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Abstract. We demonstrate the fabrication of reduced graphene oxide (RGO)
Schottky diodes via dielectrophoretic (DEP) assembly of RGO between
two dissimilar metal contacts. Titanium (Ti) was used to make a Schottky
contact, while palladium (Pd) was used to make an Ohmic contact. From the
current—voltage characteristics, we obtain rectifying behavior with a rectification
ratio of up to 600. The ideality factor was high (4.9), possibly due to the presence
of a large number of defects in the RGO sheets. The forward biased turn-on
voltage was 1V, whereas the reverse biased breakdown voltage was —3.1V,
which improved further upon mild annealing at 200 °C and can be attributed
to an increase in the work function of RGO due to annealing.
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1. Introduction

Owing to its exceptional electrical and photonic properties, graphene is considered to be a
promising building block for future generations of electronic and optoelectronic devices [1]-[4].
For the large-scale fabrication of graphene-based devices, exfoliation of graphite into individual
graphene sheets in large quantities is required. Reduced graphene oxide (RGO) sheets have been
extensively investigated as an attractive pathway to produce large quantities of graphene sheets
in solution [5]—-[25]. RGO offers tunability of electronic and optical properties via controlling
the reduction process through the chemical and/or thermal route [5]-[17], [20]—-[25]. In addition,
the ease of material processing, low cost of synthesis, mechanical flexibility and ability to
make composite materials [18, 19] make them an attractive candidate for fabricating various
functional devices. For example, RGO has already been used for the fabrication of field effect
transistors [ 15]-[17], photodetectors [20], organic solar cells [21]-[25] and chemical/biological
sensors [26]-[31]. Another fundamental building block of an electronic circuit is a diode. From
the beginning of semiconductor device developments, the diode played a critical role in the
understanding of metal semiconductor interface and found many applications in electronics
and optoelectronics. Compared to the p—n diode, the Schottky diode generally exhibits a
faster switching speed and low forward resistance, and is suitable for high-speed rectification
devices [32]. In addition, the Schottky diode was also found to be useful for gas-sensing
applications [33, 34]. The Schottky diode is typically made by connecting one end of a
p- (or n)-type semiconducting material with a metal of high (or low) work function that gives
the Ohmic contact, whereas the other end is connected to a metal with lower (or higher) work
function giving the Schottky contacts. Recent attempts at fabrication of the Schottky diode
with graphene show that pristine graphene, which is a semimetal, has to be converted to a
semiconductor via controlled exposure of oxygen plasma [35]. Since RGO has a lot of localized
graphene domains [9, 36], which creates a band gap, it can readily be used for the fabrication of
a Schottky diode. In addition, fabrication of the Schottky diode with RGO is advantageous as it
allows high-throughput fabrication of devices.

In this paper, we demonstrate fabrication and characterization of RGO Schottky diodes
with good rectification behavior. The RGO sheets suspended in water were assembled between
a prefabricated dissimilar metal source and drain contacts. Titanium (Ti) with a work function
lower than RGO was used to make a Schottky contact, whereas palladium (Pd) with a work
function larger than RGO was used to make the Ohmic contact. The RGO sheets were then
assembled using ac dielectrophoresis (DEP). From the current—voltage (/-V) characteristics, we
obtained rectifying behavior with a rectification ratio of up to 600. The ideality factor (4.9) was
found to be higher than the ideal diode possibly due to the presence of a large number of defects
in the RGO sheets. The forward biased turn-on voltage was 1V, whereas the reverse biased
breakdown voltage was —3.1V, which improved further upon mild annealing at 200 °C that
can be attributed to an increase in work function of RGO due to annealing. Our demonstration
of a RGO Schottky diode via DEP creates another fundamental device building block involving
RGO for future nanoelectronic applications.

