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Abstract

Graphene-based devices show good transfer characteristics, which depend upon the surface morphology of the material and
substrate. During fabrication of the device, the substrate morphology is disturbed inappropriately by the surface contamination. In
the present study, monolayer Graphene Field Effect Transistor (GFET) has been driven with hydrophobic Hexamethyl
Disilazane (HMDS) layer. The HMDS layer is dehydrated before and after the exfoliated monolayer graphene, and the electrical
characteristics were measured. The transfer curve of the HMDS coated graphene device demonstrates excellent FET character-
istics and prevents contamination from the atmosphere under ambient conditions. Fabrication of GFET device on the hydropho-
bic substrate enhances the effective ambipolar behavior. It is beginning with an excellent platform and user-friendly device for

biosensing applications.
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1 Introduction

Graphene [1-7] is a rapidly growing two-dimensional one atom
thick carbon material with great potential in linear dispersion [1,
2]. Presently, graphene-based electronic devices [3] are known
for attractive peculiarities, like the quantum hall effect [4],
tunneling effect [5], and many other transport properties as well
as electronic properties [6, 7], mechanical properties [8], and
optical properties [9, 10] owing to their carrier density and po-
larity, as well as high charge mobility for both electrons and
holes. The electronic properties of graphene make it one of the
promising materials in generating high-speed sensor devices
[11-13]. Graphene is a single atomic layer thick though visible
to the naked eye due to its high opacity. Due to Pauli blocking,
the optical energy of graphene is comparatively less than Fermi
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energy; hence it becomes transparent. Therefore, graphene
would be appropriate for various controllable photonic devices
[14]. Another extraordinary property of graphene has been
exploited on its mechanical strength. The carbon-carbon bond
length of about 0.142 nm makes graphene the strongest material
of about 130 GPa, comparatively stronger than A36 steel [15].
Graphene has been used in different platforms such as field-
effect transistor [16, 17], supercapacitors [18, 19], solar cells
[20, 21], biosensors [22—27] and nanoelectronic devices [28].
The graphene field-effect transistor was fabricated on SiO, sub-
strate by the Chemical Vapor Deposition (CVD) [12, 20, 22] and
mechanical exfoliation method [28]. Among these methods, the
exfoliated graphene films onto the thermally oxidized silicon
substrates show the best quality and most attractive for electronic
devices to date. Undesirably, the transfer characteristics of those
devices may vary widely and exhibit a large variance in the
mobility and the ambipolar behavior between the electron and
hole transport of the devices [29]. The developed technology still
lacks to overcome the difficulties like contamination and sub-
strate deficiencies during the fabrication process. Especially, the
imperfection and poor reproducibility of the devices have oc-
curred due to the molecules present in the ambient air [30]. In
such cases, the self-annealing process [3] reduces the substrate
effects. The substrate was annealed at sufficient temperature dur-
ing the annealing process, making the substrate-free from con-
taminants. To identify a suitable approach, three different
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possible methods have been explored and compared to obtain
good ambipolar behavior in the transfer characteristics of the
devices. In the first method, annealing process was used to fab-
ricate the device, with substrate annealing at a certain tempera-
ture. Herein, the samples were prepared in the absence of hydro-
phobic Hexamethyl Disilazane (HMDS, Merck Performance
Materials, Darmstadt, Germany) layer [11, 31] and Atomic
Layer Deposition (ALD) of Al,O5 [11, 32]. In the second meth-
od, the samples were prepared with the deposition of the HMDS
layer before graphene exfoliation. In the third method, the sam-
ples were prepared with the deposition of the HMDS layer prior
and after the graphene exfoliation. From the experimental obser-
vations, it was observed that the HMDS layer and Al,O3 depo-
sition effectively control the contamination of the substrate from
ambient air and improve the transfer characteristics and repro-
ducibility of the devices. The advantage of this method is its
improved device characteristics.

2 Materials and Methods
2.1 Graphene Deposited on the SiO, Substrate

Graphene was exfoliated mechanically from the natural
graphite (Covalent Material Co., Ltd., Tokyo, Japan) using
adhesive tape and deposited onto the SiO,/Si Substrate
(90 nm). Optical microscopy (S8 APO + EC3, Leica
Microsystems, Wetzlar, Germany) was used to identify the
monolayer graphene on the substrate and was confirmed by
Raman spectroscopy (RAMANDplus, Nanophoton, Osaka,
Japan) for all the three possible methods of fabrication. The
contact pads were made for the corresponding monolayer
graphene, and it has been designed using CAD software
(Vectorworks 2012 tool, A&A Co. Ltd., Tokyo, Japan).

