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Abstract. The current work presents the fabrication and characterization of
graphene-silicon heterojunctions with various contact areas. First, we transferred
the graphene from copper to Si and SiO2 substrates using Electrochemical Delam-
ination and then we processed and characterized the transferred graphene. Second,
we manufactured graphene-Si heterojunctions with several contact areas made by
opening windows of various sizes in Si. Microscopy and spectroscopy analysis
confirms the successful graphene transfer which is also revealed by a relative high
carrier mobility of 2327 cm2/V·s measured in a field effect transistor configura-
tion. We test the quality of graphene-Si Schottky contacts by measuring the I-V
characteristics of heterojunctions established within Si windows with linear sizes
ranging from up to 70 µm to down to 6 µm. All our structures exhibit rectifying
I-V curves behavior from which we were able to extract junction parameters like
the ideality factor, the barrier height and the series resistance. This work provides
a route to engineer graphene-based devices like Schottky diodes and field effect
transistors (FETs) by relatively simple procedures.
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1 Introduction
Graphene (GR), a monoatomic layer of carbon atoms with ambipolar properties

[1, 2], has aroused great interest in recent years because of its various applications in
the fields of electrical and electronic devices, supercapacitors, solar cells, composite
materials and biomaterial [4, 5]. Further, owing to its high carrier mobility (2000-
4000 cm2/V· s when supported on SiO2/Si or hexagonal boron nitride) [3], gapless
spectrum and almost frequency-independent absorption in the visible, GR is a very
promising material for the development of detectors and modulators operating in the
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terahertz region of the electromagnetic spectrum (wavelengths in the hundreds of mi-
crometers) [6] and as transparent electrode [7].

Taking advantage of GR simplicity to be integrated into existing semiconducting
technology corroborated with its capability to form junctions with both 2D and 3D
semiconducting materials we developed small area graphene-silicon Schottky diodes.
The uniqueness of these devices comes from tenability of the Schottky barrier height,
characteristics which make them functional in applications like photo-detectors [8],
chemical and biological sensors [9], high-speed electronic communications [10], or
in circuit applications requiring high current and low voltage [11]. The challenge in
the fabrication process is the ability to establish an intimate GR/Si contact by avoid-
ing structural modifications of the semiconductor while simultaneously preserving the
superior properties of graphene.

Among all known methods used to synthesize graphene (e.g. mechanical cleav-
age [12], chemical vapor deposition [13], graphene oxide reduction [14], or silicon
sublimation from SiC crystals [15]) the most efficient and well developed method is
the CVD on metallic catalyst. This method is suitable for various applications, such
as microelectronics or flexible transparent electrodes [16], usually obtained by a post
growth transfer of the GR from the metallic catalyst film to the substrate of interest. In
order to circumvent chemical etching of metallic catalyst, a new and efficient method
has been developed which consists of electrochemical exfoliation of the graphene from
the metallic film [17]. To transfer GR grown on these metal substrates, etching of the
metals is the efficient and straightforward way. Fe, Ru, Co, Ni, and Cu can be etched
by their etchants easily. But, for the chemically insert or noble metal substrates, such
as Ir, Pt, and Au, the traditional wetting transfer methods are not available, because
these metals are difficult to be etched away completely or the cost is too high. The
Electrochemical Delamination method, which will be discussed later seems to be an
efficient way to transfer GR grown on these metal substrates [18].

However, all the wet transfer methods will usually introduce impurities (chemical
contamination) which will give GR with electronic mobility of 500 to 104 cm2 V −1 s−1

and high concentrations of p-type dopants (∼ 1012 cm−2). For this particular reason
before using the graphene in the proposed device we have evaluated its conducting
properties in the FET devices.

Graphene/silicon (GR/Si) configurations for optoelectronics have thus drawn con-
siderable attention. Because of the work function difference between GR and silicon,
their contact results in charge transfer, yielding a built-in electric field [7]. Here we fab-
ricated various GR/Si diodes by transferring graphene over pre-patterned square silicon
windows with linear size between 70 and 6 µm.

Intrinsic electrical properties like carrier mobility and transconductance for GR
were estimated in a standard back-gated FET geometry, while the electrical properties
of GR/Si hetero-structures like ideality factor (η), barrier height (ΦB), and series re-
sistance (RS) for GR/Si diodes were calculated from the I-V characteristics. Schottky
contacts were successfully obtained down to windows size of 6 µm × 6 µm.

