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Gate-Controlled Energy Barrier at a Graphene/Molecular

Semiconductor Junction

Subir Parui,* Luca Pietrobon, David Ciudad, Saiil Vélez, Xiangnan Sun, Félix Casanova,

Pablo Stoliar, and Luis E. Hueso*

The formation of an energy-barrier at a metal/molecular semiconductor
junction is a universal phenomenon which limits the performance of many
molecular semiconductor-based electronic devices, from field-effect transis-
tors to light-emitting diodes. In general, a specific metal/molecular semi-
conductor combination of materials leads to a fixed energy-barrier. However,
in this work, a graphene/Cg, vertical field-effect transistor is presented in
which control of the interfacial energy-barrier is demonstrated, such that the
junction switches from a highly rectifying diode at negative gate voltages to

a highly conductive nonrectifying behavior at positive gate voltages and at
room temperature. From the experimental data, an energy-barrier modulation
of up to 660 meV, a transconductance of up to five orders of magnitude, and a
gate-modulated photocurrent are extracted. The ability to tune the graphene/
molecular semiconductor energy-barrier provides a promising route toward

novel, high performance molecular devices.

1. Introduction

The formation of an energy barrier at a metal/molecular semi-
conductor junction is both a ubiquitous phenomenon as well
as the subject of intense research in order to improve the per-
formance of molecular semiconductor-based electronic and
optoelectronic devices.'””] For these devices, a junction with a
large energy barrier provides rectification, leading to a diode
behavior, whereas a relatively small energy barrier provides
a highly conductive nonrectifying behavior, resulting in effi-
cient carrier injection into (or extraction from) the molecular
semiconductor.! Typically, a specific metal/molecular semi-
conductor combination leads to a fixed energy barrier, which
crucially determines the device performance and efficiency;®1%
therefore, the possibility of a gate-controlled energy barrier is
very appealing from the point of view of possible advanced
applications.
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Graphene, 'l a one-atom thick zero
band gap semiconductor has allowed the
development of new electronic device
schemes such as the graphene-bar-
ristor,1?! the graphene-vertical-field-effect-
transistor (VFET),[3-1 and the graphene-
base hot electron transistor.'’] In organic
electronics, graphene can be an ideal
choice to use as the injector (or source)
electrode for a VFET since its Fermi level,
its corresponding work function and its
available low density of states (DOS)1®
can all be easily modulated, providing a
tunable energy barrier which eventually
controls the device operation. In addition,
the electric field produced by a gate elec-
trode will extend into the organic semi-
conductor, as the monolayer thickness of
graphene is insufficient to fully screen
it.[13,19]

In order to increase the performance of organic thin film
transistors (OTFT) compared with the inorganic counterparts,
a unique vertical architecture with a molecular semiconductor
(Ceo) was first demonstrated using a thin and rough (with a
roughness comparable to the thickness) metal electrode.?% A
clear advantage of the vertical over the lateral organic transistor
geometry is that the channel length is controlled by the thick-
ness of the organic layer and the devices can be downsized in
both the lateral and the vertical directions. In the case of a per-
forated metallic source electrode, the electric field can directly
access the metal/organic interface which causes the energy
level realignment (similar to the band bending in inorganic
semiconductor) in the organic semiconductor. Although Ma
and Yang have reported a large on/off current ratio (=10°), the
high DOS and the fixed work function of the metallic electrode
(injector) limits its application to a few organic semiconduc-
tors.?% Later on, Liu et al. introduced a carbon nanotube-based
source electrode with low DOS in organic VFETs for a wide
range of organic semiconductors.?!! Carbon nanotubes allow
new mechanisms for transistor operation such as the tuning of
the gate modulated energy barrier. Graphene, similar to carbon
nanotubes in its electrical and mechanical properties, has addi-
tional advantages over them due to the large-scale availability
(chemical vapor deposition (CVD)-grown graphene) of chemi-
cally inert high quality 2D surfaces.['*?2