2.2 Fabrication of GFET Using Annealing Method

The LOR5SA (Microchem Corp., MA, USA) solution was de-
posited on the substrate as a protective layer and baked at
180 °C for 5 mins. Then, the AZ5214E (Merck Performance
Materials) solution, which acts as the photo resistant coating,
was deposited on the substrate and baked at 110 °C for 2 mins.
The maskless scanning lithography carried out the etching
process (DL-1000/NC2P, NanoSystem Solutions Inc.,
Okinawa, Japan) with a power of 1 W/cm? at 405 nm and
an exposure dosage of 85 mJ/cm? to pattern the A-Z resist.
The source and drain electrodes (Ti/Au ~ 10/200 nm) were
formed by E-gun evaporation (RDEB-1206 K, RDEC Inc.
Ibaraki, Japan) and lift-off techniques. The detailed fabrication
process was explained in the previous work [11]. To obtain a
suitable approach for developing the device, with good
ambipolar behavior, three possible methods were followed.
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Up to the lift-off techniques, steps followed to make the
source and the drain was standard for all three forms.

In the first method, the annealing process was carried out
after the lift-off process, and the schematic diagram of the
fabrication process is shown in Fig. la. During annealing,
the substrate was kept for rapid thermal annealing (QHC-
P410) at 300 °C to prevent the substrate from impurities and
to reduce the contaminants. Herein, the rising temperature rate
was set at less than 40 °C/ s, and the rate of falling temperature
was set at 10 °C/ s. The annealing process was carried out in
the atmosphere of N, and 3%H, + Ar. The 3% H, + Ar
atmosphere was used for cleaning, while the N, atmosphere
was helpful in cooling. Figure 1b demonstrates the monolayer
graphene on bare SiO,_ and Fig. 1c shows the fabrication of
electrodes on the bare substrate during the annealing process.
Therefore, the samples were prepared in the atmosphere men-
tioned above, which can control substrate contamination with-
out the HMDS and ALD- AlI203 layers.

2.3 Fabrication of GFET Using HMDS Layer and ALD
Deposition

In the second method, the GFET device was fabricated by the
graphene deposited on the HMDS layer, and the schematic dia-
gram of the fabrication process is shown in Fig. 2a. The HMDS
layer is self-assembled. Herein, the HMDS layer was coated
before the exfoliated graphene. Then, the substrate was prepared
in the same fashion up to the lift-off process as shown in Fig. 2 b
and c. The ALD- ALO; insulating layer was deposited on elec-
trodes at 0.8 A/cycle, and it is shown in Fig. 2d.

A"nealing at
2and 30/0"[2 Pk

Au/Tj
Graphene

b.

Graphene

Si0, (90nm)

Fig. 1 a. A Schematic diagram of the fabrication process by annealing
method, b. Optical microscopic image of exfoliated graphene on SiO,
layer, ¢. Fabrication of source-drain electrodes (Ti/Au)
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Fig.2 a. A Schematic diagram of
the fabrication process by HMDS
layer and ALD deposition, b.
Optical microscopic image of
exfoliated graphene on SiO,
layer, c. Fabrication of source-
drain electrodes (Ti/Au), d. After
ALD- AL,O5 deposition

C.
d.

2.4 Fabrication of GFET Using Prior and after layer by ALD. The schematic of the process is shown in Fig.
Deposition of HMDS on Graphene Exfoliation and ALD  3a. The fabrication of electrodes and the ALD deposition is
Deposition shown in Fig. 3b, ¢ and d.

