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1 Introduction

As electronic devices continue to evolve, there’s a growing interest in merging tra-

ditional and novel materials to exploit their superior electronic and mechanical

properties, develop cost-effective fabrication processes, and enable new function-

alities. In this context, a particular interesting combination is that of Graphene

(Gr) and Organic Semiconductors (OSCs).1–5 The unique properties of graphene,

a two-dimensional (2D) material celebrated for its exceptional electrical, thermal,

and mechanical characteristics,6–10 combined with the adaptability and versatility

of organic semiconductors,11–14 three-dimensional (3D) materials, present significant

promise to overcome some intrinsic limitations of traditional Silicon-based devices.

Notably, the rigidity of Silicon and its challenging integration with other materi-

als restricts its use in flexible electronics. In contrast, organic electronic materials

that are characterized by their inherent flexibility and ease of integration onto poly-

meric substrates, present manufacturing advantages including solution processing

and large-scale fabrication at low temperature with reduced cost.13,15–20 Incorpo-

rating graphene into this framework could offer additional advantages, including

the field-tunable Gr/OSC barrier height and the realization of vertical architectures

with reduced OSC channel length,3,21–26 thereby contributing to the development of

organic electronic devices. In particular, graphene could help to overcome the limi-

tations imposed by the low conductivity of OSCs and to improve the overall response

speed of the devices, potentially unlocking new avenues for flexible electronics op-

erating at high frequencies. However, further research on these mixed-dimensional

heterostructures, which are maintained together by van der Waals (vdW) interac-

tions, and advances in the vertical device architectures are still required to meet the

demands of future optoelectronic applications such as smart wearables, environmen-

tal sensors and flexible displays.

Disseration outline

In this dissertation, I delve into the interfaces formed between graphene and vari-

ous organic semiconductors, investigating their charge transport characteristics and

potential for device integration. Chapter 2 sets the scientific background by review-

ing the relevant literature on hybrid vdW heterostructures and the most promising

applications of graphene-organic interfaces for vertical electronic devices, i.e. Ver-

tical Organic Transistors (VOTs). Emphasis is placed on identifying gaps in the

current understanding, thus contextualizing the relevance and significance of this

research. Properties and charge transport mechanisms critical for the development

1



1 Introduction

of functional applications in organic electronics are highlighted. In Chapter 3, the

methodologies that are established in this research are outlined. This section pro-

vides a step-by-step breakdown of the chemical vapor deposition (CVD) method used

to grow graphene on copper foils. The challenges of the wet transfer technique of

graphene on Silicon and organic materials, essential for achieving high-quality planar

and vertical devices, are detailed. Furthermore, the methods used for depositing the

selected organic thin films, ensuring optimal interface quality, are shortly explained.

With the focus on reproducibility and quality assessment, other techniques such

as Atomic Force Microscopy (AFM) and Raman spetroscopy, used to characterized

the fabricated devices, are briefly described. From Chapters 4 to 7, the research

delves into the experimental results. Adopting state-of-the-art techniques such as

AFM and Raman spectroscopy in combination with rigorous electrical characteriza-

tion methods, these chapters discuss how organic molecules like C60 and Pentacene

interact with and influence graphene’s electronic properties. Each chapter represents

a facet of the broader study, whether it’s understanding the effect of molecules on

the graphene in-plane charge transport (Chapters 4 and 5), probing the electrical

currents across the vertical heterostructures, or exploring temperature-dependent

charge carrier injection mechanisms (Chapters 6 and 7).

Figure 1: A conceptual illustration of the Vertical Organic Graphene Base Transisor

(VOGBT). The device represents the synthesis of the dissertation, aimed at explor-

ing the synergy between the exceptional conductivity and mechanical properties of

graphene and the versatility of organic semiconductors for applications in flexible

organic electronics.
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1 Introduction

Chapter 8 extrapolates the acquired knowledge towards tangible applications. It

highlights the conceptualization and prototyping approach of a transistor based on

Gr/OSC interfaces: the Vertical Organic Graphene Base Transisor (VOGBT), illus-

trated in Figure 1. The latter has the potential to offer superior performances in

terms of gain and frequency response compared to the conventional planar organic

transistors and represents a valid alternative to the more recent Vertical Organic

Field Effect Transistors (VOFETs). This chapter not only introduces the device

but look into its operation principles, performance metrics, and potential for in-

tegration into more complex electronic systems. Concluding the body of work,

Chapter 9 provides a reflective analysis. The insights from the previous chapters

are consolidated and discussed in the context of their broader impact on the field of

electronics. Potential limitations, challenges encountered during the research, and

avenues for further exploration and refinement are presented. Overall, by tackling

the challenges of fabricating and characterizing various graphene-organic semicon-

ductors interfaces, this dissertation seeks to advance both theoretical understanding

and practical applications of graphene in the organic electronics domain.
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2 Electronics beyond Silicon

With a focus on flexible organic electronics, the first section highlights the most

relevant literature on hybrid van der Waals (vdW) heterostructures. The chapter

continues by describing the main electrical properties of Graphene (Gr) / Organic

Semiconductor (OSC) interfaces and discusses the potential challenges of their in-

tegration into Vertical Organic Transistors (VOTs).

2.1 Hybrid Van der Waals heterostructures

The discovery of graphene in 200427 marked a significant milestone in the field of

materials science, leading to a strong interest in atomically thin, two-dimensional

(2D) materials and their extraordinary properties. These 2D materials offer unique

opportunities for the development of advanced optoelectronic devices.28–30 As re-

search for novel 2D materials continues,31,32 a particular focus has emerged on lay-

ered heterostructures, where multiple 2D crystals are stacked together and held by

weak van der Waals (vdW) interactions,3,33–35 in contrast to other materials, which

atoms forms strong covalent bonds with the neighboring atoms, e.g. Silicon. These

layered heterostructures not only exhibit novel behaviors in electronics but also pro-

vide an alternative approach to the stringent requirements of conventional covalent

materials growth, such as epitaxial growth and precise lattice matching.33,34 Re-

cently, there has been a growing interest in the development of mixed-dimensional

heterostructures,1,3, 4, 34 where inorganic and organic materials are assembled to cre-

ate hybrid structures for electronic applications.33,34,36 These systems explore the

combination of zero-dimensional (0D) building blocks, such as inorganic quantum

dots and small molecules, and/or one-dimensional (1D) blocks, such as polymers,

carbon nanotubes, or nanowires, with 2D crystals. The weak van der Waals inter-

actions play a crucial role in assembling these mixed-dimensional heterostructures,

and the exploration of their potential is still in its early stages. Whether focus-

ing on purely 2D stacks or mixed-dimensional heterostructures, the neatness of the

surfaces and quality of the interfaces between the constituent materials is of cru-

cial importance.36 For instance, the processing and transfer methods of graphene

expose the interface to contaminants which can prevent reaching high charge car-

rier mobility.36,37 Thus, achieving high-performance electronics necessitates precise

control and through characterization of these interfaces. In the context of flexible

electronics,38 particularly in Field Effect Transistors (FETs), which typical archi-

tecture is shown in Fig. 2a, the absence of an energy gap in graphene reduces its

attractiveness compared to other 2D crystals that exhibit true semiconducting be-
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2 Electronics beyond Silicon

havior. However, this drawback becomes less critical in high-frequency applications

where graphene’s high electronic mobility remains advantageous.39–44 On the other

hand, in recent years, the realization of neat heterostructures has generated interest

in electronic devices that leverage the unique vertical geometry of stacked layers

(Figs. 2d-e). The weak electrostatic screening exhibited by graphene, due to its low

charge carrier density, has greatly influenced the development of vertical field-effect

transistors (Fig. 2d).21 This unique property allows for the tuning of the Schot-

tky barrier at the interface between the semiconductor and graphene, making it

an attractive choice for such devices. Consequently, various charge injection mech-

anisms occurring at the graphene-semiconductor interface, including thermoionic

emission,45,46 Fowler-Nordheim tunneling,47,48 and trap-assisted tunneling,49 have

been investigated in recent studies. Graphene’s role as a semi-permeable membrane

for electrons assumes great significance in these systems, further reinforced by the

potential to achieve cut-off frequencies up to the terahertz (THz) regime in ver-

tical heterojunctions.3 In addition, it is worth noticing that the compatibility of

graphene with organic compounds holds considerable promise for the development

of hybrid electronic heterostructures that integrate organic semiconductor polymers

and molecules. This compatibility opens up exciting opportunities for electronic

applications which require flexibility and high operational speed.

2.2 Graphene-organic semiconductor interfaces

The implementation of hybrid, mixed-dimensional heterostructures faces a signifi-

cant obstacle: the current knowledge regarding the graphene-organic semiconduc-

tor (Gr/OSC) interface is limited, both in terms of its structural and electronic

properties. Despite its potential,50 the study of this interface and the research

on systems combining graphene with organic semiconductors remains relatively

scarce,1,3, 22–25,51–53 and a comprehensive understanding is still lacking. This is pos-

sibly due to the technical difficulties of integrating these materials, which include

compatibility of the fabrication processes and materials stability. Notably, the elec-

tronic properties of the graphene-organic semiconductor interface seem to deviate

from those of classical metal-semiconductor Schottky diodes.50 One key characteris-

tic of the Gr/OSC interface arises from the low density of states of graphene at the

Dirac point, resulting in a Schottky barrier height that can be tuned by applying an

electrical field. This distinctive behavior, referred to as the “barristor” effect,3,21–26

makes the graphene/semiconductor interface an intriguing platform for studying

electronic transport at the interface and exploring potential applications.21,50 How-

ever, further investigation is required to address several unresolved issues. For in-

6



2 Electronics beyond Silicon

Figure 2: (a) Schematic of a bottom-gate bottom-contact Graphene Field Effect

Transistor (GFET) and chemical structure of graphene (not to scale). (b) Schematic

of a bottom-gate bottom-contact Organic Thin Film Transistor (OTFT) and the

chemical structures of typical Organic Semiconductor (OSC): the n-type and p-type

small molecules C60 and Pentacene, respectively, and the p-type polymer P3HT (not

to scale). (c) Illustration of an OTFT implementing graphene as side-contact elec-

trodes. (d) Cross-section of the Vertical Organic Field Effect Transistor (VOFET).

(e) Schematic of graphene deposited onto OSCs.

stance, studies have demonstrated that the molecular structure and organization of

organic semiconductors differ between OSC/Gr and Gr/OSC structures, particularly

for short molecules,53,54 such as C60 or Pentacene (Fig. 2). However, a systematic

comparison of the electronic properties of these two types of interfaces and the in-

fluence of molecular organization, is currently lacking. Furthermore, there is limited

research regarding polymer-based organic semiconductors, e.g. P3HT (Fig. 2), in

relation to the Gr/OSC interface. Another important aspect that requires thorough

investigation is the deposition of graphene on organic semiconductors (Fig. 2e),

which is far from optimized. Indeed, factors such as the surface roughness of the or-

ganic semiconductor may play a role in the variability of the Schottky barrier height

values and behaviors. Moreover, the implementation of photolithographic techniques

for patterning CVD graphene deposited on organic semiconductors is crucial for the

7



2 Electronics beyond Silicon

development of large area fabrication of graphene/organic semiconductor devices.

Achieving a detailed understanding of the impact of graphene preparation, surface

treatments of organic semiconductors, transfer techniques, and heterostructure for-

mation is essential for the fabrication of high-performances devices.

2.3 Vertical transistors and high frequency

Figure 3: (a-c) Reprinted with permission from K. Kim et Al.55 ACS Nano. Copy-

right © 2015, American Chemical Society. (a) Device geometry of a C60-graphene

vertical structure. (b) Output curve (Id − Vds) with different applied gate volt-

ages Vg. (f) Representative transfer curves (Id − Vg) of a device. (d-f) Reprinted

with permission from M.P. Klinger et Al.56 Adv. Materials. Copyright © 2015,

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) A cross-section scheme

of the VOPBT. (e) Base sweep of three different VOPBTs with VCE = 1V. (f)

Output characteristics, showing that a high on/off ratio is preserved at very low

operation voltage.

In organic electronics, vertical organic transistors, which typical configuration is

shown in Fig. 2d, represent a valid alternative to traditional horizontal Organic Thin

Film Transistors (OTFTs) shown in Figure 2b. The vertical architecture offers the

possibility to overcome the limitations of OTFTs, i.e. low transconductance, reduced

cut-off frequency, and low integration.57 While much of the existing literature focuses

8



2 Electronics beyond Silicon

on planar OTFT, Vertical Organic Field Effect Transistor (VOFET)3,21–26,55,58–60

and Vertical Organic Permeable Base Transisor (VOPBT)56,61–77 offer a unique ad-

vantage. In these two classes of devices, the channel length, is determined by the

thickness of the organic semiconductor, which is typically less than 100 nm, in con-

trast with horizontal devices where the source (S) - drain (D) distance (Fig. 2b)

usually ranges from micrometers to tens of micrometers. As a result, vertical or-

ganic transistor are expected to achieve higher operational frequencies, which are

essential for applications requiring communication and/or data processing functions

such as Radio-Frequency (RF) tags, sensors or flexible displays. Figure 3a shows

the typical implementation of graphene as a source electrode, for a C60 vertical

channel, in VOFET.55 Figures 3b-c show the output (Id−Vds) and transfer (Id−Vg)

characteristics of the device, respectively. When a voltage is applied to the gate elec-

trode, it modulates the charge carrier injection at the Gr/OSC interface, allowing

or blocking the current flow between the source and drain electrodes. Although the

frequency response of these devices is scarcely investigated, it was recently showed

that, a metallic source electrode, in combination with a vertical Dinaphtho[2,3-b:2,3-

f]thieno[3,2-b]thiophene (DNTT) short channel, enabled voltage operation below

10V with a cut-off frequency of 43MHz.78 The study also demonstrated that fre-

quencies up to 430MHz may be achieved by VOFET if the device geometry is finely

optimized. With a focus on metal bases, several research groups have explored

the VOPBT architecture and its applications.56,61–77 A variety of organic semi-

conductors, both n-type and p-type, have been employed, including C60, perylene

derivatives, pentacene, copper phthalocyanine, and poly-hexyl tertiophene. Most of

these studies utilized nanoporous aluminum as the base electrode, which has been

finely optimized as shown in Figure 3a. In this configuration, the base electrode is

placed between two OSCs layers and serves to modulate the current flowing from the

emitter to the collector electrodes and across the permeable base electrode. Figures

3e-f show the typical transfer (IC − VBE) and output (JC − VCE) characteristics of

such device, respectively. To date, several performance metrics have been reported,

showing significant variations in current gains. In certain instances, impressive com-

mon emitter gains up to 1×108 and high current densities up to 1 kA/cm2 have been

observed.56,61,63,66 In recent years, the device architecture was optimized to reach

the transition frequency of 40MHz in a pulse-biasing mode at VCE = 8.6V,79,80

supporting that VOPBT hold significant promise for high-frequency operation. In

addition, device simulations indicate the potential to achieve frequencies in the GHz

regime by reducing the thickness of the device and by employing high carrier mo-

bility organic semiconductors.72 In this context, the unique properties of graphene,
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2 Electronics beyond Silicon

such as ultimate thinness and high conductivity, could further enhance the perfor-

mance of VOPBT. To the best of our knowledge, there haven’t been any published

studies on the implementation of graphene as a permeable base electrode such as

the Vertical Organic Graphene Base Transisor (VOGBT) illustrated in Figure 1. In

this configuration, graphene appears more suitable than metal due to its flexibility

and compatibility with low-thermal budget processing. In fact, it has been shown

that commonly evaporated metal electrodes can penetrate many tens of nanometers

onto the underlying OSC layer.81 In contrast, the implementation of graphene as top

and/or interlayer could enable the reduction of the OSCs stack thickness, potentially,

down to organic monolayers. However, deposition and photolithographic patterning

methods of CVD graphene compatible with OSCs still need to be developed, and

their impact on the structural and electrical properties of the stacks investigated. In

particular, the charge transport at the OSC/Gr interfaces will possibly depend on

the used OSC and define the functionality of the devices. For instance, a Schottky

barrier forming between graphene and the OSC is advantageous when graphene is

used as interlayer/base electrode in VOPBT or as top electrode in diodes. Other

applications, instead, may require an ohmic contact at the Gr/OSC interface. Fi-

nally, it is crucial to ensure that the charge transport mechanisms across the vertical

structures are not affected by the lateral dimensions of the devices. This will en-

able the scaling and further integration of the Gr/OSC stacks into more complex

electrical devices that can operate at high frequencies.70,74,75
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3 Materials and methods

This section describes the Chemical Vapour Deposition (CVD) grown of graphene,

the wet transfer method and the deposition of the organic thin films used in this

work. The chapter continues with the fabrication processes of the GFETs and of

the vertical Graphene (Gr) / Organic Semiconductor (OSC) stacks. A detailed de-

scription of the fabrication recipes is reported in Appendix A. The electrical charac-

terization setup, impedance analysis method, Raman microscope and Atomic Force

Microscopy (AFM) are also briefly described.

3.1 Chemical vapour deposition of graphene on Cu foils

Figure 4: (a) Fully automated Chemical Vapour Deposition (CVD) oven sytem used

to grow graphene on copper foils. (b) Temperature vs. Time graph of the CVD

growth of graphene. The graph also shows the gases the are used in the different

CVD steps: annealing, growth and cooling. (c) Cu foil used as a substrate for the

CVD growth of graphene. The optical microscope image shows that graphene is

covering a large part of the Cu foil. The uncovered parts of the Cu foil rapidly

oxidize when exposed to heat and can be easily distinguished (orange regions).

The Chemical Vapour Deposition (CVD) growth of graphene is shortly reported in

previously published articles82–85 and described in detail here. Graphene was grown

11



3 Materials and methods

in-house by CVD on copper foils (Thermoscientific, 25µm thick, annealed, uncoated,

99.8%) with a fully automated setup (Fig. 4a). The foils are ultrasonicated in

Acetone, rinsed with Isopropyl Alcohol (IPA) and dried with N2. Then, the foils

are placed in Acetic Acid (CH3COOH) for 30min, rinsed in de-ionized water (DIW)

and Ethanol, and dried with N2. The foils are then placed in the CVD oven (Fig.

4a) and the CVD growth process shown in Figure 4b starts. The cleaned foils are

pre-annealed at 1000 °C for 1 h in a H2 (20 sccm) and Ar (200 sccm) atmosphere in

the CVD oven (ca. 1mbar). Then, graphene grows for 35min in a CH4 (0.05 sccm),

H2 (20 sccm) and Ar (200 sccm) atmosphere under a pressure of ca. 120mbar. After

the CH4 flow is stopped, the CVD oven is left to cool down to room temperature

(at ca. 1mbar). Finally, the Cu foils are removed from the CVD oven. The optical

microscope image of Figure 4c reveals the typical feaures of the Cu foil surface after

the CVD growth. The Cu foil was shortly heated on a hotplate to rapidly oxidize

the Cu regions that are not covered by graphene. The change of color occurring due

to the oxidation of the exposed Cu regions allows to distinguish the graphene region

(white) from the oxidized Cu (orange). Hence, graphene forms a uniform layer on

the Cu foils with the exception of small isolated regions. The optical microscope

image also shows the Cu grain boundaries. These feature typically results in wrinkles

in the transferred graphene,86 as shown in the next section.

3.2 Transfer of large area graphene from Cu foils to devices

The wet transfer of graphene is reported in previously published articles82–85 and

brifely described here. After the CVD growth, a film of PMMA (50k) was spin-

coated on the top side of the CVD graphene/Cu foils to protect graphene during

the transfer. Then, the graphene grown on the Cu back side was removed using

Reactive ion etching (RIE) in an Ar (15 sccm) and O2 flow (30 sccm) for 2min. The

Cu substrate was etched away in a Ferric Chloride (FeCl3, Transene CE-100) bath

for 1 h, and then transferred to de-ionized water (DIW) as shown in Figures 5a-

c. Subsequently, the remaining graphene/PMMA sheet was placed in Hydrochloric

acid (HCl 10%) for 5min to further remove residues of FeCl3
87 and transferred

back to DIW. Finally, graphene could be transferred on the target substrate and

dried overnight in a vacuum oven (ca. 1mbar, 80 °C). Figure 5d shows an optical

microscope image of graphene on SiO2 after the removal of the protecting PMMA

layer. The typical features of CVD grown graphene can be easily distinguished: (i)

the hexagonally shaped grown bilayer (BLG) on top of (ii) the single layer graphene

(SLG) and (iii) the wrinkles, which are possibly due to the grain boundaries of the

Cu foil used as CVD substrate.86 These features are highlighted by the G-peak
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3 Materials and methods

Figure 5: (a) Ferric choride FeCl3 solution (Transene CE-100) etching of the Cu

substrate. (b) The Cu foil is completly etched and the remaining graphene/PMMA

is floating on the copper etchant. The remaining Gr/PMMA is indicated by the

white dashed lines. (c) The Cu etchant is replaced with DIW and HCl 10%. (d)

Optical microscope image of graphene transferred on SiO2. The red square indicates

the measured Raman map showing the G-peak intensity. (e) Raman spectra of the

SLG, the BLG and FLG. The signal acquisition positions are shown in the G-peak

map.

map of Figure 5d and by the Raman spectra of Figure 5e. This latter displays

the characteristic G (1587 cm−1) and 2D (2681 cm−1) peaks of the CVD graphene

on SiO2, obtained using FeCl3 as wet etchant.88 The absence of the D (around

1340 cm−1) peak suggests that the CVD growth and wet transfer methods did not

induce an appreciable quantity of defects in graphene. In addition, the intensity

peaks ratios R = IG/I2D obtained from the Raman spectra in Figure 5e are: RSLG =

0.96 for single layer graphene (SLG), RBLG = 1.06 for bilayer graphene (BLG) and

RFLG = 1.17 for few layers (FLG). This indicates that a large area of the Si/SiO2 is

covered by SLG.

3.3 Deposition of the organic thin films

Fullerene-C60 (99.9%, sublimed) powder was purchased from Sigma-Aldrich, while

Pentacene powder (99.999%, purified by sublimation) was purchased from Tokyo

Chemical Industry (TCI). The two types of molecules were thermally evaporated
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under vacuum (ca. 1 × 10−6mbar) without further treatments. The C60 thin film

was deposited by thermal evaporation at ca. 0.2 Ås
−1

from a Molybdenum evapo-

ration boat (Umicore). The Pentacene thin film was thermally evaporated at ca.

0.05 Ås
−1

using a low temperature controlled source (ca. 120 °C) with an Al2O3

crucible (Creaphys). The temperature of the target substrate wat not actively

controlled during the evaporation. poly(3-hexylthiophene-2,5-diyl) (P3HT) (regio-

regular (RR) > 99%, Mn = 27’000 – 45’000) was purchased from Tokyo Chemicals

and used as received to prepare solutions of 10mgmL−1 in chlorobenzene. The

P3HT film was deposited by spin-coating at 1000 rpm for 60 s.

3.4 Devices fabrication and characterization

Figure 6: (a) CVD graphene transferred onto photolithography pre-patterned Ti

(5 µm) / Au (50 µm) on SiO2. (b) Ebeam Lithography (EBL) of the protective

PMMA layer and RIE patterning of graphene, followed by the removal of the

PMMA. (c) Thermal Evaporation (TE) of the organic thin films. (d) Photograph of

the fabricated chip including 150 GFETs. (e) Optical microscope image taken with

the Automated Probe Station (APS) used to electrically characterize the devices.

(f) Zoom-in a GFET with channel length 50 µm and width 5 µm. The grey dashed

line shows the outline of graphene overlapping the Au electrodes.

Two chips including 150 Graphene Field Effect Transistors (GFETs) each with a

fixed channel width W (5 µm) and five different channel lengths L (5, 10, 20, 50

and 100 µm) were fabricated. Graphene sheets grown by CVD on Cu foils were

transferred onto photolithography pre-patterned Ti(5 nm)/Au(50 nm) electrodes on
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Figure 7: Fabrication steps of the vertical Au / P3HT / Gr heterostructure. (a)

Patterning of the bottom electrodes. The grey dashed lines show the schematic of

the cross-section (top) on the optical microscope image (bottom). (b) Preparation of

the lift-off resist. (c) P3HT deposition and patterning. (d) CVD graphene transfer

with PMMA layer. (e) PMMA removal from graphene. (f) RIE patterning of the

graphene top electrode. (g) PMMA / Optical resist removal from graphene. (h) 3D

schematic of the device.

Si(525µm)/SiO2(300 nm) substrates. The Au bottom contacts architecture (Figure

6a) was chosen to minimize the number of lithography steps after the transfer of
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graphene. A double layer of PMMA 50K/950K (AR-P 632-06 / AR-P 672.02) was

spin-coated on graphene, exposed to e-beam and developed for 1min in MIBK:IPA

(1:2). Then, the samples were rinsed in IPA and dried with N2. Finally, the un-

protected graphene was etched away using RIE for 30 s (15 sccm Ar, 30 sccm O2),

as shown in Figure 6b. The remaining PMMA, protecting the graphene channels,

was removed in Acetone (55 °C) for 1 h and IPA (55 °C) for 1 h. Finally, thin films

of C60 and Pentacene were thermally evaporated on the two separate chips (Figure

6c). Figure 6d shows one chip after the deposition of the organic molecules. The

chips were shortly exposed to ambient conditions during the transfer from the evap-

oration chamber to the vacuum chamber. Figure 6e shows the optical microscope

image taken by the Automated Probe Station (APS) used for the electrical charac-

terization. Figure 6f shows the optical microscope image of a representative GFET

device with channel length L = 50 µm. The gray dashed line highlights the contour

of graphene on top of the Au electrodes.

Figure 8: (a) 3D schematic of a bridge device for the measurement of graphene

resistance. (b) Electrical schematic of the open/short compensation for impedance

analysis. Adapted from Agilent Impedance Measurement Handbook.89 Optical

microscope images of the (c) open and (d) short compensation devices.

The vertical Au / OSC / Gr devices were fabricated on a Si(525µm) / SiO2(335 nm)

substrate by photolithography and under ambient conditions, as described in Ap-

pendix A. The OSC considered for the study were two: P3HT (p-type polymer) and

C60 (n-type small molecules). The two systems are discussed in Sections 6 and 7,

respectively. The chip includes two distinct groups of devices: (i) 119 Au / OSC / Gr
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Vertical Stacks (refer to Figure 23a for a schematic of the device structure) and (ii)

34 Graphene Bridges (Appendix E, Fig. 52). The chips overviews are given in Ap-

pendices D and E (Figs. 50 and 64). In both Vertical Stacks and Graphene Bridges,

the C60 thin film is sandwiched between a bottom gold and a top graphene circular

electrodes. In addition, in the Graphene Bridge architecture (Fig. 8a), graphene

is laterally contacted in order to measure its resistance (see Appendix E, Fig. 52,

for the electrical scheme). The chip includes devices having graphene electrodes of

various nominal diameter, i.e. 5, 10, 15, 20, 25, 30 and 50 µm, while the Au bottom

electrodes are 2µm larger. In short, Au electrodes were pre-patterned and deposited

by e-beam physical vapour deposition (EBPVD) and lift-off. Then, the C60 thin

film was thermally evaporated (≈ 0.2 Ås
−1
, 1×10−6mbar) and patterned by lift-off.

