
Reuse of AIP Publishing content is subject to the terms at: <a href="https://publishing.aip.org/authors/rights-and-permissions">https://publishing.aip.org/authors/rights-
and-permissions</a>. Downloaded to: 158.227.185.74 on 29 November 2018, At: 04:22

Gate-tunable graphene-organic interface barrier for vertical transistor and logic inverter
Subir Parui, Mário Ribeiro, Ainhoa Atxabal, Kaushik Bairagi, Elisabetta Zuccatti, C. K. Safeer, Roger Llopis, Fèlix
Casanova, and Luis E. Hueso

Citation: Appl. Phys. Lett. 113, 153301 (2018); doi: 10.1063/1.5045497
View online: https://doi.org/10.1063/1.5045497
View Table of Contents: http://aip.scitation.org/toc/apl/113/15
Published by the American Institute of Physics

Articles you may be interested in
Precisely controllable n-type doping in MoTe2 field effect transistors by hydrazine treatment
Applied Physics Letters 113, 152102 (2018); 10.1063/1.5044733

Measuring carbon nanotube vibrations using a single-electron transistor as a fast linear amplifier
Applied Physics Letters 113, 153101 (2018); 10.1063/1.5052185

Graphene-based positron charge sensor
Applied Physics Letters 113, 154101 (2018); 10.1063/1.5053477

Switching intermittency
Applied Physics Letters 113, 153501 (2018); 10.1063/1.5045206

One-transistor one-resistor (1T1R) cell for large-area electronics
Applied Physics Letters 113, 072108 (2018); 10.1063/1.5040126

Electrically triggered insulator-to-metal phase transition in two-dimensional (2D) heterostructures
Applied Physics Letters 113, 142101 (2018); 10.1063/1.5044185

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/325634570/x01/AIP/MMR_AOL_1640x440_Nov_14_20_2018/MMR-APL_PDF_1640x440_Nov_14-20_2018.jpg/6b33416a6446764a2b52554143633676?x
http://aip.scitation.org/author/Parui%2C+Subir
http://aip.scitation.org/author/Ribeiro%2C+M%C3%A1rio
http://aip.scitation.org/author/Atxabal%2C+Ainhoa
http://aip.scitation.org/author/Bairagi%2C+Kaushik
http://aip.scitation.org/author/Zuccatti%2C+Elisabetta
http://aip.scitation.org/author/Safeer%2C+C+K
http://aip.scitation.org/author/Llopis%2C+Roger
http://aip.scitation.org/author/Casanova%2C+F%C3%A8lix
http://aip.scitation.org/author/Casanova%2C+F%C3%A8lix
http://aip.scitation.org/author/Hueso%2C+Luis+E
/loi/apl
https://doi.org/10.1063/1.5045497
http://aip.scitation.org/toc/apl/113/15
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5044733
http://aip.scitation.org/doi/abs/10.1063/1.5052185
http://aip.scitation.org/doi/abs/10.1063/1.5053477
http://aip.scitation.org/doi/abs/10.1063/1.5045206
http://aip.scitation.org/doi/abs/10.1063/1.5040126
http://aip.scitation.org/doi/abs/10.1063/1.5044185


Gate-tunable graphene-organic interface barrier for vertical transistor
and logic inverter

Subir Parui,1,a),b) M�ario Ribeiro,1,2,3 Ainhoa Atxabal,1 Kaushik Bairagi,1 Elisabetta Zuccatti,1
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One of the key requirements for efficient organic-electronic devices is the creation of a negligible

energy barrier for carrier injection at the metal-organic interface. Here, a graphene-organic inter-

face with an almost negligible energy barrier is demonstrated in a high-performance hybrid hetero-

junction device. The gate-tunable current-voltage characteristics show that the electronic transport

can be tuned from an interface-limited to a bulk-dominated regime by lowering the graphene-

organic interface energy barrier. N-type transistors with a PTCDI-C8 organic thin film as an active

layer provide an ON-OFF current ratio of �107, while similar p-type transistors with a CuPc

molecular layer reach an ON-OFF current ratio of �105. Furthermore, logic inverters with standby

current as low as �1 pA are demonstrated using a combination of both n- and p-type transistors.

