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Abstract

Graphite-oxide  based  metal-oxide-semiconductor  field-effect  transistors
(MOSFETS) were fabricated and used as glucose sensor. Herein, graphite-oxide was
assembled between two planer electrical electrodes. The sensitivity of the sensor has
been enhanced by adding copper (Cu) or silver (Ag) nanoparticles. The nanoparticles
were produced by sputtering and inert gas condensation inside an ultra-high vacuum
compatible system, and they were self-assembled on the graphite-oxide. The
sensitivity of the sensor was increased by an order of magnitude when the silver
nanoparticles were added. The sensitivity of each MOSFET was studied at different
concentrations of non-enzymatic glucose for potential use in medical and industrial

applications.

Keywords: MOSFET, Graphite Oxide, Graphene, Sensors, Non enzymatic glucose.
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Chapter 1: Introduction

1.1 Overview

Graphite consists of a multilayer hexagonally-structure, and carbon atoms in
different layers are covalently bonded together. They are intercalated by various
atoms and molecules due to the weak infrastructure of van der Waals forces.
Graphite intercalation compounds (GIC) are prepared from different intercalation
chemical species [1]. The partial oxidation of graphite becomes graphite-oxide (GO)
[2-3]. The oxygen atoms are grouped on the edges of graphite and in the middle of
the planes. GO contains carboxyl, phenolic hydroxyl and carbonyl groups that are
founded by photoelectron spectroscopy [4-5]. Moreover, GO is characterized as solid
layers [1], while graphene is a single layer of graphite [6]. GO has a high surface
area [7], high charge carrier mobility at room temperature [8-9], low cost, and unique
chemical, electronic, and nanostructure properties [10,11,12,13]. These properties
make it attractive for fabricating various micro-electrical devices, for instance field
effect transistors (FETs) [14], ultrasensitive sensors [11], electromechanical
resonators [15], batteries [16] and biosensors [11]. Metal Oxide Field Effect
Transistor (MOSFET) is an important type of transistors that is used for switching or
amplification. MOSFET has three terminals: source, drain and gate. It can be either
p-channel or n-channel, while the gate electrode is separated from the channel by an
insulating oxide layer (SiO2). The channel width, resistance and drain current (Ip)
can be controlled by changing the gate to source voltage (Ves) [17]. The advantage
of using MOSFETSs in variety of applications is due to that it is easy to vary Ves at

the gate and control the current flow in the channel [18].
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Nowadays, the applications of glucose sensors vary because glucose
participates on large scale in the process of human body metabolism [19]. Also, those
sensors are important to measure glucose in the food industry and biological tissues
[20].
On the other hand, diversity in nanoparticle sizes interferes in a variety of
applications in the area of microelectronics [21,22]. Making the nanoparticles very
small in size make the ratio of the surface to volume large, and the nanoparticles

become more interactive with the surrounding environment of the system [23].

1.2 Aims and Objectives

In this work, different sizes of copper nanoclusters were prepared in ultrahigh
vacuum compatible system (UHV). According to the optical, electrical, physical
properties, the variation in the size of copper nanoparticles is important for sensors
[24], optical devices [25] and catalytic implementations [21]. On the other hand,
graphite-oxide (GO) based MOSFETs were fabricated, and used as non-enzymatic
glucose sensors by utilizing the variation of GO resistivity when it is exposed to
different concentrations of non-enzymatic glucose. Moreover, detecting low
concentration from the non-enzymatic glucose solution is facilitated using graphite
oxide devices decorated with (Cu or Ag) nanoparticles to enhance their sensitivity
and response time [26]. Copper and silver are classified as good electrical conductors
at low potential. In addition, the morphology, size, and (chemical/ physical)
properties of metal nanoparticles play an important role in the interaction and
absorption materials on the surface of nanoparticles [13,27], such as for glucose

sensor applications.



1.3 Relevant Literature

Nanoparticles were successfully prepared physically by magnetron sputtering
and inert gas condensation inside an ultra-high vacuum compatible system. Varying
the fabrication conditions of the system allows producing different sizes of
nanoclusters. This system is suitable for producing metallic nanoparticles like
palladium (Pd) [28], silicon (Si), silver (Ag), etc. The sizes produced were in the
order of few nanometers [29]. Moreover, by this system, nanoparticles composed of
two different elements (bimetallic) were prepared [30].