On the other hand, fullerene (Cy) is one of the most widely
studied molecular semiconductors?>2023-2 and a common
choice as an active media for transistors. Cqy has an energy gap
(Eg = 1.7 eV), between its highest occupied molecular orbital
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(HOMO: 6.2 eV) and the lowest unoccupied molecular orbital
(LUMO: 4.5 eV), larger than the band gap of conventional
inorganic semiconductors, e.g., Si (E, = 1.12 eV)!"¥ and MoS,
(bulk E, = 1.29 eV)[l. As the Cqy LUMO level is close to the
work function of graphene,['¥l it is interesting to study the elec-
tron injection properties of a graphene/Cg junction. Therefore,
in general the graphene/Cgyy junctions are a very promising
combination for the fabrication of organic VFETs, which should
also serve as useful components for logic circuits.

In this work, we implement a graphene/Cg, junction that
shows a gate tunable energy barrier. The junction acts as a
highly rectifying diode for negative gate voltages and control-
lably switches to a nonrectifying low resistance junction for
positive gate voltages. From our experimental data, we extract
a zero bias energy barrier modulation up to 0.66 eV (from 0.88
to 0.22 eV). The control over the graphene/Cqy, junction energy
barrier by the applied gate voltage leads to the operation of a
graphene/Cqo/metal VFET with a measured current on/off
ratio of up to five orders of magnitude at room temperature
(RT). Moreover, we report a gate-controlled photo-transistor in
which the photocurrent is exponentially dependent on the gra-
phene/Cg, junction energy barrier. Our ability to modulate such
an energy barrier provides a promising route toward molecular
semiconductor-based devices combining the properties of a
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rectifying diode and of a nonrectifying low resistance junction
in a single device.

Figure 1a,b shows a schematic diagram of the graphene/
Cygo junction-based VFET and a cross-sectional scheme of the
device, respectively. The fabrication steps are explained in
detail in the Experimental Section. Briefly, a single layer gra-
phene, grown by CVD 2% ig transferred onto a Si**/SiO, sub-
strate. The highly doped Si and the 300 nm thick thermal SiO,
layer act as a gate electrode (G) and a gate dielectric, respec-
tively. The graphene is then lithographically patterned and
etched by oxygen plasma into several 2 mm long and 10 pm
wide strips. Ti/Au (2.5 nm/40 nm) layers are then deposited
by e-beam evaporation at the two ends of each graphene strip
for contacts (S, D*). Next, a 280 nm thick Cg, layer is evapo-
rated on graphene in ultrahigh vacuum (UHV) conditions. A
cross-bar geometry, realized through a shadow mask, defines
a graphene/Cq junction area of 1 mm X 10 pm. Finally, a
30 nm thick layer of either Al or Cu is deposited on top of Cg
for the collector or drain contact (D). Both metals have work
functions closely matching to the Cyy LUMO energy level
and are thus an optimal choice for electron transport. The
top view of an actual device is shown in Figure 1c, where the
graphene strip is indicated inside the dotted lines. The active
device area is considered to be confined to the overlapping

Figure 1. a) Schematic diagram of our device, which acts as a lateral graphene field effect transistor as well as a graphene/Cgo-based vertical field
effect transistor. CVD-grown graphene is transferred on a Si/SiO, substrate and subsequently patterned. Ti/Au contacts and Cg are then separately
evaporated. Finally, either Al or Cu is deposited on top of Cg for the collector (drain) contact. b) Cross-sectional schematic view of the device. c) Optical

microscopy image of a typical graphene/Cgo/metal device.

Adv. Funct. Mater. 2015, 25,2972-2979

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com 2973

dadvd T1TInd



-
™
s
[
-l
wd
=
™

2974  wileyonlinelibrary.com

www.afm-journal.de

area (10 X 300 pm?) between the bottom graphene and the top
drain (D) electrode.