2. Experimental

RGO sheets used in this study were obtained via chemical reduction of individual graphene
oxide (GO) sheets. The individual GO sheets in powder form were obtained from Cheaptubes
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Inc (http://www.cheaptubes.com). 2 mg of the GO powder was added to 50 ml of deionized
water in a vial. The pH of the solution was adjusted to 11 by using an aqueous solution
of ammonia. Then 2 ul of hydrazine (35% DMF) solution was added to the mixture. The
vial containing the mixture was then placed in a water bath kept at ~100 °C, stirred using a
magnetic stirrer for 1 h and then cooled to room temperature. X-ray photoelectron spectroscopy
(XPS), atomic force microscopy (AFM) and Raman spectroscopy were used to characterize the
obtained RGO sheets. XPS analysis was performed using a Physical Electronics 5400 ESCA
system. AFM images were taken on a Dimension 3100 scanning probe microscope (Vecco
Instruments Inc). For AFM study, the RGO suspension was spin-coated on a mica substrate.
Images were obtained using tapping mode and collected under ambient conditions at 60%
relative humidity and 25.8 °C with a scanning rate of 0.5 Hz. We used a Renishaw inVia micro-
Raman spectrometer with 514 nm excitation, ~1 um spot size and ~1 mW power for Raman
spectroscopy.

The Schottky diodes were fabricated as follows. First, the electrodes were fabricated using
a combination of optical and electron beam lithography (EBL). Then the RGO sheets were
assembled between the electrodes via DEP. The device platform was a highly p-doped Si wafer
with a thermally grown 250 nm thick SiO, on its surface. Larger size contact pads and position
alignment markers were fabricated via optical lithography using double layer resists (LOR
3A/Shipley 1813), developed in CD26, followed by thermal evaporation of chromium (Cr)
(5nm) and Au (45 nm) and then standard lift-off. The smaller electrode patterns with dissimilar
metals were done using two steps of EBL writing. First, Ohmic contact was defined by EBL and
deposition of 25 nm Pd using single-layer poly(methyl methacrylate) (PMMA) resists, and then
developed in (1 : 3) methyl isobutyl ketone : isopropyl alcohol (MIBK : IPA) followed by lift-
off. Another layer of EBL was then implemented to define the Schottky contact (Ti) following
the same process as Pd. The gap between the two electrodes was 200 nm. Prior to the RGO
assembly, the electrodes were treated in oxygen plasma for 15 min to remove any residual
organics. We also attempted to use Au—Cr electrodes; however, we did not obtain good diode
characteristics. For control experiments, we also fabricated devices with Au—Au and Pd-Pd
contact and did not obtain any Schottky behavior.

An ac DEP was used to assemble RGO sheets between the prefabricated Pd and Ti
electrodes. The process was similar to our recent reports of high yield RGO FET fabrication
using Au metal electrodes [17]. DEP has recently been used to fabricate devices using
one-dimensional (1D) and 0D nanostructures as well [37]—[43]. In brief, a 2 ul drop of
RGO solution was cast on the chips containing the electrodes. An ac voltage of 3V
peak to peak at 1 MHz was applied between the electrodes for 10-15s. The ac voltage
generated a time-averaged DEP force between the electrode gap, which can be expressed
as Fpgp = (p-V)E, where p is the dipole moment of the polarizable object and E is
the non-uniform electric field set up by the ac voltage [17, 44]. The strong electric field
gradient caused the RGO sheets to align along the field direction and assemble between the
Pd-Ti electrodes. After the assembly, the solution droplet was blown off by a stream of
nitrogen gas flow. The room-temperature electronic transport measurements of the fabricated
devices were carried out in a probe station at ambient environment. The measurements were
performed using a Keithley 2400 source-meter and a current preamplifier (DL 1211) capable of
measuring sub-pA signal interfaced with the LABVIEW program. A total of 16 devices were
investigated.

New Journal of Physics 13 (2011) 035021 (http://www.njp.org/)
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Figure 1. (a) XPS spectra of a GO thin film on Si/SiO, substrate. (b) XPS
data for a RGO thin film. (c) Tapping-mode AFM image of RGO sheets with
a height profile indicating that the majority of the sheets are single layer. (d)
Raman spectra of RGO sheet. (¢) Schematic diagram of the DEP assembly setup
for RGO Schottky diode with Ti as Schottky and Pd as Ohmic contact. (f) SEM
image of a DEP assembled RGO diode device.