Researchers utilized the variation in the conductivity property with the size of
nanoclusters in many sensors applications. Zongxu Shen and his group, tested
nonenzymatic glucose sensor based on the nickel nanoparticle—attapulgite-reduced
graphene oxide-modified glassy carbon electrode (Ni-NPs/ATP/RGO). The lowest
concentration they detected was 0.37 uM, and with linear range from 1 to 710 uM
[31].

Also, nonenzymatic glucose sensor was detected by different nanoparticles
such as copper (Cu) nanoparticles modified graphene sheets electrode [32], gold
(Au) nanoparticles decorated on the reduced graphene oxide [33], palladium (Pd)
nanoparticles functioned graphene (nafion—graphene) [34]. Furthermore, the
reseachers also used the (PdCu) nanoparticles decorated three-dimensional graphene
hydrogel (PdCu/GE) to detect the nonenzymatic glucose sensor, and the wide linear
range they measured was from 1 mM to 18 mM [35]. Other reseach group used
cobalt oxide nanoparticles (Co304-NPs) composite to detect an enzymatic glucose
biosensor. A wide linear range they detected was from 0.5 mM to 16.5 mM [36].

Different type of nanoparticles (Mn3Os4) decorated with nitrogen-doped reduced



4
graphene oxide (Mn3OsNP/N-rGO) has been used for sensing a non-enzymatic
glucose [37]. A wider linear range (0.1 mM to 30.0 mM) was detected with a low
detection limit of 0.02 mM by using PtAu—-MnO2 binary nanocomposites decorated
on the graphene paper [38].

Previous studies showed that researchers used the enzymatic biosensor to
detect glucose because of their high sensitivity and selectivity. On the other hand,
these sensors classified as week stability, and easily affected by the surrounding
environment such as the humidity, temperature, and pH [39,40,41]. With the passage
of time, non-enzymatic glucose became the substitutional to detect the glucose
sensor [42-43]. Most of the nanoparticles were used to enhance the sensitivity of
non-enzymatic glucose sensor suffered from low selectivity, low carriers mobility,
and toxicity [39]. In the present work, a physical method is used to prepare the
nanoparticles by using the UHV system, where it is easy to control and adjusted the
size of the nanoparticles to suit variety applications such as detecting glucose sensor

[29].



Chapter 2: Experimental

2.1 Device Fabrication

Figure 1 shows a schematic diagram for a MOSFET based on graphite-oxide
that has been fabricated and used as a glucose sensor. The device was fabricated on
top of a commercial heavily doped p type single face polished silicon wafer with 300
nm SiO2 top layer. The wafers were sequentially cleaned via acetone, ethanol and
deionized water, followed by a drying process using dried nitrogen gas. Electrical
contact electrodes were deposited by standard thermal evaporation in a vacuum
chamber of ~5 nm thick layer of NiCr and then on top of it ~50 nm layer of Au
through a shadow mask [44]. The lower NiCr layer was used for better adhesion of
the electrodes with the wafer [45]. The wafer was then diced into a proper size (1 cm

x 0.5 cm), and cleaned again.

Graphite Oxide (GO)

Source
'\ / Drain
<o / |
U n

i

p—-type Si

Figure 1: Schematic diagram of a graphite oxide based FET

2.2 Preparing Graphite Oxide Solution

Graphite oxide was synthesized from graphite using a modified Hummers

method [46]. 5.00 g of graphite and 2.50 g NaNOs were mixed with 120 mL of
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concentrated H2SO4 in a 500 mL flask. The mixture was stirred for 30 min in an ice
bath, and 15.0 g potassium permanganate (KMnOas) was added, in portions, to the
suspension under vigorous stirring. The rate of addition was carefully controlled to
keep the reaction temperature below 20 °C. After addition was completed, the
mixture was stirred twelve hours at room temperature and then 150 mL of H20 was
slowly added under vigorous stirring. The suspension was further stirred at 98 °C for
6 hrs. The mixture was cooled and 50 mL of 30% H202 was slowly added to destroy
excess KMnOas. The mixture was centrifuged, and the residue was washed several
times with 5% HCI and then with deionized water. After filtration and drying under
vacuum, 5.80 g of solid graphite oxide was obtained [47]. Finally 5Smg/mL of
graphite oxide was prepared by grinding 5 mg in 1 mL of distilled water and then

exposed to the sonication for 45 minutes.