2. Results and Discussion

We organize the experimental results in the following four
parts. First, we briefly discuss the graphene field effect tran-
sistor (graphene-FET) with and without the presence of a Cgy
layer above and the surface charge carrier mobility in the gra-
phene. Second, we measure the gate-controlled energy bar-
rier between graphene and Cg, junction. Third, we show the
operation of a VFET based on the graphene/Cg, energy barrier
modulation. Fourth and last, we describe the gate-controlled
photocurrent measurement in the graphene/Cg/metal device.
All our results reveal the exceptional potential of graphene as a
universal electrode, replacing metals and carbon nanotubes for
organic electronic and optoelectronic devices.

In order to investigate the charge transfer between the mon-
olayer graphene and the organic semiconductor, we briefly
discuss the effect of a thick Cg, layer on the transport of the
graphene-FET. Figure 2a,b shows the dependence of the square
resistance of the graphene strip (Ryq, measured between S and
D¥) versus the gate-source voltage (Vgs), before depositing the
Cgo film and after fabricating the complete device. Initially,
the graphene is highly p-doped, i.e., its charge neutrality point
(CNP) is visible at positive gate voltage and presents a consid-
erable variability in the position of its CNP (within 45-90 V).
In the examples presented in Figure 2, CNPs are found at Vg
of 48 and 80 V. Such p-doping is common when CVD-gra-
phene is transferred onto Si/SiO, substrates.”’! The addition
of a Cg layer shifts the position of the CNP to lower Vgg (31
and 34 V for graphene/Cgy/Al and graphene/Cgqy/Cu devices,
respectively), and, more importantly, it effectively reduces the
dispersion. Such reduction on the graphene doping can be
understood by considering the formation of an electrical dipole
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at the graphene/Cg, junction due to charge transfer.?8-3% We
assume that there is no influence of the top metallic electrodes
(Al and Cu) present above the Cg, layer in case of graphene-
FET measurements, which seems logical due to thick molec-
ular layer employed. In every case studied, the square resist-
ance of graphene does not vary significantly after the Cg, depo-
sition, indicating that other properties of graphene apart from
the doping remain nearly unchanged and that there is not any
evidence of chemical reaction at the interface.

In order to extract the carrier mobility in the pristine gra-
phene strip without Cg, we first estimate the surface charge
carrier density (n) induced by the gate voltage as

n= qu_l |VG5 _VCNP | (1)

where C; = 12 nF cm™ is the gate capacitance per unit area for
a 300 nm thick SiO, layer, Vcyp is the voltage corresponding
to the CNP, and g is the elementary charge.’") We note that
Equation (1) is strictly valid only in the case of an ideal capac-
itor, for which all the electric field is confined in between the
gate and the graphene strip. As soon as we consider a nonper-
fect electrical screening at the graphene/Cg, interface, a redis-
tribution of the carrier density will emerge so that yrappene < 1
carriers will populate the graphene while "¢, =" = Bgaphene car-
riers will be induced in the first layers of Cg. It is worth noting
that Equation (1) provides a valid upper limit for the induced
carriers and it is useful in order to compare the performance of
our device with similar ones in the literature.

From the Ry —Vgs measurement performed on the gra-
phene strip we calculate the surface charge carrier mobility,
= 1/nqRs; = 3000 cm* V! s at RT. We extract such mobility
at a specific carrier density n = 10'2 cm=2 where the first deriva-
tive of the Ry, curve with Vg shows a maximum (for the spe-
cific case of the graphene layer with Veyp = 48 V the deflection
point is at 35 V).! The typical measured mobilities for our
graphene-FETs are always in excess of 1000 cm? V! 571, which
indicates the quality of the CVD graphene
films.[27:32

=== without C¢,
1= with C,y/Al

=== without C¢,
— with C60/Cu

Figure 3a represents the rigid-band
approximation energy diagram in which
the work functions of each of the materials
are individually plotted with respect to the
vacuum level. Figure 3b,c is used to illus-
trate the device operation at both negative
and positive Vs with grounded graphene,
respectively. A negative Vg shifts the Fermi-
level of the graphene downwards, effectively
increasing the graphene/Cg, junction energy
barrier (¢p) for electrons. In the case when
the graphene/Cg, junction is under a nega-
tive Vpg (solid line), electrons can easily
move from the top metal contact to the gra-

0 10 20 30 40
Ve V)

Figure 2. Electrical transport characteristics of the graphene field effect transistors with and
without a Cg layer on top of graphene for a) graphene/Cqo/Al and b) graphene/Cgq/Cu, respec-
tively. The graphene square resistance (Ry,) is plotted with respect to the gate-source voltage

(Vgs) at room temperature (300 K) in all cases.