Published by AIP Publishing. https://doi.org/10.1063/1.5045497

The integration of graphene-organic heterostructures into

vertical high-performing transistors has become a promising

route towards achieving compact and energy-efficient organic

electronic devices.1–3 In recent years, vertical devices have

been actively sought for replacing conventional lateral

organic thin film transistors, such as those used for bendable

active matrix organic light emitting diodes, radio-frequency

identification tags, and low-power electronics.4–6 However,

the existing vertical graphene-organic transistors still provide

unacceptably large currents in their OFF-state, which make

them unsuitable for low power applications and deliver poor

ON-OFF ratios around four orders of magnitude.7–11

Organic electronics utilizes highly functional molecular

materials in common electronic devices to electrically access

their wide range of semiconducting properties. However, the

presence of an energy barrier across the interface between

the metal contact and the organic layer prevents the investi-

gation of intrinsic charge transport properties of organic

semiconductors and poses limitations towards optimized

device performance.12 A barrier-free contact to organic

semiconducting channels is then a key step towards the

development of high-performance organic devices,13 which

can be reached using the gate-tunability of the graphene-

organic interface.8,9

In this work, taking advantage of the unique properties

of graphene14–16 in combination with organic molecules, we

demonstrate high-performance vertical graphene-organic

heterojunction transistors. Our approach presents a gate-

tunable graphene-organic hybrid system in which both the

Fermi level of graphene and the induced charge carriers in

the organic material can be modulated by the electrostatic

field to the extent that almost a barrier-free graphene-organic

contact is achieved for a wide range of applied gate voltages.

Thanks to the electrically transparent contacts, we further

tune the carrier transport from an interface-limited to a bulk-

dominated regime.

As a proof-of-concept, a vertical transistor has been fab-

ricated with an organic n-channel of N,N0-dioctyl-3,4,9,10-

perylene dicarboximide (PTCDI-C8) planar molecules and a

graphene bottom electrode. It shows room temperature

operation with a stable OFF-state current below 1 pA, an ON-

state current of up to 1 lA (current density of �100 A m�2),

and an ON-OFF current ratio of up to 107. The organic mate-

rial under study has been selected taking into account that

perylene diimides, the molecular family of PTCDI-C8, are

good electron conductors due to their relatively large electron

affinities. Simultaneously, we have also developed a p-type

transistor with a CuPc organic layer that can provide an

ON-OFF current ratio above 105 with an OFF-state current

around �1 pA. Furthermore, we integrate the different tran-

sistors into a more complex complementary logic inverter.

The vertical graphene-organic transistors are based on

chemical vapor deposition (CVD)-grown graphene trans-

ferred onto a Si/SiO2 substrate.9,17 The CVD-graphene is lith-

ographically patterned and etched by argon/oxygen plasma

into several stripes, to which Ti/Au bilayers are deposited for

electrical contacts. Each graphene stripe is used as the source

(S) of the vertical transistor. A 200-nm-thick layer of either

n-type PTCDI-C8 or p-type CuPc is evaporated onto the gra-

phene stripes under ultra-high vacuum (UHV) conditions

after an overnight in-situ annealing step at 250 �C. This

in-situ annealing step minimizes the adsorbed water in the

graphene device and provides a relatively inert surface for the

growth of the organic layer. Finally, a 15-nm-thick Al film is

thermally deposited on top of the molecular layer as the drain

contact (D) (see supplementary material for further details).
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In Fig. 1, we show the electrical transport studies of ver-

tical n-type and p-type organic transistors. The graphene

source electrodes used for the vertical transistors are hole-

doped, which is consistent with our previous studies.9,17 We

first show the output characteristics (that is, the drain current

versus the drain voltage) of the graphene/PTCDI-C8/Al tran-

sistor in Fig. 1(a). The experimental data at various VG

clearly show that the drain current increases with increasing

positive gate potential, which demonstrates that electrons are

the majority charge carriers and confirms the n-type nature

of PTCDI-C8. The transistor exhibits a nearly symmetric

drain current flow for several gate voltages, unlike in previ-

ous studies.9,17 This fact suggests that the gate voltage

actively modulates the number of induced charge carriers

inside the organic channel, and thus, the overall conductivity

increases. We understand that a similar behaviour would

emerge if the gate voltage could modulate both the gra-

phene/PTCDI-C8 and PTCDI-C8/Al interfaces simulta-

neously. However, we disregard such a possibility since a

tunable energy barrier at the PTCDI-C8/Al interface is

unlikely due to the large density of states of aluminium.7

The presence of a small asymmetry in the ID-VD plots is

explained by the tunable graphene/PTCDI-C8 interface

energy barrier at large negative gate voltages. In order to fur-

ther investigate the gate modulation, Fig. 1(b) shows the

transfer characteristics (ID-VG curves) for the same device at

several positive VD. Overall, we observe a room-temperature

ON-OFF current ratio reaching nearly seven orders of mag-

nitude, which is a clear improvement from graphene-organic

hybrid devices in the current literature [Fig. 1(c)].10,18

Furthermore, the steady OFF-state current is below 1 pA,

which is a suitable value for developing low power dissipa-

tive circuit elements.

