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A B S T R A C T

A novel Graphene/Porous Silicon hybrid device is fabricated and its electrical behaviors are
studied along with a Graphene/Silicon device. Graphene (G) is prepared by exfoliation of gra-
phite foil in aqueous solution of inorganic salt. Porous Silicon (PS) is fabricated by electro-
chemical etching of p-type Si. Graphene is deposited on the surface of Si and PS substrates by the
Thermal Spray Pyrolysis (TSP) method. The current-voltage relationships of G/Si and G/PS de-
vices are derived and studied under different volumes of graphene. The results reveal that there
are important differences in the I–V characteristics of G/Si and G/PS devices in the forward as
well as reverse bias. Furthermore, varying the volume of graphene deposition on Si and PS
substrates have contrary effects on their I–V characteristics.

1. Introduction

Graphene, a single layer graphite having closely packed hexagonal lattices, has received a lot of research interest due to its unique
structure and fascinating properties [1,2]. The interesting properties of graphene include high thermal and electrical conductivities,
excellent transparency and mechanical strength, inherent flexibility, and large specific surface area [2,3]. Due to these interesting
properties are the applications of graphene emerging at a fast pace in the fields of microelectronics and optoelectronics [2,4],
polymer composites [3], energy storage materials [5], and electrocatalysts [6].

Graphene can be deposited on various substrates. The two-dimensionality and structural flatness make graphene sheets ideal
candidates for semiconductor materials such as Silicon (Si) [7,8], which is one of the most dominant materials in the semiconductor
industry. The deposition of graphene on a substrate can effect and reduce its exclusive features and properties. Therefore, by lowering
the contact surface of graphene with the substrate can reduce the effect of the substrate. A simple solution is to modify the Si wafer by
using electrochemical anodization method to form Porous Silicon (PS) which has a spongy open structure and larger surface are
suitable for accommodating a graphene layer on top of the pores. In Ref. [9] graphene was deposited on PS to realize stable electrodes
for electromechemical devices.

Since the discovery of graphene, several methods have been devised to synthesize graphene [1]. Some of the common methods to
synthesize graphene include the scotch tape method [1], chemical vapor deposition (CVD) method [10], hummers method [11,12],
and electrochemical exfoliation of graphite in various electrolytic solutions [13,14].

In this research, graphene is prepared by exfoliation of graphite foil in aqueous solution of inorganic salt [14]. After the graphene
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powder is obtained, it is dispersed and centrifuged in dimethylformamide (DMF) solvent. Thereafter, graphene is deposited on the
surface of Si and PS substrates by a Thermal Spray Pyrolysis (TSP) method. The TSP method is known for its low cost, simplicity, and
possibility to be used very small size of material. To the best of our knowledge, this is the first time that by the TSP method graphene
is deposited on Si and PS substrates and that its associated electrical properties are reported. Furthermore, the I–V characteristics of
G/Si and G/PS devices with different volumes of graphene deposition are analyzed and compared. The most relevant prior work is
[9], which differs in the method of fabrication of G/PS device and does not report our effect of volume of graphene solution on the
I–V characteristics of G/PS and G/Si devices.

2. Experimental details

We used boron doped p-typed, (100) oriented Si wafers with the resistivity of 10–20 cm and thickness of 500 μm. PS was fab-
ricated by electrochemical etching of Si wafers. Prior to the fabrication of PS, we developed an ohmic contact on the back side of the
Si wafer. Electrochemical etching was performed at a constant current density of 75 mA/cm2 under one minute of etching time. The
electrolyte solution contained 40% hydrofluoric acid (HF) in ethanol (99.9% Merck) with the 1:1 vol ratio. The anodization process
was carried out in a homemade etching cell, where platinum (Pt) was used as cathode and an aluminum sheet pressed against the
bottom of the Si wafer serves as anode. The fabricated PS sample (PS/Si sample) was finally washed in a solution of ethanol and
distilled water (1:1 vol ratio) for a few seconds and then dried at room temperature. In order to study surface morphology of the
fabricated PS, a SEM image was taken by TESCAN VEGA3 (cf. Fig. 1). The porosity and average pore size of the fabricated PS/Si
sample are measured using Digimizer software, which are equal to 57% and 0.8 μm, respectively.