In the following we will describe the graphene transfer from copper to n-type Si
substrate and to SiO2 using Electrochemical Delamination, for manufactured several
GR-Si junctions with square geometry and side lengths of: 6 µm, 20 µm, 40 µm and
70 µm placed on the same chip and GR FET with channel length of 60 µm. The qual-
ity of the transferred graphene was assessed from Raman fingerprints of GR allowing
the identification of defects density. The characterizations by optical, atomic force and
scanning electron microscopy revealed also the transfer efficiency of GR flakes. Finally
from I-V electrical measurements of GR-Si and GR-SiO2/Si heterojunctions we calcu-
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lated carrier mobility and all Schottky diode parameters. The conclusions are outlined
in the last section.

2 Experimental Details

2.1 Transfer process of graphene
The monolayer GR on copper foil (GR/Cu) was provided by Graphene Supermar-

ket. The GR on copper were transferred to Si and SiO2/Si by Electrochemical De-
lamination method using a home-made system described elsewhere [19]. Briefly as
received GR/Cu was firstly coated with 300 nm PMMA film, backed at 150◦C for 2
minutes and thereafter used as the cathode in the electrochemical cell (graphite | 0.05
mM K2S2O8| GR/Cu). An electrical potential of 40 V was applied to the cell and an
average current of 1 mA was recorded. We noticed after 10 minutes the entire film
of PMMA/GR was floating on the surface of electrolyte solution and collected on the
device of interest (FET or diode).

2.2 Fabrication of graphene-Si junctions and graphene FETs
We noticed that 300 nm SiO2 thickness does not allow direct contact between GR

and silicon substrate for small area windows. Thus, in order to increase the contact area
of GR/Si junctions presented in our previous report [19] we changed the SiO2 thickness
from 300 nm to 100 nm. The lightly doped n-type <100> Si wafers with 1-5 Ω·cm
resistivity have been used as substrates in order to manufacture the GR/Si junction.
After a standard cleaning process, a thin film of 100 nm SiO2 has been grown, a reduced
thickness was selected in order to promote conformal contact between the graphene and
the semiconductor. The metal contact consisting of Cr/Au, with a thickness of 10/100
nm has been deposited by DC Sputtering. After SiO2 back side etching, the metallic
film has been patterned (Figure 1) right). Then, a second mask has been used to etch
the SiO2 on the front side of the wafer, in order to open the Si contact windows in the
SiO2 layer. The next step has been the back contact fabrication by DC Sputtering of
Cr/Au with 20/40 nm thickness. Finally, GR has been transferred by Electrochemical
Delamination in order to obtain GR-Si junction with square windows having linear
sizes of 70 µm, 40 µm, 20 µm and 6 µm placed on the same chip.

Fig. 1: Schematic depicting a device configuration before graphene transfer: (left)
Schematic back-gated graphene field-effect transistor and (right) template geometry
for graphene-Si heterojunction; the active areas are square windows with predeposited
Au line contacts around.
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Owing to the van der Waals forces graphene recovered after electrochemical de-
lamination, have firmly adhered on the metal contact as well as on the silicon semicon-
ductor (showing a low resistance ohmic contacts with the gold).

The GR-FET was obtained by transferring graphene on the channel area of the FET
structure purchased from Ossila Figure 1 (left). The standard back-gated FET structure,
use thermally grown SiO2 (300 nm) on highly p-doped (Boron) silicon as the starting
substrate and thermally-evaporated gold electrodes.

The Schottky diodes were fabricated by placing graphene on top of Si/SiO2/Cr/Au
structure schematically presented in Figure 1 (right). The native oxide within the win-
dow area was removed by BOE (buffered oxide etching solution) with a subsequent
drying to remove any water from the surface.

2.3 Characterization
The structure analysis of GR on copper foil was carried out using Fourier Trans-

form Infrared spectroscopy (FTIR) using a Bruker Optics Vertex 80V Spectrometer,
equipped with a transmission accessory. IR spectra were recorded after 64 scans with a
4 cm−1 resolution, in a spectral range of 4000-400 cm−1. Transferred GR was investi-
gated by means of micro-Raman Spectroscopy, Horiba Labram Hr 800 equipment with
633 nm He-Ne laser. Atomic Force Microscope (NTEGRA Aura – NT-MDT model)
and Scanning Electron Microscopy (Nova NanoSEM 630) were used to study the sur-
face topography and morphology of transferred GR. The electrical characteristics of
GR-Si hetero-junctions were measured with 4200-SCS/C/Keithley system.