Finally, the graphene sheet was wet-transferred on the chip and patterned into the

top electrode circular shape by Reactive ion etching (RIE).

Figure 9: Measurement setup used for the electrical characterization of the de-

vices. (a) Vacuum chamber containing the electrical probers. The chamber is

equipped with a pressure gauge and electrical feedthroughs for the temperature

sensor (PT100), the heater power supply, the probes and backgate connectors. (b)

Sample holder and electrical probers. The sample order is equipped with a backgate,

heater and temperature sensor.

Figure 8b shows the open/short compensation technique used to extrapolate the true

impedance of the Device Under Test (DUT).89 The method consists in measuring

the stray admittance Y0 when the DUT contact terminals are open, and the residual

impedance ZS when the DUT terminals are shorted. To ensure accurate impedance
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measurements, open and short devices were fabricated on chip, as shown in Figure

8c and 8d, respectively. The DUT impedance is then calculated from the measured

DUT, in formula,89

ZDUT =
ZXM − ZS

1− (ZXM − ZS)Y0

(1)

where ZDUT is the corrected DUT impedance, ZXM is the measured DUT impedance,

Y0 is the stray admittance and ZS is the residual impedance.

The devices were electrically characterized under vacuum to avoid the effects of oxy-

gen and moisture. Figure 9a shows the vacuum chamber, reaching a base pressure

of about 1 × 10−6mbar, that was mainly used for the experiments. The chamber

is equipped with a pressure gauge and electrical feedthroughs for the four probers,

the sample holder backgate, the heater and the temperature sensors. Figure 9b

shows the sample holder that is also employed as backgate for FET measurements.

The figure shows the four needles for the electrical probing (IMINA), the electrical

connections to the backgate, heater and temperature sensors. The vertical stacks

were characterized in the setup showed in Figure 9a-b, the GFETs were character-

ized in a similar setup equipped with an Automated Probe Station (APS), while

the temperature dependent measurements from 50K to 300K were performed in a

Lakeshore probe station (CRX-6.5K). Refer to the experimental sections for details

on the electrical instrumentation and sampling.

3.5 Other characterization methods

Figure 10: (a) WITec Alpha 300R confocal Raman microscope. (b) Bruker Atomic

Force Microscopy (AFM) Icon equipped with a TESPA-V2 cantilever.
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Figure 10a shows the WITec Alpha 300R confocal Raman microscope that was

used in this work. The Raman microscope is the ideal non-destructive technique to

quickly identify the chemical composition of the Gr / OSC stacks and ensure that the

material quality is not compromised during the fabrication process of the devices.

The quality of the materials down to the molecular level was evaluated by identifying

and comparing the Raman fingerprints of the single components of the vertical stack,

i.e. graphene, C60, Pentacene and P3HT. The setup included a LD 100x objective

(Zeiss EC Epiplan-Neofluar Dic, NA = 0.75) and a 300 mm lens-based spectrometer

(grating: 600 g mm-1) equipped with a TE-cooled charge-coupled device (Andor

Newton). The Raman spectra were acquired in ambient conditions using a 532 nm

excitation wavelength, while the laser power and integration time were set according

to the measured sample. Refer to the Experimental Methods sections of Chapters 4,

6 and 7 for the specific details on the Raman spectra acquisition and processing on

the graphene samples and Gr/OSC devices. Figure 10b shows the Bruker Atomic

Force Microscopy (AFM) Icon that was used in this work. AFM is the ideal non-

destructive technique that allows for detailed imaging of the surface topology of

sensitive materials like graphene and organic molecules. The AFM height and phase

images were collected in tapping mode in ambient conditions using a Bruker Icon

AFM equipped with a TESPA-V2 cantilever with a tip apex radius of 7 nm (resonant

frequency: 320 kHz, spring constant 37Nm−1).
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4 The Effect of C60 and Pentacene Adsorbates on CVD Graphene

Abstract

Graphene is an excellent 2D material for vertical organic transistors electrodes due

to its weak electrostatic screening and field-tunable work function, in addition to

its high conductivity, flexibility and optical transparency. Nevertheless, the interac-

tions between graphene and other carbon-based materials, including small organic

molecules, can affect the graphene electrical properties, and therefore, the device

performances. This work investigates the effects of thermally evaporated C60 (n-

type) and Pentacene (p-type) thin films on the in-plane charge transport properties

of large area CVD graphene under vacuum. This study was performed on a popu-

lation of 300 graphene field effect transistors. The output characteristic of the tran-

sistors revealed that a C60 thin film adsorbate increased the graphene hole density

by (1.65± 0.36)× 1012 cm−2, whereas a Pentacene thin film increased the graphene

electron density by (0.55±0.54)×1012 cm−2. Hence, C60 induced a graphene Fermi

energy downshift of about 100meV, while Pentacene induced a Fermi energy upshift

of about 120meV. In both cases, the increase in charge carriers was accompanied

by a reduced charge mobility, which resulted in a larger graphene sheet resistance

of about 3 kΩ at the Dirac point. Interestingly, the contact resistance, which varied

in the range 200Ω – 1 kΩ, was not significantly affected by the deposition of the

organic molecules.
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4.1 Introduction

Hybrid van der Waals (vdW) heterostructures made of Graphene (Gr) and Or-

ganic Semiconductor (OSC) are being widely investigated for their potential ap-

plications in sensors,90,91 solar cells,92 light emitting diodes93 and vertical transis-

tors.24,51,52,55,94–97 The latter, which combine very short vertical OSC channels with

a graphene electrode, exploit the weak electrostatic screening of graphene and the

field-tunable charge injection barrier at the Gr / OSC interface to control the cur-

rent in the vertical channels. In this context, understanding of the effects of n- and

p-type organic molecules at the Gr / OSC interfaces is crucial to enable the realiza-

tion of efficient graphene-based complementary circuits, the operating mechanisms

of which will be limited by graphene conductivity and contact resistance. In fact, the

van der Waals interactions of carbon materials, including small organic molecules,

e.g. C60-Fullerene and Pentacene, have an important influence on the electrical

properties of graphene and therefore, on the device performances. While the growth

mechanisms and orientation of C60 and Pentacene molecules on graphene have been

widely studied,55,98–101 a deeper understanding of the Gr / Organic Semiconductor

(OSC) interface formation and of the charge transport in graphene is still necessary

to achieve desirable electronic device properties and functionalities.

This work investigates the effect of C60 and Pentacene adsorbates on the electrical

properties of large-area graphene grown by Chemical Vapour Deposition (CVD).

C60 and Pentacene molecules are commonly used as n- and p-type organic semicon-

ductors1,102,103 that can be thermally evaporated on the target substrate, and are

therefore of interest because they can be used for graphene-based complementary

circuits. Thin films of C60 and Pentacene were thermally evaporated on two dis-

tinct sets of Graphene Field Effect Transistors (GFETs). The surface morphology

and chemical composition of the hybrid Gr/C60 and Gr/Pentacene heterostructures,

which formed the GFET channels, were investigated using Atomic Force Microscopy

(AFM) and Raman spectroscopy. The residual doping and charge carrier mobility

in graphene were obtained from the output characteristics of the GFETs in vacuum.

Then, the Fermi energy shift induced by the C60 and Pentacene was estimated us-

ing the linear energy dispersion relation of graphene. The Transfer Length Method

(TLM) was used to extrapolate the sheet and contact resistance of graphene. Fi-

nally, the electrical properties of graphene before and after the deposition of the C60

and Pentacene molecules were compared and summarized.
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4.2 Results and Discussion

Figure 11: (a) Optical microscope image of a representative Graphene Field Ef-

fect Transistor (GFET). The channel length L and width W are 50µm and 5µm,

respectively. The image shows the source (S) and drain (D) gold electrodes on

the Si/SiO2 substrate. (b) Electrical schematic of the GFET (not to scale). The

cross-section shows the heavily p-doped Si Gate (G), the SiO2 dielectric (300 nm),

the Ti/Au source/drain (5 nm/50 nm) and the Gr channel coated with C60 and

Pentacene molecules. The source (S) electrode is connected to ground. In the gate-

to-source voltage (VGS) sweep, the drain-to-source bias (VDS) is kept constant while

the current (IDS) is measured. (c) Energetic represenation of the highest occupied

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) nom-

inal levels of the C60 and Pentacene molecules with respect to the Fermi energy

level of pristine graphene (black dashed line). The Fermi energy of graphene lies

within 0.5 eV from the HOMO energy level of Pentacene and within 0.5 eV from the

LUMO energy level of C60.

This study was performed on two sets of 150 Graphene Field Effect Transistors

(GFETs) each with a fixed channel widthW (5 µm) and five different channel lengths

L (5, 10, 20, 50 and 100µm). The two sets include 30 GFETs per channel length and

were fabricated on separate chips (Figure 32). The detailed fabrication protocol of

the two chips and the Chemical Vapour Deposition (CVD) process used to grow the

graphene sheets are reported in the Experimental Methods section. Briefly, the Cu

foil that is used as substrate for the CVD growth of graphene is etched away using

Ferric Chloride (FeCl3). The remaining graphene sheet was transferred on the pre-

patterned Ti/Au electrodes (5 nm/50 nm) on a Si/SiO2 (525 µm/300 nm) substrate

and patterned into geometrically defined channels by e-beam lithography. Then,
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molecules were thermally evaporated, without using any physical masks nor pho-

tolithographic patterning, resulting in a uniform coverage of the whole chip. Figure

11a shows the optical microscope image of a representative GFET with L = 50 µm
and W = 5 µm. The output and transfer characteristics of the GFETs were mea-

sured in vacuum before and after depositing the molecules, after 24 h of vacuuum

exposure to assure complete desorption of the moisture and water. Figure 11b

shows the electric circuit and cross-section schematics of a GFET coated with C60

or Pentacene. Figure 11c shows the highest occupied molecular orbital (HOMO)

and lowest unoccupied molecular orbital (LUMO) energy levels of the two Organic

Semiconductors (OSCs) and the Fermi energy of graphene, i.e. −4.6 eV, with re-

spect to the vacuum level, according to the literature.1 The reported values of

the HOMO and LUMO energy levels of C60 are about −6.4 eV and −4.1 eV,1,104

while for Pentacene, they are about −5.1 eV and −2.9 eV, respectively.1,105,106 The

HOMO and LUMO energy levels of the OSCs were extrapolated from Ultraviolet

Photoelectron Spectroscopy (UPS) and Inverted Photoelectron Spectroscopy (IPES)

measurements, and defined at the onset of the GaussianDensity of States (DOS),105

as roughly shown in Figure 11c for an arbitrary Gaussian distribution. The Fermi

energy of graphene lies within about 0.5 eV from the HOMO energy level of Pen-

tacene and within about 0.5 eV from the LUMO energy level of C60. Accordingly,

one would expected that C60 and Pentacene adsorbates act like electron acceptors

and donors, which are well suited for the investigation of the p- and n-type induced

charge carrier density in graphene. However, the energetic of the interfaces is not

trivial, and many factors can play a role, including (i) intragap defects, which could

result in occupied and unoccupied states, (ii) dipole formation, (iii) Fermi-level pin-

ning, and/or (iv) the presence of impurities, e.g. , H2O and/or resist residues.107–112

Therefore, the effect of the adsorbates on the graphene properties cannot be fore-

casted by simple arguments on the energy diagrams of the isolated systems. On the

other hand, one can estimate the residual charge density from the transfer charac-

teristics of the GFETs in a controlled environment. In addition, a combination of

Raman spectroscopy and Atomic Force Microscopy (AFM) gives important insight

on the morphology and chemical composition of the Gr / OSC hybrid heterostruc-

ture.
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Figure 12: Surface morphology and chemical composition of the Gr / C60 (Chip

1) and Gr / Pentacene (Chip 2) heterostructures. (a) AFM height image of a

represenative Gr / C60 FET channel. (b) AFM image of a represenative Gr /

Pentacene FET channel. (c) AFM height profile (black line) of the Gr / C60 channel

taken along the dashed white line in (a). The red line is the mean value of 128 height

profiles shown by the white bars in the AFM image. (d) AFM height profile of the

Gr/Pentacene channel taken along the dashed white line in (b). (e) Average Raman

spectra of the C60-GFETs (Chip 1). The Raman spectrum of the pristine CVD

graphene is blue, while the Raman spectrum of Gr / C60 is orange. (f) Average

Raman spectra of the Pentacene-GFETs (Chip 2).
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Figure 12: The Raman spectrum of the pristine CVD graphene is green, while

the Raman spectrum of Gr / Pentacene is red. All spectra are normalized to the

2D peak of graphene. The triangle, sqaure, circle and star symbols represent the

characteristic Raman peaks of Si,113 Gr,88 C60114 and Pentacene,115 respectively.

Figure 12a-b shows the AFM images and profiles of two representative GFET chan-

nels coated with thin films of C60 (Chip 1) and Pentacene (Chip 2), respectively. The

average measured thickness of the C60 and Pentacene layers on the SiO2 substrates

were about 10 nm and 5 nm, as shown in the Supplementary Materials (Figure 32a-

d). The height difference and morphology were attributed to the different growing

mechanisms of C60 and Pentacene on SiO2 and graphene. The AFM profile of Figure

12c reveals a uniform C60 thin film growth on both SiO2 and graphene, as was pre-

viously reported.55 The average height step of about 1 nm (red line) on the GFET

channel was due to graphene, and it was in the range of previously reported values

for pristine graphene, i.e., 0.4 nm–1.7 nm.116 The discrepancy between the measured

and expected step thickness of graphene (about 0.3 nm) was therefore not surprising

and could be attributed to different components, including the graphene-adsorbate

layer, tip-surface interactions and imaging force.116 Here, the very thin layer of C60

allowed for the observation of the typical features of the underlying CVD graphene

sheet (e.g., wrinkles caused by the Cu catalyst grain boundaries86). The AFM image

of Figure 12b shows that thermally evaporated Pentacene grew in the typical thin

film phase on SiO2,
115 whereas it grew in 3D elongated islands on graphene.98,100

Figure 12d shows that the average channel step thickness was approximately 30 nm

(red line), and that the Pentacene film on graphene formed an irregular profile

(black line) of 30-50 nanometer-thick elongated islands. The thick Pentacene islands

masked the typical features of the underlying CVD graphene, which were not visible

in the AFM image. Nevertheless, the graphene channel was clearly distinguishable

due to the different growth mechanisms of Pentacene on SiO2 and on the graphene

channel. The presence of the graphene channel under the organic thin films was fur-

ther confirmed using Raman spectroscopy. Figure 12e-f shows the average Raman

spectra obtained from each set of 150 devices before and after deposition of the thin

films. Refer to the Experimental Methods section and the Supplementary Materials

(Figures 33 and 34) for the details on the Raman signal acquisition, averaging, back-

ground subtraction and normalization. The Raman spectra of wet transferred CVD

graphene (Gr on Si/SiO2 substrate) showed the characteristic G (1587 cm−1) and

2D (2681 cm−1) peaks, as well as the D (1340 cm−1) peak,88 with a weak amplitude,

possibly resulting from fabrication-induced defects. The typical first-order optical
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mode (520 cm−1) and second-order scattering band (940 cm−1–980 cm−1) of the Si

substrate113 were observed in all Raman spectra. Figure 12e shows the chemical

composition of the GFETs (Chip 1) before (Gr) and after (Gr/C60) the deposi-

tion of C60. The hybrid Gr/C60 layer displayed the characteristic Raman active

vibrations of C60,114 i.e., H1g at 264 cm
−1, H2g at 430 cm

−1, A1g at 491 cm
−1, H3g at

707 cm−1, H4g at 772 cm−1, H5g at 1099 cm−1, H6g at 1242 cm−1, A2g at 1462 cm−1

and H8g at 1568 cm−1, as well as the characteristic Raman peaks of CVD graphene

(G at 1587 cm−1 and 2D at 2681 cm−1) observed before the deposition of C60. Fig-

ure 12f shows the chemical composition of the GFETs (Chip 2) before (Gr) and

after (Gr/Pentacene) the deposition of Pentacene. The hybrid Gr/Pentacene layer

showed the characteristic Raman features of Pentacene.117 The peaks at 1158, 1177,

1371, 1410, 1456, 1499 and 1533 cm−1 were assigned to the Ag bands, while the

peak at 1595 cm−1 was assigned to the B3g band. The 2D peak (2687 cm−1) of the

CVD graphene could be clearly distinguished, whereas the G peak overlapped with

the B3g band of Pentacene. The AFM surface morphology combined with Raman

chemical analysis confirmed the presence of the geometrically well-defined Gr/C60

and Gr/Pentacene hybrid heterostructures.
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Figure 13: GFETs electrical measurements. (a) Average transfer characteristic (IDS

vs. VGS) of pristine CVD graphene FETs before C60 deposition (Chip 1, 101 devices,

all L included). The shaded areas are the standard deviations. (b) Average transfer

characteristic of the C60-GFETs (Chip 1, 101 devices, all L included). (c) Average

transfer characteristic of pristine CVD graphene before Pentacene deposition (Chip

2, 119 devices, all L included). (d) Average transfer characteristic of the Pentacene-

GFETs (Chip 2, 98 devices, all L included). (e) Histograms of the graphene Dirac

position (V Dirac
GS ) before (blue) and after deposition of C60 (orange). (f) Histograms

of the graphene electron mobility (µe) before (blue) and after deposition of C60

(orange), all L included. (g) Histograms of the graphene hole mobility (µh) before

(blue) and after deposition of C60 (orange), all L included.

29



4 The Effect of C60 and Pentacene Adsorbates on CVD Graphene

Figure 13: (h) Histograms of the graphene Dirac position (V Dirac
GS ) before (green) and

after deposition of Pentacene (red), all L included. (i) Histograms of the graphene

electron mobility (µe) before (green) and after deposition of Pentacene (red), all L

included. (j) Histograms of the graphene hole mobility (µh) before (green) and after

deposition of Pentacene (red), all L included. Bins width of graphene Dirac point

position and mobility histograms are 2V and 100 cm2V−1s−1, respectively.

Figure 13a-d show the average transfer characteristics (IDS vs. VGS) of pristine

GFETs and coated GFETs measured under vacuum and at room temperature. The

standard deviations are indicated by the shaded areas. Refer to the Experimental

Methods section for the details on the data selection and to the Supporting informa-

tion for all the individual output characteristics (Figure 35), transfer characteristics

(Figure 36) and information on the population (Figure 3). All the devices show

the typical output characteristic (IDS vs. VDS) and transfer characteristic (IDS vs.

VGS) of graphene field effect transistors,39 The transfer characteristics displayed neg-

ligible hysteresis (Figure 36), and thus only the continuous backward traces were

considered. All C60-GFETs (Chip 1) showed IG ≪ IDS on the entire VGS (Figure

37), while all Pentacene-GFETs displayed a pronounced gate-leakage at high neg-

ative gate voltages, a phenomon that does not affect the conclusion of this work.

As expected, the IDS was inversely proportional to the graphene channel length L

(IDS ≈ 1/L) and the position of the Dirac point V Dirac
GS , which corresponds to the

minimum of the IDS, was found at positive and close to zero VGS for the two sets of

pristine GFETs, i.e. V Dirac
GS = 2.8 ± 9.1 V for Chip 1 and V Dirac

GS = 1.3 ± 6.7 V for

Chip 2. This indicates that the fabrication process resulted in clean graphene, pos-

sibly with few PMMA resist residues and thus a relatively low p-doping level.107–110

Figures 13b and 13d show that the distribution of the Dirac point of the GFETs

was shifted to V Dirac
GS = 23.0 ± 5.0 V after the deposition of C60 (Chip 1), while it

was shifted to V Dirac
GS = −7.6 ± 7.5 V after the evaporation of Pentacene (Chip 2).

Assuming that the Dirac point position shift was solely due to the charge transfer

between graphene and the molecules, it was possible to estimate the residual dop-

ing in graphene. In fact, the relation between the charge carrier density n in the

graphene channel and VGS, neglecting the quantum capacitance,39,118 is given by the

electrostatic capacitance. In Formula,110

n =
CGS

e
|VGS − V Dirac

GS | (2)

where e is the elementary charge and CGS = (ϵ0ϵr)/t is the gate capacitance per unit
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area, where ϵ0 is the vacuum permittivity, while ϵr = 3.9119 and t = 300 nm are the

dielectric constant and thickness of SiO2, respectively. Therefore, the residual doping

in graphene due to the molecules is given by n0 = n(VGS = 0). When VGS > V Dirac
GS ),

electrons are accumulated in the graphene channel, while for VGS < V Dirac
GS ), holes

are accumulated in the graphene channel. The deposition of C60 molecules led

to a graphene hole-density of n0 = (1.65 ± 0.36) × 1012 cm−2, against the residual

doping of pristine graphene of n0 = (0.20 ± 0.65) × 1012 cm−2 (Chip 1). For the

Pentacene molecules, the graphene was electron doped with an electron-density of

n0 = (0.55± 0.54)× 1012 cm−2, against the residual hole doping of graphene before

the deposition of n0 = (0.09 ± 0.48) × 1012 cm−2 (Chip 2). Such a charge transfer

could not be anticipated a priori from the HOMO or LUMO energy level of the

individual molecules relative to the graphene Fermi level only, as illustrated for

C60 and Pentacene in Figure 11c. The corresponding graphene Fermi level shift,

at VGS = 0 V, could be extrapolated from the linear energy dispersion relation of

graphene,7 i.e. ∆E = EDP − EF = −sgn(V Dirac
GS )h̄vF

√
πn0. Where EDP is the

energy of the Dirac point, EF = −4.6 eV is the Fermi energy and vF = 1×106ms−1

is the Fermi velocity in graphene. The deposition of C60 on graphene resulted in a

Fermi energy downshift of ∆E = −150± 15 meV, against ∆E = −52± 55 meV for

the pristine graphene (Chip 1). The deposition of Pentacene on graphene resulted

in a Fermi energy upshift of ∆E = 86± 35 meV, against ∆E = −36± 53 meV for

pristine graphene (Chip 2). The charge carrier density n0 and Fermi energy shift ∆E

induced by C60 on graphene were similar to previously reported values for Gr/C60

hybrid layers obtained from Raman and THz-TDS measurements.120 The field effect

transistor measurements, compared to other techniques, allow to determine both the

hole mobility µh and electron mobility µe from a single VGS sweep. In fact, the field

effect electron and hole mobility reads,39

µ =
Lgm

WCGSVDS

(3)

where gm = max(dIDS/dVGS) is the maximum transconductance at VDS = 50mV.83

The hole mobility and electron mobility were obtained from the transfer characteris-

tics for VGS < V Dirac
GS and for VGS > V Dirac

GS , respectively. Refer to the Experimental

methods and Supporting information (Figure 38) for the details on the numerical

derivative of the IDS vs. VGS traces. Figure 13e-j show the distributions of the Dirac

point V Dirac
GS , the electron mobility µe and hole mobility µh of the GFETs before

and after the deposition of the molecules. In the C60-GFETs measurements (Chip

1), the increase of the residual hole-density n0 was accompanied by a decrease, from
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µe = 1430± 354 cm2V−1s−1 to µe = 713± 261 cm2V−1s−1, of the electron mobility,

possibly due to an increased charge-impurity scattering.121 The hole mobility re-

mained almost unaffected, as shown in Figures 13f and 13g. Similarly, the deposition

of Pentacene on the GFETs (Chip 2), led to an increase of the residual electron-

density n0 which was accompanied by a decrease, from µh = 1910± 310 cm2V−1s−1

to µh = 1268 ± 275 cm2V−1s−1, of the hole-mobility. The electron-mobility is also

slightly reduced, as shown in Figures 13i-j.

Figure 14: GFETs sheet resistance (RS) and contact resistance (RC) represented

by solid and dashed lines, respectively. (a) RS (solid line) and RC (dashed line) of

pristine CVD graphene before (blue) and after (orange) deposition of C60 (Chip 1).

(b) RS (solid line) and RC (dashed line) of pristine CVD graphene before (green)

and after (red) deposition of Pentacene (Chip 2). The shaded areas are the standard

errors of the estimated slope and intercept of the linear regression method used to

extrapolate RS and RC in the Transfer Length Method (TLM) from the data sets

presented in Figures 13a-d. (c) Schematic of the residual p-doping of graphene due

to C60 deposition (Chip 1). (d) Schematic of the residual n-doping of graphene due

to Pentacene deposition (Chip 2).

Figure 14a-b show the GFETs sheet resistance (RS) and contact resistance (RC)
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extrapolated from the transfer characteristic of Figures 13a-d using the Transfer

Length Method (TLM), where the total resistance is RT = 2RC + RSl/w, as de-

scribed in the Experimental Method and in the Supporting information (Figure 39).

The negative average RC values from the uncertainty of the linear regression are

discarded (hatched area). On the one hand, the sheet and contact resistances of the

two sets of pristine GFETs (Figures 14a-b) showed similar characteristics: (i) they

both depended on VGS; (ii) the maximum of the sheet resistances, which was approx-

imately 3 kΩ, was found in proximity of the Dirac point V Dirac
GS ; and (iii) the maxi-

mum of RC , approximately 1 kΩ, was found for VGS < V Dirac
GS . The latter suggested

that the hole and electron energy barrier heights at the Au / Gr interface, which re-

sults from the charge transfer between the metal electrodes and graphene,122,123 were

different.122 On the other hand, after the deposition of the molecules: (i) the elec-

trostatic doping reduced the sheet resistance of graphene, which approached approx-

imately 1 kΩ at VGS = ±50V; (ii) the maximum of RS increased by approximately

200Ω and shifted to more positive VGS for the C60-GFETs and to more negative VGS

for the Pentacene-GFETs, possibly due to an increased charge-impurity scattering

resulting in a reduced charge carrier mobility,121 assuming that the graphene charge

carrier density at V Dirac
GS was not affected by the molecules; (iii) the maximum of RC

shifted with RS and remained close to the Dirac point, suggesting that the charge

carrier injection mechanism at the Au / Gr interface was not significantly affected

by the molecules. Assuming that the charge injection mostly occured at the edge

between the metal electrodes and Gr (W = 5 µm), the gate dependent contact re-

sistivity ρC = RCW could be calculated and spans the range 0.5 – 5 kΩ µm. Table

1 summarizes all the electrical properties of the GFETs. It is worth observing, that

taking into account the graphene Fermi energy shift induced by the OSCs, and using

the reported HOMO and LUMO energy level of C60 and Pentacene,1 the nominal

the energy barriers at VGS = 0V for electrons (ΦB0,e = ELUMO − EF,Gr) at the Gr

/ C60 and for holes (ΦB0,h = EF,Gr − EHOMO) at the Gr / Pentacene interfaces,

resulted in about 0.6 eV, which is within ±0.1 eV of previously reported values ob-

tained from the thermionic emission model.22,55 This support the hypothesis that

all interfacial phenomena at the C60/graphene and Pentacene/graphene interfaces

account for only 15% of the nominal energy barriers that can be estimated from the

energy diagram of the isolated molecules. These Schottky-like interfaces are favor-

able for the realization of graphene-based vertical organic transistors which exploit

complementary n- and p-type organic semiconductors.24,51,52,55,96,97
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Chip 1: C60-GFETs Chip 2: Pentacene-GFETs

Property (Unit) Gr Gr/C60 Gr Gr/Pentacene

V Dirac
GS (V) 2.8± 9.1 23± 5.0 1.3± 6.7 −7.6± 7.5

µe (cm
−2V−1s−1) 1430± 354 713± 261 1101± 227 922± 226

µh (cm−2V−1s−1) 2298± 399 2389± 333 1910± 310 1268± 275

n0 (1× 1012 cm−2) 0.20± 0.65 1.65± 0.36 0.09± 0.48 0.55± 0.54

∆E (meV) −52± 55 −150± 15 −36± 53 +86± 35

RS (kΩ) 0.76± 2.90 0.54± 3.09 0.82± 2.80 1.28± 2.96

RC (kΩ) 0.23± 1.01 0.14± 0.74 0.19± 0.91 0.28± 0.85

ρC (kΩ µm) 1.15± 5.05 0.70± 3.70 0.95± 4.55 1.40± 4.25

Table 1: Summary of the electrical properties of the GFETs before and after depo-

sition of the C60 and Pentacene molecules. The table shows the mean and variance

of the normal distributions of V Dirac
GS , µe and µh in Figure 13e-j. The residual dop-

ing of graphene is calculated considering the mean and variance values of V Dirac
GS

in Eq. 2 before and after deposition of the molecules. The Fermi energy shift ∆E

is calculated using the energy dispersion relation of graphene and residual doping.