3. Results and discussion

Figure 1(a) shows the XPS data taken on a thin film of GO dispersed on Si/SiO,. Here we
can see the three components of carbon-based atom in different functional groups of GO:
(1) the non-oxygenated C—C bond (284.6 eV), (ii) C—O bond (286.6 eV) and (iii) the C=0 bond
(288.38 ¢V). Figure 1(b) shows the XPS data after reduction (RGO) in hydrazine. The peaks for
oxygen functional groups in RGO were significantly reduced. An additional peak also appeared
at 285.9eV corresponding to the C in the C-N bond. This also implies that the oxygen in the
GO is considerably removed by the reduction process and that nitrogen is now present due
to the hydrazine treatment. The ratio of O,;/C; peaks is about 0.14, indicating good reduction
efficiency, and it is comparable to previous studies [14, 45]. Figure 1(c) displays a tapping-mode
AFM image of the RGO sheets along with their height analysis. The lateral dimension of our
RGO sheets varies from 0.2-2 um. The line graph represents the thickness of the RGO sheets.
Approximately 70% of the sheets displayed a height of 1.0 £ 0.2 nm.

The Raman spectroscopy was used for identifying the orderliness of the RGO crystal
structure. Usually the G-band (sp?) corresponds to orderliness and the D-band corresponds to
disorderliness (sp?) of the material [36]. The Raman spectrum of our RGO sheets is presented
in figure 1(d). It exhibits the D-band peak at 1346cm~! and the G-band peak at 1604 cm™!.
The broader D-band with higher relative intensities compared to that of the G-band indicates
the higher disorderliness in the RGO sheets. The ratio Ip : I is about 1.10, from which we
obtain an average graphitic domain size of about 4 nm using an empirical Tunistra—Koening
relation [46].

New Journal of Physics 13 (2011) 035021 (http://www.njp.org/)
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Figure 2. (a) A representative current—voltage (I-V') characteristics curve of a
Ti/RGO/Pd Schottky diode assembled via DEP showing rectifying behavior.
Inset: the semi-log plot of the absolute magnitude of current versus voltage of
the device. The black line represents the linear fitting of the diode equation from
which we obtain the ideality factor as n =4.9. (b) I-V curve of a control RGO
device with Pd—Pd metal contact. No Schottky behavior can be seen.

After the DEP assembly of the RGO sheets between Pd and Ti electrodes, the device yield
was tested using a scanning electron microscope (SEM). Figure 1(e) shows a diagram of the
DEP setup. Figure 1(f) shows an SEM image of one of our representative devices. From the
AFM height analysis (not shown here) of this device, we found that up to eight layers of RGO
are assembled in the channel. The thickness is lower at the edges with one or two layers of
graphene sheet near the edge, while the thickness is higher in the middle of the channel due
to the overlap of several individual sheets or folding of the sheets. Our chip had 16 electrodes
pairs, all of which were bridged by a few layers of RGO sheets during the DEP assembly, giving
a 100% device yield.

Figure 2(a) shows the current—voltage (/-V) characteristics of one of our representative
devices measured at room temperature with a Ti electrode grounded and a Pd electrode swept
from —3 to 43 V. The curve is nonlinear and asymmetric. The device did not show any signifi-
cant reverse biased breakdown (or reverse leakage current) for up to —3 V. The device gives a
high rectification (ltorward/ Lreverse) Tatio of ~ 600 within these voltage ranges. Figure 2(b) show
the I-V curve of one of our control samples with Pd—Pd contact. In contrast to Pd-Ti contact,
no Schottky behavior is observed. From this, we conclude that the observed Schottky diode
with a good rectification is a result of carefully chosen dissimilar metal contacts with RGO.

For a Schottky diode, the I-V relation can be expressed as I = Iy[exp (eV /nkT) — 1],
where e is the charge of electron, k is the Boltzman constant, n is the ideality factor, T is
the absolute temperature and [ is the saturation current. Our diode follows this behavior with
n =4.9 in the forward biased region obtained by plotting the log I against V and using the
equation n = e¢/kT[dV /d(In1)] [32]. This is shown in the inset of figure 2(a). The value of
n is higher than what is expected for an ideal diode (n = 1). Similarly, a high value of n was
also reported for Schottky diodes based on disordered organic semiconductors and has been
attributed to accelerated recombination of electrons and holes in the depletion region and the
presence of an interfacial layer or surface states [47]—[52]. In addition, it was noted that when
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Figure 3. (a) I-V curve of a RGO Schottky diode before and after annealing.
(b) Magnified view of the I-V characteristics in the forward biased regime,
which show the turn-on voltage increased from 1 to 1.5V upon annealing. (c)
Magnified view of the /-V curve in the reverse biased regime. The breakdown
voltage changed from —3.1 to —3.6 V upon annealing.

the charge transport is dominated by space charge limited conduction, it is common to observe
a higher value of n [49]-[52]. Recently, we reported SCLC behavior in RGO devices connected
to a gold electrode arising from a large amount of structural disorder and trap states due to
oxidized carbon atoms, point defects and topological defects [53]. Therefore, a high value of n
in our RGO Schottky diode is not surprising.