2.3 Testing the GO Device

A droplet of the solution was dropped between the gold electrodes on the
SiO2/Si substrate, and the device is left to dry for 24 hours at room temperature. The
resistance of the device was measured during the deposition process of graphite-
oxide solutions using an electrometer (Keithley 617) to confirm the establishment of
percolation path(s). The doped Si substrate was used as a bottom gate of a field effect
transistor. The current-voltage (I-V) measurements were used to characterize the
device using a computer-controlled Keithley 236 source-measuring unit [48]. To
prepare glucose solutions for testing the sensors, glucose powder was diluted in
distilled water to form solutions with different concentrations of glucose, ranging
from 1uM to 30mM. Moreover, different nanoparticles such as Ag and Cu were

deposited on the surface of graphite-oxide to enhance their sensitivity [26].



2.4 Preparing Cu and Ag Nanoparticles

Copper and silver nanoparticles were fabricated using magnetron sputtering
and inert gas condensation inside an ultrahigh vacuum compatible system (UHV)
[29-30]. A schematic diagram for the nanoparticles generation source is shown in
Figure 2. The base pressure in the system can reach 10 mbar by using a dry-rotary
and two turbo pumps. Cu and Ag metals with a purity of 99.99% were used as
targets, individually, and fixed on the sputter head. Where the sputter head and the
source chamber were cooled by water under 15 C°. Argon gas with 99.999% purity
was used to generate the plasma and also for nanoparticles condensation. The mass
flow controller (MKS) instrument is used to control the inert gas flow rate (far) from
range 0 to 100 (+ 0.5) sccm. This gas flow reaches the nanoclusters from the source
chamber into the main chamber. It was found that the size of nanoparticles produced
by this method is proportional to the fabrication parameters such as argon flow rate
and sputtering discharge power [28]. For both Cu and Ag nanoparticles’ production
the argon gas flow rate used was 60 sccm. The discharge power used for sputtering
to produce Cu and Ag nanoclusters were 97.47 W and 115.41 W, respectively. The
distance between the target and the outlet nozzle of the source (aggregation length)
was 40 mm. The aggregation length can be controlled by a motorized linear
translator shown in Figure 2 without disturbing the vacuum of the source chamber.
To control and analyze different nanocluster size distribution, a quadrupole mass
filter (QMF) was used. The nanoclusters were produced in the source chamber, and
then passing through the QMF to reach the main chamber. The QMF consists of four
parallel metal rods that are connected electrically and opposite to each other. The

potential applied between the rods is + (U + V cos(wt)) and — (U + V cos(wt)), where
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U is a DC voltage and V cos(wt) is an AC voltage. The ratio U/V = 0.12 made the
resolution clear and can be controlled by the mass scan. At the exit of the mass filter,
a grid is located which works as Faraday cup. It measures the ion flux for certain
selection of a nanoparticle’s size, and the resulted current was measured by
picoammeter [49]. In the main chamber, the nanoclusters were deposited on
substrates, which are fixed on the sample holder that is facing the nanoclusters beam.
The nanocluster deposition rate is measured by the quartz crystal monitor (QCM)
which is fixed on a motorized linear translator that is moving forward in front of the
nanocluster beam to measure the deposition rate, and moved backward far away from

the beam.

Pumping port

Cooling Nanocluster beam

Linear translation

Vapor generation / Expansion region

Aggregation region

Figure 2: Schematic diagram of the cluster source [30]

2.5 Characterization of Cu and Ag Nanoparticles

Besides the graphite-oxide/Si/SiO2 wafers, nanoparticles were deposited on
glass and TEM grids to be used for nanoparticles’ characterization. Herein, electron

dispersive spectroscopy (EDS) was performed for elemental mapping analysis in
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order to ensure the uniformity of the nanoparticles across the substrate. X-ray
diffraction (XRD) using a Shimadzu 6100 X-ray diffractometer with Cu-Ka radiation
(A = 15406 A) has been performed to study the structure and size of the
nanoparticles. The presence and size of the nanoparticles has been confirmed using

the Tecnai Biotwin Spirit G2 Transmission Electron Microscopes (TEM).
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Chapter 3: Results and Discussion