The table shows the minimum and maximum values of the gate dependent sheet

resistance (RS) and contact resistance (RC) presented in Figure 14. The contact

resistivity ρC = RCW is calculated using the channel width W = 5 µm.
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4.3 Conclusion

In summary, CVD Graphene Field Effect Transistors (GFETs) with a fixed channel

width (5 µm) and different channel lengths (5, 10, 20, 50 and 100µm) were fab-

ricated and electrically characterized under vacuum. Subsequently, thin films of

C60 and Pentacene were deposited on two distinct GFET chips by thermal evap-

oration and electrically characterized again under vacuum. The GFETs transfer

characteristic revealed that the deposition of C60 on graphene results in an in-

creased residual graphene hole-density of (1.65 ± 0.36) × 1012 cm−2, whereas the

deposition of Pentacene results in an increased residual graphene electron-density

of (0.55 ± 0.54) × 1012 cm−2. In both cases, the increase of the residual charge

carriers is accompanied by a reduced charge mobility, possibly due to an increased

charge-impurity scattering in graphene. The Fermi energy of graphene shifted to

(−150± 15)meV after the deposition of C60, and it shifted to (86± 35)meV after

the deposition of Pentacene, while the charge carrier injection at the Au/Gr did

not seems to be significantly affected. Overall, this work provide useful insight on

the graphene in-plane charge transport and on the energetic of the Gr / C60 and

Gr / Pentacene hybrid heterostructures which could be exploited in more complex

organic electronic devices. For instance, the energy barriers forming at the Gr /

C60 and Gr / Pentacene interfaces and the weak electrostatic screening of graphene

could be beneficial to form n- and p-type channels in graphene-based vertical organic

transistors.
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4.4 Experimental Methods

Chemical Vapor Deposition (CVD) of graphene

Graphene was grown in-house by Chemical Vapour Deposition (CVD) on copper foils

(Thermoscientific, 25 µm thick, annealed, uncoated, 99.8%) with a fully automated

setup. The foils are ultrasonicated in Acetone, rinsed with Isopropyl Alcohol (IPA)

and dried with N2. Then, the foils are placed in Acetic Acid (CH3COOH) for

30min, rinsed in de-ionized water (DIW) and Ethanol, and dried with N2. The

cleaned foils are pre-annealed at 1000 °C for 1 h in a H2 (20 sccm) and Ar (200 sccm)

atmosphere in the CVD oven (ca. 1mbar). Then, graphene grows for 35min in a

CH4 (0.05 sccm), H2 (20 sccm) and Ar (200 sccm) atmosphere under a pressure of

ca. 120mbar. After the CH4 flow is stopped, the CVD oven is left to cool down to

room temperature (at ca. 1mbar).

Wet transfer method of CVD graphene

The CVD graphene was transferred as previously reported.82,83 To protect graphene,

a film of PMMA (50k) was spin-coated on the top side of CVD graphene/Cu foils.

Then, the graphene grown on the Cu back side was removed using Reactive ion

etching (RIE) in an Ar (15 sccm) and O2 flow (30 sccm) for 2min. The Cu sub-

strate was etched away in a Ferric Chloride (FeCl3, Transene CE-100) bath for

1 h, and then transferred to de-ionized water (DIW). Subsequently, the remaining

graphene/PMMA sheet was placed in Hydrochloric acid (HCl 10%) for 5min and

transferred back to DIW. Finally, graphene could be transferred on the target sub-

strate and dried overnight in a vacuum oven (ca. 1mbar, 80 °C).

Graphene Field Effect Transistors (GFETs) fabrication

Two chips including 150 Graphene Field Effect Transistors (GFETs) were fabricated.

Graphene sheets grown by CVD on Cu foils were transferred onto photolithogra-

phy pre-patterned Ti(5 nm)/Au(50 nm) electrodes on Si(525 µm)/SiO2(300 nm) sub-

strates. The Au bottom contacts architecture (Figure 11) was chosen to minimize

the number of lithography steps after the transfer of graphene. A double layer of

PMMA 50K/950K (AR-P 632-06 / AR-P 672.02) was spin-coated on graphene, ex-

posed to e-beam and developed for 1min in MIBK:IPA (1:2). Then, the samples

were rinsed in IPA and dried with N2. Finally, the unprotected graphene was etched

away using RIE for 30 s (15 sccm Ar, 30 sccm O2). The remaining PMMA, protect-

ing the graphene channels, was removed in Acetone (55 °C) for 1 h and IPA (55 °C)
for 1 h.
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Thermal evaporation of C60 and Pentacene

Fullerene-C60 (99.9%, sublimed) powder was purchased from Sigma-Aldrich, while

Pentacene powder (99.999%, purified by sublimation) was purchased from Tokyo

Chemical Industry (TCI). The two types of molecules were thermally evaporated

under vacuum (ca. 1 × 10−6mbar) without further treatments. The C60 thin film

was deposited by thermal evaporation at ca. 0.2 Ås
−1

from a Molybdenum evapo-

ration boat (Umicore). The Pentacene thin film was thermally evaporated at ca.

0.05 Ås
−1

using a low temperature controlled source (ca. 120 °C) with an Al2O3

crucible (Creaphys). The temperature of the target substrate wat not actively con-

trolled during the evaporation.

Electrical characterization

The devices were electrically characterized under vacuum (ca. 1×10−6mbar) and at

room temperature. Samples were shortly exposed to ambient conditions during the

transport from the evaporation chamber to the electrical prober vacuum chamber.

They were kept in vacuum conditions (ca. 1 × 10−6mbar) for at least 24 h before

being characterized. The electronics comprised an AdWin Gold II ADC-DAC unit, a

low-noise current to voltage converter (Femto DDPCA-300) to measure the drain-to-

source current (IDS) and a high-voltage amplifier (Basel SP908) to provide the gate-

to-source voltage (VGS). The drain-to-source voltage (VDS) was directly provided by

the ADC-DAC. The automated probe station and the ADC-DAC were controlled

via LabVIEW and Matlab scripts. In the drain-to-source voltage (VDS) sweep from

-50 mV to +50 mV, the voltage step was set to 0.5 mV, the sweep rate to 50 mV/s

and the gate-to-source voltage was set to 0 V. In the gate-to-source voltage (VGS)

sweep from -50 V to +50 V, the voltage step was set to 0.1 V, the sweep rate to 10

V/s and the drain-to-source voltage (VDS) was set to 50 mV. The internal averaging

was set to 20 ms for all the measurements. Only the backward sweep traces were

considered for the analysis, refer to the Supporting information for the full sweeps

(Fig. 36). The gate-to-source current (Fig. 37) was measured using a Semiconductor

Parameter Analyzer Keithley 4200.

Atomic Force Microscopy (AFM)

The height images were measured under ambient conditions using a Bruker Icon

AFM in tapping mode. The AFM was equipped with a TESPA-V2 cantilever with

a tip apex radius of 7 nm, with a resonant frequency 320 kHz and a spring constant

of 37 N/m. The AFM data was processed with Gwyddion which was used to extract
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the single and average height profiles and export the images.

Raman spetroscopy

Raman spectra were acquired in ambient conditions using a 532 nm excitation wave-

length with a WITec Alpha 300R confocal Raman microscope mounting a LD 100x

objective (Zeiss EC Epiplan-Neofluar Dic, NA = 0.75) and a 300 mm lens-based spec-

trometer (grating: 600 g mm-1) equipped with a TE-cooled charge-coupled device

(Andor Newton). One Raman spectrum for each device was collected (150 devices

per chip). The laser power was set to 0.1 mW and 0.5 mW for the Gr/C60 and

Gr/Pentacene heterostructures, respectively. In both cases, the integration time was

set to 30 s. The average Raman spectrum of graphene, Gr/C60 and Gr/Pentacene

was obtained using all the Raman spectra acquired on each set of devices. Refer to

Figures S2-3 for details on the Raman spectra processing.

Data selection and anaylsis

Python scripts were used for the data selection, analysis and visualization. Raman

spectra averaging and polynomial background subtraction was done using numpy.124

The results of the electrical measurements were organized in pandas125 dataframes.

The devices showing non-linear output characteristic, low IDS ≪ 1 nA (open circuit)

and/or more than one minima in the transfer characteristic were discarded from the

analysis. Only the backward sweep of the transfer characteristics were considered for

the determination of the Dirac point, the mobility and the resistances. The GFETs

electron and hole mobility were extrapolated using Eq. 3 and taking the maxima

of transconductance in the VGS range –50 to +50 V. A Savitzky-Golay filter with

window size 20 and smoothing order 3 was applied to the transfer characteristics

before computing the numerical derivative dIDS/dVGS. A Transfer Length Method

(TLM), i.e. RT = 2RC + RS, was implemented using scipy.126 RC and RS were

obtained from the intercept and slope of the weighted linear regression of RT vs. L.

The weights were set to 1/RT . Refer to the Supporting Information for details on

the Raman spectra processing (Figs. 33 and 34), the numerical derivative (Fig. 38)

of the drain-to-source current (dIDS/dVGS and for the gate voltage dependent TLM

(Fig. 39).
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Abstract

The rapid expansion of the Internet of Things (IoT) has fueled the exploration of

novel materials and device architectures to meet the demands of applications such

as smart wearables, environmental sensors, and flexible displays. In this context,

graphene has emerged as a remarkable candidate due to its exceptional electronic

and mechanical properties that are suitable for the development of flexible electronic

devices. This work investigates the potential of C60- and Pentacene-doped Graphene

Field Effect Transistors (GFETs) as building blocks for complementary inverters in

digital and/or analog flexible electronic circuits. The fabricated complementary

inverters use doped graphene as the channel material for both the n- and the p-type

transistors. The channel length of the GFETs spans the range from 5 µm to 100 µm
and does not affect the measured transfer characteristic of the inverters, which is

obtained by operating the transistors between their respective Dirac points. While

the GFET-based inverters show a voltage gain of about 2× 10−2 and a bandwidth

up to 10 kHz, circuit simulations indicate that by integrating the GFETs and by

carefully designing the chip metal interconnects, the inverter could reach operating

frequencies in the GHz regime. Additionally, scaling the graphene channel length

allows to tune the cut-off frequency and static power dissipation of the inverter,

potentially meeting the requirements of specific applications.
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5.1 Introduction

Graphene-based devices have attracted significant attention due to their high mobil-

ity, flexibility and ability to conform to various surfaces.127 The recent advancements

in both the growth of large area graphene using Chemical Vapour Deposition (CVD)

and the techniques for transferring graphene onto a wide variety of substrates have

paved the way for the development of flexible graphene-based electronic devices,128

which overcome some inherent limitations of traditional Silicon-based electronics.

Further research on graphene-based digital and/or analog circuits is still needed to

enable communications and data processing functions, and thus, to fully exploit

graphene’s potential for applications in smart wearables, environmental sensors and

flexible displays.129,130 In this context, different methods to induce n- and p-type

behavior in Graphene Field Effect Transistors (GFETs) have been developed77,85,131

and implemented to fabricate electronic components such as the graphene comple-

mentary inverter, which is a fundamental building block for digital circuits that

produces an output signal that is the complement of its input signal.43,44 Here, the

exceptional charge carrier mobility in graphene is attractive for electronic devices

requiring high frequency operation on flexible and/or transparent substrates. In ad-

dition, the techniques used for the lithography of graphene and for the deposition of

organic thin films are compatible with existing electronic manufacturing workflows,

making the integration of the graphene-based inverters possible and cost-effective.

In this work, we show that n- and p-type Graphene Field Effect Transistors (GFETs),

obtained by doping CVD graphene with thin films of C60 and Pentacene,85 can be

assembled into working complemenatary inverters. The inverters were assembled

with pairs of GFETs with fixed channel width W = 5 µm and length L = 5, 10,

20, 50, 100 µm, which were fabricated on separate chips. The output and transfer

characteristics of the inverters were measured by operating the graphene transis-

tors between their Dirac points under vacuum (1×10−6mbar) at room temperature

(293K). The inverter voltage gain (2 × 10−2) and static power dissipation as a

function of the graphene channels lengths were extrapolated from the current vs

voltage (IV) measurements, while the dynamic response was obtained by applying

digital signals (up to 10 kHz) to the devices input. The circuit simulations indicate

that the fabrication of functional inverters, operating in the GHz frequency regime,

should be possible by integrating the GFETs, reducing the dielectric thickness, and

optimizing the metal interconnects.
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5.2 Results and Discussion

Figure 15: (a) Photograph of the n- (left) and p-doped (right) Graphene Field

Effect Transistor (GFET) chips assembled into one complementary inverter. The

metallic support holds the chips steady and supplies the back-gate voltage VIN .

The power supply VDD is connected to the p-type GFET drain electrode while the

source electrode of the n-type GFET is connected to ground. The inner source

and drain electrodes are connected together to form the output voltage VOUT . (b)

Optical microscope image of a representative GFET. The channel length L and

width W of this device are 50µm and 5 µm, respectively. (c) Electrical schematic of

the assembled complementary inverter (not to scale). The cross-section shows the

heavily p-doped Si Gate (G), the SiO2 dielectric (300 nm), the Ti/Au source/drain

(5 nm/50 nm) and the p- and n-type Gr channels coated with thin films of C60

and Pentacene molecules, respectively. (d) Resistance R vs. input voltage VIN

measured on a representative complementary inverter assembled with two GFETs

with L = 20 µm. Rn (blue) and Rp (red) are the resistances of the n- (left) and p-

doped (right) GFETs, respectively. Complementary behavior is shown by the grey

shaded area between the Dirac points of the two transistors. The Dirac points of

Rn and Rp are approximately −5V and 28V, respectively.

Fig. 15a shows the complementary inverter assembled with pairs of n- and p-type

Graphene Field Effect Transistor (GFET) fabricated on separate chips. The electri-

cal probes were used to (i) supply VDD = 1V to the source electrode of the p-type

GFET, (ii) connect the source electrode of the n-type GFET to ground, and (iii)

join the drain electrodes of the two GFETs and measure the output voltage VOUT ,
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in formula,

VOUT = RnI =
VDD

1 + Rp

Rn

(4)

where Rn,p(VIN) are the resistances of the n- and p-type graphene channels, re-

spectively. The input voltage VIN was provided by the metallic support which is

in direct contact with the heavily p-doped Si substrate. Fig. 15b shows an opti-

cal microscope image of a representative GFET with graphene channel dimensions

L = 50 µm and W = 5 µm. The CVD graphene was transferred on top of the lat-

eral Ti/Au electrodes and subsequently patterned by ebeam lithography. Fig. 15c

shows the electrical schematic and cross-section of two GFETs used to assemble a

complementary inverter. The n- and p-type GFETs were obtained by thermal evap-

oration of thin films of Pentacene (blue circles) and C60 (red circles) on graphene

(dashed black line), as previously reported.85 Fig. 15d shows the transfer resis-

tances Rn = VOUT/I in blue, and Rp = (VDD − VOUT )/I in red, as a function of the

input voltage VIN , for a fixed VDD voltage of 1V. The Dirac points of the n- and

p-doped graphene were found at approximately −5V and 28V. We note that the

two GFETs operate as a complementary inverter in the grey shaded region between

the Dirac points. In this region, the C60 and Pentacene doped GFETs show p- and

n-type behavior, respectively. Their resistances at the respective Dirac points are

Rn ≈ 13 kΩ and Rp ≈ 16 kΩ and the resistances ratio is Rp/Rn ≈ 0.4 at −5V, while

it is Rp/Rn ≈ 2.4 at 28V. Therefore, based on Eq. 4, the output voltage swing of

the inverter should be limited to ca. 0.3− 0.7 V . The field-effect mobility:

µ =
Lgm

WCGSVDS

(5)

was extrapolated using the maximum of the transconductance gm =

max(dIDS/dVGS).
85 The electron and hole mobilities were approximately µe ≈ 1000

cm2V−1s−1 and µh ≈ 2000 cm2V−1s−1 for the n-type and p-type transistors, respec-

tively. This relatively high carrier mobility, combined with the mechanical properties

of graphene, is attractive for applications requiring high speed operation on flexible

substrates.
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Figure 16: (a) Output voltage VOUT (solid line) and voltage gain A (dashed line) vs.

input voltage VIN of a representative complementary inverter assembled with two

GFETs with L = 20 µm. (b) The static power dissipation of the inverter (black)

and the power dissipated by the transistors through Rp (red) and Rn (blue). The

dynamic response of the inverter is obtained by applying digital signals with low and

high logic levels of 0V and 20V (grey dashed area). (c-e) Dynamic response of the

the complementary inverter assembled with two representative GFETs with L = 20

µm and for VDD = 1 V. The input signal VIN (black) frequency is: (c) f = 100Hz,

(d) f = 1kHz, and (e) f = 10 kHz. The output voltage VOUT is shown in red.

Fig. 16a shows the output voltage VOUT as a function of the input voltage VIN (solid

line) of the inverter with L = 20 µm for both GFETs channels, for a fixed VDD = 1

V . The voltage gain A = |dVOUT/dVIN | is indicated by the dashed line. The device

shows the characteristics of an inverter with a measured output voltage swing of

about 0.28− 0.75 V and a maximum voltage gain of 2× 10−2. It is worth noticing

that an inverter with a voltage gain lower than unity is not functional for applica-

tions because it attenuates the input signal instead of amplifying it, resulting in a

weaker output. Furthermore, it cannot be cascaded with other inverters since each

stage would further reduce the voltage magnitude, leading to cumulative signal at-

tenuation and rendering the cascaded system unusable. A voltage gain greater than

unity could be achieved by optimizing the GFETs gate dielectrics and increasing
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the supply voltage VDD,
44 resulting however in an increase of the power dissipation.

Fig. 16b shows the static power dissipation (P = VDDI) of the inverter in black,

the power dissipated by Rp in red and the power dissipated by Rn in blue. The

static power dissipation of the inverter, which is the sum of the power dissipated

by Rn and Rp (P = RnI
2 + RpI

2), is about 50 µW and roughly independent from

VIN , and thus, the static power dissipation is substantial compared to conventional

CMOS inverters. Therefore, the graphene inverters can only be employed for ap-

plications requiring high speed operation and where the power dissipation is not a

concern. Figs. 16c-e show the dynamic response of the inverter to digital signals

with frequencies of 100Hz, 1 kHz and 10 kHz. The inverters characteristic shows well

defined and stable output logic levels up to 10 kHz, where the signal distortion is

attributed to low-pass filter of the high-voltage amplifier that was used to generate

VIN with a high logic level of 20V. We note that the input voltage can be decreased

by reducing the thickness of the SiO2 dielectric and the voltage supply adjusted,

enabling a matching of the input and output voltage levels to achieve a functional

inverter.

Figure 17: Transfer characteristics of the complementary inverters. (a) VOUT (solid

lines) and voltage gain A (dashed lines) vs. VIN and (b) Static power dissipation P

vs. VIN of the inverters with channel length L = 5, 10, 20, 50 and 100 µm and width

W = 5 µm. (c) Static power dissipation P (circles) and voltage gain A (squares)

of the graphene complementary inverter vs. channel length L. The solid grey line

shows the 1/L trend of the static power dissipation. The dashed grey guideline

indicates the constant voltage gain. The numerical values of Vswing, A and P of the

inverters are reported in Table 4 in Appendix C.
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Fig. 17a shows the VOUT vs VIN characteristic of the inverters assembled with pairs

of GFETs with L = 5, 10, 20, 50 and 100 µm. The corresponding voltage gains

A are indicated by the dashed lines. The transfer characteristics of the different

inverters display similar output voltage VOUT , ranging from about 0.3V to 0.8V,

and maximum voltage gain A of about 2 × 10−2. Thus, the voltage swing Vswing

and gain A are not affected by the scaling of the transistors channel length L. In

contrast, the static power dissipation P ranges from about 12 µW, for the device

with the longest channels (L = 100 µm), to about 240 µW for the shortest device

(L = 5 µm), as shown in Fig. 17b. It is important to note that the relatively

high power dissipation could limit the range of applications of the graphene-based

inverters. To design devices that can meet the specific needs of applications in

flexible electronics, it is crucial to find the right trade-off between power consumption

and frequency response and thus, to understand how these parameters scale with

the dimensions of the transistors. Fig. 17c reports the static power dissipation and

voltage gain of the inverters as a function of the channel length L. We observe

that static power dissipation scales as 1/L, inversely proportional to the channel

resistance (Rn,p ≈ L/W ), while the voltage gain A is constant and about 2× 10−2.

Therefore, the static power dissipation of the inverter can be tuned by varying the

channel resistance, without affecting the output voltage swing and voltage gain. On

the other hand, an increase of the channel resistance Rn,p correspond to a decrease

of the inverter cut-off frequency. Considering the gate-oxide capacitance, i.e. Cox =

ϵ0ϵrLW/t, where ϵ0 is the vacuum permittivity, while ϵr = 3.9 and t = 300 nm are

the dielectric constant and thickness of SiO2, the cut-off frequency of the inverter

is fc ≈ 1/(2Rn//pCox) ≈ 1/L2. Accordingly, the cut-off frequency of the graphene

inverter shown in Fig. 17c, with Rn//p ≈ 4 kΩ and Cox ≈ 12 fF, is approximately

1.8GHz. Nevertheless, the the actual cut-off frequency of the inverters is limited by

the graphene channel resistance and the system load capacitance, as shown in the

following circuit analysis.

Fig. 18a shows the equivalent electrical circuit of the arbitrary signal generator

connected to the high-voltage amplifier, which has a cut-off frequency of 100 kHz and

an output resistance RHV = 10Ω (CHV = 160 nF), and of the oscilloscope channel

1, which is modeled by the parallel input resistance RCH1 = 1MΩ and capacitance

CCH1 = 20 pF. Fig. 18b shows the equivalent electrical circuit of the graphene

complementary inverter, where the gate-to-source capacitance of the single GFET is

calculated as CGS = CPAD+Cox ≈ CPAD = 5pF. Since the geometrical capacitance

of the Au metal pads CPAD is large (the surface is A = 150 µm× 150 µm), the gate-

oxide capacitance can be neglected. The drain-to-source capacitance CDS = 40 pF
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was measured with the LCR meter. The resistances Rp and Rn were modeled by a

polynomial of the form R(VIN) = aV 3
IN + bV 2

IN + cVIN + d, which coefficients were

obtained by fitting the polynomial to the data shown in Fig. 40 in Appendix C. Fig.

18c shows the equivalent electrical circuit of the output measurement setup including

the load capacitance CL, which takes into account the cables and instrumentation,

and the oscilloscope channel 2, which is modeled by the parallel input resistance

RCH2 = 1MΩ and capacitance CCH2 = 20 pF.

Figure 18: (a) Equivalent circuit of the digital signal generator including the 1V

square waveform generator, the 10x high-voltage amplifier with a 100 kHz low-pass

filter and an output resistance RHV = 10Ω, and the oscilloscope channel 1 with

RCH1 = 1MΩ and CCH1 = 20 pF. (b) Equivalent circuit of the complementary

inverter with CGS = 5pF and CDS = 40 pF. (c) Measured load capacitance CL =

250 pF and the oscilloscope channel 2, with RCH2 = 1MΩ and CCH2 = 20 pF. (d-g)

Dynamic response of the inverters to digital input signal with frequency f = 10 kHz.

(d) Measured (solid black line) and simulated (dashed red line) input voltage VIN .

(e) Measured output voltage VOUT of the inverters with channel length L = 5, 10,

20, 50 and 100µm and width W = 5 µm. (f) Simulated output voltage VOUT . (g)

Simulated output voltage VOUT for an optimized circuit, where CGS = CGD = CDS =

Cox = 12 fF.
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Fig. 18d shows the measured (solid black line) and simulated (dashed red line) input

voltage. The time constant of the system is given τ ≈ RC, where R ≈ Rp//Rn and

C ≈ CL > Cox. Accordingly, increasing the length of the graphene channels leads

to higher resistance R, and therefore, a slower time response, as shown in Fig. 18e.

On one hand, the capacitive loading of the output, which is mostly due to the

measurements instruments, can be reduced to C ≈ Cox by integrating the devices

on a single chip, and therefore, enabling an higher operational frequency. On the

other hand, the capacitance of the metal interconnects CPAD can be minimized by

implementing a local gate. This would result in a reduction of the gate-to-drain

capacitance to CGD = CPAD+Cox ≈ Cox and would avoid the loading curves circled

in red in Fig. 18f. In fact, the circuit simulation with optimized interconnects, i.e.

CPAD ≈ 0F, no longer produces these loading curves, as shown in Fig. 18g. We note

that the reduction of the dielectric thickness will not only enable the matching of

the input and output voltage levels but will also increase the gate oxide capacitance,

leading to a slower time response of the inverter.

5.3 Conclusion

In summary, the devices presented in this work, which were assembled using C60

and Pentacene doped GFETs, demonstrated the characteristics of complementary

inverters. The results set a promising base to the subsequent fabrication of an

integrated inverter. From our results, we anticipate that the fabrication of functional

inverters operating in the GHz frequency regime should be possible by integrating

the GFETs on a single chip, reducing the dielectric thickness, and optimizing the

metal interconnects, all steps being feasible with current state-of-the art fabrication

processes.
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5.4 Experimental methods

Device Fabrication

The fabrication process of Graphene Field Effect Transistors (GFETs) and the de-

position of C60 and Pentacene thin films are described. A more detailed description

of the GFETs fabrication process, including information on the Chemical Vapor

Deposition (CVD) of graphene, can be found elsewhere.82,85,132 Briefly, the CVD

graphene foils were wet transferred on Si/SiO2 (525µm / 300 nm) substrates with

pre-patterned Ti/Au (5 nm / 50 nm) electrodes. The graphene was then patterned

using e-beam lithography and Reactive ion etching (RIE) to create geometrically

defined channels with lengths L = 5, 10, 20, 50, 100 µm and width W = 5 µm. Thin

films of C60 (about 10 nm) and Pentacene (about 5 nm) were thermally evaporated

onto two separate GFET chips, which were subsequently connected with electrical

measurement probes to realize a complementary inverter.