Graphene was prepared by exfoliation of graphite foil in aqueous solution of inorganic salt [14], where Pt was used as a counter
cathode and graphite foil served as a working electrode (with the electrode distance of 2 cm). During the exfoliation process, the DC
voltage of 10 volts was applied on the graphite electrode. After obtaining the graphene powder, 250mg of the powder was dispersed
(with 20 watts power used in the ultrasonic machine) and centrifuged in 20ml of DMF solvent.

Graphene was deposited on Si and PS/Si substrates via TSP method at a spray rate of 0.01ml/s and gas pressure equal to 20 psi.
The distance between the nozzle and the substrate surface was equal to 11.5 cm during spraying of graphene solution. While
spraying, substrates (PS and Si) temperature was kept at 100 °C to let DMF solvent evaporate from the surface of the substrates. A
schematic is shown in Fig. 2.

We prepared two G/Si samples and two G/PS samples under two different volumes of graphene solution. We name these samples
as G1/Si and G1/PS (prepared using 1ml of graphene solution), and G2/Si and G2/PS (prepared using 2ml of graphene solution).
The SEM images (top views) of the G2/Si, and G1/PS samples are shown in Fig. 3. To characterize the deposited graphene, Raman
spectrum measurement is performed for G1/PS device using LabRAM HR800 with the wavelength of 632.8 nm, which is shown in
Fig. 4. The peaks are marked for Si, G, and G/PS.

3. Results and discussions

In this section, I–V characteristics of the fabricated G/PS and G/Si devices under different volumes of graphene solution are
presented. The I–V characteristics of each device has been measured by placing one contact on one side and the other contact on the
opposite side of the device, the measurements are taken across the junction.

This section is organized as follows. In Sec. 3.1 and Sec. 3.2, I–V characteristics of G/Si and G/PS devices under different volumes
of graphene solution are respectively presented and analyzed. In Sec. 3.3, the comparisons are made between G/Si and G/PS devices
with respect to the I–V measurements under different volumes of graphene solution.

Fig. 1. SEM image of PS/Si.
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3.1. I–V characteristics of G/Si devices

The I-V characteristics of G/Si devices (under 1ml and 2ml of graphene solution, named as G1/Si and G2/Si) are shown in Fig. 5-
(a) and -(b), respectively. The fabricated G/Si devices have rectifying behavior. We recall that the I–V measurements are taken across
the junctions. There are two junctions in G/Si devices: i) metal/G (high purity silver paste/G) and ii) G/Si. We propose that the
rectifying behavior of G/Si devices is due to G/Si junction. The silver paste and graphene junction acts as an ohmic junction, since
graphene provides an excellent conductive layer due to its semi-metal property [15]. Furthermore, Si is a p-type semiconductor and
graphene has few layer structure where carbon atoms have incomplete bonds in vertical plane that are ready to make bonds.
Therefore, there exists a Schottky barrier in a G/Si junction due to semi-metal role of graphene. Our observations on the Schottky
barrier behavior of G/Si devices are aligned with the results reported in Refs. [7,16and17].

Fig. 2. A photographic overview of set-up for our TSP method.

Fig. 3. SEM images of the surfaces of G2/Si and G1/PS.
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3.1.1. Effect of varying volume of graphene solution on Si
According to Fig. 5-(a) and -(b), the current measurements in G1/Si device are higher than the current measurements in G2/Si

device for all voltage values. When lower volume of graphene solution is sprayed on Si, it leads to low layer graphene. The structure
of the low layer graphene on the substrate is regular and well-ordered. We assume that the well-ordered structure is similar to the
“ABAB · · ·” structure of graphene that is supposed to be more conductive [18]. But when higher volume of the graphene solution is
deposited on Si, the structure of graphene is less ordered and is similar to the “ABCABC · · ·” structure of graphene that has lower
conductivity [18].

In accordance with Fig. 5, knee points in the I-V curves of G1/Si and G2/Si devices occur at (2 volts, 4610 μA) and (1 volt,
15.7 μA), respectively. It is interesting that although the current values in G1/Si are higher than that of G2/Si, the threshold voltage
(≈2 volts) in G1/Si is higher than the threshold voltage (≈1 volt) in G2/Si.