We have also examined the affect of annealing on the properties of our RGO Schottky
diodes. The annealing was done in an argon (Ar) and/hydrogen (H,) atmosphere inside a tube
furnace. A flow of 200ccmin~' of Ar and 2000 ccmin™' H, was initiated and the gases were
kept flowing for a few minutes to purge the system. The furnace was then heated to 200 °C for
1 h and then turned off. During cool down of the furnace, both Ar and H, flows were maintained
until the furnace reached room temperature. Figure 3(a) shows the -V curve measured between
—5 and +5 V of the same device before and after thermal annealing. The filled squares represent
before annealing, whereas the open squares represent after thermal annealing. The effect of
annealing on the diode characteristics can be more clearly seen in figures 3(b) and (c). From
figure 3(b), we see that the turn-on voltage has been changed from 1 to 1.5 V, whereas figure 3(c)
shows that the reverse biased breakdown voltage has been changed from —3.1 to —3.6 V after
annealing. A similar trend has been observed for all of the devices that we investigated.

The diode behavior of the RGO device with or without annealing can be explained using
the band diagram shown in figure 4. In previous studies, the work function of RGO has been

New Journal of Physics 13 (2011) 035021 (http://www.njp.org/)
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Figure 4. Energy band diagram of RGO Schottky diode before annealing (dashed
line) and after annealing (solid line) under (a) forward and (b) reverse biased
condition. A Schottky junction is formed between the RGO and Ti, and a bending
of energy band occurs. After annealing, the work function of RGO increases,
causing more bending at the Schottky contact.

reported to vary between 4.3 and 4.7 eV [54, 55]. It was also reported that the work function of
RGO increases with increasing reduction efficiency or the increase in the C—C to C-O ratio [56].
In our previous study involving DEP assembled RGO with a Au electrode, we showed that
mild annealing reduces the sample resistance and improves the on-current of the field effect
transistors [17]. In order to explain this, we carried out XPS analysis before and after annealing
and found that the C—C to C-O ratio increased from 8 to 14 on annealing at 200 °C [17]. This
implies that mild annealing of the device increases the work function of RGO. This is shown in
the band diagram of RGO in figure 4, where the dashed line represents RGO before annealing,
while the solid line represents RGO after annealing. Ti, having a work function of ~4.33 eV,
makes a Schottky contact with RGO, whereas Pd, having a work function of ~ 5.5 eV, makes an
Ohmic contact with RGO. The work function difference between RGO and Ti creates a contact
potential barrier (V.), which leads to bending of the energy band and prevents the flow of holes
from RGO to Ti.

In the forward biased regime, when a potential V; (or bias voltage) is applied, the V. is
reduced to V.—V; this reduces the bending at the Schottky junction and holes start to diffuse
through the barrier, giving forward current. On the other hand, in the reverse biased regime, the
reverse biased potential (V;) increases the contact potential to V. + V; (shown in figure 4(b)),
which causes a blockage of hole transportation. On annealing the RGO device, the work
function of RGO increases, and so the value of V. between Ti and RGO also increases, causing
a larger bending of energy band between RGO and Ti. That is why a higher turn-on voltage
is needed to overcome the contact barrier on annealing in the forward biased regime and the
breakdown voltage decreased in the reverse biased regime.

4. Conclusions

In conclusion, we demonstrated fabrication of RGO Schottky diodes via DEP assembly of
RGO sheets between Ti and Pd electrodes. The device shows good rectification behavior with
a rectification ratio of up to 600. The ideality factor of the diodes was high due to the presence
of disorder in the RGO sheets. A mild thermal annealing causes an increase in the turn-on

New Journal of Physics 13 (2011) 035021 (http://www.njp.org/)
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voltage in the forward biased regime and a decrease in the reverse breakdown voltage in the
reverse biased regime. This can be explained by considering the fact that the work function
of a RGO increased due to annealing. Our demonstration of a RGO Schottky diode via DEP
creates another fundamental device building block involving RGO for future nanoelectronic
applications.
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