Electrical Characterization

All the devices were measured under vacuum (1 × 10−6mbar) and at room tem-

perature (293K). A Semiconductor Parameter Analyzer Keithley 4200 was used

for the I-V characterization. The square wave signals (0 − 2 V) were generated

using a Tektronix AFG 3102 that was connected to a high-voltage amplifier (Basel

SP908) to provide the digital input voltage VIN (0 − 20 V). The positive voltage

VDD = 1V was supplied by a Yokogawa 7651 DC soruce. The input and output

voltages were measured using a Tektronix TDS 2024C oscilloscope. The device and

load capacitances were measured with a BK Precision 895 LCR meter.

Data Analysis and Circuit Simulation

Python scripts were used for the data analysis and visualization of the acquired

data. Numpy124 and Scipy126 libraries were mainly used for the processing and

fitting of the measured data. Only the continuous backward sweep of the transfer

characteristics were considered for the analysis. The measurement setup and the

complementary inverter circuits were simulated using LTspice 17.1.18.

49





6 Charge transport across Au-P3HT-Graphene

Van der Waals vertical heterostructures

This section was reproduced from the following published article.

Jacopo Oswald,a,b Davide Beretta,a Michael Stiefel,a Roman Furrer,a Alessia

Romio,a Michel Daher Mansour,d Dominique Vuillaume,d Michel Calamea,b,c.

Charge Transport Across Au–P3HT–Graphene van der Waals Vertical Heterostruc-

tures. ACS Appl. Mater. Interfaces 2022, acsami.2c13148. https://doi.org/10.

1021/acsami.2c13148.

(a) Empa, Swiss Federal Laboratories for Materials Science and Technology,

Transport at Nanoscale Interfaces Laboratory, Überlandstrasse 129, CH-8600,
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6 Charge transport across Au-P3HT-Graphene vdW heterostructure

Abstract

Hybrid van der Waals (vdW) heterostructures based on 2D materials and/or or-

ganic thin films are being evaluated as potential functional devices for a variety of

applications. In this context, the Graphene/Organic Semiconductor (Gr / OSC)

heterostructure could represent the core element to build future vertical organic

transistors based on two back-to-back Gr / OSC diodes sharing a common graphene

sheet, which functions as base electrode. However, the assessment of the Gr / OSC

potential still requires a deeper understanding of the charge carrier transport across

the interface as well as the development of wafer-scale fabrication methods. This

work investigates the charge injection and transport across Au / OSC / Gr verti-

cal heterostructures, focusing on poly(3-hexylthiophene-2,5-diyl) (P3HT) as OSC,

where the PMMA-free graphene layer functions as top electrode. The structures are

fabricated using a combination of processes widely exploited in semiconductor manu-

facturing and therefore are suited for industrial upscaling. Temperature dependent

current-voltage measurements and impedance spectroscopy show that the charge

transport across both device interfaces is injection-limited by thermionic emission

at high bias, while it is space charge limited at low bias, and that the P3HT can

be assumed fully depleted in the high bias regime. From the space charge lim-

ited model, the out-of-plane charge carrier mobility in P3HT is found equal to µ ≈
2.8×10−4 cm2/Vs, similar to the in-plane mobility reported in previous works, while

the charge carrier density results in N0 ≈ 1.16 × 1015 cm3, also in agreement with

previously reported values. From the thermionic emission model, the energy barriers

at the Gr / P3HT and Au / P3HT interfaces result in 0.30 eV and 0.25 eV, respec-

tively. Based on the measured barriers heights, the energy band diagram of the

vertical heterostructure is proposed under hypothesis that P3HT is fully depleted.
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6.1 Introduction

Hybrid van der Waals based on 2D materials and/or organic thin films are being

extensively studied2–4 for a variety of applications encompassing field effect tran-

sistors, organic solar cells,133–135 photodetectors,90,136 vertical transistors24,51,52,95

and light emitting diodes.137,138 Despite solid progress, developing a better under-

standing of the electron transport across hybrid van der Waals interfaces remains

crucial to better control functionality and enhance performance. In this context,

graphene is an excellent candidate as 2D electrode to contact organic thin films

due to its inherent ability to form π − π stacking and van der Waals bonds.139

Many studies to date aimed at unraveling the physical mechanisms behind charge

injection at Gr / OSC interfaces for applications in diverse fields of micro- and

nano-electronics:1,5, 140 typically, graphene is used as bottom electrode in barris-

tors,24,51,52,55,95,97 or transferred on top of an OSC film together with a protecting

polymer, e.g. PMMA. However, other more complex multi-layer designs could ben-

efit from graphene full potential as monoatomic thick, semi-transparent, flexible

and surface-conformal electrode. For instance, graphene could replace the base in

vertical transistors, enabling organic transistors with nanoscale channels and higher

operation frequencies that could meet the requirements of high-frequency applica-

tions, or function as inter-layer electrode in OLEDs.61,63,70,75 In this framework, the

development of large-scale photolithographic fabrication methods compatible with

hybrid architectures that exploit graphene as top or inter-layer electrode, and the

understanding and modeling of the charge transport in the latter is crucial for the

design and optimization of novel functional devices.

For this study, the authors developed a fabrication process for Au / Gr / P3HT

hybrid vdW heterostructures, where PMMA-free graphene lies on top of a p-type

OSC and functions as top electrode for the vertical stack, and investigated and

modeled the charge injection across the two interfaces, i.e. Au / P3HT and P3HT

/ Gr, by temperature-dependent I-V measurements, impedance spectroscopy and

Kelvin Probe Force Microscopy (KPFM). The charge transport across the device

was found to be described by the termionic emission (TE) assisted by image-charge

induced barrier lowering model in the high voltage regime (|V | > 1V) and by

the Space-Charge Limited (SCL) current model in the low voltage regime (|V | <
1V). The models allowed to extract the charge carrier concentration and the out-

of-plane mobility of P3HT, and the reduced effective Richardson constant of- and

the potential barriers height at- the two interfaces, ultimately making possible to

sketch the energy band diagram of the whole stack.
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6.2 Experimental Methods

Materials

Poly(3-hexylthiophene-2,5-diyl) (regio-regular (RR) > 99%, Mn = 27’000 – 45’000)

was purchased from Tokyo Chemicals and used as received to prepare solutions of

10mgmL−1 in chlorobenzene. Graphene was grown in-house by Chemical Vapour

Deposition (CVD) on copper foils with a fully automated setup. The graphene

growth protocol can be found in previously reported works.83,141,142

Fabrication

The study was conducted on a single chip including two different sets of devices:

(i) Au / P3HT / Gr vertical stacks (119 devices) and (ii) graphene bridges (34 de-

vices) (refer to Fig. 19a and 20a for a schematic of the devices architecture). The

chip was fabricated on a Si (525 µm) / SiO2 (300 nm) substrate at the Binnig and

Rohrer Nanotechnology Center (BRNC) and Empa. In both architectures, P3HT

is sandwiched between a gold (bottom) and a graphene (top) circular electrode. In

the bridge architecture, graphene is side-contacted so that one can force a current

through it to evaluate its resistance independently from the underlying P3HT film

(see Figure 2a for the electrical scheme). The chip includes devices having various

nominal diameter, i.e. 5, 10, 15, 20, 25, 30 and 50 µm. The bottom gold electrodes

are 2µm larger than the top graphene electrodes. The fabrication was done by pho-

tolithography under ambient conditions as illustrated in Figure 19b and thoroughly

described in the supporting information. Briefly, Au electrodes were deposited by e-

beam physical vapour deposition (EBPVD) and patterned by lift-off. Then, P3HT

was spin-coated at 1000 rpm for 60 s and patterned by lift-off. Finally, the CVD

graphene top electrode was wet transferred and patterned by Reactive ion etching

(RIE).

Electrical characterization

The electrical characterization at room temperature was done in dark, in air, under

vacuum (≈ 1 × 10−6mbar), using a Keithley 236 Source-Measure unit controlled

via Python. The voltage was swept in the range from −10V to 10V in steps of

50mV, with sweep rate of ca. 100mV s−1 and internal averaging of 20ms, keeping

the bottom Au electrode on ground. The graphene resistance was characterized in

graphene bridge devices by sweeping the voltage in the range from −50mV to 50mV

in steps of 1mV, with sweep rate of ca. 3mV s−1 and internal averaging of 20ms.

The temperature-dependent I-V traces were collected in the range 200K to 300K
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in steps of 5K in a Lakeshore probe station (CRX-6.5K) operating under vacuum

(≈ 1 × 10−6mbar), in dark. The electronics comprised an AdWin Gold II ADC-

DAC unit operating at 100 kHz and a low-noise current to voltage converter (Basel

SP983C). The ADC-DAC was controlled via Python. The voltage was swept in the

range from −10V to 10V in steps of 0.1V, with internal averaging of 20ms and

delay between source and measure of 100ms, corresponding to an effective voltage

sweep rate of ca. 0.8V s−1.

Impedance spectroscopy was carried out on one representative device per area using

an Agilent 4294a Precision Impedance Analyzer controlled via Python, from 40Hz

to 1MHz in 201 steps, in dark, under vacuum (≈ 1 × 10−6mbar), with oscillator

level set to 100mV. Open/short compensation was performed after the acquisition

and following the Agilent impedance measurement handbook.89 To this purpose,

devices for the open/short compensation were designed and fabricated on the same

chip.

KPFM measurements were carried out at room temperature in air (22 °C and 35%

relative humidity) with a Dimension 3100 (Bruker), using a Pt / Ir tip. Topography

(tapping mode AFM) and KPFM images were recorded using a standard two-pass

procedure, in which each topography line acquired in tapping mode is followed by

the acquisition of CPD (contact potential difference between the tip and the sample)

data in a lift mode. Since the CPD images on Au, Gr and P3HT are acquired with

the same tip, the interface barrier energy is directly given by the difference in the

CPD values, i.e., ΦB,Gr/P3HT = q(CPDGr − CPDP3HT ), where q is the electron

charge.

Raman spetroscopy

Raman spectra were acquired in ambient conditions using a 532 nm excitation wave-

length with a WITec Alpha 300R confocal Raman microscope mounting a LD 100x

objective (Zeiss EC Epiplan-Neofluar Dic, NA = 0.75) and a 300mm lens-based

spectrometer (grating: 600 g/mm) equipped with a TE-cooled charge-coupled de-

vice (Andor Newton). P3HT powder and films spectra were acquired by averaging

over a 5 x 5 µm2 area with a laser power and integration time of 0.1mW and 0.1 s,

while graphene spectra with laser power and integration time of 1mW and 10 s.

Atomic Force Microscopy (AFM)

AFM height and phase images were collected in tapping mode in ambient conditions

using a Bruker Icon AFM equipped with a TESPA-V2 cantilever with a tip apex

radius of 7 nm (resonant frequency: 320 kHz, spring constant 37Nm−1).
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FIB-SEM

The device cross-section was prepared by means of a FEI Helios 660 G3 UC FIB

/ SEM-System. Prior to cutting a protective layer of Platinum was deposited in a

two-step process, first by electron induced deposition (3 keV, 800 pA), followed by

ion induced deposition (30 keV, 230 pA) in order to prevent ion induced damage to

the layers of interest. The cross-section was cut in a 30 kV gallium ion beam at an

ion current of 47 nA. The cross-section was sequentially polished at different ion

currents, down to a minimal current of 790 pA.

Modeling, fitting and plotting

Modeling, fitting and plotting of the data were done in Python. Three main libraries

were used (i) numpy polyfit,124 for the estimation of graphene series resistance, (ii)

scipy curve fit,126 for the SCL and TE modeling and (iii) impedance.py143 for the

circuit modeling and fitting of the impedance analysis measurements.
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6.3 Results and Discussion

Figure 19: (a) 3D schematic of a representative Au / P3HT / Gr heterostructure

(not in scale). (b) Schematic of the fabrication process. AFM (c) height and (d)

phase images of a representative 20µm device. (e) SEM of a FIB cut cross-section

of a representative Au / P3HT / Gr heterostructure in the center of the device. (f)

Raman spectra of P3HT powder (blue line) and of a representative Au / P3HT /

Gr device (dashed green line). The optical image shows the acquisition position of

the spectra (the red scale bar is 10µm). The inset shows the Raman spectra of a

device graphene against the Raman spectrum of a representative CVD graphene on

SiO2.

Figure 19a shows the schematic of a Au / P3HT / Gr heterostructure, fabricated ac-

cording to the procedure illustrated in Figure 19b and described in the Experimental
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methods and in the supporting information. Figures 19c-d show the AFM height

and phase images of a representative device having a diameter of 20µm, where a

white dashed line marks the contour of the graphene and a black dashed line marks

the Au side-electrode. The thickness of the Au / P3HT / Gr stack in the center

of the device is ca. 130 nm as measured by AFM (see Appendix D). Given that

the bottom Ti / Au electrode is 35 nm thick, the thickness of the P3HT film is ca.

100 nm. Figure 19e shows a cross-section of the Au / P3HT / Gr stack in the center

of the device. Starting from the bottom, one can distinguish: Si (525 µm), SiO2

(300 nm), Ti (5 nm), Au (30 nm) and P3HT (100 nm) as annotated in the figure.

The Graphene electrode is too thin to be visible in the cross-section. Figure 19f su-

perimpose the Raman spectrum of the P3HT powder as received, with the Raman

spectrum of the Au / P3HT / Gr stack. The vibrational modes of P3HT are found

at 728, 1180, 1208, 1381 and 1452 cm−1, in agreement with the literature.144,145

The vibrational modes of graphene are not discernible from P3HT for three reasons:

(i) the G and D peaks of graphene are hidden by the overlapping modes of P3HT

at 1381 and 1452 cm−1, (ii) the 2D peak is hidden by the strong background sig-

nal of P3HT and (iii) the P3HT is much thicker than graphene, therefore resulting

in a much stronger spectral signal. Therefore, the Raman spectrum of graphene

was measured on SiO2, in close proximity to the Au contact. The graphene Ra-

man spectrum is shown in the inset of Figure 19f against the Raman spectrum of

a representative CVD graphene on SiO2. The characteristic G (1580 cm−1) and 2D

(2680 cm−1) peaks of graphene146 are identified, as well as the D (1350 cm−1) peak,

possibly due to defects induced by the fabrication, and an additional peak at 1445

cm−1, most likely due to P3HT or resist residues. The AFM, SEM and Raman data

demonstrate that the fabrication process is compatible with P3HT and graphene

and therefore suitable for the fabrication of vertical van der Waals devices based on

these materials.

58



6 Charge transport across Au-P3HT-Graphene vdW heterostructure

Figure 20: (a) Device schematics and electrical schemes of the Au / P3HT / Gr

stack and of the graphene bridge devices. Rs is the graphene series resistance, R is

the out-of-plane resistance and C is the geometrical capacitance of the device. (b)

Distribution of Rs in vacuum and in vacuum after annealing (17 samples). The inset

shows two representative I-V traces of side-contacted graphene. The resistance is

calculated from the linear fit (dashed lines). (c) Current density of representative

devices with diameter 5, 10, 15, 20, 25, 30 and 50 µm. The inset shows the same

traces on log scale. (d) Temperature dependent J-V characteristic of a 5µm device

from 200K to 300K in steps of 5K. The inset shows the Richardson plot for 5V

and −5V

The electrical properties of OSCs are very sensitive to the environment. Figure

43 shows the J-V traces of a representative 10 µm device measured in ambient, in

vacuum and in vacuum after annealing at 110 °C for 12 h. The current density is

higher in ambient and it decreases in vacuum, reaching a minimum after annealing,
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with peak current density at −10V going from 5.4×105A/m2 to 1.5×105A/m2. The

traces are asymmetric: defining the rectification ratio as RR = J(−10V )/J(10V ),

the latter increases from RR = 1.9 in ambient, to RR = 2.6 in vacuum and finally

RR = 19.2 in vacuum after annealing. This trend is ascribed to the graphene and

P3HT de-doping: it is known that P3HT is doped by O2,
147 while Graphene is doped

by O2 and H2O,107–109 and that their doping level can be reduced by annealing

under vacuum.148,149 Accordingly, an annealing under vacuum shifts the Fermi

level of graphene, resulting in a re-alignment of the energy bands at the OSC /

graphene interface, which leads to the observed change in the rectification ratio.

The hypothesis is further supported by the graphene resistance shown in Figure

20b: the graphene / Au interface is Ohmic and the graphene resistance increases

after vacuum exposure and annealing.

In order to minimize the variability among different devices due to uncontrolled

doping of P3HT and graphene, the charge transport analysis that follows was done

in vacuum after annealing for 12 h at 110 °C. Figure 20c shows the current density

of five representative devices, one per device area, measured in vacuum after an-

nealing (see supporting information for the J-Vs of all devices). The current density

is calculated assuming the area of the (smaller) graphene electrode (J = I/AGr).

The current density variability falls within ca. one order of magnitude (between

7.3 × 104 and 2.6 × 105 at −10V, and between 3.1 × 103 and 2.3 × 104 at 10V)

and all J-Vs display the same shape. This suggests that the scaling of the device,

from 50 µm down to 5 µm in diameter, does not affect the transport mechanism, and

that the variability between devices is due to fabrication uncertainties. In all mea-

surements conditions, and for both positive and negative bias, the current density

grows exponentially with the applied voltage above a certain threshold. This trend

is typically described by a variety of analytical models that allows to extract trans-

port parameters (e.g. charge carrier mobility and density, and the energy barriers

at the interfaces). Among these models are the termionic emission (TE) assisted

by image-charge-induced potential barrier lowering,150 the Poole-Frenkel Emission

(PFE)150 and the Modified TE (MTE) for graphene/semiconductor interfaces.50,151

The fittings of the J-Vs with the PFE model (not reported) were found to return

relative dielectric permittivity of P3HT around 20-40, i.e. about one order of mag-

nitude larger than what discussed in the literature.152–154 Therefore, the PFE model

was excluded from the analysis. The hypothesis of the MTE model requires that

the charge at the graphene / semiconductor interface depends on the bias. However,

the capacitance measurements discussed in the following show that the organic semi-

conductor is fully depleted. Hence, the charge at the interface is bias independent
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and therefore the MTE model was not considered for the analysis that follows. The

TE model has been successfully applied to metal-OSC interfaces48,155–157 and was

found to be in good agreement also with the measurements of this work in the high

voltage regime, that is |V | > 1V . According to the TE model, the J-V traces shown

in Figure 20c are the reverse currents of the Au / P3HT and Gr / P3HT interfaces

for negative and positive bias, respectively. The reverse current reads:150

J = A∗∗T 2 exp

[
−
q(ϕB −

√
qV/4πϵ0ϵrt

kT

]
(6)

Where A∗∗ is the reduced effective Richardson constant, T is the temperature, q

is the elementary charge, ΦB is the barrier height potential, ϵ0 is the vacuum per-

mittivity, ϵr is the P3HT dielectric permittivity, kB is the Boltzmann constant, t

the thickness of the device, and V ′ = V − RsI is the applied voltage V minus the

voltage that drops over the graphene (series) resistance Rs. The RsI term becomes

relevant when the out-of-plane resistance of Au / P3HT / Gr is comparable to Rs,

which typically happens for V < −5V and device diameter larger than 10 µm (see

Fig. 47). At lower bias voltage, the J-V traces do not agree anymore with the TE

model, but they show the typical trap free Space-Charge-Limited (SCL)150,158,159

dependency where, on the one hand, if the charge carrier density at the contact

N0 is larger than
√
Jϵ0ϵr/2µtq2, where is the charge carrier mobility of the organic

semiconductor, then

J =
9

8
ϵ0ϵrµ

V 2

t3
(7)

and on the other hand, if N0 smaller than
√

Jϵ0ϵr/2µtq2 then

J = qµN0
V

t
(8)

From Eq. 6, 7 and 8, one can extract the barrier height, the mobility, and the

charge carrier density at the interfaces, provided knowledge of ϵr and A∗∗. The ef-

fective Richardson constant A∗∗ can be obtained from temperature-dependent mea-

surements through the Richardson plot (ln(J/T2) vs. 1/T), while the dielectric

permittivity ϵr can be either taken from literature or extracted from capacitive mea-

surements under hypothesis of fully depleted semiconductor. Since the extraction

of the barriers height is sensitive to ϵr and since the latter depends on the measure-

ment environment, it is beneficial to measure the dielectric permittivity of P3HT
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on the system under study, if possible. Given that the charge carrier density of un-

intentionally doped organic P3HT films is typically in the range of 1× 1017 cm−3 to

1×1018 cm−3,147,149 and that the doping concentration is usually reduced to roughly

1× 1015 cm−3 by annealing in vacuum,149,160 the P3HT can be safely assumed fully

depleted and therefore ϵr extracted from impedance spectroscopy. This hypothesis

can be assessed by measuring the capacitance of the heterostructure as a function of

the applied bias: if the capacitance does not depend on the bias, then the depletion

region extends over the entire thickness of the device.

A was extracted from the Richardson plot of a representative device having diameter

of 5 µm at bias ±5 V, such that the graphene series resistance Rs was negligible

compared to the out-of-plane resistance of the stack and therefore V ′± 5 V = V ± 5

V. Figure 20d shows the J-V characteristics as a function of temperature, from 200K

to 300K in steps of 5K. The current density increases with temperature, peaking at

−10V from 1× 104A/m2 (200K) to 9.5× 104Am−2, (300K) while the J-Vs exhibit

the typical exponential character of the TE model over the whole temperature range.

The inset of Figure 20d shows the Richardson plot for bias 5V (hole injection from

Gr) and bias −5V (hole injection from Au). From the intercept of the linear fit,

the reduced effective Richardson constants results in A∗∗
Gr/P3HT = 4.3Am−2K−2 for

hole injection from Gr and A∗∗
Au/P3HT = 20.5Am−2K−2 for hole injection from Au,

similar to the values previously reported for metal / OSC155,156 and Gr / OSC50

interfaces. It is worth observing that A∗∗ could be extracted from the Richardson

plot in the whole voltage range where the J-V is exponential and Rs is negligible.

However, Figure 48 shows that: (i) A∗∗ does not vary significantly in that voltage

range, and (ii) that the potential barriers height extracted from the fittings do not

depend significantly on the particular choice of A∗∗. Therefore, the chosen values of

A∗∗ did not affect the results of this work.
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Figure 21: Impedance analysis. Modulus (a) and phase (b) of a representative

20 µm device: data (circles), R||C model fit (dashed lines) (c) Resistance R and

capacitance C extracted from the R||C model fit at different biases. R and C are

not calculated in the SCL region and for V < −7.5 V, where the cut-off frequency

fc is outside the measurement range. (d) Extracted R and C values for the devices

with diameter: 5, 10, 15, 20, 25, 30 and 50 µm. The green dashed line is the linear

fit of the capacitance vs. area. (e) ϵr vs. device diameter (error bars calculated as

described in the supporting information).

The dielectric permittivity ϵr was extracted from the impedance spectroscopy on

a representative device per device area. Figures 21a-b show the impedance of a

representative device having diameter of 20 µm, in the frequency range 40 Hz – 1

MHz, for positive bias (refer to the supporting information for the impedance for

negative biases). The impedance exhibits the typical behavior of an R||C circuit.

The resistance R and the capacitance C of the system are therefore extracted by

fitting the experimental data with a non-ideal capacitor model R||C, and are re-
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ported in Figure 21c. The high negative voltage range corresponding to V < −7V

was not fitted because the cut-off frequency of the system is beyond 1MHz (upper

limit of the measurement range). The low voltage region (|V | < 1V) was also not

considered because the space-charge would result in a capacitance 3/2 larger than

the geometrical one.159 The resistance decreases with the applied bias, from 80.7MΩ

at 1V to 791 kΩ at 10V, possibly due to the image-charge-induced potential barrier

lowering, while the capacitance is bias-independent around 80 fF, confirming that

the organic semiconductor is fully depleted.161 The dielectric constant of P3HT

is estimated from the geometrical capacitance (i.e. C = ϵ0ϵrA/t, where A is the

area of the graphene electrode), without considering the edge effects and assuming

a nominal thickness of 100 nm (see Fig. 42), resulting in ϵr ≈ 3, in agreement with

previously reported values for P3HT.19,152–154 Figure 21d shows that the resistance

and the capacitance scale as 1/A and A, respectively. It is worth observing that the

dielectric constant calculated for small devices is affected from large error due to

geometrical variability as reported in Fig. 21e.
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Figure 22: (a) Current density across a 20 µm large Au / P3HT / Gr device. Exper-

imental data are represented by small grey circles. Corrected data (orange and blue

large circles) takes into account for the graphene series resistance. The graph shows

the fitting results of the SCL current (green dashed lines) and TE (blue dashed

lines). The inset shows the ±1V region where the space-charge effect is limiting

the current across the heterostructure. (b) Current density shown in (a) but in

logarithmic scale. Current density for positive and negative biases is represented

by orange and blue circles, respectively. (c) Band diagram of the Au / P3HT / Gr

heterojunction illustrating the charge transport regimes.

Given A∗∗ and ϵr, one can finally use Eq. 6, 7 and 8 to fit the experimental J-Vs

and extract ϕB, µ, and N0, as anticipated above. Figure 22a shows the J-V curve

of a representative device having diameter of 20µm. The grey circles represent the

raw data, while the orange and blue circles are the processed data for the positive

and negative biases, respectively, where V is replaced by V ′ = V − RsI. The
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barrier height and Rs are obtained by a parametric fit of the TE model (Eq. 6)

in Rs of the processed data in the high voltage regime (|V | > 1V), where Rs

spans the interval 0-100 kΩ in steps of 100Ω. The fit result in Rs = 15.4 kΩ,

ϕB,Gr/P3HT = 0.31 eV and ϕB,Au/P3HT = 0.25 eV , giving a built-in potential of about

60meV. The barriers height measured by KPFM in ambient on a representative

device resulted in ϕKPFM
B,Au/P3HT = 0.10 ± 0.03 eV and ϕKPFM

B,Gr/P3HT = 0.16 ± 0.03 eV,

which differ from those extracted from the fit of the J-Vs, although follow the same

trend ϕKPFM
B,Gr/P3HT > ϕKPFM

B,Au/P3HT (refer to the Appendix D for details on the KPFM

measurements). This inconsistency should not surprise, as the KPFM strongly

depends on the purity of the surface and therefore on the measuring environment,162

which differ from the environment of the J-V measurements. Nevertheless, the built-

in potential measured by KPFM matches the value obtained from the fitting of the

J-V curves. This could be ascribed to a similar shift in the graphene and gold

work functions, such that the built-in potential of the stack depends mostly on the

doping ofP3HT when exposed to air.147,148 It is worth observing that ϕKPFM
B,Au/P3HT

differs from previously reported values for Au / P3HT interfaces measured with

other techniques or in different environments,163,164 ultimately pointing to the fact

that the estimation of the barrier height is very sensitive to both the measurement

conditions and the measurement method. The inset of Figure 22a shows the current

density in the low voltage regime (|V | < 1V). Since the built-in potential is very

small, the flat-band condition is very close to the equilibrium condition. Therefore,

the SCL is observed for small biases, in agreement with Eq. 7. Fitting the current

density for negative biases with Eq. 7 results in an out-of-plane hole mobility of

µ ≈ 2.4 × 10−4 cm2V−1s−1, similar to previously reported values for in-plane hole

mobility in P3HT.149,160 Fitting the current density for positive biases with Eq. 8

gives the density of charge carriers at the Gr / P3HT interface, which corresponds

to the intrinsic carrier concentration of P3HT (see Appendix D). This results in

N0 ≈ 1.1×1015 cm−3 , also in agreement with previously reported value for intrinsic

P3HT in vacuum.149,160 In the SCL model, the charge carrier density at the contacts

depends on the density of states in the semiconductor and on the potential barrier

height at the interface. From N0, one can therefore calculate the charge carrier

density at the Au / P3HT interface, resulting in ≈ 1.2× 1016 cm−3. The difference

between N0,Au/P3HT and N0,Gr/P3HT , is in agreement with the experimental evidence

that J ≈ V for positive bias and J ≈ V 2 for negative bias (see the Appendix D for

a discussion). The J-Vs dependency are especially clear in the inset of Figure 22a

and in Figure 22b.