In the third method, the substrate was coated with HMDS
before the exfoliated graphene and deposition of the insulating

Fig.3 a. A Schematic diagram of
the fabrication process by prior
and after deposition of HMDS
and ALD deposition, b. Optical
microscopic images of exfoliated
graphene on SiO, layer, c.
Fabrication of source-drain
electrodes (Ti/Au), d. After ALD-
Al,O3 deposition
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3 Results and Discussion

3.1 Transfer Characteristics of GFET Using Annealing
Method

In this study, the GFET device was fabricated without Al,O;
and HMDS layers. The formation of single-layer graphene
was identified by means of optical microscopy and Raman
spectroscopy. The source and drain electrodes were fabricated
using the maskless scanning lithography, E-gun evaporator,
and lift-off method. The output and transfer characteristics of
the device were measured by using the kiethley parametric
analyzer. As shown in Fig. 4a, the output characteristics (Id
Vs Vyias) Were measured by sweeping voltage in the range
from -30 V to +30 V with a step voltage of 5 V. The output
characteristics show the linear behavior at zero bias which
illustrates good metal contacts with graphene.

The contact pads have been designed on the substrate by using
CAD software. The transfer characteristics of the device were
measured at V4 = 0.01 V, and V,, was set =30 to +30 V as
shown in Fig. 4b. The [-V characteristics of graphene show a
gradual decrease during the hole transport region and then in-
crease during the electrons transport region. Pioneering transport
characteristics have already been reported on graphene sheets.
For instance, Ohno et al. [33] proposed the transistor characteris-
tics with the different fabrication processes. In Fig. 4b, the graph
shows the Id of the bare graphene, which has a gradual decrease
in hole transport but increases to a certain level in electron trans-
port. The obtained result shows the lower ambipolar behavior.
The gradual decrease and increase represent ambipolar behavior
due to holes in the negative voltage and electrons in the positive
voltage. Here, the conduction of electrons on positive voltage is
poor. It has been suggested that the changed impurities may cause
poor ambipolar behavior. Due to the poor ambipolar behavior,
the sharpness of the peak at the Dirac point becomes broader.
Both holes concentration and electron concentration were neu-
tralized at Dirac point. The corresponding resistance curve of the
graphene device measured at Vg4 = 0.01 V as shown in Fig. 4c.

3.2 Transfer Characteristics of GFET Using HMDS Layer
and ALD Deposition

GFET devices with exfoliated graphene on SiO, exhibit high
quality. Unfortunately, the characteristics widely change due
to the changes in ambient conditions and asymmetries be-
tween electrons and holes transportation.

However, the technologies cannot control the contamina-
tion during the processing and absorption of ambient air mol-
ecules. The samples were prepared under ambient conditions,
imbibing the atmosphere’s water molecules. It has been re-
vealed previously in the annealing method the substrates are
kept in 300 °C to remove the contaminants such as H,O and
CO,, which also reduces the doping level. Though the samples
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Fig. 4 The I-V characteristics of the back gated graphene device using
annealing process, a. Output characteristics with drain current vs. bias
voltage measured at various Vg ranging from =10 mV to 10 mV with
step of 0.01 V, b. The transfer curve for bare graphene between drain
current vs. back gate voltage at V4 = 0.01 V, ¢. The corresponding
resistance curve of the graphene device measured at V4 = 0.01
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were prepared so that when exposed to air, the samples recu-
perate the same doping level, as argued by Lafkioti et al. [30],
the contaminants were still observed on the graphene surface.

<« Fig. 5 The I-V characteristics of back gated graphene device using

HMDS layer and ALD deposition, a. Output characteristics with drain
current vs. bias voltage measured at various Vg ranging from —10 mV
to 10 mV with step of 0.01 V, b. The transfer curve for bare graphene
between drain current vs. back gate voltage at Vd = 0.01 V, ¢. The
corresponding resistance curve of the graphene device measured at Vd
=001V

Moser et al. [34] also reported that the samples prepared sim-
ilarly during the annealing method might have defects such as
edges, wrinkles, etc., which were present as a static site on the
surface of graphene along with the contaminants. These im-
perfections and poor reproducibility play a crucial role in fab-
ricating the GFET devices.

From the experimental observation of the device (Fig.
4), the fabrication by annealing was not much practical for
the surface quality. The SiO, substrate surface quality is
more important to impose the exfoliated graphene. The
surface quality can be improved by a suitable approach
named chemical cleanliness. The SiO, layer was carefully
cleaned in N-Methyl-pyrrolidone, acetone, and 2-proponal.
Before exfoliation of graphene on the SiO, layer, the sub-
strate was exposed to HMDS solution for 24 h. The mole-
cules present in the HMDS solution play a vital role in the
self-assembled graphene on SiO,. The exfoliated graphene
flakes on HMDS were observed using Raman spectra and
Optical microscopy. The color and morphology do not dif-
fer much from graphene on HMDS and bare graphene
without HMDS.

