemical vapor-deposition growth method in a mixture
of CHy and Hj. Polymethyl methacrylate (PMMA) was
coated onto the synthesized graphene, and the PMMA
film/graphene structure was then suspended by etching the
Cu foil using an ammonium persulfate solution. Finally,
graphene was transferred to a 300-nm-thick SiOj/highly
doped-Si substrate [13]. Raman spectroscopy at 514 nm
identified the grown graphene. The electrical characteristics
were measured with an HP4156A semiconductor parameter
analyzer in the T range of 100-300 K.

The inset of Figure 1(a) shows the Raman spectrum of
graphene; the two typical principal peaks are the G peak
(attributable to the primary in-plane vibrational mode at
1,580 cm~!) and the 2D peak (a second-order overtone of a
different in-plane vibration D mode at 2,690 cm~ ) [14]. A
pentacene film 100 nm in thickness was thermally evaporated
onto graphene at ~ 0.3 A/s followed by evaporation of Au
using a shadow mask to form the electrodes.

Figure 1(a) and 1(b) show a schematic and an opti-
cal microscopy (OM) image of a device with a
graphene/pentacene Schottky junction. In the OM image, the
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FIGURE 2. Current (I) versus the bias voltage (V) curve of a
graphene/pentacene Schottky diode at various Vg values from —30 V to
+30 V, at room temperature on a (a) linear and (b) a logarithmic scale. The
inset of Fig. 2(b) shows RR depending on Vg.

color gradient of the pentacene layer reveals the extent of the
graphene layer under pentacene. The pentacene layer on the
right, which is rather dark in color, is a pentacene/graphene
heterostructure. Figure 1(c) is the equivalent circuit diagram
of the fabricated graphene/pentacene device. The electrical
properties of a Schottky diode with a pentacene/graphene
heterojunction can be changed by varying the global back-
gate voltage (Vg), which gates the Schottky diodes. The
resistance of both pentacene and graphene can be changed
by varying the V, value (i.e., the variable resistor is tuned
using V) because the Fermi levels of pentacene and the
work function of graphene are dependent on the electric field
(E-field) associated with Vg [11], [12].

1Il. RESULTS AND DISCUSSION

The current through the graphene/pentacene junction was
strongly modulated by the gate voltage. Figure 2(a) and 2(b)
show the current (I) versus the bias voltage (Vy) curves of
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FIGURE 3. I versus Vp, curves as Vg varies (natural logarithmic scale). The
measured values (symbols) were well-fitted by the solid line derived using
the Schottky diode equation that considered Rs and Vset-

the graphene/pentacene Schottky diode at room T on linear
and logarithmic scales, respectively. The -V, curve data
were derived as Vg varied from —30 V to +30 V. The curves
clearly reveal typical diode-like electrical characteristics. The
current flow was larger under a positive Vp than under
a negative Vy, at a negative Vy. On the other hand, as
V, increased, the turn-on voltage in the positive direction
rose. In addition, an increase in Vg improved rectification,
thus reducing the leakage current and enhancing current
acceleration as Vy, varied. Such enhanced rectification may
reflect the status of the Schottky barrier, the effectiveness of
which is controlled by V. Indeed, the extracted rectification
ratio [RR (Vp, Vg) = I (Vp)/I(=Vp) at V] in the inset of
Fig. 2(b) was noticeably improved as increasing Vg [15].

Figure 3 shows the I-Vy, curves obtained at room T using
a natural logarithmic scale. To investigate the Vg -dependent
characteristics of currents in the graphene/pentacene junc-
tion, we extracted the relevant parameters using the Schottky
diode equation [16]:

p
I=1, x (en-kT - 1) (1)

where Vp is the voltage drop across the graphene/pentacene
junction; and I, g, n, k, and T are the reverse bias satura-
tion current, elementary charge, ideality factor, Boltzmann
constant, and absolute T, respectively. When the effects of
R and offset bias (Voffset) are taken into account, Vp can
be expressed in terms of Vp. Vgreer 1S closely related to a
turn-on voltage of Schottky barrier diodes. Before reaching
the Vofrset, there were no significant current flows. Thus, Vp
= Vp — I'Rg + Voffser; and, for Vp > n-kT/q, Equation (1)
can be rewritten as [17]:

173 —I‘Rs(vg)‘*'vojﬁet(vg)]
(A

2)

where Ry mainly reflects the pentacene and graphene self-
resistance. As the concentration of mobile charge carriers in
pentacene and the work function of graphene are affected
by Vg, the resistance of both pentacene and graphene is

I~ I,(Vy) x e(q[
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FIGURE 4. (a) Vg dependence of the extracted n and Rs values. (b) Energy
band diagrams of graphene/pentacene heterojunctions under negative
(left) and positive Vg (right) Vg. HOMO and LUMO mean the highest
occupied molecular orbital and lowest unoccupied molecular orbital,
respectively.

dependent on V, [18], [19], [20], [21]. Therefore, Ry is V-
dependent. Vgree; is affected by the value of the Schottky
barrier and the interface states at heterojunctions. Therefore,
Voffset is also Vg-dependent. Equation (2) was used to fit data
when investigating the diode properties of the gated Schottky
barrier device. Indeed, as can be seen in the measured data of
Figure 3 (marked with symbols), both I and V¢ depended
on V,. Fitting revealed that the ideality factor and Ry were
also influenced by V. These effects of Vy on a gated
Schottky barrier device can change the dominant transport
mechanism, as will be discussed below.