Figure 22c shows the energy band diagram of the Au / P3HT / Gr heterostructure
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sketched using the barrier heights extracted from the fit of the J-Vs, and assuming

that the P3HT is fully depleted, as proven by capacitive measurements. The cur-

vature of the HOMO and LUMO levels in proximity of the interfaces qualitatively

describes the potential barrier lowering due to image charge effect. The Fermi level

of P3HT lies close to the HOMO level, as expected from Fermi level pinning due to

interface states.106,165

Space-charge model Thermionic emission model

(|V | < 1V ) (|V | > 1V )

d t N0 µ Rs ΦB,Gr/P3HT ΦB,Au/P3HT

(µm) (nm) (1× 1015 cm−3) (1× 10−4 cm–2V–1s–1) kΩ (eV) (eV)

5 130 0.94± 0.40 4.36± 0.61 35 (fixed) 0.30± 0.02 0.25± 0.01

10 120 1.14± 0.12 3.72± 0.92 35 (fixed) 0.29± 0.01 0.25± 0.01

15 100 1.11± 0.26 2.26± 0.21 42.0± 7.9 0.31± 0.01 0.26± 0.01

20 100 1.13± 0.26 2.37± 0.09 19.1± 10.9 0.31± 0.01 0.25± 0.01

25 100 1.44± 0.37 2.41± 0.21 24.6± 16.5 0.30± 0.01 0.25± 0.01

35 100 1.16± 0.26 2.13± 0.08 12.7± 6.4 0.30± 0.01 0.25± 0.01

50 100 1.20± 0.14 2.32± 0.09 11.2± 12.8 0.29± 0.01 0.25± 0.01

all 100 1.16± 0.65 2.80± 2.17 25.6± 24.3 0.30± 0.02 0.25± 0.02

Table 2: Statistics of the Fitting Parameters. The average on five devices is

given for N0, µ, Rs, and Φ. The reported error is the min/max value.All SCL

and TE model fits were done using ϵr ≈ 3, A∗∗
Gr/P3HT = 4.3Am−2K−2 and

A∗∗
Au/P3HT = 20.5Am−2K−2. The series resistance of the 5 µm and 10 µm devices

is very small compared to the device out-of-plane resistance. In order to prevent the

fitting algorithm to maximize Rs, the latter was set to 35 kΩ for 5µm and 10 µm
devices. Figure S5 shows the current density and the fits of various devices.
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6.4 Conclusion

This work demonstrates a potentially upscalable fabrication process for Au / P3HT

/ Gr VdW heterostructures on Si / SiO2 and describes the charge injection and

transport mechanism across the heterostructures. The device output characteristic

is independent from the device size for device diameters from 50 µm down to 5µm,

making device downscaling accessible and possibly limited solely by lithography

resolution.

Impedance spectroscopy measurements shows that the P3HT is fully depleted in

the high bias regime (|V | > 1V or |V |/t > 10MVm−1) and therefore the dielectric

constant of P3HT is determined from the geometrical capacitance of the devices,

resulting in ϵr ≈ 3. The electrical transport measurements show that the charge

injection across the Au / P3HT and Gr / P3HT interfaces is dominated by TE in

the high bias regime (|V | > 1V), with potential barriers of ΦB,Gr/P3HT = 0.30 eV

and ΦB,Au/P3HT = 0.25 eV, respectively, and by SCL current in the low bias regimes

(|V | < 1V). The intrinsic carrier concentration and the out-of-plane hole mobility

of P3HT, determined by fitting the J-Vs in the low bias regime with the SCL model,

resulted in µ ≈ 2.8×10−4 cm2V−1s−1 and N0 ≈ 1.16×1015 cm−3, similar to literature

values extracted from in-plane FET measurements. The energy band diagram of the

heterostructure shows that the interface traps/defects pin the Fermi level very close

to the HOMO level of P3HT. Since the current in Au / P3HT / Gr heterostructures is

injection-limited, the hole mobility of P3HT does not limit the operating frequency of

the stack, which exceeds 1MHz for bias approaching 10V. Higher cutoff frequencies

could be achieved by making Ohmic the contact between the electrodes and P3HT,

for instance by introducing a (heavily) doped OSC layer between the electrodes and

the OSC, such as F4TCNQ- or F6TCNNQ-doped P3HT.

Overall, this work shows that graphene can be implemented as top or inter-layer

electrode in vertical devices based on multi-layer Van der Waals heterostructures.

For instance, the charge injection between gold and P3HT could be optimized to

achieve high operating frequencies, while the Gr / P3HT interface kept as is to

exploit its rectifying nature. With graphene acting as a permeable electrode, the Gr

/ P3HT heterostructure studied in this work could become the core element to build

future vertical organic transistors based on two back-to-back Gr / P3HT diodes.
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7 Field- and Thermal-Emission in Au-C60-Graphene vdW heterostructure

Abstract

Among the family of 2D materials, graphene is the ideal candidate as top or in-

terlayer electrode for hybrid van der Waals heterostructures made of organic thin

films and 2D materials due to its high conductivity and mobility, and its inherent

ability of forming neat interfaces without diffusing in the adjacent organic layer.

Understanding the charge injection mechanism at graphene/organic semiconductor

interfaces is therefore crucial to develop new organic electronic devices. In particular,

Gr / C60 interfaces are promising building blocks for future n-type vertical organic

transistors exploiting graphene as tunneling base electrode in a two back-to-back

Gr / C60 Schottky diodes configuration. This work delves into the charge transport

mechanism across Au / C60 / Gr vertical heterostructures fabricated on Si/SiO2

using a combination of techniques commonly used in the semiconductor industry,

where a resist-free CVD graphene layer functions as top electrode. Temperature-

dependent electrical measurements show that the transport mechanism is injection

limited and occurs via Fowler-Nordheim tunneling at low-temperature, while it is

dominated by a non-ideal thermionic emission at room and high temperatures, with

energy barriers at room temperature of ca. 0.58 eV and 0.65 eV at the Gr / C60

and Au/C60 interfaces, respectively. Impedance spectroscopy confirms that the or-

ganic semiconductor is depleted and the energy band diagram results in two electron

blocking interfaces. The resulting rectifying nature of the Gr / C60 interface could

be exploited in organic hot electron transistors and vertical organic permeable-base

transistors.
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7.1 Introduction

Graphene is the ideal candidate as top or interlayer electrode for hybrid van der

Waals heterostructures made of organic thin films and 2D materials due to its high

conductivity and mobility, and its inherent ability of forming neat interfaces with-

out diffusing in the adjacent organic layer, in contrast to commonly used metal

electrodes.81 Graphene-organic hybrid devices have been widely explored1 for their

potential use in various applications, including organic light-emitting diodes,137,138

organic photovoltaics,133,134 and vertical organic transistors.24,51,52,55,95,97 Never-

theless, new techniques and large-area fabrication methods still needs to be devel-

oped for effectively incorporating graphene as a top and/or interlayer electrode in

hybrid organic devices. In fact, graphene is typically implemented as a gateable

bottom electrode into barristors.24,51,52,55,95,97 However, more complex multilayer

architectures could exploit the unique properties of graphene, i.e. optical trans-

parency,166 flexibility,167 and ability to conform to three-dimensional and/or rough

surfaces.168 For instance, graphene could be implemented as the base electrode in or-

ganic hot electron transistors, where ultra-thin organic layers are required, or replace

the metallic base electrode in vertical organic permeable-base transistors.61,70 This

would enable flexible vertical organic transistors operating at high frequencies75 that

are suitable for applications such as wearable electronics with communication func-

tions, or RF tags. Flexible vertical transistors could also be vertically integrated in

OLEDs,70 enabling high resolution organic displays with enhanced contrast. Within

this framework, understanding the charge transport mechanisms occurring at the

interface between graphene and Organic Semiconductor (OSC) is crucial for the

development of new graphene-based optoelectronic devices.1,5, 140

The fabrication techniques presented in this work are similar to what previously

reported for vertical vdW heterostructures made of the p-type polymer P3HT and

CVD grown graphene.82 In this case, however, the graphene sheet is transferred on

top of a thermally evaporated thin film of small molecules, i.e. the n-type organic

semiconductor C60, and subsequently patterned into the top electrode. The fabrica-

tion processes combines techniques commonly used in the semiconductor industry,

and therefore it can be up-scaled to wafer-level. The charge injection mechanisms

at the interfaces, i.e. Gr / C60 and Au / C60, are investigated by temperature-

dependent I-V measurements and impedance spectroscopy. The current-voltage

characteristic is modeled by the Double Schottky Barrier (DSB) model at room and

high temperature (above 300K) and by FN tunneling at low temperature (below

100K). The energy barriers height at the Gr / C60 and Au / C60 interfaces is ex-

tracted from the DSB and from the FN tunneling models, while the static dielectric
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constant of C60 is determined by impedance spectroscopy. The study concludes

with the energy band diagram of the heterostructure explaining the charge injection

at the two interfaces.

7.2 Results and Discussion

Figure 23: (a) 3D schematic of the Au / C60 / Gr vertical heterostructure (not to

scale). Adapted from Oswald, J. et al. ACS Appl. Mater. Interfaces 2022.82 (b)

AFM height image and profile of a representative 10µm device. (c) Cross-section

SEM image of the Au / C60 / Gr heterostructure cut at the center of the graphene

top electrode, parallel to the AFM profile shown in (b). (d) Raman spectra taken

at different locations of the device, marked by colored crosses in Figure 23b. The

vertical lines with different colors refer to the characteristic Raman peaks of Si, Gr

and C60.
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This study was performed on one chip that includes two distinct groups of de-

vices: (i) 119 Au / C60 / Gr Vertical Stacks, with diameters spanning from 5µm
to 50 µm and C60 film thickness of 80 nm, and (ii) 34 Graphene Bridges to charac-

terize the in-plane resistance of graphene after transfer on C60. Figure 23a shows

the 3D schematic of the Au / C60 / Gr Vertical Stack, fabricated following the

protocol reported in the Experimental Methods and in Appendix E, together with

the electrical scheme implemented for the measurements, while the schematic of the

Graphene Bridge and the corresponding electrical scheme is shown in Appendix E

(Fig. 52). Figure 23b shows the AFM height image and height profile of a repre-

sentative Vertical Stack having a diameter of 10µm. From the AFM height image

one can extract the actual diameter of the graphene electrode (i.e. 10 µm), while

the height profile shows the thickness of the bottom electrodes (35 nm) and of C60

(80 nm). Refer to Appendix Appendix E for the AFM height image of a represen-

tative Graphene Bridge device (Fig. 52). Figure 23c shows a cross-section of the

Au / C60 / Gr stack, where the four visible layers are Si (525 µm), SiO2 (335 nm),

Ti/Au (5 nm / 30 nm), and C60 (80 nm). The resolution of the instrument does not

allow to observe the graphene electrode on top of the stack. Figure 23d shows the

Raman spectra taken at different locations of the device, marked by colored crosses

in Figure 23b. The Raman spectrum of CVD graphene (SiO2/Gr) shows the char-

acteristic G (1582 cm−1) and 2D (2674 cm−1) peaks, as well as the D (1340 cm−1)

peak, with a weak amplitude, possibly resulting from fabrication-induced defects.

The C60 film (SiO2/C60), the C60 film covered by graphene (SiO2/C60/Gr) and

the full stack (SiO2/Au/C60/Gr) Raman spectra are virtually identical and display

the characteristic Raman active vibrations of C60,114 i.e., Hg(1) at 264 cm−1, Hg(2)

at 431 cm−1, Ag(1) at 492 cm−1, Hg(3) at 709 cm−1, Hg(4) at 774 cm−1, Hg(5) at

1099 cm−1, Hg(6) at 1244 cm−1, Ag(2) at 1463 cm−1 and Hg(8) at 1568 cm−1. The

typical Raman scattering of Si,113 i.e. the first-order optical mode (520 cm−1) and

second-order scattering band (940 cm−1 – 980 cm−1 cm-1), due to the Si substrate,

are observed in all spectra. The results of the AFM, SEM and Raman analysis show

that the methods used to fabricate the vertical vdW devices are compatible with

Graphene and C60 and do not degrade these materials.

73



7 Field- and Thermal-Emission in Au-C60-Graphene vdW heterostructure

Figure 24: Electrical measurements under vacuum (≈ 1× 10−6mbar) at room tem-

perature (293K). (a) Average of the current-voltage characteristics measured on 5

devices for each diameter: 5, 10, 15, 20, 25, 30, and 50 µm. The shaded area rep-

resents the standard deviation. The dashed red line is the average of the DSB fits

on 5 devices per area. The figure does not display the I-V data in the range from

−5V to 5V, where the current is below the sensitivity of the instrument. The inset

shows the J-Vs on the whole measurement range. (b) Distribution of Φ01,02 and n1,2

extracted from the DSB on 35 device (5 devices for each diameter), associated to the

Gr / C60 and Au / C60 interfaces, respectively. (c) Resistance R and capacitance

C vs. applied bias, extracted from the fit of the non-ideal capacitor model. The

dashed lines are the linear fit of R and C versus bias. (d) Scaling of R and C with

device area. The inset shows the capacitance C vs. the device area S. The grey

dashed lines represent the capacitance C = ϵ0ϵrS/t, where ϵr = 3.8 is the deduced

static dielectric constant of C60, and the resistance R which scales as 1/S.
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The effects of the environment and of the device area on the charge transport are

investigated by comparing the I-V characteristics measured in air and vacuum, and

by studying the scaling relationship between the system resistance and capacitance

and the device area, where the device resistance and capacitance are obtained from

impedance measurements under vacuum. In addition, by examining the correlation

between the applied voltage and the system capacitance, it is possible to determine

whether the OSC is fully depleted and to exclude the possibility of electrostatic dop-

ing in graphene. Oxygen and moisture are known to affect the electrical properties of

C60 and graphene.107–109,169–171 In particular, oxygen and moisture typically act as

electron trap centers for C60, reducing the electrical conductivity of the film,169–171

while they typically p-dope graphene on SiO2,
107–109 as shown in Appendix E for

the Graphene Bridges devices (Fig. 53, Table 5) and as demonstrated on graphene

field effect transistors (Fig. 54). In order to desorb oxygen and water from C60 and

from the graphene surface, and therefore ensure the consistency and reproducibility

of measurements done in different systems, all measurements are done in vacuum

after annealing (Fig. 55). Figure 24a shows the average I-V traces of 5 devices

per area measured under vacuum (≈ 1 × 10−6mbar) at room temperature (293K)

after annealing for 12 h at 110 °C. To the purpose of clarity, the figure does not

display the I-V data in the range from −5V to 5V, where the current is below the

sensitivity of the instrument. The inset of Figure 24a shows that the J-V traces

of all devices overlap, and thus, that the transport characteristic is not affected by

the device area. The small variability between J-Vs is ascribed to the device inho-

mogeneities due to the fabrication. After annealing, the J-V characteristics become

very similar, while a larger variability is observed for the J-V traces taken in air and

shown in Appendix E (Fig. 56). Interestingly, the stacks become less conductive

in vacuum after annealing (Fig. 55), against what one would expect if the charge

transport were bulk limited by C60 due to oxygen and moisture desorption. This

observation suggests that the transport is not bulk-limited but injection-limited, and

that the oxygen and moisture have an impact on the energetics of the interfaces.

All J-Vs display the same non-linear and asymmetric s-shaped characteristic: the

current initially increases slowly with increasing voltage and then rapidly increases

at higher voltages; the same occurs for negative voltages, but the magnitude of

the current is higher. Similar trends are typically described by various analytical

models for the charge injection at the metal/semiconductor interface, i.e. termionic

emission (TE),150 the Modified TE (MTE) developed for graphene/semiconductor

interfaces,50,151 direct tunneling and Fowler-Nordheim (FN) tunneling.150 However,

in most cases the charge injection at the metal/OSC follows a hybrid process,156
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which includes tunneling and thermionic emission48 with deviations from the stan-

dard theory due to defects, surface inhomogeneity and image-charge barrier lowering,

resulting in a bias dependent barrier height.150,172 This hybrid process can be de-

scribed by a non-ideal Schottky diode model with ideality factor n,150 where the

reverse current is I = SA∗∗T 2 exp (−Φ/kT ), and where S is the contact area, T is

the absolute temperature, A∗∗ is the reduced effective Richardson constant, k is the

Boltzmann constant, and Φ = Φ0 ± (1 − 1/n)qV is the voltage-dependent energy

barrier with nominal barrier height Φ0 and ideality factor n, and where q is the

elementary charge. The model can be extended to a double barrier system, where

different potential barrier heights are formed at two interfaces in series. This model

is called Double Schottky Barrier (DSB) model and is described by172

IT =
2IS1IS2 sinh

(
− qV

2kT

)
IS1 exp

(
qV
2kT

)
+ IS2 exp

(
− qV

2kT

) (9)

With reference to the Au / C60 / Gr Vertical Stacks of this work, IS1,2 =

S1,2A
∗∗T 2 exp (−Φ1,2/kT ) are the reverse saturation currents, and Φ1,2 = Φ01,02 ±

(1 − 1/n1,2)qV are the voltage dependent energy barriers at the Gr / C60 and Au

/ C60 interfaces, respectively. In this model, the current is limited by the reverse

currents. When V > 0, the Gr / C60 diode (SB1) is forward biased and the Au /

C60 diode (SB2) is reversed biased. Therefore, the measured current is mostly given

by the reverse current of SB2, i.e. IS2. On the contrary, when V < 0, the current

is limited by SB1, i.e. IS1. The DSB model is applied to the I-Vs in Figure 24a

considering two different contact surfaces, i.e. S1 = π(d1/2)
2 for the graphene top

electrode and S2 = π(d2/2)
2 for the Au bottom electrode, where d1 and d2 are the

diameter of the contact area and d2 is 2µm larger than d1, while the reduced effective

Richardson constant for both interface is set to A∗∗ = 100Am−2K−1. It is worth

observing that A∗∗ is extracted from temperature-dependent measurements and it

varies in the range 1× 10−1Am−2K−1 - 1× 103Am−2K−1 depending on the device

and voltage (refer to Appendix E, Fig. 57-58 and Table 6), as typically reported

for metal / OSC interfaces.155,156 The variation of the energy barriers extracted

with different A∗∗ from the aforementioned range is less than 0.1 eV (as shown in

Appendix E, Fig. 59), and it does not affect the conclusions of this work. Figure

24a shows the DSB fits (red dashed line) of the experimental data. The dashed red

line is the average of the DSB fits on 5 devices per area (the fits of the individual

traces are shown in Appendix E, Fig. 60). Figure 24b shows the distributions of the

energy barriers Φ01,02 and ideality factors n1,2 of the Gr / C60 and Au / C60 inter-

faces, respectively. The normal distributions are given by Φ01 = (0.58 ± 0.01) eV,
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Φ02 = (0.65 ± 0.02) eV , n1 = 1.033 ± 0.002 and n2 = 1.036 ± 0.003. The poten-

tial barrier height of the Au / C60 interface is similar to previously reported value

for C60 field-effect transistors with Au electrodes.173 Impedance spectroscopy re-

veals that the Vertical Stacks exhibit the typical non-ideal capacitor characteristics.

Figure 24c shows the average (on three devices per device area) resistance R and

capacitance C of the Vertical Stacks obtained from impedance spectroscopy by fit-

ting the modulus and phase with a non-ideal capacitor model, i.e. an R//C circuit.

Refer to Appendix E for details on the fit (Fig. 61). The resistance depends on

the applied bias, as expected from the I-V characteristics, while the capacitance is

bias-independent, therefore suggesting that the C60 is fully depleted161 and that

the voltage drops linearly over the whole structure. As a consequence, the electro-

static doping of graphene (i.e. Fermi energy EF shift of graphene induced by the

applied bias) predicted by the MTE50 can be discarded, and the position of the EF

of the graphene electrode is determined solely by the chemical doping of graphene.

It is known that C60 adsorbed on graphene typically results in p-doping.120 This

is demonstrated by a comparison between field-effect measurements on a set of Gr

channels before and after deposition of C60, in Appendix E (Fig. 54). The charge

neutrality point of the graphene field transistors shifts to positive gate biases (ca.

20V) when a thin film of C60 is deposited on top of graphene, resulting in an av-

erage p-doping of about 1.4× 1012 cm−2 (refer to Appendix E, Eq. 33). Figure 24d

shows the device resistance and capacitance versus area at a fixed bias of −10V.

The resistance scales as 1/S, where S is the area of the top electrode, while the

capacitance scales as S (grey dashed lines in Fig. 24d). The static dielectric con-

stant of C60, ϵr = 3.8, is determined from the geometrical capacitance of the device

C = ϵ0ϵrS/t, where t is the thickness of the C60 film (80 nm) and ϵ0 is the vacuum

permittivity. This value is in agreement with previous works.40,41 The results of the

DSB analysis, supported by the impedance measurements, suggest that the vertical

charge transport in the Au / C60 / Gr is limited by charge injection. Further insight

on the energy barrier and charge injection mechanisms at the Gr / C60 and Au /

C60 interfaces is obtained by temperature dependent measurements.
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Figure 25: (a) Temperature dependent J-V characteristic of a representative 50µm
device from 50K to 285K. The inset shows the J-Vs on the whole measurement

range. (b) Temperature dependent current density of two representative devices

of 5µm and 50µm at fixed biases of ±9V. The inset shows the FN tunneling

model fits for J-V data at 50K. (c) Temperature dependent I-V characteristic of a

representative 50 µm device from 300K to 380K in steps of 10K. The inset shows

Φ01,n1 and Φ02,n2, extracted from the DSB model, as a function of temperature. (d)

ln(J/V 2) vs. 1/V plot and FN fits (dashed lines) at 50K for a set of devices covering

the whole diameter range, from 5 µm to 50 µm. When V < 0, charge carriers tunnel

through the energy barrier given by the Gr / C60 interface (SB1), i.e. Φ01. On the

contrary, when V > 0, charge carriers tunnel through the energy barrier given by

the Au / C60 (SB2), i.e. Φ02.
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Temperature-dependent electrical measurements are necessary to distinguish the

different charge injection mechanisms contributing to the electrical current in the

devices and possibly explain the non-ideal thermionic emission observed at room

temperature. Low and high temperature-dependent electrical measurements are

done in two different systems as described in the Methods sections, and the results

are shown in Figure 25. In particular: Figure 25a shows the J-V characteristics as a

function of temperature of a representative 50 µm device, in linear and logarithmic

scale, from 50K to 285K in steps of 5K (similar data for a representative 5 µm de-

vice are shown in Appendix E, Fig. 62); Figure 25c shows the I-V characteristics for

a representative 50µm device as a function of temperature, from 300K and 380K

in steps of 5K; Figure 25b shows the current density at ±9V for two representative

devices belonging to the smallest (5µm) and the largest set (50µm), from 285K to

50K; and Figure 25d displays the analysis for the observed low temperature injec-

tion mechanism. Figure 25b shows that while the current density depends strongly

on the temperature above 200K, in agreement with a thermally activated charge

injection mechanism, the temperature dependence becomes very weak below 200K.

The current becomes approximately temperature-independent below 100K. Figure

25c shows the I-V characteristic of a representative 50 µm in the high temperature

range between 300K and 380K. In this range, the charge injection is dominated

by thermionic emission and the DSB model can fit all I-Vs. The inset of Figure

25c shows the energy barriers Φ01,Φ02 and ideality factors n1, n2 as a function of

temperature, extracted from the DSB fit for the Gr / C60 and Au / C60 inter-

faces, respectively. The ideality factor of both interfaces decreases with increasing

temperature, indicating that the device approaches the ideal TE injection model at

higher temperatures, with values around n1 = 1.026 and n2 = 1.031. Simultane-

ously, the potential barriers height decrease with temperature. This should not come

as a surprise, as it is known that barrier inhomogeneity can lead to temperature-

dependent energy barriers.174,175 Below 100K, the J-Vs are approximately temper-

ature independent and well described by the FN tunneling mechanism under WKB

(Wentzel-Kramers-Brillouin) approximation, in formula150

J =
q3(V/t)2

16π2h̄Φ01,02

exp

[
−4t

√
2m(Φ01,02)3

3h̄qV

]
(10)

where m is the effective mass of the electron in the semiconductor and h̄ is the

reduced Plank constant. Here, the free electron mass is considered. The inset of

Figure 25b shows representative J-V traces of a representative 50 µm device and

the corresponding FN fit, while Figure 25d shows the ln(J/V 2) vs. 1/V plot at
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high bias (typically linear when |V | > 8V ) for 5, 10, 15, 20, 25, 30 and 50 µm 10

representative devices at 50K. The J-Vs are very similar, and the energy barrier

of the two interfaces can be derived from the slope of the ln(J/V 2) vs. 1/V plot

at |V | > 8V , resulting in Φ01 = (0.54 ± 0.07) eV and Φ02 = (0.60 ± 0.05) eV,

which are similar to those obtained from the DSB model fit at high temperature.

Refer to Appendix E (Fig. 63) for the I-V traces in the range from −10V to

10V. It is worth observing that the asymmetry of the J-Vs characteristics changes

from high to low temperatures. In details, the rectification ratio at ±9V , that is

RR = |J(+9V )/J(−9V )|, is ca. 1.14 at 50K and 0.13 at 380K. Although it is hard

to explain quantitatively the phenomenon, one should observe that the injection

mechanism changes from non-ideal TE at high temperature to FN tunneling at low

temperatures, which are described by different models with different pre-factors. The

latter are known to deviate significantly from theoretical values in non-ideal and/or

metal/OSC systems.155,156 A transition from FN to direct tunneling would only be

possible with a thinner semiconductor. The C60 thickness for transition between FN

tunneling and direct tunneling at room temperatures can be approximated by t =

ΦB/E, where E is the electric field.150 Assuming an energy barrier of 0.5 eV, which

corresponds roughly to the measured value for the Gr/C60 interface, and an electric

field of E = 10V/80 nm = 1.25MVcm−1 , this results in a C60 thickness of ≈ 4 nm.

Few-nm thin vertical stacks can be theoretically achieved using the architecture and

fabrication process described in this work, where graphene is used as top electrode.