The output characteristics of the device are shown in Fig.
Sa. Significant changes can be observed in ambipolar behavior
from the devices’ transfer characteristics, as shown in Fig. 5b.
The results show proper conduction of holes and electrons
with a gradual decrease in holes transport and an increase in
electron transport. The sharpness of the peak at the Dirac point
has also improved with proper charge carrier conversion. It
has been suggested that the charge impurities were reduced by
the HMDS layer as well as charged improvement in the FET
characteristics [31]. The corresponding resistance curve of the
graphene device measured at V4 = 0.01 V, as shown in Fig.
5c. The Al,O5 layer also plays a vital role in avoiding further
contamination from ambient air molecules during measure-
ments. It increases the surface passivation of the substrate.
Primarily, it is helpful in the gate electrode used for sensing
applications.

For the sake of comparison, the reference samples were
prepared without HMDS layer and with HMDS layer depos-
ited prior to the exfoliation graphene. From the comparison
results, the graphene deposition with HDMS layer samples
shows good transfer characteristics, and it is more beneficial
for sensing applications such as DNA hybridization [11], pH
sensor [27, 35], etc.
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«Fig. 6 The I-V characteristics of the back gated graphene device using

prior and after deposition of HMDS and ALD deposition. a. Output
characteristics with drain current vs. bias voltage measured at various
Vgaie Tanging from —10 mV to 10 mV with step of 0.01 V. b. The
transfer curve for bare graphene between drain current vs. back gate
voltage at Vg = 0.01 V. ¢. The corresponding resistance curve of the
graphene device measured at V4 = 0.01 V

3.3 Transfer Characteristics of GFET Using Prior and
after Deposition of HMDS on Graphene Exfoliation
and ALD Deposition

The self-assembled layer of HMDS before graphene exfolia-
tion has reduced the impurities and improved the ambipolar
behavior and electron conduction. Further, to improve the
quality of graphene and its characteristics, a suitable approach
has been identified. In addition to the self-assembled layer of
HMDS molecules before graphene deposition on the sub-
strate, the HMDS molecules were deposited on the exfoliated
graphene flakes. Then, the fabrication process was started
with LORSA (protective layer) and AZ5214E (photoresist
layer). Subsequently, the substrate was treated with an
HMDS layer (which acts as a bed) for graphene with a strong
hydroxyl group (-OH). It forms a hydrophilic dangling bond
for both silicon and graphene as a silanol layer. It improves the
interaction between the molecules and the substrate, making
the hole and electron conduction in exfoliated graphene effec-
tive. The output characteristics of the device are shown in Fig.
6a. The transfer characteristics of the device with a sharp
resistance peak are obtained at the Dirac point, as shown in
Fig. 6b. From Fig. 6, it is observed that the Dirac point
achieved for the gate voltage at Vg = 0 V indicates that the
chemical doping present in the grouping was minimum.
Hence, graphene prepared on the HMDS layer with Al,O;
deposition showed high purity having good transfer character-
istics. The corresponding resistance curve of the graphene
device measured at V4 = 0.01 V, as shown in Fig. 6¢.

4 Conclusion

The graphene fabricated on Si/SiO, substrate treated with the
thin layer of HMDS and ALD-Al,O5 deposition provides ven-
erable transport characteristics. The main facts are the produc-
tion of substrates with the HMDS layer having an excellent
graphic surface without edges and wrinkles. During ambient
conditions, the water molecules in the atmosphere and con-
taminants such as H20 and CO2 cannot attach to the hydro-
phobic hexamethyl disilazane. Hence, the graphene surface of
the device becomes free from pollutants. Therefore, the
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hydrophobic layer makes the graphene-based devices with
higher transport properties and improved FET characteristics
and good mobility even under ambient conditions. These im-
proved FET characteristics can be used for biosensor applica-
tions such as DNA hybridization detection, pH sensor, protein
detection, glucose sensor, etc. The platform proposes a prom-
ising way to fabricate high-performance graphene devices for
sensor applications.
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