3.1 Size Distribution of Nanoclusters

To demonstrate the fabrication process and the size selection of the
nanoclusters, we present the data for producing Cu nanoclusters. The nanocluster size
distribution measured by the QMF in the ultra-high vacuum system is shown in
Figure 3. The nanocluster size distributions produced by varying aggregation length
L starting from 40 and increased to 80 mm. It is clear in Figure 3 that the peak
diameter D of the nanoclusters increases with increasing the aggregation length L at
constant argon flow far = 60 sccm and the sputtering discharge power P =73 W, with
mass filter resolution U/V = 0.12. Moreover, the nanocluster diameter is D = 3.5 nm
at low aggregation length L= 40mm, and current signal 1~ 0.14nA. As the
aggregation length increases, the diameter of nanoclusters increases and the current
signal decreases. The peak diameter D in Figure 3 is plotted as a function of

aggregation length L in Figure 4.
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Figure 3: Cu nanocluster size distributions produced for different aggregation length
L, far=60 sccm, U/V =0.12and P =73 W
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Figure 4: The dependence of the peak diameter D on the aggregation length L at far =
60 sccm
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Figure 4 shows that increasing the aggregation length L from L= 40 mm to

L= 80 mm, leads to an increase in the peak diameter D. This result can be described
in terms of the nucleation time. Where the nanoclusters remain long time before
leaving the nanogenerator source for long aggregation lengths, and hence gives more

chance to the nanoparticles size to build up [28].

0.08
0.07 +
[ °
~
L "\.\
0.06 + ~o
I -
—— ~
— 0.05 o ~_
I ~
[ J P
L ."'"-..
0.04 +
003 vy v v ey
30 40 50 60 70 80 90
L (mm)

Figure 5: The dependence of the Cu nanocluster current signal of the peak diameter
on L for far =60 sccm

Figure 5 shows the dependence of the nanocluster current signal at the peak
of the size distributions on the aggregation length L presented in Figure 3. The
current is related to the number of the charged nanoclusters crossing the area of the
nozzle per unit time. According to Figure 4, the nanocluster size increases when the
aggregation length increases. It can be explained in terms of two body collisions
where nanocluster- nanocluster collisions are dominant to form bigger nanoclusters.
This leads to a smaller number of big nanoclusters at long aggregation length L, as

shown in Figure 5.
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Figure 6: The dependence of the Cu nanoclusters yield on the aggregation length for
P=21.5W with different far

Another parameter affects the size of the produced nanoclusters is the argon
gas flow rate. Figure 6 shows the variation of the size with the aggregation length L
at different Ar flow rate starting from far= 30 sccm to 80 sccm. The data shows that
the peak diameter of the nanocluster increases with the increase in L by 1.5 nm at
low Ar flow, where the slope of the curve AD/AL is small. On the other hand at high
Ar flow rate the slope AD/AL of the variation of D with L is bigger. The graph shows
higher value for the slope increases by 4 nm at high Ar flow rate. Increasing the
argon flow rate sweeps the nanoclusters very quickly out the generation source

leaving more room for nanocluster seeds nucleation [29].

3.2 Characterizing the Nanoparticles

Figure 7 shows the transmission electron microscope (TEM) image and size

distribution of silver nanoparticles. TEM image appears clearly the relatively
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spherical shape of silver nanoparticles (Ag-NPs). The average diameter of Ag-NPs is
around 7 nm, and the size distribution is in the diameter range of 2 nm to 7 nm as
shown in Figure 7 (b). While the TEM image and the size distribution of Cu-NPs
produced is shown in Figure 7. Also the relatively spherical shape appears for Cu-
NPs as shown in TEM image Figure 8(a). From Figure 8(b), the average diameter of
Cu-NPs is around 6 nm and mostly the large size covered for copper nanoparticles

are ranged from 5 nm to 9 nm.



15

o
~N

TN TN N N T T T T T T T T N T T T N T Y T O A 1
T T T T T T

o o (=} o (=] o
©o wn < (2] o~ -

sjuno)

9 10 11 12 13

8

D (nm)

)

b

(
Figure 7: (a) TEM image of Ag nanoparticles. (b) Size distribution of Ag

nanoparticles



16

O T T T T O T O O
T T

D (nm)

(

)

b

nanoparticles

T T T T T T
n m n [=] n o wn o n o
< (12} (2] o~ o~ L] -

Figure 8: (a) TEM image of Cu nanoparticles. (b) Size distribution of Cu
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The energy dispersive spectroscopy confirmed the elemental existence for
both silver and copper nanoparticles as illustrated in Figures 9(a) and 10(a),
respectively. It is shown that the amount of mass percentage for silver nanoparticles,
about 0.75 Wt. %, while for copper nanoparticles the mass percentage is about 2.62
Wt. %. Silicon, carbon, oxygen are appeared in the EDS spectrum due to oxidation
of the nanoparticles and the emission from the elements of the glass substrate used
for the EDS analysis.