3 Results and Discussion

3.1 FTIR spectrometry
The FT-IR peaks of GR are shown in Figure 2 at 2980 cm−1, 2903 cm−1, 1653

cm−1, 1449 cm−1, 1398 cm−1, 889 cm−1, 711 cm−1 and 658 cm−1.

Fig. 2: FT-IR spectrum of as-grown graphene on copper foil.

The presence of peaks observed at 2980, 2903 si 1449, 1398, 711, 658 cm−1 can
be atributted to vibrations mode and respectively, C-H bond formation from metilen
group. The presence of peaks observed at 3650 cm−1 (O-H stretching vibrations) and at
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1242 cm−1, 1064 cm−1 (stretching vibrations from C-O) [20,21] is a strong indication
of the oxidation of GR sheets on copper by oxygen-containing groups: hydroxyl group
and epoxy group. The peak at 3650 cm−1 was from the O-H groups due to H2O or
O2 remaining in GR sheet. These vibrations indicate that O-H and C-O groups were
anchored to the GR sheets and could lead to undesirable functionalized GR.

3.2 Raman Spectroscopy
Raman spectroscopy is a useful technique to analyze the transferred GR onto Si and

SiO2/Si. The Raman Spectra performed on GR sheet after being transferred on to Si
substrate is shown in Figure 3. In inset it is shown the optical micrograph of GR after
the transfer on Si windows with a side length of 40 µm. GR flakes are visible on SiO2

because of a better optical contrast on SiO2 with respect to Si.

Fig. 3: Raman Spectra of GR transferred on Si window. In inset, optical micrograph
of a GR after has been transferred on Si junction fabricated with square geometry with
side length of 40 µm.

Another evidence of the transferred graphene integrity on the silicon area is the
recorded Raman spectrum presented in Figure 3. It reveals the presence of the char-
acteristic bands of GR (D ∼1323.9 cm−1, G ∼1589.8 cm−1, 2D ∼2646.8 cm−1). In
addition the intensity ratio between the second order and first vibrational order band
combine with the narrow 2D band (FWHM – 2D = 34.13 cm−1) are clear indications of
the monolayer graphene and reduced disorder/defects introduced by the transfer pro-
cess. The Raman bands and the extracted parameters (I2D/IG and FWHM-2D) are
confirming the existence of monolayer GR on silicon areas. The GR quality indicator
(I2D/IG ∼ 2.45) corresponding values and FWHM of 2D band which is 34.13 cm−1

are confirming the presence of monolayer GR on silicon areas on the sample. The
ID/IG∼0.24 indicate a lower density of defects. The Raman analysis on copper foil
(not shown here), was free of GR after transfer, this means the transfer method allows
reuse of the copper foil, in multiple growth and delamination cycles.

3.3 Atomic force microscopy and Scanning electron microscopy
Surface topography images of GR film transferred to Si, (see Figure 4 top side) by

Electrochemical Delamination are confirming the successful GR transfer.
The morphology of GR transferred on the silicon window is fairly smooth, making

it possible to identify the GR islands, mostly monolayer, Figure 4 (top side). Few sub
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Fig. 4: (Top side) Atomic force microscopy (AFM) surface images of the GR on Si and
(bottom side) SEM images of the surface of GR sheet after transfer from Cu foil.

micrometer features can be also observed on the GR, features which can be attributed
to contaminations (polymer residues) left by the incomplete removal of the support
polymer (PMMA employed for the transfer process). The SEM image shown in Figure
4 (bottom side) illustrates specific features of GR, bumps and ripples created during the
transfer process. Therefore AFM and SEM analysis concluded that GR film has been
transferred onto Si.

3.4 Electrical characterization of GR-FET

Electrical measurements have been also performed on GR field effect devices with
a channel of 60 µm after GR transfer Electrical properties of graphene refer especially
to doping (the level and type) and to carrier mobility. For device applications graphene
are doped p-type or n-type by chemical or electrostatic procedures. Similar to wide
bandgap semiconductors [22], p-doping occurs naturally for graphene but n-doping is
more difficult to achieve [23].

Figure 5 shows the output characteristics of a GR FET with a width of W = 1 µm at
zero gate voltage and at Vg=10 – 30 V, respectively Vg= -10 – -30 V. The drain current
increases linearly with increasing drain bias. The I-V plots in Figure 5 are asymmetric
with respect to the polarity of Vg, indicating that the minimum electrical resistance
between source and drain is obtained for positive gate voltage, hence the graphene
sheet is p-doped [24].