Similarly, the electrical characteristics of a p-channel

graphene/CuPc/Al transistor are shown in Figs. 1(d)–1(f),

respectively. Figure 1(d) shows the output characteristics of

the transistor. The overall drain current increases when the

gate voltage changes from positive to negative polarity, con-

firming that holes are the majority charge carriers.19 In this

p-type device, we observe a nearly symmetric ID-VD plot

only for intermediate gate voltages since the hole-doped gra-

phene electrode and the Al top-contact for a p-type semicon-

ductor make the hole-transport more complex than for the

previous case. Nevertheless, the overall increase in ID for

both polarities of VD with respect to the change in VG indi-

cates that there is also significant bulk-charge carrier modu-

lation in the organic material. For large negative VG, the

back-diode characteristics (ID is higher for �VD than þVD)

mark the presence of a rectifying energy barrier at the CuPc/

Al interface, which arises due to a large mismatch between

the highest occupied molecular orbital (HOMO) of CuPc

[�5.2 eV (Ref. 3)] and the work function of Al (�4.0 eV). In

this case, the device shows a room-temperature ON-OFF

current ratio of five orders of magnitude with a steady OFF-

state current of �1 pA.

In order to gain insights into the transport mechanisms,

we investigate the temperature dependent transport character-

istics of the n-type graphene/PTCDI-C8/Al diode. Figure 2(a)

FIG. 1. (a) Drain current (ID) as a function of drain–source voltage (VD) at various gate-source voltages (VG) for the n-channel graphene/PTCDI-C8/Al transis-

tor. The dotted ID-VD plot represents the characteristics of the graphene-source electrode at VG ¼ 60 V (charge neutrality point). (b) Drain current measured at

various positive drain-source voltages (reverse-bias for the n-channel diode) as a function of the gate voltage for the same n-type transistor. The doted ID-VG

plot represents the transistor characteristics of the graphene electrode. (c) ON-OFF current ratio is calculated by dividing ON and OFF currents from (a) and

also from (b) for positive drain voltages. (d) The ID-VD plots for the p-channel graphene/CuPc/Al transistor. (e) The ID-VG plots at various negative drain-

source voltages (reverse-bias for the p-channel diode) as a function of the gate voltage for the same p-type transistor. (f) ON-OFF current ratio is calculated by

dividing ON and OFF currents from (d) and also from (e) for negative drain-voltages.
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shows the drain current in the temperature range from 300 K

to 200 K, at various values of VG and at VD ¼ 0.5 V. We can

approximately determine the graphene/PTCDI-C8 interface

energy barrier height (uB) by applying the Richardson-

Dushman thermionic emission theory8,9

Isat ¼ ID VD ¼ 0:5Vð Þ ¼ AA�T2 exp � quB

kBT

� �
; (1)

where A is the junction area, A* is the effective Richardson

constant of PTCDI-C8, q is the elementary charge, kB is the

Boltzmann constant and T is the temperature. Figure 2(b)

presents the variation of the extracted uB with respect to the

applied gate-voltages. From Fig. 2(b), we can identify three

different regimes of uB versus VG variation: (i) a regime of

effective zero interfacial energy barrier, (ii) a slow increase

in the energy barrier of up to �0.2 eV, and then (iii) a sharp

increase above �0.2 eV. In general, the transport mechanism

in a vertical diode is considered to be bulk-dominated when

the interface energy barrier is lower than �0.2 eV (Refs. 20

and 21), and thus, from the plot in Fig. 2(b), we infer the

transport regimes to be qualitatively different below and

above such a boundary.22,23 The carrier conduction in this

transistor is actively bulk-dominated; however, a large effec-

tive interface energy barrier height allows switching OFF the

device down to a stable current below 1 pA. Further transport

analysis based on reverse-biased (i.e., the positive drain

voltages) ID-VD characteristics can be found in the supple-

mentary material.

Figures 2(c) and 2(d) display the schematic diagram of

the device operation principle of the graphene-PTCDI-Al

field-emission transistor. The applied bottom gate voltage

not only shifts the Fermi level (EF) of graphene but also

changes the carrier concentration in the organic channel

above the electrode due to the weak screening of graphene.9

For an n-type semiconducting channel, a large negative gate

voltage increases the EF of graphene with respect to the vac-

uum level, raising the effective energy barrier height at the

graphene-organic interface. At the same time, the negative

gate voltage depletes the available charge carriers inside

the n-type organic semiconductor. In this scenario, the elec-

trons cannot flow from graphene to Al through the organic

layer, and the “OFF” state is achieved in the transistor oper-

ation as depicted in Fig. 2(c). By contrast, a positive gate

voltage shifts the graphene Fermi level closer to the lowest

unoccupied molecular orbital (LUMO) level, reduces the

interface energy barrier height, and induces mobile elec-

trons inside the n-type organic channel, which will cause

the “ON” state of the transistor [see Fig. 2(d)]. For the case

in which electrons are present in the transport channel, the

shape of the barrier becomes very thin and allows tunneling

at the interface (process I) and field-emission (process II)

inside the organic material. In the best possible scenario,

the electrons will be able to flow from graphene to the

organic molecular layer without facing any interface bar-

rier, and the transport will be fully controlled by the bulk of

the organic film.