In fact, this fabrication process allows to avoid the typical metal atoms intercalation

and diffusion observed for metal electrodes evaporated on organic films.81 The study

of ultra-thin stacks could provide insights into the quantum charge transport across

OSC/Gr vdW vertical heterostructures, besides potentially enabling FN tunneling

at room temperature and therefore making possible the fabrication of organic flexible

memories. The latter, which exploit FN tunneling to perform the write and erase

operations, could be developed by stacking multiple C60/Gr interfaces.
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Figure 26: Equivalent electrical circuit model and energy band diagram of the ver-

tical Au / C60 / Gr heterostructure. At V = 0, the system is at equilibrium and

no current is flowing through the device. When V < 0, electrons are injected into

the LUMO of the C60 from the graphene electrode. The total current is limited by

the reverse current of the Schottky diode SB1 of the circuit, which represent the

Gr / C60 interface. When V > 0, electrons are injected into the LUMO of the C60

from the Au electrode. The total current is limited by the reverse current of the

Schottky diode SB2, which represent the Au / C60 interface. Contributions of the

different injection mechanisms are represented by the colored arrows: FN tunneling

is the dominant injection mechanism at low temperature and indicated by the blue

arrow, while TE is the dominant injection mechanisms at high temperature and in-

dicated by the red arrow. The grey arrow represent the intermediate regime, where

the two contributions are comparable. In the equivalent circuit, RS is the series

resistance due to the graphene electrode and RB is the bulk resistance of C60. Rs

is ca. 20 kΩ at room temperature, as shown by the Graphene Bridge measurement

in Appendix E (Fig. 53, Table 5), and therefore the voltage drop is negligible (i.e.

V ′ = V − RSI ≈ V ). The C60 is fully depleted and the voltage drops linearly over

the entire structure.

Figure 26 shows the energy band diagram of the vertical Au / C60 / Gr hetetrostruc-

ture with the barrier heights extracted from the DSB model at room temperature

(above 293K) and confirmed by the FN model at low temperature (at 50K). A

small built-in potential of roughly 0.07 eV is estimated from the difference between

the potential barriers. Assuming that the LUMO and HOMO levels of C60 are lo-

cated at −4.1 eV and −6.4 eV, respectively, then: (i) the Fermi level of graphene is
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located at ca. EF = ELUMO −Φ01 = −4.7 eV, which is possibly shifted with respect

to the Dirac point due to p-doping induced by C60 and/or defects; and (ii) the Au

work function is ca. W = ELUMO − Φ02 = −4.8 eV, which is typically observed for

Au surface with organic adsorbates, due to the pillow effect and/or interface states,

which result in an interface dipole and possibly Fermi level pinning at the Au/OSC

interface.106,165 It is worth observing that since the transport is injection limited,

the thermal annealing has an observable effect on the energetics of the barrier: oxy-

gen and moisture desorption affects the surface states, and thus possibly the Fermi

level pinning, resulting in more or less conducting devices, as evinced by the I-V

characteristics before and after annealing (Fig. 55).
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7.3 Conclusion

This work describes the field- and thermal-induced charge transport mechanisms in

Au / C60 / Gr VdW vertical heterostructures in the 50K to 380K temperature

range. Devices having various nominal diameters, which ranges from from 5µm
to 50µm, show the same electron transport characteristics. Thus, the fabrication

of smaller devices is only limited by the lithography resolution and the fabrication

process presented in this work.

Impedance analysis shows that C60 is fully depleted and thus that the voltage drops

linearly over the entire structure. The static dielectric constant of C60 extracted

from the geometrical capacitance is ϵr = 3.8. The electrical transport measurements

across the vertical heterostructure at high temperature (above 300K) are well de-

scribed by the DSB model, which gives Φ01 = (0.58±0.01) eV, Φ02 = (0.65±0.02) eV

, n1 = 1.033 ± 0.002 and n2 = 1.036 ± 0.003 from the measurements at room tem-

perature (293K) at the Gr / C60 and Au / C60 interfaces, respectively. At low

temperature (50K), the measurements are well described by FN tunneling, which

gives Φ01 = 0.54 ± 0.07eV and Φ02 = 0.60 ± 0.05eV for the Gr / C60 and Au /

C60 interfaces. The energy barriers extracted from the two models are very sim-

ilar. These findings reveal that the charge transport is injection-limited in the

temperature range from 50K to 380K. The current is dominated by TE at high

temperature (above 200K) and limited by FN tunneling at low temperature (below

100K). The charge transport at intermediate temperature (from room temperature

down to 100 nm) is possibly described by a hybrid process where thermally excited

charge carriers can tunnel through the potential barriers into the LUMO level of

C60. From the electrical measurements, direct tunneling is predicted for thin C60

layers of maximum ≈ 4 nm.

Finally, this study shows that CVD graphene can be used as a top electrode in

C60 thin film vertical devices. The fabrication process can potentially be applied to

other multilayer hybrid van der Waals heterostructures where the charge transport

across neat Gr / OSC interfaces define the functionality of the devices. For instance,

tunneling mechanisms could be exploited in high frequency devices such as organic

hot electron transistor, permeable-base transistors and organic flexible memories.
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7.4 Experimetal Methods

Materials

C60 (99.9%) powder was purchased from Sigma-Aldrich and evaporated without fur-

ther treatments. CVD graphene was grown on copper foils using an in-house auto-

mated setup and following the growth protocol that can be found elsewhere.83,141,142

Fabrication

Devices were fabricated on a Si(525 µm) / SiO2(335 nm) substrate by photolithogra-

phy and under ambient conditions, as described in Appendix E. The chip includes

two distinct groups of devices: (i) 119 Au / C60 / Gr Vertical Stacks (refer to Figure

23a for a schematic of the device structure) and (ii) 34 Graphene Bridges (refer to

Appendix E Fig. 52). The chip overview is given in Appendix E (Table 64). In

both Vertical Stacks and Graphene Bridges, the C60 thin film is interposed between

a bottom gold and a top graphene circular electrodes. In the Graphene Bridge ar-

chitecture, graphene is laterally contacted in order to measure its resistance (see

Appendix E for the electrical scheme). The chip includes devices having graphene

electrodes of various nominal diameter, i.e. 5, 10, 15, 20, 25, 30 and 50µm, while the

Au bottom electrodes are 2µm larger. In short, Au electrodes were pre-patterned

and deposited by e-beam physical vapour deposition (EBPVD) and lift-off. Then,

the C60 thin film was thermally evaporated (≈ 0.2 Ås
−1
, 1 × 10−6mbar) and pat-

terned by lift-off. Finally, the graphene sheet was wet transferred on the chip and

patterned into the top electrode circular shape by Reactive ion etching (RIE).

Electrical characterization

The electrical measurements were performed under various conditions, i.e.in air, at

room temperature in dark, under vacuum (≈ 1 × 10−6mbar) in dark, using the

Semiconductor Parameter Analyzer Keithley 4200. The I-V characteristics of the

Vertical Stacks were measured in the −10V to 10V voltage range, with sweep rate

of ca. 1Vs−1, steps of 50mV and internal averaging of 20mV. The Au electrode was

connected to ground. The graphene resistance was measured in Graphene Bridge

devices by sweeping the voltage in the −50mV to 50mV voltage range, with sweep

rate of ca. 20mVs−1, steps of 1mV and internal averaging of 20ms.

The temperature-dependent I-Vs were measured in the 50K - 285K temperature

range, in steps of 5K, using a Lakeshore probe station (CRX-6.5K), under vacuum

(≈ 1×10−6mbar) and in dark. The electronics consisted of an AdWin Gold II ADC-

DAC and a Femto DDPCA-300 current to voltage converter. Matlab scripts were
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used for the data acquisition. The I-V characteristics of the Vertical Stacks were

measured in the−10V to 10V voltage range, with sweep rate of ca. 150mVs−1, steps

of 10mV and with internal averaging of 60ms. For the charge transport analysis, the

backward and forward I-V sweeps for positive and negative biases were considered,

respectively. The full I-V sweeps (forward and backward) for representative devices

measured at room temperature (293K) and at low temperature (50K) can be found

in the Appendix E (Fig. 63). An Agilent 4294a Precision Impedance Analyzer

was used to measure the impedance of 3 representative devices per area. Python

scripts were used to control the instrument. The measurement was performed in

dark, under vacuum (1 × 10−6mbar) and the oscillator level was set to 100mV in

the in the 40Hz - 1MHz frequency range, 201 data points were acquired. The

open/short compensation method was applied to the measurements after the data

acquisition and following the Agilent impedance measurement handbook.49 Devices

for the open/short compensation were embedded on the chip for this scope.

Raman spectroscopy

The WITec Alpha 300R confocal Raman microscope was used with a LD 100x

objective (Zeiss EC Epiplan-Neofluar Dic, NA = 0.75) and a 300mm lens-based

spectrometer (grating: 600 gmm−1). Raman spectra were collected with a 532 nm

excitation wavelength under ambient conditions. The laser power and integration

time of 0.1mW and 120 s were set for the device, while graphene spectrum on SiO2

was acquired using a laser power and integration time of 1mW and 60 s.

Atomic force microscopy (AFM)

The height image was measured under ambient conditions using a Bruker Icon AFM

in tapping mode. The AFM was equipped with a TESPA-V2 cantilever with a tip

apex radius of 7 nm, with a resonant frequency 320 kHz and a spring constant of

37Nm−1.

FIB-SEM

The cross-section of the representative device was prepared using a FEI Helios 660

G3 UC FIB/SEM system. To protect the graphene and semiconductor layers from

damage during the cutting process, a layer of Platinum was deposited in two steps:

first through electron-induced deposition (3 keV, 800 pA) and then through ion-

induced deposition (30 keV, 230 pA). The cross-section was then cut in a 30 kV

gallium ion beam at an ion current of 47 nA. After cutting, the cross-section was pol-

ished in sequential steps, decreasing the ion current down to a minimum of 790 pA.
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Modeling, fitting and plotting

Python scripts were developed for the modeling, fitting and visualization of the

data. The main libraries that were implemented are: (i) scipy curve fit,126 for the

FN modeling and for the extraction of the graphene resistance (ii) lmfit176 Model for

the DSB modeling (iii) impedance.py143 for the impedance spectroscopy analyis.
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sistors

In this final section, we present the concept, the working principle and possible appli-

cations of a novel organic transistor, the Vertical Organic Graphene Base Transisor

(VOGBT), which can possibly exploit the electronic properties of the graphene-

organic interfaces investigated in this work.

Abstract

The Vertical Organic Permeable Base Transisor (VOPBT) architecture is very

promising to overcome the limitations of conventional OTFTs, which are typically

operating at low frequencies and high voltages. In recent years, the device geometry

and the fabrication processes of the VOPBT have been optimized to implement thin

insulated and porous metallic films, thus, increasing the charge carriers permeability

of the base electrodes. In this work, we propose to use graphene as an alternative

to the conventional metallic base electrode in VOPBT. We first review the working

principles and performance metrics of the device, which are based on the electrical

properties of the Gr/OSC interfaces studies in our previous works. Then, we discuss

how graphene, with its ultimate thinness and high conductivity, can enable the fab-

rication of organic transistors with superior operational frequency and high current

gain. The potential challenges and limitations set by the device geometry, contact

resistances, quantum capacitance of graphene and the charge mobility of the OSCs

layers are introduced. Finally, we propose a possible fabrication approach for the

VOGBT and we discuss its integration into organic optoelectronic devices.
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8.1 Introduction

The concept of Permeable-Base Transistor (PBT) was proposed more than 50 years

ago,177,178 and demonstrated for the first time by Crowell and Sze in 1967.179 Similar

to the vacuum tube triodes configuration, the structure of this inorganic solid-state

PBT was made of a gold grid embedded between two silicon semiconductors. The

presence of a Schottky barrier between silicon and the gold electrode allowed the

modulation of the current flow through the vertical semiconductor channels by ad-

justing the applied voltage on the grid. Two conditions were identified to ensure

that the current would cross the base electrode: (i) the metal base must be thinner

than the carrier mean free path of the metal to allow ballistic transport through the

base, i.e less than few tens of nanometers at room temperature for most conductive

metals;180 and/or (ii) pinholes must be lithographically induced in the metal base to

form a grid,181 avoiding the screening of the electrical field applied from the emitter

to the collector electrode and allowing carriers to cross the base. The potential of

the PBT lies in its ability to operate at low voltage and high frequency, as well

as its high integration density attributed to its vertical structure.182,183 After the

first demonstration by Crowell and Sze,179 several inorganic PBT that were fabri-

cated using different technologies have been reported. For instance, the growth of

GaAs by Chemical Vapour Deposition (CVD) on tungsten grid,182 and of silicon

by molecular beam epitaxy on CoSi2.
181,184 Although the devices demonstrated a

promising high current density at low voltage and simulations predicted operation

frequencies up to hundred of GHz,183 the low current gain and the difficulty to

integrate the PBTs with conventional CMOS technologies have represented major

challenges for the development of applications.181,184,185 However, in more recent

years the permeable-base architecture was proposed to overcome the limitations of

the planar Organic Thin Film Transistor (OTFT), e.g. low transconductance, low

cut-off frequency and low integration.57,67,80 In fact, the short emitter-collector dis-

tance of typically few hunred of nanometers, which is given by the thickness of the

OSCs, allows high frequency operation at low voltage, in contrast to the the longer

channel of the planar OTFT which is typically tens to hundreds of micrometers.

These permeable base devices implemented a metal base electrode sandwiched be-

tween various OSCs suchs as C60,66,73,74 Pentacene,74,186 copper phthalocyanine187

and poly-hexyl tertiophene.188 The VOPBTs with nanoporous aluminium base elec-

trodes have been finely optimised to reach the record transition frequency of 40MHz

in a pulse-biasing mode at VCE = 8.6V, rectification ratio larger than 1 × 108 and

current density of 1 kA/cm2.56,61,63,66 Instead of the porous metallic electrode, we

propose to use graphene as a premable-base in VOPBT. According to our previ-
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ous results, the formation of Shottky barriers at the Gr/OSC interfaces combined

with the ultra-thin graphene base electrode will enable the fabrication of the Verti-

cal Organic Graphene Base Transisor (VOGBT). From the other specific properties

of graphene, including high electrical conductivity and low electrostatic screening,

we can expect increasing the current gain and frequency response of the VOPBT.

However, to the best of our knowledge, no results have been published yet on the

implementation of graphene as permable-base in VOPBT devices. In the following

paragraphs, supported by our prior findings, we outline what we believe are the

main steps and challenges for the realization of such a device.

8.2 Working principle

Figure 27: (a) 3D schematic of a n-type Vertical Organic Graphene Base Tran-

sisor (VOGBT). (b) Section of the VOGBT illustrating the applied voltages and

measured currents in the common emitter configuration. The inset shows the inter-

nal currents, which are not directly measurable. (c) Energy diagram of an n-type

VOGBT showing the equilibrium condition, the on-state and the off-state of the

transistor.

Figures 27a-b show the 3D schematic of a n-type VOGBT on a Si/SiO2 substrate,

its cross-section and electrical scheme. In this common emitter configuration, three

parallel electrode are separated by two Organic Semiconductors (OSCs). Electric
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charges are injected from the upper metal contact, i.e. the emitter (E), and enter the

nearby organic semiconductor (OSC). They then traverse the permeable graphene

electrode, i.e. the base (B), and the second OSC before being collected by the

lower metal contact, i.e. the collector (C). The amount of charges collected by the

base will depend on the electrical potential applied to it, while some charges will be

emitted from the base and injected into the collector. Figure 27b shows the electrical

currents IE, IC and IB measured at the three terminals of the device. It is useful

to express these external currents as functions of the internal currents ICE, ICB and

IBE, which are showed on the inset of Figure 27b and cannot be directly measured.

In formula,

IE = ICE + IBE (11)

IB = IBE − ICB (12)

IC = ICE + ICB (13)

A deeper comprehension of these relationships can be gained through the examina-

tion of the energy diagram presented in Figure 27c. Under equilibrium conditions,

all three electrodes are grounded, resulting in the absence of current flow within

the device. In the off-state, a voltage VCE is applied to the collector, enabling the

thermal emission of charges from the base electrode to the adjacent Organic Semi-

conductor (OSC), which subsequently reach the collector. Since the base and emitter

electrodes are at the same voltage level, no current IBE is expected. However, the

large Schottky barrier at the Gr/OSC interface will result in a small base-collector

current ICB ≈ 0 (reverse-biased diode current). In the on-state, in addition to the

bias VCE, a voltage VBE is applied to the base electrode. While the thermionic

emission current ICB is reduced, the emitter-collector current ICE is established by

the charges that are injected at the emitter and subsequently tunnel across the thin

graphene base electrode. Therefore, the transmission of charges through the base

can be modulated by the potential at the graphene electrode, thus affecting the

charge injected at the emitter and arriving at the collector. Accordingly, the opera-

tion of the VOGBT would only be possible due to the low electrostatic screening of

graphene and the ability of the charge carriers to tunnel through the thin graphene

base, in contrast to the VOPBT where the charge carriers cross the nanometer

pinholes of the metallic base. Nevertheless, some charges will scatter nearby the

graphene region and relax into the base, resulting in the current IBE. It is worth

noticing that Ohmic contact at the emitter is necessary to obtain high-current den-
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sity. Assuming that the base leakage ICB is small compared to the collector current

IC , the transmittance α and current gain β of the device can be defined in terms of

external currents as follows:189

α =
ICE

IE
=

IC − ICB

IE
≈ IC

IE
(14)

β =
ICE

IBE

=
IC − ICB

IB + ICB

≈ IC
IB

(15)

It is possible to show that α, with 0 ≤ α ≤ 1, and β are related by the expression β =

α/(1−α),189 and thus that a transmittance close to one (α ≈ 1) is necessary to obtain

a high current gain. Device simulations showed that the base current IB is not needed

to operate the VOPBT,61 where the base leakage is considered a pure parasitic effect.

However, this may not hold true for the graphene base transistor, where the base

is not perforated and charges will have to tunnel through the graphene base. Thus,

while the working principles are similar to the VOPBT, whether the base current

is needed to operate the VOGBT or not still have to be demonstrated. Another

important performance metric of the device is the transconductance gm, which is

defined as the ratio of the change in the output current (dIC) to the change in the

base voltage (dVBE) at a specific bias voltage (VCE) of the transistor:

gm =
dIC
dVBE

∣∣∣∣
VCE=const

(16)

Transconductance is a crucial parameter in VOPBT for several reasons: (i) it deter-

mines the current gain of the transistor, which is essential for amplification; (ii) a

high transconductance value allows the transistor to achieve amplification with lower

power consumption, which is particularly important in low-power and portable elec-

tronic devices; (iii) transconductance influences the speed at which the transistor can

switch between the on and off states. A higher transconductance generally means

faster switching speeds, which is beneficial in high-frequency applications. While

prior device simulations suggest the possibility of reaching frequencies within the

gigahertz range,72 in the following paragraphs, we address the problem through a

simplified circuit analysis. In fact, the time response of the transistor, i.e. τ ≈ RC,

can be typically estimated from its equivalent circuit model. In this regard, the DC

and small-signal circuit of the VOGBT can be modeled as shown in Figure 28.
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Figure 28: Circuit analysis of the VOGBT. (a) Common-emitter configuration.

RIN is the input resistance and RL is the load resistance. (b) Small-signal model.

The capacitances defined by the graphene base and the outer electrodes are CBE

and CBC , while the geometrical capacitance CG given by the emitter and collector

metal electrodes is CCE. The OSCs are considered fully depleted (no modulation

of the depletion region) and for thick OSCs layers, the quantum capacitance CQ of

graphene is neglected A/CBE,BC = 1/CG + 1/CQ ≈ 1/CG. RBE and RBC represent

the base leakage currents. RCE is the bulk resistance of the OSCs and gm is the

low-frequency transconductance. The model assumes Ohmic contacts between the

OSC and the metal at the emitter and collector electrodes.

Figure 28a shows the common-emitter configuration of the VOGBT, where the emit-

ter terminal is grounded and used as the common terminal between the input VIN

and the output VOUT . This is the most important configuration since the circuit can

amplify the input signal. The input resistance RIN represent the in-plane resistance

of the metal and Gr lines interconnected to the base electrode, while RL is the load

resistance connected in series to the collector of the VOGBT. Here, the capacitance

due to the metal interconnects CIN is negligible compared to that of the overlap-

ping electrodes of the device. However, in combination with RIN it can limit the

frequency response of the system, as we have already shown on our previous study

on GFETs complementary inverters (Chapter 5). Thus, the device geometry should

be optimized to reduce the contact resistance of the Gr/Metal interface, which is

typically in the 200Ω - 1 kΩ (Chapter 4) and reduce the in-plane graphene resistance,

which is typically in the 5 kΩ - 100 kΩ for planar channels (Chapter 4) and in vertical

stacks (Chapters 6 and 7). In this case, the use of graphene as 2D base electrode

is advantageous because its high mobility is not significantly affected by the depo-

sition of the organic molecules and therefore its relatively low in-plane resistance is

preserved, as we have previously shown (Chapters 4, 6 and 7). Figure 28b shows the

small-signal model of the VOGBT in the common emitter configuration. The trans-
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fer characteristic of the device is modeled by a voltage-controlled current-source,

where the low-frequency transconductance gm can be derived from the DC mea-

surements using Eq. 16. The resistances RBE and RBC represent the base leakage

currents, that originate from the Schottky barriers at the Gr/OSC interfaces. The

capacitor CBE, CBC (F) can be modeled by their geometrical capacitance CG (F/m2)

in series with graphene’s quantum capacitance CQ (similar to GFET, see Chapter 4),

while CCE (F) is the geometrical capacitance given by the overlapping emitter and

collector metal electrodes. It is important to note that the quantum capacitance CQ

(F/m2) of graphene should also be considered in the electrical scheme of Figure 28b.

The non-zero minimum of graphene’s quantum capacitance at room temperature is

predicted to be CQ,min ≈ 0.8 µFcm−2.190 The devices quantum capacitance however

is also influenced by the impurities and defects which typically results in a quantum

capacitance much greater than the predicted value.190 According to the geometrical

capacitances measured in Chapter 7, the parallel plates capacitance per unit area is

CG ≈ ϵ0ϵr/t ≈ 0.03 µFcm−2, with ϵr = 3.8 and t = 100 nm, which is much smaller

than the quantum capacitance. Since the total capacitance can be modeled as two

capacitor in series, and CG ≪ CQ, the quantum capacitance can be neglected:

A

CBE,BC

=
1

CG

+
1

CQ

≈ 1

CG

(17)

As as a results, the capacitances CBE, CBC are only defined by the area A of the

graphene electrode and the distance t between the electrodes, i.e. C = ϵ0ϵrA/t,

where ϵr is the dielectric constant of the OSC (Chapters 6 and 7), as shown in

Figure 28a. The capacitors CBE and CBC will charge (or discharge) through the

resistance RIN until the voltage at the base reaches VBE. Taking the typical values

of RIN = 10 kΩ and CBE = 100 fF, the capacitors will take approximately τi ≈
RINCBE ≈ 1 ns to charge up. Thus, the frequency response of the device can be

improved either by optimizing the lateral contact to graphene (reducing RIN) or,

by decreasing the device area and/or increasing the distance between the electrodes

(reducing CBE). Further simplifying, the output resistance is RCE ≈ ρt/A, where ρ

is the bulk resistivity of the OSCs, while the geometrical capacitance is CCE ≈ ϵA/t.

As a result, the time constant τo ≈ RCECCE ≈ ϵ/σ solely depends on the material

properties of the OSCs, i.e. the dielectric constant ϵ and the conductivity σ ≈ neµ,

where n is the charge carrier density, e is the elementary charge and µ is the charge

carrier mobility. We can thus determine whether the the time response is limited

by the intrinsic delay due to the OSCs charge mobility and carrier density or by
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the geometry of the device. Taking ϵr = 3, n = 1 × 1015 cm−2 and µ = 10 cm2/Vs,

the time constant is τo ≈ 0.2 ns. This confirms that frequency response in the

GHz regime can be achieved using OSCs with a relatively high charge mobility.

Figure 29a-b show the time constant as a function of the device area and thickness,

respectively.

Figure 29: Time constants τi and τo vs. device area A = πd2/4 and thickness

t. (a) τ vs. A for a fixed thickness t = 100 nm. (b) τ vs. t for a fixed area with

diameter d = 10 µm. The red shaded area indicates where the OSC layer approaches

the monolayer to sub-monolayer thickness, and where the circuit model reaches its

limits. The graph also shows the OSC film thickness (t ≈ 5 nm) which results in

a geometrical capacitance comparable to the quantum capacitance of CQ and that

cannot be neglected.

Figure 29a shows that the frequency response is ultimately limited by the intrinsic

properties of the OSC. As a results, the intrinsic delay can only be reduced by de-

veloping and implementing high-mobility semiconductors. On one hand, the device

thickness can be reduced to few monolayers to achieve higher degrees of crystallinity

and mobility (see red area in Fig. 29b), although different behaviors that cannot be

simply expressed by a circuit model are also to be expected when approaching the

molecular scale. On the other hand, a thick OSC layer is more likely to display a

reduced charge carrier mobility, since the deposition of thick layers with long-range

cristallinity also require precise control. However, large single crystal exhibiting

in-plane FET mobilities up to 40 cm2/Vs, such as rubrene crystals, have already

been grown.191,192 Another important aspect is the device geometry, this needs to

be carefully designed in order to be able to drive the transistor at its maximum

frequency. For instance, the device area cannot have a diameter larger than 15 µm
for a 100 nm thick thin film. A larger area would result in a larger capacitance CBE,
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and thus a slower response, as shown in Figure 29a. Alternatively a device with

a diameter of 10 µm should be thicker than 100 nm, as shown in 29b. In conclu-

sion, implementing graphene can increase the transconductance gm of the transistor

thanks to an increased transmittance ratio α due the ultimate thinness of the base

electrode. In addition, we have shown that the presence of large Schottky barrier in

the range of 0.3 - 0.6 eV at the Gr/OSC interfaces (Chapters 6 7) can limit the base

leakage IB, and thus further increase the current gain β while reducing the power

consumption. We have shown that the fabrication of devices with a frequency re-

sponse in 100MHz - 1GHz range is feasible by keeping reasonable lateral size (tens

of microns) and thickness of devices (hundred of nanomaeters) which can be im-

plemented in cost-effective fabrication workflows. Although the 100MHz - 1GHz

bandwidth may already meet the needs of most applications in flexible electronics,

scaling down the dimensions of the devices can enable higher operational frequen-

cies, at the cost of more complex and expensive fabrication techniques. Overall, we

have discussed how the implementation of graphene as permable-base can ideally im-

prove the performances of VOPBT. Nevertheless, to demonstrate a fully functional

device, several steps need to be undertaken, which includes addressing fabrication

issues like introducing doped layers between the emitter and the intrinsic OSC to

optimize the charge injection, depositing the second OSC layer and patterning the

metal electrode on top of the whole stack. Taking this into account, in the following

paragraph we propose a possible fabrication approach for the VOGBT.