We calculated the mobility of GR with a FET configuration with 60 µm channel
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Fig. 5: The Id-Vds curve of graphene FET with 60 µm channel length

length by the direct transconductance method based on the transfer characteristic from
field-effect measurements of GR according to the equation [25]:

µ =
gm

Vds · Cox
· L
W
, (1)

where µ is the field-effect mobility, gm is transconductance, Vds is drain-source
voltage, Cox is the oxide capacitance, L= channel length, W= width. In Eq. (1)

gm =
dID
dVg

∣∣∣
Vds=const

, (2)

where ID is the drain current, Vg is the gate voltage and

Cox =
εox
tox

. (3)

For oxide thickness tox = 300 nm we obtain an oxide capacitance of

Cox = 11.5× 10−9Fcm−2 (4)

where εox is the oxide permittivity, tox is the oxide thickness [26].
The GR FET with 60 µm channel length exhibits a mobility of 2327 cm2/V · s

and a transconductance of 22.3× 10−6 S exceeding other reported mobility values, for
example: the carrier mobility of silicon MOSFETs can be as low as 100 cm2/V· s [27],
while the carrier mobility of dual-gated bilayer GR on SiO2 is found to be between
1.500 and 2.000 cm2/V·s [28] or the carrier mobility of other GR FETs, 1614 cm2/V·s
to 1994 cm2/V·s [29].

3.5 Electrical analysis of Schottky contacts
The I-V characteristics of the fabricated devices are measured for various windows

with side lengths from 6 to 70 µm and presented in 6.
Since the graphene film is p-doped a Schottky junction can be formed when the

graphene is in contact with an n-type silicon substrate, which can be seen in 6, where
the I-V characteristic shows a room temperature rectifying behavior. Even though the
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Fig. 6: I-V characteristics of GR-Si diode on 6-70 m side length (top side linear plot
and down a semi-log plot). The zoom of the negative voltage are shown in the insets.

full characterization would imply temperature dependent I-V measurements we esti-
mated Schottky contact parameters by using the I-V relationship of a Schottky barrier
diode.

The I-V characteristic for a Schottky diode is given by the following equation [30]:

I = I0[exp(qV/ηkT )− 1], (5)

where I0 the saturation current is given by:

I0 = AA∗T 2exp(−qΦb/kT ) (6)

In equations (5) and (6) k is the Boltzmann constant, T is the absolute temperature,
q is the elementary electric charge, V the applied voltage, η the ideality factor of a
Schottky diode,A the device area, Φb barrier height, andA∗ is the effective Richardson
constant, which is 112 A/cm2/K2 for n-type Si [31], [32]. The contact area of the device
was taken to be the area of the silicon window where the contact between the graphene
and silicon takes place. Considering an ohmic contact between graphene and gold
electrode, and the fact that our device has a series resistance (Rs), equation (5) takes
the form:

I = I0[exp(q(V − IRs)/ηkT )− 1] (7)

where the IRs is the voltage drop across the series resistance of device. The values
of series resistance were calculated using Cheung and Cheung’s method [33] in which
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the last term -1 is neglected with respect to the exponential function for large V in
equation (7). The values of the series resistance and the ideality factor are determined
by the following equation:

dV/D(lnI) = ηkT/q + IRs (8)

as the slope and the intercept of the above equations. The barrier height (Φb) can
be estimated by building the function H(I) according to the equation:

H(I) = V −
(
ηkT

)
ln

(
I

AA∗T 2

)
. (9)

The barrier height is the deduced from the following equation:

H(I) = RsI + ηΦb (10)

which gives the series resistance as byproduct. Our calculations show that the
values of series resistance calculated with equation (8) match the values calculated
with equation (10). The value of junction parameters: ideality factor, barrier height
and series resistance computed are presented in Table 1.

The ideality factor for GR-Si diodes are in the range from 3.4–3.8. An ideality fac-
tor, η=1 corresponds to an ideal Schottky diode with purely thermionic charge transport
across the barrier. The η values for GR Schottky junctions reported to date are far from
ideal and are in the range ∼1.3-30 [34].

Table 1: The junction parameters: ideality factor, barrier height and series resistance
Side lengths of GR-Si diodes (µm) The ideality factor, µ The barrier height, b [eV] The series resistance, Rs [k]

70 3.8 0.68 12.5* (13.60)**
40 3.5 0.66 22 (22.51)
20 3.6 0.62 80 (82.5)
6 3.4 0.57 164 (160)

* The values presented here are calculated with eq. (8).