50 15 15 45
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75 ' 105 phene after passing the graphene/Cg, junc-

tion energy barrier (similar to the forward
bias condition of a diode). However, a large
¢ will impede the reverse flow of electrons
(dotted line) in case of a positive Vpg, as the
electron has to overcome the large barrier,
which can be denoted as the “off” state of
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Figure 3. a) Rigid-band approximation energy diagram of a transistor, representing the hole-doped graphene strip, the molecular levels of Cgy and
the work function of the collector metal (Al, Cu). The same energy diagram under b) negative Vs and c) positive Vs with grounded graphene film
under negative Vps (solid) and positive Vps (dashed), respectively. d) Current-voltage characteristics of the graphene/Cg interface at zero Vs, at
RT and in dark for both Al and Cu top contacts. e) Ips—Vps diode characteristics for different Vs (step of 10 V) in graphene/Cqo/Al-based transistor.
f) Temperature dependent (step of 20 K) Ips—Vps output characteristics at zero Vgs. g) The zero-bias saturation current, [, is determined by fitting
Ips at negative Vs regime using Equation (2) at various temperatures and gate voltages (step of 10 V) [an example is shown in (d)]. I,/ T? is plotted
against q/(kgT) and fitted by Equation (3) to extract the zero-bias energy barriers which are h) plotted at different V5. Energy barriers at Vps of 2 V are
also extracted and plotted in (h). The changes in graphene Fermi energy at similar Vs are estimated by Equations (1) and (4) (see main text for the
considerations on the validity of these equations) and are plotted (for Vcyp = 23 V) in the right y-axis.

the transistor. In case of a positive Vg, the graphene Fermi-
level shifts upwards while more electrons will be induced in
the first few monolayers of Cg (due to the weak screening of
the electric field by the graphene and the fringe field contribu-
tion near its edges). This effect not only reduces the graphene/
Cgo junction ¢y but also modifies the Cgqy energy levels align-
ment with respect to graphene, such that the electron transport
(both injection and extraction) will be much easier for both
positive and negative Vpg and the rectification of the graphene/
Cyp junction will be diminished. We highlight the fact that the
energy barrier modulation will only be at the graphene/Cg,
junction whereas the Cqo/metal junction (top contact) will act
as a fixed barrier without any change at different Vis. This is
mainly caused by the large DOS in conventional metals, which
requires an exceedingly large amount of induced charges to
modulate their Fermi-level.l'*]

Figure 3d shows the current-voltage (Ips—Vps) character-
istics of both graphene/Cgy/Al and graphene/Cgy/Cu devices,
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in the dark and without applying any V. As indicated above,
the diodes are considered to be in forward bias when a nega-
tive Vpg is applied, i.e., electrons are being injected from the
LUMO level of Cg to graphene whereas a positive Vpg changes
the diode operation into reverse bias condition. Rectification
is clearly observed for both metal contacts in its forward bias
operation, although the effect is larger for the case of the Al
than for the Cu electrode. The discrepancy between the two
diodes is likely due to the difference in chemical processes at
the interface between the Cgy LUMO level and the different top
metal electrodes with different work functions. To estimate the
diode quality, we use the following equation which accounts for
both thermionic emission and tunneling transport through the
graphene/Cg, junctionl>33