3.2. I–V characteristics of G/PS devices

The I–V characteristics of G/PS devices (fabricated using 1ml and 2ml of graphene solution, named as G1/PS and G2/PS) are
shown in Fig. 5-(c) and -(d), respectively. In G/PS devices (while taking I–V characteristics across the junction), there are three
junctions including metal/G (high purity silver paste/G), G/PS, and PS/Si. As discussed earlier, metal/G behaves as an ohmic
junction. Hence, there are two effective junctions including G/PS and PS/Si junctions. The PS/Si junction has diodic behavior due to
the quantum confinement that comes from the porosity in the PS side [19]. For the G/PS junction, we propose that it behaves as a
Schottky barrier due to graphene deposited on spongy surface of PS which is fabricated from a p-type Si wafer. Since graphene has a

Fig. 4. Raman spectrum of G1/PS.

Fig. 5. I-V characteristics of the G/Si and G/PS devices.
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semi-metal role with excellent conductivity and high electron mobility, the behavior of G/PS device is mainly dominated by G/PS
junction. The effect of the diodic junction of PS/Si on the behavior of the G/PS device is further discussed in Sec. 3.2.1.

The I-V curves reveal that the current values in the reverse bias of the G/PS devices are higher than those in the forward bias, i.e.,
the current values rise relatively sharply in the reverse bias. This observation can be explained as follows. The behavior of the G/PS
devices is dominated by G/PS Schottky junction, as discussed earlier. The band gap in the PS side of the PS/Si junction increases due
to quantum confinement. The increase in the band gap creates a potential barrier that causes a rectifying behavior. Further, there
exist atoms in PS side with incomplete links on the surface of the PS/Si device, which leads to n-type role of the PS with respect to Si.
Moreover, each carbon atom in graphene structure has incomplete bonds in the vertical plane which are ready to complete bonds.
Hence, we hypothesize that in the G/PS Schottky junction, there is an interface of semi-metal structure of graphene and n-type role of
the PS. As known for the Shottky barriers, current transport is done by the majority charge carriers and electrons are majority carriers
in both graphene and PS. In Fig. 6, a schematic of the energy band diagrams illustrating the mechanisms of G/PS junction in both
biases, is shown. Graphene has a greater number of electrons than PS, since in graphene there is an incomplete bond per carbon atom
and in PS are the links in some of the Si atoms broken due to the increased surface to volume ratio. In forward bias, energy levels are
such that the electrons (majority carriers in G/PS Schottky junction) can easily flow from PS to graphene, whereas in reverse bias
electrons can easily move from graphene to PS side. Since the population of the electrons in graphene is larger with high electron
mobility, the current values in the reverse bias are higher than those in the forward bias.

3.2.1. Effect of graphene deposition on PS
Fig. 7 shows a comparison of the I–V measurements in PS/Si and G/PS devices. The current values in G/PS devices are higher than

that of PS/Si device. The high percentage of porosity (57%) in the PS/Si device causes a large disorder in the PS tissue due to the large
pore size, which creates lesser Si environment for the movement of electrons on the PS side. The pores provide resistance and the

Fig. 6. Schematic of energy band diagrams; (a) zero bias of G/PS device and G/PS junction, (b) forward bias of G/PS junction, (c) reverse bias of G/
PS junction.

Fig. 7. A comparison of I–V characteristics of PS/Si and G/PS devices.
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current measurement reduce in the PS/Si device. However, after the deposition of graphene layer on PS surface, an enhancement in
currents is observed. We propose that this enhancement in current is due to the following reasons:

(1) Since the graphene solution is centrifuged before spraying, the large sized flakes of the graphene are settled as residue in solution
and the small sized flakes of graphene exist in the solution. The pores in the PS surface are large enough (average pore size is
0.8 μm) to accommodate tiny sized flakes of graphene (average size of graphene flakes is 0.5 μm). This conclusion is reasonable
since PS has active surface due to the porosity. Thus, the diodic PS/Si junction affected by an excellent conductivity of penetrated
graphene flakes improves current transmission.

(2) The porosity breaks the links between some atoms on the surface, i.e., there exist atoms with incomplete links on the surface of
the PS/Si device that makes the surface of the PS as an active surface [19]. On the other hand, each of the carbon atom in
graphene makes three electron bonds with neighboring atoms in horizontal plane and the forth electron is free on vertical plane,
ready to make a bond. Thus, by deposition of graphene on PS surface, some of the incomplete atoms in graphene and PS can make
bonds, leading to improvement in transmitted currents.

(3) – According to the SEM images (cf. Fig. 3b), the few layers of graphene act as an ultrathin netting with the excellent conductivity
on top of the PS surface, joining the walls of the pores. The high conductive graphene layer on the top of pores enhances
transmission of electrons and overcome the resistance that is due to less Si environment. In Fig. 8, a schematic of graphene layer
on top of a PS layer is illustrated.