8.3 Fabrication approach

Here, we propose a general step by step approach, which is based on our previous re-

sults, that can be followed and adapted to fabricate the VOGBT. Figure 30a shows a

photograph of the chip containing a set of 187 pre-pattened electrodes. The greyscale

optical microscope picture (Figure 30b) shows the bottom metal electrodes. The dif-

ferent layers of the VOGBT, i.e. metal, graphene and intrinsic-OSC (i-OSC), are

represented by different colors. The first step consists in depositing the first i-OSC

layer, which is needed to lower the contact resistance at the injecting electrode, on

top of the metal electrode (Fig. 30c). This can be achieved by thermal evaporation

of small molecules or spin coating of polymers. For instance, it was shown that

W2(hpp)4-doped C60 could be used between a Cr electrode and the intrinsic C60

layer.73,193,194 However, it is essential to avoid exposure to air, which can lead to

metal oxidation and degradation of the OSC-dopant, preventing the formation of

an ohmic contact. Bearing this in mind, it can be challenging to fabricate a device

that combines photolithography techniques to pattern graphene, which are typically
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conducted in ambient environments, with the deposition techniques of organic semi-

conductors that are generally carried out in inert atmospheres. The deposition (Fig.

30d) and patterning of the intrinsic and doped OSC could be done using lithography

methods or evaporation through metallic masks, as we have already implemented to

fabricate vertical Au-Pentacene-Al diodes in Appendix F. Large area CVD graphene

can be deposited on the OSC layer (Fig. 30e) using the wet transfer method, showed

in Chapters 6 and 7, or using other dry techniques such as lamination.195 Then, a

well defined graphene electrode can be realized by photolithography and RIE. With

a particular focus on uniformity, a thin film of i-OSC should be deposited and pat-

terned on top of graphene (Fig. 30f). Indeed, the morphology of the film deposited

on graphene can vary depending on the specific molecules, as we have previously

shown for C60 and Pentacene (Chapter 4). Finally, the top metallic electrode can by

thermally evaporated through metal masks (as shown for Aluminum on Pentacene,

Appendix ) or patterned by photolithography.

Figure 30: Fabrication approach of the VOGBT. (a) Photograph of the chip with

pre-patterned electrodes for a total of 187 devices. (b) Optical microscope image

of the device electrodes. The colored regions indicate the target position of the

different layers of the stack. The stacking steps (c-g) follow the same color code.

(c) Deposition of the thin n- or p-doped OSC layer to ensure ohmic contact with

the bottom electrode. (d) Deposition of the lower intrinsic OSC film. (e) Transfer

and patterning of graphene. (f) Deposition of the upper intrinsic OSC layer. (g)

Deposition of the top metal electrode.
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8.4 Optoelectronic applications

Figure 31: (a) Cross-section and electrical scheme of a vertical complementary

inverter using two VOGBTs. This architecture can be exploited to achieve higher

levels of integration. (b) Cross-section and electrical scheme of a Vertical Organic

Permable Base Light Emitting Transistor (VOPBLET) implementing graphene. The

high-conductivity, flexibility and optical transparency of graphene can be beneficial

for the development of flexible and high resolution-displays.

Vertical Organic Permeable Base Transisor (VOPBT) hold great promise for var-

ious applications, including amplifiers, inverters, ring oscillators, and control of

OLEDs.70,74,75 The vertical architecture and operational characteristics of these

devices make them well-suited for these applications. In complementary invert-

ers, n- and p-type transistors can be vertically stacked to achieve higher levels of

integration, as illustrated in Figure 31a for two VOGBTs. Although ring oscilla-

tors based on vertical-channel dual-base transistors have been shown,74 and other

complex organic multilayered structures have been fabricated,70 the integration of

two VOPBTs into one vertical complementary inverter remains to be demonstrated.

Furthermore, the high-conductivity, flexibility and optical transparency of graphene

can be beneficial for the development of flexible and high resolution-displays. In

particular, VOGBT can be used to efficiently control OLEDs by integrating them

into the backplane of the displays, as illustrated in Figure 31b. A similar device has

already been shown using an aluminium base to fabricate a Vertical Organic Per-

mable Base Light Emitting Transistor (VOPBLET).70 In this context, it is worth

noticing that the properties of graphene, i.e. conductivity and optical transparency,

make it also a good electrode material to contact light emitting layers.
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In this research work, we have investigated the electrical properties of graphene-

organic interfaces for electronic devices applications such as the graphene comple-

mentary inverter or the Vertical Organic Permeable Base Transisor (VOPBT). In

particular, we focused on the charge transport in CVD graphene and across vertical

graphene-organic interfaces. In our studies, we have used different techniques to fab-

ricate devices made of graphene and organic semiconductors, such as the thermal

evaporation of small molecules of C60 and Pentacene, and the solution-processed

polymer P3HT. Overall, this dissertation can be subdivided in three major parts.

In the first part, we explored the effects of C60 and Pentacene molecules on the

in-plane charge transport in CVD graphene. For this purpose, thin films of C60

and Pentacene were thermally evaporated on two separate chips including several

GFETs. The morphology of the resulting Gr/C60 and Gr/Pentacene heterostruc-

tures was characterized by AFM. While we observed a uniform C60 film on graphene,

the Pentacene film formed 3D elongated island on graphene. In both cases, the struc-

ture of the graphene channel was clearly distinguishable from the organic thin films

deposited on top. In addition, we were able to reveal the coexistence of graphene

and the small molecules by using Raman spectroscopy. From the electrical trans-

fer characteristic of the GFETs, we deduced that C60 induces a downshift of the

Fermi energy in graphene, while Pentacene induces a Fermi energy upshift. We

thus demonstrated that n- and p-type behavior can be induced in CVD graphene by

thermal evaporation of thin films of Pentacene and C60, respectively, without sig-

nificantly affecting the charge mobility in graphene. Furthermore, we have exploited

this knowledge to assemble complementary inverters based on C60 and Pentacene

doped GFETs. The transfer characteristic of the devices demonstrated limited volt-

age swing and gain, while the dynamic response showed stable and well-defined

logic levels up to 10 kHz. Nevertheless, our circuit simulations showed that by in-

tegrating the GFETs and carefully design the chip metal interconnects, it should

be possible to fabricate a functional complementary inverter operating in the GHz

frequency regime. Further studies on the relationship between the electrical conduc-

tion in the Gr/OSC heterostructures and the molecular organization may be rele-

vant to optimize the charge transfer occurring at the Gr/OSC interfaces and meet

the requirements of specific applications. Indeed, small molecules like Pentacene

can either standup right or lie flat on graphene,84 and correlating the field-effect

transistors measurements to other non-destructive techniques can lead to a better

understanding of the charge transfer at the Gr/OSC interface and thus of the elec-

trical conduction in doped CVD graphene. For instance, Conductive Atomic Force
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Microscopy (CAFM) and/or Kelvin Probe Force Microscopy (KPFM) can be used

to investigate and correlate the topography, current and surface potential across

the Gr/OSC heterostructures. Another possible future project involves the integra-

tion and encapsulation of the complementary inverter based on C60 and Pentacene

doped CVD graphene. Here, the reduction of the gate insulator thickness and the

optimization of the metal interconnects should be pursued to achieve a voltage gain

greater than unity, thus matching the input and output logic levels and allowing

to cascade the inverters in more complex circuits such as the ring oscillator. It

is worth noticing that the devices presented in this work were fabricated on rigid

substrates and characterized under vacuum. However, demonstrating the inverter

characteristic on polymeric substrates remains a key milestone to achieve functional

devices for applications in flexible electronics. The major challenges are represented

by the transfer of CVD graphene on polymeric substrates and the encapsulation of

the doped devices under controlled atmosphere, which is necessary to achieve air

stability. In fact, preliminary studies on hBN encapsulation under ambient condi-

tions showed that the transfer characteristics of the GFETs are lost (Appendix C,

Fig. 41).

In the second part, we investigated the charge transport across vertical Au-OSC-Gr

stacks. For this purpose, we developed a fabrication process based on photolithog-

raphy that was compatible with the wet transfer of CVD graphene and with the

deposition of the organic semiconductors. Thin films of the n-type small molecules

of C60 and of the p-type polymer P3HT were chosen for the semiconducting layers.

The former was deposited by thermal evaporation under vacuum, while the latter

was solution-processed in ambient conditions. The OSCs layers were patterned by

lift-off before the wet transfer and subsequent RIE patterning of the CVD graphene

into the top electrode. We used AFM and Raman spectroscopy to show that the fab-

rication techniques were compatible with graphene and organic materials. From the

impedance analysis, it was not only possible to extrapolate the dielectric constants

of the semiconductors, but also to determine that the OSCs were fully depleted

and thus that the voltage drops linearly over the entire structures. The current vs

voltage (IV) traces for both OSCs showed a non-linear characteristic and a strong

temperature dependence compatible with the termionic emission (TE) model. Fur-

thermore, we implemented the Double Schottky Barrier (DSB) model to extrapolate

from the IVs the energy barriers at the interfaces. Schottky barriers of about 0.3 eV

and 0.6 eV were found at the Gr/P3HT and Gr/C60 interfaces, respectively. There-

fore, the electrical currents in the two stacks are limited by the holes injection from

the graphene electrode to P3HT, and by the electrons injection from the graphene
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electrode to C60. These results demonstrate that graphene cannot be used to ef-

ficiently inject charges into intrinsic C60 and P3HT layers and thus that graphene

could be implemented as a semi-permeable base electrode in n- and p-type VOPBT,

where the base leakage current needs to be minimized to achieve good performances

in terms of gain. However, similar energy barriers were found at the Au electrode

where Ohmic contacts are required to (i) provide high current gain, and (ii) al-

low high frequency operation of the device. In order to address this requirement,

future work should focus on the possible doping approaches for organic semicon-

ductors.11 Ohmic contact can be achieved by selecting the right metal electrode

and introducing a doped OSC between the electrode and the intrinsic OSC. For

example, F4TCNQ-doped P3HT layer can be placed between the Au electrode and

the intrinsic P3HT layer,196–198 while W2(hpp)4-doped C60 could be used between a

Cr electrode and the intrinsic C60 layer.73,193,194 The main challenge will be imple-

menting the doping process and ensure its compatibility with the current fabrication

process of the stacks. As a result, the IV characteristic of the doped devices should

be similar to the single Schottky diode characteristic with a high rectification ratio

(see for example the Au-Pentacene-Al diodes of Appendix F). Future work should

also focus on reducing the OSC thickness, since the time delay of the VOPBT can

be minimized by optimizing the lateral dimensions and reducing the thickness of

the semiconducting layers, and in particular the thickness of the emitter OSC.72

In this case, graphene can be transferred on top of the OSC without diffusing in

the adjacent layer, in contrast to commonly evaporated metal electrodes,81 enabling

further reduction of the OSC thickness and potentially approaching the moelcular

scale.

In the third part, we introduced the theory, operational mechanism, and potential

applications of VOGBT that could take advantage of the electronic properties of the

Gr/OSC interfaces examined in this research. Our GFETs investigations indicate

that molecular doping of CVD graphene does not significantly influence the in-plane

mobility of charge carriers, thereby facilitating the application and fast modulation

of the base voltage through the lateral graphene electrode. Moreover, the formation

of a Schottky barrier at the Gr/OSC, which will limit the base leakage current al-

lowing high current gain, indicates that graphene could be a strong contender for

a semi-permeable base electrode. Furthermore, as the ultimate thin base electrode,

graphene should not only posses a higher transmittance ratio but also enables fast

switching due to its high charge mobility, thereby augmenting its effectiveness and

application in organic flexible electronics. This highlights the promising potential

of graphene-organic interfaces for further research and development in VOGBT.
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Nevertheless, to demonstrate a fully functional device, several steps need to be un-

dertaken, which includes addressing issues like the deposition of the second OSC

layer and the top metal electrode. While the OSC could also be thermally evapo-

rated, the deposition and subsequent patterning of the metal electrode on top of the

stack remain challenging. Specifically, extra caution should be exercised to prevent

the potential problem of metal diffusion into the adjacent OSC layers, which could

compromise the overall device performance and reliability. A possible solution to

this challenge could be the utilization of graphene as the top electrode. Following a

similar procedure used for the base electrode, a second sheet of graphene could be

transferred and patterned by RIE on top of the stack. This approach could provide

a neat interface at the top contact, while reducing the risk of undesired short circuits

and maintaining the intrinsic properties of the device. Other issues like high base

leakage could possibly be mitigated through encapsulation in insulating 2D mate-

rials such as hBN. Finally, it is crucial to electrically evaluate these devices, with

their performance metrics such as current gain and frequency response, set against

the standards of the most efficient organic transistors. This benchmarking step will

provide a clear perspective on the device effectiveness and potential for practical

applications.

In conclusion, new advances in the techniques for the growth of large-area graphene

and transfer onto organic substrates will pave the way for novel applications exploit-

ing the unique properties of hybrid graphene-organic materials. In this regard, the

results presented in this work highlight the many challenges ahead for the fabrication

of graphene-organic based heterostructures but also show their great potential for

the development of flexible electronic devices that could work at high frequencies,

such as the VOGBT.
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Appendices

A Fabrication recipes

Chemical vapour deposition of graphene on Cu foils

(i) Pre-cleaning of the Cu foils

The foils are ultrasonicated in Acetone, rinsed with Isopropyl alcohol (IPA)

and dried with N2. Then, the foils are placed in Acetic Acid (CH3COOH) for

30 min, rinsed in de-ionized water (DIW) and Ethanol, and dried with N2.

(ii) CVD growth of graphene on Cu foils

The copper foils are pre-annealed at 1000 °C for 1 h in a H2 (20 sccm) and Ar

(200 sccm) atmosphere in the CVD oven (ca. 1mbar). Then, graphene grows

for 35 min in a CH4 (0.05 sccm), H2 (20 sccm) and Ar (200 sccm) atmosphere

under a pressure of ca. 120mbar. After the CH4 flow is stopped, the CVD

oven is left to cool down to room temperature (at ca. 1mbar).

(iii) Deposition of the protective PMMA layer on graphene

The graphene grown on the front side of the Cu foil is protected with a PMMA

layer. The PMMA is spin coated on the topside of the Cu foils with graphene

at 1000 rpm for 1min.

(iv) RIE removal of the Gr backside

The graphene grown on the backside of the Cu foil is removed by Reactive

ion etching (RIE). The foils is placed in the RIE chamber with the PMMA

layer facing downwards. Then, the unprotected graphene is exposed to RIE

plasma for 2min and a gas flow of O2 and Ar was set to 15 sccm and 30 sccm,

respectively.

Transfer of large area graphene from Cu foils to devices

(i) Copper foils edges cutting

Roughly, a 1mm wide strip was cut from each side of the Cu foils to remove the

excess of PMMA built up during the spin-coating and ensure uniform etching

of the Cu foils.

(ii) Ferric chloride FeCl3 etching of Cu foil

The Cu substrate was etched away in a Ferric Chloride (FeCl3, Transene CE-
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100) bath for 1 h, until the Cu foil was complety dissolved and only the PMMA

layer floating of the etchant was still visible.

(iii) Transfer of the graphene foils to DIW

The etchant is slowly replaced with DIW, until the solution appears clear and

transparent. Then, the foils are transferred in larger glasses filled with DIW,

further diluting the possible residual etchant.

(iv) HCl cleaning of FeCl

Using the same procedure, the remaining Gr/PMMA sheet was placed in Hy-

drochloric acid (HCl 10%) for 5 min.

(v) Transfer in DIW

The HCl is slowly replaced with DIW before transferring the foils in larger

glass filled with DIW to furhter dilute the possible residual HCl.

(vi) Transfer onto target substrate

Graphene can be transferred on the target substrate. The substrate is dipped

into the DIW at an angle of approximately 45° to gently capture the floating

graphene.

(vii) Drying in air and vacuum

After the transfer, the substrate is left to dry in air for approximately 1h.

Then, the sample is dried overnight in a vacuum oven (ca. 1mbar, 80 °C).

(viii) Removal of PMMA

The sample (substrate/Gr/PMMA) is placed first in Acetone for 1 h (at 55 °C),
then in IPA (at 55 °C), before finally being dried with N2. The sample is ready

for the next fabrications step.

Vertical metal-organic-graphene stacks

Figure 7 shows the main fabrication steps of the Au / P3HT / Gr heterostructure,

which consists in

(a) Patterning of the bottom electrodes

Ti (5 nm) / Au (30 nm) electrodes are fabricated on a 4 inches Si (525 µm) /

SiO2 (300 nm) wafer, which is pre-cleaned in oxygen plasma (600W for 5min).

The electrodes (Ti / Au) are deposited by e-beam physical vapour deposition

(EBPVD) and patterned by lift-off in DMSO at 100 °C for 30min. The resist

for the lift-off (AZ2020nlof) is spin-coated (4000 rpm for 60 s), exposed to

124



A Fabrication recipes

UV light (lamp intensity 11mW/cm2) through an optical mask, and then

developed (AZ726mif, 35 s).

(b) Preparation of the lift-off resist

The chip with pre-patterned electrodes (Si / SiO2 / Ti / Au) is ultra-sonicated

in Acetone for 5min, rinsed with IPA and blown dry with nitrogen. Then, it

is exposed to oxygen plasma at 600W for 5min. After HMDS treatment, the

chip is coated with a double layer positive optical resist: first, the chip is spin-

coated with a LOR5B resist (4000 rpm, 40 s) and backed at 180 °C for 5min.

Then, it is spin-coated with an AZ1505 positive resist (4000 rpm, 40 s) and

backed at 110 °C for 1min. The device area is exposed for 1.8 s s to UV light

(lamp intensity 11mW/cm2, dose 20mJ) through an optical mask. Finally,

the exposed resist is developed in AZ400K (400K:DIW, 1:4) for 25 s and rinsed

with DIW.

(c) P3HT deposition and patterning

A 100 nm film of P3HT is obtained by spin-coating 10mgmL−1 solution of

P3HT in chlorobenzene (1000 rpm for 60 s)) on the substrate. Subsequently,

the P3HT film is patterned by lift-off in DMSO (5min). The chip is then rinsed

in de-ionized water, blown dry with nitrogen and finally annealed overnight at

100 °C in vacuum (≈ 1mbar).

(d) CVD graphene transfer

CVD graphene foil (Cu / Gr / PMMA) is placed to float in a copper etchant

(Transene CE-100) for 1 h, the PMMA layer facing upwards. Once the copper

is completely etched (Gr / PMMA), the etchant is removed and replaced with

DIW, twice. Then, the foil is transferred to a 10% HCL cleaning solution for

5min and transferred back to DIW, twice. The floating graphene foil (Gr /

PMMA) is transferred onto the substrate (Si / SiO2 / Au / P3HT / Gr /

PMMA) and let dry in air for 1 h.

(e) PMMA removal from graphene

The chip is annealed overnight at 80 °C in vacuum (≈ 1mbar). The top PMMA

layer is removed in Acetone (5min) and the chip annealed again overnight at

80 °C in vacuum (≈ 1 mbar).

(f) RIE patterning of the graphene top electrode

The chip is first spin-coated with a 50K PMMA resist (AR-P 632.06, 4000 rpm

for 60 s), then with an AZ1505 optical resist (4000 rpm for 40 s) and backed

at 110 °C for 1min. The device area is exposed for 1.8 s to UV light (lamp
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intensity 11 mW/cm2) through an optical mask. The exposed optical resist is

developed in AZ400K (400K:DIW, 1:4) for 15 s and rinsed with DIW. Then,

RIE is used to remove the first layer of PMMA 50K and graphene (O2, 30 sccm,

25W).

(g) PMMA / Optical resist removal from graphene

The PMMA / Optical resist protecting the graphene electrode is removed with

Acetone (1min), then the chip is rinsed in DIW and blown dry with nitrogen.
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B Graphene field effect transistors

Atomic Force Microscopy (AFM)

Figure 32: (a) Photograph of Chip 1 including the C60-GFETs. The white square

show the region where the thickness of the C60 film was measured. (b) AFM height

image and profile taken on Chip 1 with the set of C60-GFETs. The right part, which

was covered during the thermal evaporation of C60, shows the bare SiO2 substrate.

The AFM profile shows that the C60 film on SiO2 is uniform and the measured

average thickness is ca. 10 nm. The black line is the AFM profile taken along the

white dashed line on the AFM image. The red line is the mean profile value of

the whole image. (c) Photograph of Chip 2 including the Pentacene-GFETs. (d)

AFM height image and profile taken on the chip with the set of Pentacene-GFETs.

The right part, which was covered during the thermal evaporation of Pentacene,

shows the bare SiO2 substrate. The Pentacene film is covering large part of the

substrate and shows the typical thin film phase structure of Pentacene with an

average thickness of ca. 5 nm. The red line is the mean profile value of the whole

image
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Raman spectroscopy

Figure 33: Raman spectrum of the Gr/C60 hybrid heterostructures. (a) Raman

spectra of the 150 pristine CVD Gr channels. (b) Raman spectra of the 150 Gr/C60

channels. (c) Average Raman spectrum of the 150 measurements of the pristine

CVD Gr in (a). The red dashed line is the polynomial fit (degree 2) of the back-

ground. The green hatched areas (mask) are not considered in the polynomial fit.

(d) Average Raman spectrum of the 150 measurements of the Gr/C60 heterostruc-

tures in (b). The red dashed line is the polynomial fit (degree 5) of the background.

The green hatched areas (mask) are not considered in the polynomial fit. (e) Pris-

tine CVD graphene Raman spectrum after background removal and normalization

to the 2D peak of graphene. (f) Raman spectrum of the Gr/C60 heterostructure

after background removal and normalization to the 2D peak of graphene.
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Figure 34: Raman spectrum of the Gr/Pentacene heterostructures. (a) Raman spec-

tra of the 150 pristine CVDGr channels. (b) Raman spectra of the 150 Gr/Pentacene

channels. (c) Average Raman spectrum of the 150 measurements of the pristine CVD

Gr in (a). The red dashed line is the polynomial fit (degree 2) of the background.

The green hatched areas (mask) are not considered in the polynomial fit. (d) Aver-

age Raman spectrum of the 150 measurements of the Gr/Pentacene heterostructure

in (b). The red dashed line is the polynomial fit (degree 5) of the background. The

green hatched areas (mask) are not considered in the polynomial fit. (e) Pristine

CVD graphene Raman spectrum after background removal and normalization to

the 2D peak of graphene. (f) Raman spectrum of the Gr/Pentacene heterostructure

after background removal and normalization to the 2D peak of graphene.
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Electrical characterization

Figure 35: Output characteristic (IDS vs. VDS) of the GFETs measured at zero

gate-to-source voltage (VGS = 0V ). (a) Output characteristics of pristine CVD

graphene FETs before C60 deposition (Chip 1, 101 devices, all L included). (b)

Output characteristics of the C60-GFETs (Chip 1, 101 devices, all L included). (c)

Output characteristics of pristine CVD graphene before Pentacene deposition (Chip

2, 119 devices, all L included). (d) Output characteristics of the Pentacene-GFETs

(Chip 2, 98 devices, all L included).
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Figure 36: Transfer characteristics (IDS vs. VGS) of the GFETs, the drain-to-source

voltage is kept constant at V DS = 50mV for all measurements. The graphs show a

representative forward/backward sweep for each channel length highlighted in red.

The backward and forward sweep are virtually identically and only the backward

continuous sweep is considered in this work. (a) Transfer characteristics of pristine

CVD graphene FETs before C60 deposition (Chip 1, 101 devices, all L included).

(b) Transfer characteristics of the C60-GFETs (Chip 1, 101 devices, all L included).

(c) Transfer characteristics of pristine CVD graphene before Pentacene deposition

(Chip 2, 119 devices, all L included). (d) Transfer characteristics of the Pentacene-

GFETs (Chip 2, 98 devices, all L included).
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Figure 37: GFETs IGS (gate-to-source current) vs. IDS of 3 representative devices

per channel length L. (a) C60-GFETs. IGS ≪ IDS for the whole gate-to-source

voltage range (−50V to 50V). (b) Pentacene-GFETs. IGS ≪ IDS for positive

VGS. The IGS increases for negative gate voltages and the ratio IDS/IGS ≃ 10 for

VGS < −40V for the longer graphene channels (L = 100 µm). IDS/IGS > 100 for

the shorter channels in the whole VGS range (−50V to 50V). The increasing IGS

for negative VGS in Pentacene-GFETs is possibly ascribed to the gating of the full

film of Pentacene (p-type OSC), which becomes more conductive at negative gate

voltages. Since IGS is not limited, the transfer characteristics of the GFETs and the

conclusions of this work are not affected.
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Figure 38: (a)-(d) Transfer characteristics (IDS vs. VGS) of the GFETs before

and after the deposition of the C60 and Pentacene molecules. (e)-(h) Numerical

derivative of the transfer characteristics (dIDS/dVGS vs. VGS) of the GFETs before

and after the deposition of the C60 and Pentacene molecules. The red circles show

the maximum of the derivative for VGS < V Dirac
GS that is used to calculate the field

effect hole mobility using Eq. 3. The blue triangles show the maximum of the

derivative for VGS > V Dirac
GS that is used to calculate the field effect electron mobility

using Eq. 3.
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Figure 39: Total resistance (RT ) vs. channel length (L) of the GFETs. The sheet

resistance (RS) and contact resistance (RC) are obtained from the slope and inter-

cept of the linear regression of the data in the Transfer Length Method (TLM).The

red and blue dashed lines are the results of the linear regressions for gate voltages

of ±50V and V Dirac
GS , respectively. Figure 14 shows the results of the linear regres-

sion for all the gate voltages in the range −50V to 50V. (a)-(b) RT vs. L of the

GFETs before deposition of C60. (c)-(d) RT vs. L of the GFETs after deposition

of C60.(e)-(f) RT vs. L of the GFETs before deposition of Pentacene. (g)-(h) RT

vs. L of the GFETs after deposition of Pentacene.
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C60-GFETs Pentacene-GFETs

Length (µm) Gr Gr/C60 Gr Gr/Pentacene

5 19 15 18 13

10 16 21 27 21

20 21 25 26 22

50 24 22 26 24

100 21 18 22 18

Working 101 101 119 98

Total 150 150 150 150

Table 3: GFETs measurements population overview. The table shows the number

of electrical measurements considered in the analysis. The working device that were

considered all show a linear output characteristic (IDS vs. VDS) in the range ±50mV

and the typical graphene field effect transistor transfer characteristic (IDS vs. VGS)

in the range ±50V at a constant VDS = 50mV.
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C Complementary Inverters

Electrical characterization

Figure 40: (a) I vs. VDD for channel length L = 5, 10, 20 and 50 µm. (b) Rn (solid

line) and Rp (dashed line) vs VIN of the inverter for channel length L = 5, 10, 20

and 50 µm, at VDD = 1V .

Fig. 40 shows (a) output characteristic (I vs VDD) and (b) transfer resistances (R

vs VIN) of the graphene complementary inverters. For the circuit simulations, the

resistances Rn,p(VIN) were extrapolated by fitting a polynomial in the range 0 - 20

V.

L (µm) Vswing (V) A (10−2) P (µW) fc (GHz)

5± 0.2 0.29± 0.04 1.77± 0.10 240± 9.8 27.9± 1.47

10± 0.2 0.28± 0.03 1.79± 0.08 120± 3.9 8.29± 0.18

20± 0.2 0.33± 0.03 2.01± 0.08 54± 1.4 1.77± 0.02

50± 0.2 0.32± 0.03 1.95± 0.08 25± 0.6 0.32± 0.00

100± 0.2 0.28± 0.03 1.78± 0.07 12± 0.3 0.08± 0.00

Table 4: Parameters of the graphene complementary measured at fixed VDD = 1V

and digital input signal within 0V to 20V. The voltage swing is given by Vswing =

VOH−VOL. The cut-off frequency of the inverters is calculated as fc = 1/4πRn//pCox.