qVos qVos
Ins = Isa -1|= Isa
DS t[exp(nkBT) } t[exp(nkBT ]:|

(2)
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where I, is the saturation current (at zero bias), ky is the
Boltzmann constant, T is the temperature, and 7 is the ideality
factor. n determines the quality of the rectifying interface; if
N = 1, the diode would be ideal and the transport will be only
mediated by thermionic emission (electrons will surmount the
barrier rather than going through the barrier).% Fittings of Ipg
in the forward bias region of low Vpg (|Vps| > 100 mV) deliver
values for 1 = 1.2 for the graphene/Cgyy/Al diode and 1 = 1.6 for
the graphene/Cg/Cu diode, respectively. Similar values have
been reported for graphene junctions with other standard semi-
conductors.l12133435] The I, values are then extracted from the
same fit by Equation (2) as the extrapolated current at Vpg =0
(from Figure 3d, I, = 2.6 X 107! A for graphene/Cg/Al diode),
and are used afterwards for the energy barrier extraction.

The Ipg—Vpg characteristics at different Vg and at RT are
shown in Figure 3e for the graphene/Cgqy/Al diode. Large rec-
tification (defined as the ratio between the forward current at
Vps =—2 V and the reverse current at Vpg = +2 V) of up to five
orders of magnitude can be obtained for large negative voltages
(at Vgs = =30 V), gradually decreasing to zero (symmetric Ips—
Vps curve) when Vg moves to positive values. Increasing the
positive gate voltage increases the reverse current of the diode,
which indicates that the VFET in reverse bias operation behaves
as an n-channel transistor. The effect of large modulation in Ipg
by Vgs at positive Vpg is mainly governed by the large change
in graphene/Cg junction energy barrier (¢g). The change in the
energy barrier can be obtained by the temperature dependent
measurements of the Ipg—Vpg characteristics at several fixed
gate voltages [Figure 3f represents temperature dependent Ips—
Vps at zero gate voltage] and by fitting the results to the Rich-
ardson-Dushman thermionic emission theory,?%33!

Ins = AATZGXP( Zf]}i) (3)

where A is the junction area and A* is the effective Richardson
constant (an unknown parameter for Cg). The ¢ can be
extracted as the zero-bias energy barrier in case of I, instead
of Il in Equation (3). A biased energy barrier can also be
extracted after directly using the experimental
values of Ipg in Equation (3) at a large positive ~ (a) 10°

www.MaterlalsVIews.com

nonideality of the diode and are excluded from the fitting. At
a large negative Vg of —30 V, the zero-bias barrier height is
as large as 0.88 eV which gradually decreases to 0.22 eV for a
large positive Vgg of 70 V. The gate modulation of graphene/
Csp junction energy barrier is more than three times larger than
the previously reported on other graphene-VFETs with Sil*Zl and
MoS,."¥l The biased ¢y is similarly extracted (not shown here)
from the directly measured Ipg at Vpg = 2 V and it is plotted
in Figure 3h. ¢p at Vpg = 2 V shows a similar trend to zero-
bias ¢ and varies from 0.82 to 0.23 eV in the same Vg range.
To address such a large change in ¢p, we calculate the shift in
the graphene Fermi-level due to the change in carrier concen-
tration (n, which we estimate using Equation (1) assuming that
the large majority of the induced carriers lies in the graphene)
at different Vg as

Ep =thveJon 4)

where vp = 10° m s7! is the Fermi velocity of graphene and # is
the reduced Plank constant.'>!8] The modulation of graphene
Fermi level with Vg (Ep = 0 eV at Viyp) is plotted in the right
y-axis of Figure 3h. We observe a change in pristine graphene
Fermi level AEr = 500 meV whereas the maximum change in
the zero-bias graphene/Cg, energy barrier is A¢gy = 660 meV.
This specific value of AEy is the result of Equation (4), which
as discussed earlier, might not be strictly valid in this con-
text. However, the trend observed is interesting for a qualita-
tive comparison with other devices reported in the current
literature.[121315.22.23]