The gated Schottky barrier device based on
graphene/pentacene exhibited near-ideal Schottky diode
characteristics under a positive V but not a negative Vg. As
discussed above, n, Ry, and Iy were extracted via fitting of the
Schottky barrier diode equation (Eq. (2)) to the experimental
values. Figure 4(a) shows the V,; dependence of the extracted
n and Ry. The ideality factor decreased as V, increased. In
our device, n decreased from 170 to 45 as Vg increased from
—30 V to +30 V. A large ideality factor (n) could be due to
tunneling based Schottky-barrier lowering mechanism such
as field-emission and thermionic field-emission. In addition,
the presence of interfacial layer and interface state might
result in the value of n [16], [22], [23]. However, R rose as
V, increased. The changes in n and Rg were more dramatic
under positive V, than negative V. The effect of V, on the
Schottky barrier should be further investigated to determine
the causes of such parameter changes. Figure 4(b) shows
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band diagrams of a graphene/pentacene heterojunction under
a negative and positive Vg, respectively. It is known that the
Fermi level of graphene can be modulated by an external
E-field [18]. As is apparent in Figure 4(b), a negative V, is
associated with hole-rich graphene; the effective Schottky
barrier height (®p_cfr) then falls. In contrast, a positive
V, increases ®p efr and thus induces large shifts in the
Schottky diode threshold voltages. Moreover, V, affects
both the barrier width and ®p efr [19]. A graphene layer
does not perfectly screen the E-field given the low density
of states near the Dirac point and the fact that the layer
is ultra-thin [20]. Given this imperfect E-field screening,
pentacene can be electrically doped by the E-field of V,
at the graphene/pentacene interface. As a result, the barrier
width can also be modulated by V.. As pentacene is a
p-type semiconductor, it becomes relatively more electrically
doped under a negative compared to a positive Vg. As
the hole doping concentration increases, the effective width
of the Schottky barrier narrows [16], [21]. As shown in
Figure 4(b), the barrier width becomes narrower under a
negative compared to a positive V. The narrow barrier
induced by a negative V, enhances the contribution of field
emission to electrical transport at the graphene/pentacene
junction. However, under a positive Vg, the barrier is too
wide to allow active field emission. Therefore, when the
Schottky barrier is wide under a positive V,, thermionic
emissions may dominate the transport mechanism.

To further investigate the effect of V, on the
graphene/pentacene interface, the experiments were repeated
at different T from 150 to 300 K at intervals of 25 K.
Figure 5(a) and 5(b) show plots of the diode currents with
different Vg, respectively. The current level fell noticeably
as T decreased. In other words, at lower T, a larger Vg or
Vp magnitude is required to attain the same current level.
Under such conditions, simple thermionic emission explains
a large proportion of transport across the graphene/pentacene
junction [16]. The diode current at 300 K is about one order
of magnitude larger than the current at 150 K for V, = —30
V. On the other hand, at Vg = +30 V, the current at 300
K is about two orders of magnitude greater than that at 150
K. Also, at Vg = +30 V, the threshold voltage increases
significantly as T decreases. The different T dependencies
show that field emission becomes more dominant, and then
complete, at Vo = —30 V. The differences in the transport
mechanisms can be explained by increases in the effective
height and width of the Schottky barrier at a positive
Vg, as shown in Figure 4(b). Figure 5(c) show Arrhenius
plots for different Vg values at a forward Vy. A clear
linear dependency is apparent, which means that thermionic
emission is the dominant transport mechanism [24]:

Pofr =4V )

I:A.A*.Tz.e(_ T (3)

where A is the junction area, A* is the effective Richardson
constant, and D is the effective Schottky barrier height
modulated by V.
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FIGURE 5. Schottky diode currents at varying temperatures for (a) Vg =
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FIGURE 6. ®q¢ as a function of V},, extracted by the Arrhenius plots at
Vg =30V.

Ata Vg = +30V, the ®er was about 150 meV, similar to
the value reported in a previous study [12]. As V, decreased,
Defr fell; Perr was about 10 meV at Vg = —30 V. The
very small ®@.s at Vg = —30 V may be attributable to the
reductions in Schottky barrier height and width shown in
Figure 4(b). At V; = —30 V, a small and narrow Schottky
barrier could eventually render field emission dominant. As
a result, at Vo = —30 V, the graphene/pentacene junction
changes from a Schottky contact to an ohmic-like contact,
and the device exhibits poor diode characteristics and thus
the large ideality factor shown in Figure 4(a).

D versus Vi, was also extracted in Figure 6. Indeed,
®efr was decreased as increasing Vi, at Vo = 30 V, while
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there were no significant changes on the ®. with varying
Vp at Vg = =30 V.

IV. CONCLUSION

In summary, we fabricated gated Schottky barrier diodes
with graphene/pentacene heterojunctions and investigated the
dominant transport mechanisms at various V, and T values.
The graphene/pentacene junction created a Schottky contact,
and various properties, including the height and width of the
Schottky barrier, were modulated by V,, after adjusting the
Fermi level of pentacene and the work function of graphene.
The thermionic effect was dominant during electrical trans-
port by the device under a positive V. However, under
a negative Vg, field emission became dominant. Thus, the
transport mechanism of a graphene/pentacene Schottky diode
changed dramatically as V, varied. When the magnitude of
negative V increased, the heterojunction exhibited electrical
properties that were close to ohmic in nature. On the
other hand, as the magnitude of positive V increased,
typical Schottky diode characteristics developed. Our results
provide useful insights into the transport mechanisms within
gate-tunable Schottky diodes featuring graphene/pentacene
heterojunctions.
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