3.2.2. Effect of varying volume of graphene on PS
G2/PS device gives higher current measurements than G1/PS, according to the measured I–V curves. The reason is that graphene

solution is centrifuged, i.e., the solution is rarefied and therefore a higher density of graphene flakes in G2/PS device can result in
higher penetration of graphene flakes into the porous surface and also better covering of the porous surface by the graphene flakes.
The higher penetration and the improved covering of graphene flakes on the PS surface leads to improved conductivity. To study this
further, the current measurements in G1/PS and G2/PS at 9 volts and −1 volts are given in Table 1. We note that by increasing the
graphene volume from 1ml to 2ml at 9 volts, the current in the G/PS devices becomes three-folds and the ratio of current mea-
surement in the G/PS device to the current measurement in the PS/Si device increases from 4.3 to 13.2 (by increasing graphene
volume). Similar observation can be made in reverse bias, where current in the G/PS device increases almost 7 times by increasing
the graphene volume from 1ml to 2ml at −1 volts. Furthermore, the ratio of current measurement in the G/PS device to the current
measurement in the PS/Si device increases from 12.4 to 87.5 at−1 volts. As mentioned earlier and discussed here, the current values
in the reverse bias are much greater than in the forward bias.

3.3. Comparing I–V characteristics of G/Si and G/PS devices

There is a significant difference in the I–V characteristics of the G/Si and the G/PS devices (cf. Fig. 5). The I–V curves of the G/PS
devices rise sharply and have lower knee voltages (turn on voltages) compared to the I–V curves of the G/Si devices in the forward
bias. In the reverse bias, the current values are approximately zero in the G/Si devices in contrast to G/PS devices that have

Fig. 8. Schematic of graphene layer on top of the PS surface in G/PS device.

Table 1
Comparison of current measurements.

Current at −1 volts Current at 9 volts Samples

−18.5 μA 108.5 μA PS/Si
−230 μA 468.5 μA G1/PS
−1620 μA 1437 μA G2/PS
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considerable current values. The differences in the I–V behaviors of G/Si and G/PS devices can be referred to different effective
Schottky barriers in these devices. As discussed in Sec. 3.1 and Sec. 3.2, in the G/Si devices there is one effective junction (G/Si
Schottky junction) that behaves as rectifier, whereas in the G/PS devices, there are two effective junctions: G/PS Schottky junction
and the diodic PS/Si junctions. We suggest that it is mainly the porosity that creates the difference in I–V relationships of the two
devices. The pores in the PS surface are large enough (0.8 μm on average) to accommodate tiny sized (0.5 μm on average) flakes of
graphene. Furthermore, there is a partially suspended graphene layer on top of the PS surface, as illustrated in Fig. 8. Thus, the
penetration of graphene in the pores of the substrate as well as the partially suspended graphene layer on the substrate enhances the
current transmission and electrical conductivity.

It is also important to note that the current values in the G/Si devices decrease with increase in graphene volume (from 1ml to
2ml) unlike the G/PS devices where the current values increase with the increase in graphene volume. Considering forward bias, the
current measurements in G1/Si are higher than in G1/PS, whereas the current measurements in G2/Si are lower than in G2/PS. The
reasons for these behaviors have been discussed earlier in Sec. 3.1.1 and Sec. 3.2.2.

4. Conclusions

There are significant differences in the I-V characteristics of the G/Si and G/PS devices in the forward as well as reverse bias. In
the forward bias, the I-V curves of the G/PS devices rise sharply and have lower knee points compared to the I-V curves of the G/Si
devices. In the reverse bias, the current values are approximately zero in the G/Si devices in contrast to the G/PS devices that have
very large current values. Interestingly, an increase in the volume of graphene solution enhances current in the G/PS devices, whereas
it reduces current in the G/Si devices. The differences in the I–V behaviors of the G/Si and G/PS devices are due to different effective
Schottky barriers in these devices and it is mainly the porosity that creates the difference. Further, it is observed that the deposition of
graphene on PS substrate boosts the current transmission in both reverse and forward bias. The PS/Si device has a rectifier behavior
significantly different from that of the G/PS device. For the G/PS device, the current values in the reverse bias are much greater than
the current values in the forward bias.
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