** The values presented in the parenthesis are calculated with eq. (10).

The barrier height decreases, from 0.68 to 0.57 eV corresponding to diodes made
within the windows with linear sizes spanning from 70 to 6 µm. Other papers reported
barrier heights around 0.7 eV [35]. Since the barrier height is the difference between
the graphene work function and the electron affinity of silicon (4.05 eV), our estimated
barrier height lays in the range of the reported values, taking into account the fact
that the graphene work function can vary from 4.4 to 4.8 eV [35]. We attribute this
degradation to the scattering introduced by the surface impurities or possibly due to
bumps and ripples created during the transfer process, more pronounced when side
length of diode is 20 and 6 µm.

A high carrier mobility device requires special conditions for graphene, like work-
ing in an atmosphere free of contaminants on suspended graphene [37]. Defects on GR
surface, as demonstrated by the FTIR analysis, would result in junctions parameters
alterations. Furthermore, residual polymer (here, poly(methyl methacrylate), PMMA)
left on GR from transfer or device fabrication processes affects the electrical perfor-
mance of GR field-effect transistors fabricated on SiO2/Si according to Ji Won Suk et
al. [38]. This could be another reason for barrier height value decreasing from 0.68 to
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0.57 eV corresponding to side lengths of GR-Si diodes from 70 m to 6 m. An addi-
tional reason could be the effective contact area for the small window side lengths (20
m and 6 m). For these small areas graphene would not follow conformal geometry of
the window. It is known from the literature that the graphene makes successful mem-
branes over 2 m wide trenches [39] Therefore we may infer that for the windows below
6 6 mm the graphene cannot make a good and reliable contact with the substrate.

The series resistance (Rs) for obtained samples presented in Table 1, degrades from
12.5 to 164 kΩ as side length of GR-Si diode decreased from 70 to 6 —µm. The wide
non-linear I-V characteristic of GR-Si junction could be due to high series resistance
of the device (20 µm, 6 µm). If the series resistance is low, the non-linear region will
be narrow [40] as in our case GR-Si junction for side length (70 µm, 40 µm). As the
effective Schottky contact area decreases Rs should increase and is given mainly by the
substrates which is 500 µm thick.

4 Conclusions

In summary, this experimental work confirms the successful graphene transfer from
Cu foil to the target, either Si or SiO2 substrates, by Electrochemical Delamination
using a home-made system of contacting electrodes.

The GR transferred to Si has been used to manufacture graphene-Si diodes with
square geometry of different side lengths: 6 µm, 20 µm, 40 µm and 70 µm. The
graphene transferred to SiO2 has been used to evaluate the carrier mobility in a field
effect transistor configuration with a channel length of 60 µm.

The FTIR spectrometry indicates the oxidation of graphene sheets on copper by
oxygen-containing groups like hydroxyl and epoxy groups. The infrared spectra indi-
cate that O-H and C-O groups were anchored to the graphene sheets and could lead
to undesirable functionalized GR affecting the electrical properties of graphene based
devices.

The Raman spectroscopy has confirmed the presence of single layer graphene flakes
on silicon and on SiO2 areas. After transfer the copper foil is free of graphene, hence
the transfer method allows the reuse of the copper foil in multiple growth and delami-
nation cycles.

The quality of graphene has been evaluated by microscopy techniques, spectro-
scopic analysis, and electrical measurements. The quality of the Schottky contacts
were studied by analyzing the effect of the Si window sizes on the ideality factor, the
barrier height, series resistance.

I-V characteristics have confirmed the continuity of graphene on the target sub-
strate. The resulting I-V characteristics exhibit rectifying diode behavior similar to a
Schottky diode. The graphene field effect transistor with 60 µm channel length yields
a mobility of 2327 cm2/V· s and a transconductance of 22.3 × 10−6S, both being
comparable with the literature.

Finally, we make some remarks regarding the impact of our study and future work.
The present work has shown that relatively simple procedures can be followed in order
to fabricate graphene-based devices like Schottky diodes and field effect transistors.
Moreover, graphene-based Schottky diodes can be used as solar cells [35] or as pho-
todiodes with higher efficiency of photon conversion by microstructuring the silicon
substrate like it has been done in a quite recent paper [41]. Future work would be con-
ducted to assess the optical properties, in general, and photon conversion efficiency, in
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particular, of the Schottky diodes fabricated and presented above.
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