Figure 4a shows the transistor behavior or Ips—Vgs char-
acteristics of the graphene/Cgy/Al VFET at RT and at several
positive Vpg (which corresponds to a reverse biased graphene/
Cgo junction). Here below we empirically extract meaningful
parameters for the comparison of our devices with standard
transistors. The transistor switches from the “off” state to the
on” state when Vg is varied from —30 V to 70 V providing an
on/off ratio up to =8 x 10* at Vg = 5 V. The effective turn-on
gate voltage (V¥*gg at which the transistor switches from “off”
state to “on” state) gradually shifts from —4 V to =16 V as Vpg

Vps (here at Vpg = 2 V).[1222 The zero-bias
energy barrier, considered to be more funda-
mental since it does not involve any voltage
drop across the junction, is often very chal-
lenging to determine as it requires I, from
another fitting. In our case, we report both
obtained values of ¢y for a fair comparison.
For zero-bias @, I, is extracted at different
temperatures and at several Vg after fitting
Ips at low forward bias regime by Equation (2)
[an example is shown in Figure 3d]. Figure

| Ig | (A)

3g shows the plots of I,/T? versus q/(kgT) 20
at various Vg. @ is then extracted from the
slope of each curve and is further plotted in
Figure 3h with respect to the applied Vgg. At
low temperature and at large negative Vg,
the data points largely deviate from the fit-
ting in Figure 3g due to a large change in
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Figure 4. a) The reverse-biased diode current versus Vs plots at several positive Vps. Corre-
sponding current on/off ratio are shown in the inset. b) The reverse-biased current versus Vs
plots of the same diode at Vs of 4 V and at different temperatures from 300 to 200 K. The inset
represents the corresponding change in current on/off ratio. The orange line in both (a) and
(b) are just a guide-to-the-eye to mark the step observed around the graphene CNP.
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is increased. In addition, a step-like feature of small current
modulation is observed around Vg = 23 V in all the transfer
curves which directly correlates to the very small DOS (there is
thermal broadening, otherwise it would have zero DOS) around
the CNP of graphene. The measured “off” state current in our
devices is as low as =2 x 107! A and limited by a comparable
gate leakage-current.

We carried out further temperature dependent measure-
ments, which are shown in Figure 4b. The “off” state current is
limited by the gate dielectric and shows very small temperature
dependence. The “on” state current decreases very rapidly with
decreasing temperatures due both to the reduction in Cq, con-
ductivity and to the reduction in the thermionic emission at the
graphene/Cg, junction. As expected, the current on/off ratio is
higher at room temperature (see inset of Figure 4b). All these
features are the consequence of the reduction of the kinetic
energy of the electrons by reducing its temperature. To charac-
terize the switching on the transistor we extract the subthreshold
swing, i.e., the required V(g for a tenfold change in Ipg. As indi-
cated in Figure 4b, the value is estimated to be =5.75 V dec!
and could be improved in a first approximation by lowering the
thickness of the SiO,3% and/or using a high-k dielectric.