Table 4 provides the main parameters of the graphene inverters that were fabricated

and measured in this study. The parameters were extrapolated at fixed VDD = 1V
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and for a digital input signal within 0V to 20V. The voltage swing is given by

Vswing = VOH−VOL, while the static power dissipation is calculated at Vin = 0V and

the cut-off frequency of the inverters is calculated as fc = 1/4πRn//pCox. Assuming

that the channel dimensions uncertainty (∆L and ∆W ) is approximately 0.2 µm and

that the graphene sheet resistance is about RS,n ≈ 3 kΩ, the uncertainty of Vswing is

calculated as follows:

∆Vswing ≈ RS,nIDD

√(
∆L

W

)2

+

(
L∆W

W 2

)2

(18)

while the power uncertainty is approximately ∆P = ∆VswingIDD, and the frequency

fc uncertainty is is given by:

∆fc ≈
t

πRS,nϵ0ϵr

√(
∆L

L3

)2

(19)

Similarly, the error on the voltage gain A is extrapolated from the expression:

∆A ≈ A

√(
∆L

L

)2

+

(
∆W

W

)2

(20)

However, the variability between graphene-based inverters possibly depends on other

factors, including the sheet and contact resistance of graphene. For detailed statistics

on the variability between GFETs, refer to Chapter 4.

Figure 41: Resistance R vs. input voltage VIN measured on a representative com-

plementary inverter after hBN encapsulation of the two GFETs. The inset shows an

optical microscope image of an encapuslated GFET, the channel length is L = 20

µm. The transfer resistances show that the inverter characteristic is lost after en-

capsulation.
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D Charge transport across Au-P3HT-Gr

FIB/SEM/AFM characterization

Figure 42: SEM images. (a) Top view of a representative device. The orange dashed

line shows the contour of the graphene electrode. The blue dashed line shows the

location of the cross-section of (b). (b) Cross-section showing the right edge of

P3HT. (c) AFM height profile of the Au / P3HT / Gr stack. The red dashed

line show the height of the Ti / Au electrodes, i.e. 35 nm. The green dashed line

represent the height of the Ti / Au / P3HT / Gr stack, i.e. 135 nm. From this, the

deduced thickness of the P3HT layer is roughly 100 nm.

Figure 42a shows the SEM image and of a representative device. The graphene

electrode is clearly visible and contoured with an orange dashed line. Graphene

bilayers are distinguishable on the Au side contact. Figure 42b and 42c shows the

cross-section corresponding to the dotted blue and dashed black line, respectively,

in Figure 42a. The thickness of the P3HT film in the device center is uniform, while

it is not on the device edge, where a higher ring possibly due to capillary/adhesion

forces of the P3HT to resist prior to lift-off is observed. Although not desirable, the
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high edge does not affect the geometry of the device, which is entirely dictated by

the region where the bottom and the top electrodes superimpose (active area shown

in Figure 42c), and does represent an issue for the graphene electrode since it can

easily adapt to the smooth shape of the P3HT edge (Figure 42b).

Electrical characterization

Figure 43: J-V traces of a 10µm wide vertical Au / P3HT / Graphene device in

ambient, in vacuum and in vacuum after annealing at 110 °C for 12 h. The inset

shows the same traces on log scale.
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Figure 44: Graphene in-plane conductivity measurements. The total number of

samples shown in the plot is 17. (a) Measured current vs. bias in the devices.

Square symbols represent the devices measured in vacuum before annealing. Circles

represent the devices measured after annealing. (b) Graphene resistance vs. device

area.

Figure 45: J-Vs of five devices per area of the vertical Au/P3HT/Gr devices mea-

sured in vacuum after annealing.
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Figure 46: Impedance analysis. Modulus (a) and phase (b) of a representative 20µm
device for negative applied bias. The R//C system cut off frequency shifts above

1MHz for negative applied bias, where the resistance drops and becomes comparable

to the graphene series resistance.

The dielectric constant ϵr of P3HT for different devices is calculated using the par-

allel plate capacitor equation (Eq. S1). The results are shown in Table 1.

C = ϵ0ϵr
A

t
(21)

Where ϵ0 is the vacuum permittivity, A is the device area and t the device thickness.

The propagation errors at first order is calculates as shown in Eq. S2.

∆ϵr =
1

ϵ0

√(
t

A
∆C

)2

+

(
C

A
∆t

)2

+

(
Ct

A2
∆A

)2

(22)

Where ∆C is the fit error, ∆t = 30 nm is the estimation of the thickness error and

∆A = π((dAu − dGr)/2)
2 is the estimation of the area error. Where dAu and dGr are

the diameter of the gold and graphene electrodes, respectively.
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Figure 47: SCL and TE models fitting for different device with diameters: (a-b)

5 µm, (c-d) 15 µm, (e-f) 25µm, and (g-h) 50 µm. Table 2 shows the statistic of

fitting parameters. (a-b) In Fig. 42, one can observe a slightly thicker organic layer

around the edge of the devices active area. The latter could have affect the actual

average thickness of small devices. To take this effect into account, the thickness

of the 5µm and 10µm device was set to 130 nm and 120 nm. For all the other

devices, where the edge area can be neglected compared to the whole device area,

the thickness was set to 100 nm.
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Figure 48: (Left) A∗∗ as a function of voltage extracted from temperature dependent

IV measurements on the representative 5µm device. A∗∗ in the range from −10V

to −7V is neglected because of the graphene series resistance. Similarly, A∗∗ in

the range from −4V to 4V is also neglected because of instrumentation sensitivity.

(Right) Potential barrier height calculated for A∗∗ values spanning the whole range

(ca. 18Am−2K−2 to 22Am−2K−2 for Au / P3HT and 2Am−2K−2 to 7Am−2K−2 for

Gr / P3HT).
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Kelvin Probe Force Microscopy (KPFM)

Figure 49: (a) CPD image of a 50µm device with the different parts (bottom Au

electrode, P3HT film and top graphene electrode) indicated. (b) CPD profile along

the white line shown in (a) and histograms of the CPD values measured on Au, Gr

and P3HT. The black lines are the fits with a Gaussian distribution, the mean CPD

values are given in the figure (FWHM of 14meV in all cases).

Figure 49a shows a CPD image of a 50µm device, where the top Gr electrode, the

P3HT and the bottom Au electrode are clearly distinguishable. A CPD profile along

the white line shown in Figure 49a reveals (Figure 49b) the variations of the CPD

for the Au electrode, the P3HT film and the graphene electrode. CPD histograms

recorded locally on the Au, P3HT and Gr are shown in the right panel of Figure

49b. Therefore, the deduced potential barrier at the interfaces are ΦB,Au/P3HT =

0.10± 0.13 eV and ΦB,Gr/P3HT = 0.16± 0.13 eV. These values show a similar trend

as obtained from the I-V measurements ΦB,Gr/P3HT > ϕB,Au/P3HT with the same

built-in potential (60meV). However, the KPFM barrier heights are smaller. This

can be ascribed to the fact that the I-V measurements were done in vacuum after

annealing. In this latter case, the obtained potential barriers at the interfaces are

larger than the ones obtained from KPFM measurements done in air and ambient

condition.
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Chip overview

Figure 50: Overview of the entire chip. Green cases show the working devices, while

the red cases are the not working ones. Roughly, 50% of the chip devices are working

and show the same J-V behavior of the device shown in Fig 22.

Space-charge limited (SCL) current modeling

The analytical solution of the Space-Charge-Limited (SCL) current is here reported

for convenience, as proposed in previous works.150,158,159,199

1. From the continuity equation:

J = qnµE(x) + qD
dn

dx
(23)

and the Poisson equation:

d

dx
E(x) = −q

ϵ
n(x) (24)

2. Assuming that the diffusion current is negligible:199

J = qnµE(x) = −ϵµE(X)
dE(x)

dx
(25)

3. Integrating Eq. 24:∫ x

0

Jdθ = J

∫ x

0

dθ = ϵµ

∫ x

0

E(θ)
dE(θ)

dθ
dθ

Jx+K =
1

2
ϵµE(x)2

(26)

where K is a constant.
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4. Solving Eq. 26 for the electrical field E(x):

E(x) =

√
2J

ϵµ
(x+K ′) (27)

where K ′ = K
J
.

5. K ′ is found using the boundary conditions at the injecting contact (x =

0). Defining n|x=0 = N0 and applying the Dirichlet boundary condition
dE(x)
dx

∣∣∣
x=0

= qN0

ϵ
, K ′ is

K ′ =
Jϵ

2µN2
0 q

2
(28)

6. Then, plugging K ′ in Eq. 27:

E(x) =

√
2J

ϵµ

(
x+

Jϵ

2µN2
0 q

2

)

E(0) =

√
J2

µ2N2
0 q

2
=

J

µN0q

(29)

7. Finally, the voltage associated to the current J in the semiconductor of length

L is given by:

V = −
∫ L

0

E(X)dx =

√
8J

9ϵµ

[
(L+K ′)3/2 +K ′3/2] (30)

8. The current-voltage relation is found solving Eq. 30 for the current. Two

solutions are found:

J =
9

8
ϵµ

V 2

L3
for K ′ ≪ L

J = qµN0
V

L
for K ′ ≫ L

(31)

J is the current density driven through the device by applying the bias V . The other

parameters are defined by the semiconductor properties. N0, that is the charge car-

rier density at the interface, is defined by the density of states of the semiconductor

NDOS and by the potential barrier height ΦB at the interface:

n|x=0 = N0 = NDOS exp

(
−EHOMO − ΦM

kT

)
= NDOS exp

(
−ΦB

kT

)
(32)

The case of a 20µm representative device shown in Fig. 22 is considered. N0 at the

Gr/P3HT interface can be measured by (i) extracting the hole mobility of P3HT

using Eq. 31 (K ′ ≪ L) for negative biases and (ii) applying Eq. 31 (K ′ ≫ L)
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in the linear region for positive biases. The obtained charge carrier density at the

Gr/P3HT interface is N0 = 1.1× 1015 cm−3.

Then, using the potential barrier height (0.31 eV, extracted from TE model) and

N0 at the Gr/P3HT interface, NDOS of P3HT can be calculated: NDOS = 2.4 ×
1020 cm−3. Finally, N0 at the Au/P3HT can be computed using Eq. 31 (K ′ ≪ L)

and the potential barrier height (0.25 eV). Obtained charge carrier density at the

Au/P3HT interface is N0 = 1.2× 1016 cm−3 . It is worth observing that the image-

charge induced lowering of potential barrier is not considered. N0 may depend on

the applied bias and be larger than the estimated value1 . Figure 51 shows K ′ vs.

J , i.e. the charge carrier density and the electrical field across the stack for the two

different boundary conditions

Figure 51: Space-charge limited current model calculated in the current density

range of the measured devices. (a) K ′ vs. J showing the two different solution of

the space-charge limited current model (Eq. 29 and 30). The horizontal red line

shows L = 100 nm of Eq. 28. Orange line corresponds to N0 = 1.1 × 1015 cm−3

(K ′ > L) and blue line to N0 = 1.2 × 1016 cm−3 (K ′ < L). The vertical red line

show the current density used to calculate n(x) and E(x) of plot (b) and (c). (b)

Charge carrier density (b) and electrical field (c) across the across the vertical for a

current density J = 100Am−2 .
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E Charge transport across Au-C60-Gr

FIB/SEM/AFM characterization

Figure 52: (a) 3D schematic of a representative 10 µm Graphene Bridge device (not

to scale). Adapted from Oswald, J. et al. ACS Appl. Mater. Interfaces 2022.1 (b)

AFM height image and profile of a representative 10 µm bridge device. (c) SEM

image of a representative 10µm Au / C60 / Gr Vertical Stack device.
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Electrical characterization

Figure 53: Electrical measurements of the Graphene Bridges under different con-

ditions. Left: linear scale. Right: log scale. Symbols represent the diameter of

the device. (a) I-V traces of the devices as fabricated measured under vacuum

(≈ 1 × 10−6mbar), at room temperature (293K) and in dark. (b) I-V traces of

the devices after annealing (110 °C for 12 h, 1 × 10−6mbar) measured under vac-

uum (1 × 10−6mbar), at room temperature (293K), and in dark. (c) I-V traces of

the devices after annealing measured under vacuum 1 × 10−6mbar), at 50K, and

in dark. (d) I-V traces of the devices exposed to air. The graphene resistance for

a representative device for each diameter, extracted from the linear fit of the I-V

traces, is given in Table 5.
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As fabricated After annealing In air

(1× 10−6 mbar) (1× 10−6mbar, 12 h 110 °C)

Device (µm) RT - 293K,

Dark

RT - 293K,

Dark

T = 50K,

Dark

RT - 293K,

Dark

5 42213 42137 27726 18790

10 42178 40434 20162 14720

15 40343 40536 30875 16718

20 41677 41384 22879 16676

25 36988 38531 19245 10367

30 51914 46965 24877 12350

50 52795 46765 31218 22197

Table 5: Graphene resistance (measured in Ω) of a representative Graphene Bridge

device for each size measured under different environment conditions. Similar resis-

tances are measured for graphene at room temperature (293K) in dark, and after

annealing (110 °C for 12 h) in dark. Lower resistance is found at low temperature

(50K), possibly due to higher charge mobility, and in air conditions (293K in dark),

as expected from an increased charge carrier density due to the O2 and H20 p-doping

of graphene. Under all conditions, the resistance of the Graphene Bridge is lower

than the one of the Vertical Stack. Therefore, the series resistance RS shown in the

circuit of Figure 26 can be neglected, and the current across the Vertical Stack is

limited by the interfaces.
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Figure 54: Electrical measurements of graphene field effect transistors under vacuum

(≈ 1× 10−6mbar) at room temperature (293K). Channel length is 5 µm while the

lengths of the devices are 5, 10, 20, 50 and 100 µm, as shown by the colored lines of

(a) and (b). (a) Ids vs. Vgs characteristics of pristine graphene field effect transistors.

(b) Ids vs. Vgs characteristics of the graphene field effect transistor doped by C60

(5 nm thin film evaporated on top).

Induced charge carrier density in graphene due to C60

The induced charge carrier density in graphene is deduced from a parallel plate

capacitor model, in formula

n = Cgs
Vdirac − Vgs

q
(33)

Eq. S1 Where Cgs = (ϵ0ϵr)/t is the capacitance per unit area, t is the thickness

of the oxide (300 nm) and ϵr is the dielectric constant of SiO2 (ca. 3.9). Since the

charge neutrality point is shifted by roughly 20V, as shown in Fig. 54, the induced

charge density of graphene doped by C60 is ca. n ≈ 1.4× 1012 cm−2.
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Figure 55: Effect of annealing under vacuum (1×10−6mbar) on electrical transport

across the Vertical Stack. (a) J-V traces of the as fabricated devices measured under

vacuum (1× 10−6mbar) at room temperature (293K). (b) J-V traces measured in

vacuum at room temperature, after annealing at 110 °C for 12 h. The graphs show

the average of the current-voltage characteristics measured on 2 devices for each

diameter: 5, 10, 15, 20, 25, 30, and 50 µm.

Figure 56: Effect of the environment conditions on the I-V traces of the Vertical

Stack. (a) Electrical measurements in air at room temperature (293K). (b) Electri-

cal measurements under vacuum (≈ 1 × 10−6mbar) at room temperature (293K).

(a) and (b) are measured on the same set of devices. The graphs show the average

of the current-voltage characteristics measured on 2 devices for each diameter: 5,

10, 15, 20, 25, 30, and 50 µm.
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Figure 57: Richardson plot (of the non-ideal Schottky diode model, i.e. ln(J/T 2) =

ln(A∗∗
1,2)−Φ1,2(V )/kT of a representative 50µm device for (a) negative applied bias

and (b) positive applied bias. For V < 0, the equation represent the reverse current

of SB1 and for V > 0 the equation represent the reverse current of SB2. In this

model the individual interface is considered. (c) Effective Richardson constant A∗∗
1,2

extracted from the intercept ln(A∗∗
1,2) of the Richardson plots, for negative (a) and

positive (b) voltages. (d) Potential barrier height as a function of bias Φ1,2(V ),

extracted from the slope − Φ1,2(V )/k of the Richardson plot, for negative (a) and

positive (b) voltages. The nominal barrier heights Φ01,2 and ideality factors n1,2

are extracted from the intercept and slope of the linear fit of Φ1,2(V ), respectively.

Table 6 shows the resulting Φ01,2 and n1,2.
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Figure 58: Richardson plot (of the non-ideal Schottky diode model, i.e. ln(J/T 2) =

ln(A∗∗
1,2)− Φ1,2(V )/kT of a representative 5µm device for (a) negative applied bias

and (b) positive applied bias. For V < 0, the equation represent the reverse current

of SB1 and for V > 0 the equation represent the reverse current of SB2. In this

model the individual interface is considered. (c) Effective Richardson constant A∗∗
1,2

extracted from the intercept ln(A∗∗
1,2) of the Richardson plots, for negative (a) and

positive (b) voltages. (d) Potential barrier height as a function of bias Φ1,2(V ),

extracted from the slope − Φ1,2(V )/k of the Richardson plot, for negative (a) and

positive (b) voltages. The nominal barrier heights Φ01,2 and ideality factors n1,2

are extracted from the intercept and slope of the linear fit of Φ1,2(V ), respectively.

Table 6 shows the resulting Φ01,2 and n1,2
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Figure 59: Distribution of Φ01,02 and n1,2 extracted from the DSB on 35 device (5

devices for each diameter), associated to the Gr / C60 and Au / C60 interfaces,

respectively. Each individual I-V shown in Fig. 60, was fitted using various values

of the effective Richardson constant A∗∗ varying in the range 1 × 101Am−2K−1 to

1 × 103Am−2K−1 (in steps of 10Am−2K−1). The extracted energy barrier heights

were used to construct the histogram. The variation of the energy barriers extracted

with different A∗∗ from the aforementioned range is less than 0.1 eV compared to

the energy barriers extracted using A∗∗ = 100Am−2K−1 and showed in Fig. 24b.

Discussion on the non-ideal Schottky diode model fitting of individual

interfaces (SB1 and SB2)

Table 6 shows the ideality factors and energy barriers of SB1 and SB2 obtained from

the Richardson plots (Fig. 57 and Fig. 58) and considering the non-ideal Schottky

diode model with ideality factor n. The resulting effective Richardson constant A∗∗

is voltage dependent and vary in the range 1 × 101Am−2K−1 to 1 × 103Am−2K−1

for |V | > 5V . The energy barrier and ideality factor of SB1 are smaller than SB2

(i.e. Φ01 < Φ2 and n1 < n2), following the same trend observed for the results

of the DSB model. The higher ideality factors n1,2 obtained from the individual

Schottky diode model is possibly due to the presence of the second energy barrier

and/or to the voltage dependent Richardson constants. This could also lead to

a slight overestimation of the energy barriers Φ01,2. For this reason, in the DSB

model presented in Figure 2, the Richardson constant was set to the fixed value of

A∗∗ = 100Am−2K−1 (red dashed line in Fig. 57 and Fig. 58), and the energy barriers
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error induced by the Richardson constant, varying in the range 1× 101Am−2K−1 to

1× 103Am−2K−1 (observed range for the individual Schottky diode model, Fig. 57

and Fig. 58), is below 0.1 eV, as shown in Figure 59.

Device (µm) n1 n2 Φ01 (eV) Φ02 (eV)

50 (Fig. 58) 1.049± 0.000 1.058± 0.000 0.69± 0.00 0.82± 0.00

5 (Fig. 57) 1.053± 0.002 1.066± 0.001 0.77± 0.01 0.93± 0.00

Table 6: Ideality factors and energy barriers obtained from the Richardson plots of

the individual Gr / C60 and Au / C60 interfaces. The data of the 50µm and 5 µm
devices is shown in Fig. 57 and Fig. 58, respectively. The table shows the errors of

the linear fit method used to extrapolate the intercept and the slope of the data in

Fig. 57-58.

Figure 60: Electrical measurements under vacuum ( 1 × 10−6mbar) at room tem-

perature (293K). (a) I-V traces and DSB model fitting (red dashed lines) of the 35

devices (5 devices for each size). (b) Same I-V traces in log scale. The figure does

not display the I-V data in the range from −5V to 5V, where the current is below

the sensitivity of the instrument (see Figure 63).
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Figure 61: Impedance analysis of a representative 50µm device. (a) Modulus and

R//C model fit (dashed line) of the impedance with relative error. (b) Phase and

R//C model fit (dashed line) of the impedance with absolute error. (c) R and C

extracted from the fit. The capacitance C is bias independent and therefore, the

OSC is fully depleted in the considered voltage range.
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Figure 62: (a) Temperature dependent J-V characteristic of a 5 µm device from 50K

to 305K. The inset shows the same traces in log scale. (b) Temperature dependent

I-V characteristic of a representative 5µm device from 300K to 380K in steps of

10K. The inset shows Φ01, n1 and Φ02, n2, extracted from the DSB model, as a

function of temperature.
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Figure 63: Forward and backward I-V sweeps. (a) I-Vs measured under vacuum at

room temperature (293K) with the Keithley 4200 Semiconductor Parameter Ana-

lyzer. The current is below the sensitivity of the instrument in the range from −5V

to 5V. (b) I-Vs measured at low temperature (50K) Lakeshore probe station (CRX-

6.5K) operating under vacuum ( 1× 10−6mbar). The I-V sweeps show hysteresis in

the range from −7V to 7V. Forward and backward I-V sweeps are overlapping at

higher voltages, where the FN tunneling model is applied.
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Chip overview

Figure 64: Overview of the entire chip. Green cases show the working devices, while

the red cases are the not working ones. Roughly, 50% of the chip devices are working

and show the same J-V behavior of the device.
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F Au-Pentacene-Al vertical diodes

Construction of the metal masks aligner

Figure 65: (a) Photograph of the metal masks aligner. (b) Optical microscope

image allowing to align the metal mask to the substrate. (c) The sample and mask

alignment markers. (d) Sample and mask holder ready for thermal evaporation. (e)

Sample mounted on the holder without the metal mask.

Figure 65a shows the home-built mask aligner. The aligner consist of four micro-

manipualtor (Thorlabs): two are dedicated to the x- and y-axis movement of the

sample with respect to the metal mask, one is used for the in-plane tilt of the sam-

ple and one is used to bring the mask in contact with the sample along the z-axis.

Figure 65b shows the optical microscope image bottom electrode on the chip aligned

with the metal mask used for the evaporation of the OSC. The alignment is possible

thaks to the markers (Figure 65b) placed on edges of the mask and sample, and the

optical microscope (Dino-Lite) showed in Figure 65a. Once aligned, the mask and

sample holders are screwed together, as showed in Figure 65d, and placed into the

thermal evaporator. After the thin-film deposition, the two parts are unscrewed and

the sample released.
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Fabrication of the vertical Au-Pentacene-Al diodes

Figure 66: (a) Optical microscope image of the whole chip. (b) Zoom-in on a

representative vertical circular device with radius r = 60 µm. (c) SEM image of the

surface of the thermally evaporated thin film of Pentacene. (d) SEM cross-section

of the Au-Pentacene-Al device.

Figure 66a shows an overview of the Si/SiO2 chip with the vertical Au-Pentance-Al

devices. The bottom Ti (5 nm / Au (50 nm) were fabricated by photolithography.

The 120 nm thick film of Petacene and the 50 nm Al top electrode are thermally

evaporated through metal masks. The chip includes 100 devices, half of which

have square shaped electrodes, while the other half have circular electrodes. A

representative circular device with diameter d = 120 µm is shown in Figure 66b.

The width w and diameter d of the square and circular electrodes are 120, 140, 160,

180 and 200 µm. Figure 66c shows the SEM image of the Pentacene thin film on the

Au electrode without the top Al electrode. Figure 66d shows the SEM cross-section

of the Au-Pentacene-Al stack deposited on top of a Si/SiO2 substrate. The image

shows a uniform 120 nm film of Pentacene sandwiched between 50 nm Al and Au

electrodes.
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Electrical characterization

Figure 67: (a) IV characteristics of the square shaped devices. The inset shows

the optical microscope image of a representative device with a width w = 120 µm.

The voltage V is applied to the bottom Au electrode, while the top Al electrode is

grounded. (b) IV characteristics of the circle shaped devices. The inset shows the

optical microscope image of a representative device with a diameter d = 120 µm.

(c) Current density of the circle and square devices. (d) Differential resistance

R = dV/dI calculated at V = 5V vs. device area. The grey dashed line is the

resistance R = 1/G = ρt/A, which is obtained from the linear fit of the conductance

G = 1/R = σA/t.

.
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Figures 67a-b show the current vs. voltage (IV) characteristics of the vertical Au-

Pentacene-Al devices with square shaped and circular electrodes, respectively. The

insets show that the voltage V is applied to the bottom Au electrode, while the

Al electrode is grounded. The traces shows the typical rectification behavior of

Schottky diodes with an exponential increase of the current with a positive applied

voltage. When a negative voltage is applied, the devices show small leakage current

increasing with the reverse voltage. The work functions of Al and Au are WAl =

4.2 eV and W = 4.9 eV, while the HOMO energy level of Pentacene is EHOMO =

5.1 eV.1,161 Accordingly, we expect a low injection barrier at the Au electrode of

roughly 0.3 eV and a high injection barrier at the Al electrode of about 0.9 eV. Thus,

Au can be considered as the hole injecting electrode and Al the the hole blocking

electrode. Since the Pentacene film is only 100 nm thick, we can safely assume that

the depletion region extends over the entire thickness of the device (also at thermal

equilibrium).161 As a result, the voltage drops linearly over the whole structure

and the energy diagram of the device can be illustrated as shown in Figure 68.

We observe that the magnitude of the current scales with the diameter and width

of the devices, while the current density is the same for all devices, as shown in

Figure 67c. The devices show a rectification ratio RR = J(5V)/J(−5V) ≈ 1× 106

and a relatively high current density of approximately 1 × 105Am−2. Figure 67d

shows the differential resistance R = dV/dI as a function of the device area A.

It is worth noticing that the resistance of both square and circle devices scales

as R ≈ 1/A. Thus, the geometrical shape of the metal electrodes, which could

affect the distribution of the electrical field at the edges and between the electrodes,

is not relevant at this scale. The resistivity ρ = 52.2Ωm and conductivity σ =

1.92×10−2 Sm−1 are obtained from the fit of the conductance G = σA/t+C, where

A is the area of the device, t = 120 nmis the thickness of the Pentacene film and

C is constant. This results in G = 1.596 × 105A + 1.498 × 10−4, while the plotted

dashed line in Fig. 67d is R = 1/G. The residual sum of squares of the fit errors is

GRSS = 4.469× 10−7.
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Figure 68: Energy diagram of the Au-Pentacene-Al structure. (a) Reverse-bias

regime (V < 0). The charge carrier density injected at the Au electrode is low and

the current is negligible. (b) Thermal equilibrium. The OSC is fully depleted. (c)

Forward-bias regime (V > 0). At low positive voltages, the current is limited by

the charge injection at the Au electrode. At higher positive voltages (higher than

flat-band condition), the current is bulk-limited.

.
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