We can now tackle an integrated device functionality

based on the hybrid graphene-organic heterostructures and

focus on two diverse complementary inverters.24 Figure 3(a)

shows the inverter operation using a single n-type transistor

connected with a load resistance of 1.5 GX. The circuit

diagram for this inverter is displayed in the inset of the fig-

ure. The top panel of Fig. 3(a) presents the inverter voltage

transfer characteristics at supply voltages (VDD) of 1, 3, and

5 V. The output voltages (VOUT) remain equal to the applied

VDD values at negative input voltages (VIN), and they change

to 0 V by sweeping the input voltage (VIN) from negative

towards positive values. However, if we follow the supply

current (IDD) in the bottom panel of Fig. 3(a), we observe

that it drives a very low current of �1 pA before the inver-

sion and a steady current of �1 nA after the inversion. In

order to minimize the large steady current dissipation, we

FIG. 2. (a) Temperature-dependent reverse-biased diode characteristics of

the n-type graphene/PTCDI-C8/Al transistor. The saturation current is con-

sidered to be the drain current at VD ¼ 0.5 V. Then, Isat/T
2 is plotted against

q/kBT and fitted exponential to extract the graphene-PTCDI effective inter-

face energy barrier heights. (b) The graphene/PTCDI-C8 effective interface

energy barrier height plotted as a function of the gate voltage. (c) Schematic

illustration of the device operation. An applied negative VG shifts the Fermi

level in such a way that it increases the effective potential barrier and

switches OFF the transistor. The arrow indicates the flow of charge carriers.

(d) Sweeping VG towards positive values increases the flow of electrons

from the graphene bottom electrode to the Al top electrode due to significant

reduction in the energy-barrier (process I) and simultaneously enhances the

field-emission in the organic layer (process II). These mechanisms switch

ON the transistor.

FIG. 3. (a) Output voltage, Vout (top panel), and supply current, IDD (bottom

panel), as a function of input voltage (Vin¼VG) for supply voltages, and

VDD of 1, 3, and 5 V, respectively. The inverter shows a maximum static cur-

rent of �1 nA with a stand-by current of �1 pA. The circuit schematic of the

inverter with load resistance, R¼ 1.5 GX, is shown in the inset. (b) Output

voltage, Vout (top panel), and supply current, IDD (bottom panel), as a func-

tion of input voltage (Vin¼VG) for supply voltages (VDD) of 1, 3, and 5 V.

The inset shows the inverter circuit obtained by replacing the load-resistance

for the p-type transistor. The inverter shows a maximum driving current of

�1 nA for inversion and a steady state stand-by current of �1 pA.
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replace the load resistance by a p-type vertical transistor. As

presented above, the CuPc-based transistor can be switched

ON (OFF) for negative (positive) gate voltages. The circuit

diagram for this inverter is displayed in the inset of Fig. 3(b).

The top panel of Fig. 3(b) shows the full rail-to-rail transfer

curves from VDD to 0 V as in the previous case of Fig. 3(a).

However, in this case, the supply current can be as low as

�1 pA before and after the inversion, while it increases up to

�1 nA during the inversion. This kind of complementary

inverters with very low steady-state current would enable the

exploration of more complex digital circuits based on hybrid

graphene–organic heterostructures.

In conclusion, we have demonstrated an almost negligi-

ble barrier for charge carriers to completely overcome the

thermionic-emission process in-between the graphene-

electrode and the organic thin film. The transparent barrier is

achieved in a vertical transistor architecture induced by the

applied gate-voltages. The transistors provide a very low

OFF-state current below �1 pA and a high ON-OFF current

ratio reaching seven orders of magnitude for the graphene/

PTCDI-C8 combination. We have investigated the effects of

interface-limited and bulk-dominated transports on the elec-

trical performance of these hybrid graphene-organic devices.

We suggest that the bulk-dominated transport is the active

mechanism when the graphene-organic interface energy bar-

rier is lower than �0.2 eV. Finally, by assembling an n-type

and a p-type vertical organic transistor, we demonstrate com-

plementary inverters.

See supplementary material for details on device fabri-

cation and transport analysis.
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