6
(a) 10 Dark
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After having studied the VFET operation in a graphene/
Cyp device, we focus on the optical characterization of the gra-
phene/Cg, phototransistor device. The top electrode is changed
from Al to Cu in order to demonstrate similar VFET working
principle in both devices. Figure 5a,b shows the Ips—Vpg char-
acteristics at RT in a graphene/Cg,/Cu-based transistor in the
dark and (I*pg—Vpg) under illumination, respectively. The light
source is set at a constant intensity (=1 kW m™) throughout
the measurements to obtain the gate-modulated photocurrent
under similar optical conditions. A large modulation in Ipg and
I*ps is measured in the reverse bias condition of the graphene/
Cgo junction, i.e., at the positive Vg, with an on/off ratio close
to three orders of magnitude. Figure 5c shows the generated
photocurrent, Ip,= I*pg(light) — Ipg(dark), versus Vpg plots at
several Vgg. The Ip,—Vpg curves resemble the Ipg—Vpg curves
(with and without light), showing how the photo-generated car-
riers follow the diode characteristics. Figure 5d presents the
photocurrent versus Vg plots at several positive Vpg. The Iy
modulation exceeds two orders of magnitude at around the
CNP of the graphene strip and saturates at both large positive
and negative gate voltages. Using the previous data of zero-bias
energy barrier across the graphene/Cg, junction, we can now
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Figure 5. RT Ips—Vps characteristics in the Gr/Cgo/Cu VFET at various fixed Vs in a) dark and b) illuminated states. One Ti/Au contact to the graphene
strip is grounded and the Cu electrode is biased. c) Photocurrent (lp,) versus Vps plots at several fixed Vs. d) Gating response of the photocurrent
(Ipn—Vcs) at several positive Vps. The inset shows the dependence of the Ip, at Vps of 5 and 2 V with the zero-bias energy barrier of the graphene/
Cgo junction. The lines are fits to the equation I, = o X exp(-B¢g), where o, B are the fitting parameters, with values o = 4.1 pA, B = 8.4 V' for
Vps=5Vand =14 pA, B=8.9 V" for Vps=2 V.
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represent the photocurrent with respect to ¢ [Figure 5d, inset]
where there is a clear exponential dependence. Our results con-
firm a large gate modulation of the photocurrent in graphene/
Cgo/Cu device (following previous results in related devices?”-38l
and suggest an exponential dependence between the generated
photocurrent and the graphene/Cg, junction energy barrier.

3. Conclusions

In conclusion, we have shown a graphene/Cq, fullerene device
in which the interfacial energy barrier can be tuned by an
applied gate voltage. Accordingly, the device can perform either
as a highly rectifying diode or as a nonrectifying low resistance
junction, which can be used for efficient charge carrier injec-
tion into (or extraction from) the molecular semiconductor. This
result opens up the possibilities for graphene to be used as a
potential electrode which works beyond the conventional “energy
barrier limitation” in metal/molecular semiconductor junctions.
The graphene/Cg/metal VFET, with a current on/off ratio of up
to five orders of magnitude, can also be used as an alternative
device scheme that circumvents the zero band gap limitations
of a standard graphene FET. Moreover, the VFET shows a gate-
modulated photocurrent which is exponentially dependent with
the gate-controlled graphene/Cg, energy barrier, which foresees
the applicability of the graphene/molecular semiconductor junc-
tion in developing the field of light signal detection.

4. Experimental Section

The graphene/Cgp-based VFETs are fabricated in two steps. In the
first step, a standard graphene FET is fabricated and characterized
before the organic layer deposition. Then the fullerene (Cqp) and the
top electrode are deposited to obtain the final VFET device in the next
fabrication step. For the graphene FET fabrication, a large-area high-
quality CVD-grown graphene is carefully transferred onto a 1 X 1 mm?
Si/SiO, (300 nm) substrate (used as received from Graphenea S.A.).
Several 2 mm long and 10 ym wide graphene strips are protected by
polymethyl-methacrylate (PMMA) patterned by e-beam lithography
and the rest of the graphene film is etched by oxygen plasma. The
Ti/Au (2.5/40 nm) contacts are evaporated at the two ends of each
graphene strips with a separation of 1.4 mm. The graphene FET is then
electrically characterized in a variable-temperature high vacuum probe
station (Lakeshore) with a Keithley-4200 semiconductor analyzer. After
characterization, the next deposition steps for completing the VFET
are carried out in a UHV dual chamber evaporator (base pressure
<107 mbar). The Cg, layer is evaporated in one of the chambers from
a Knudsen cell at a rate of 0.1 A s™'. The 280 nm thick Cgo layer is
evaporated in cross-bar geometry through the shadow mask in such a
way that the Cq layer covers a graphene length of 1 mm. As the top
electrode, a 30 nm thick layer of either Al or Cu is e-beam evaporated
in the second chamber at a rate of 1 A s~ (starting from a slower rate
of 0.4 A s7") through another shadow mask in an overlapping area of
10 x 300 pm? between the graphene strip and the top electrode. The
devices are then quickly transferred to the variable-temperature probe
station for further electrical and optical measurements. For optical
experiments, we use a commercial light source from SCHOTT GmbH.
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