XRD measurements analysis the composition of the produced Ag and Cu
nanoparticles as illustrated in both Figures 9(b) and 10(b), respectively. The peaks at
angles of 20 equal 38, 44, 64, and 77 correspond to Bragg reflection from face
centered cubic (fcc) planes at (111), (200), (220), and (311) planes related to the Ag-
NPs as shown in Figure 9(b), which agree with results in reference [50]. While the
corresponding angles for Cu-NPs at 20 at 44, 64, and 77 represent the peaks from
face centered cubic planes (111), (200), and (220) as shown in Figure 10(b), and it is

well agree with the data in reference [51].
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XRD measurements can be used to calculate the average nanoparticle size
(D) using
Scherrer’s equation:

kA

b= LcosBO

1)

Where k is a dimensionless constant related to the shape of nanoparticles, and
it is taken 0.94 in the present calculations. A is the wavelength of X-ray, B is the full
width at half maximum of an X-ray peak, and 0 is the Bragg’s angle.

Realizing the average spherical size of nanoparticles is performed using
Scherrer’s equation at diffraction peaks (200) and (111) for Ag-NPs and Cu-NPs,
respectively, that have the highest intensities. The average size is equal to 14.2 nm
for Ag-NPs, while it is 15.7 nm for Cu-NPs. The overestimation of nanoparticle size
compared with the results obtained from the TEM images can be assigned to the
agglomeration of nanoparticles in the samples prepared for the XRD measurements,

where sample thickness is ~100 nm.

3.3 FET Characteristics

Figure 11 shows Ip-Vbs characteristics at different gate voltages for a
graphite oxide MOSFET. The drain source voltage varies from Vbs = -40 to 40 V,
and the measurements were performed at room temperature. The curves are
nonlinear and Ip increases with increasing Vos for each value of Ves. Moreover, the
n-type nature of charge carriers in the conducting channel between the drain and the
source explains the effect of varying Vs on the Ip-Ves curves. Decreasing the value
of Vs leads to a reduction in the density of conducting charge carriers (electrons) in
the channel, and consequently to a decrease in the drain current Io. Eventually, when

the value of Ves becomes negative electrons are depleted from the channel leading to
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a reduction in the channel conductivity. The positive gate voltage abundances the
density of conducting electrons in the channel and enhances the channel
conductivity, and consequently the drain current Ip.
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Figure 11: Ipb-Vps characteristics for the graphite oxide gate measurements
3.4 Sensor Testing

The sensitivity of graphite oxide to non-enzymatic glucose is tested by
measuring the current Ip (at a constant Vbs) and monitors the change in its value
when exposed to glucose. A typical measurement is shown in Figure 12 with a gate
voltage Ves =0V and Vbs = 0.1 V, the current started at Imax = 3.01x10° F 0.189 A.
When the graphite oxide is exposed to 30 mM non-enzymatic glucose solution at
time t = 4s, a sharp drop in the current is observed and reach a value about Imin =
0.32x10™ ¥ 0.185 A, and then it becomes nearly constant. Calculating the change in
the current is used to measure the sensitivity of the graphite oxide sensor to glucose

using:
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Al = Imax — Imin (3)

IX10°5 (A)
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tx10° (s)

Figure 12: Change in the current (A I) at 30 mM non-enzymatic glucose

The test was repeated for different concentrations of glucose, from 1uM to 30
mM, in the solution and the data is plotted in Figure 12. The curve shows that the
sensitivity (AI) of the sensor increases with increasing the glucose concentration with
an abrupt increase at about 1pM glucose concentration. The comparative sensitivity
between GO and GO/Cu-NPs shows that the sensitivity increases by adding Cu
nanoparticles on GO. Also Figure 12 includes measurements of the sensitivity using
Ag nanoparticles. Adding Ag-NPs on the top of GO increases the sensitivity of the
sensor sharply as shown in the figure. According to the TEM images, the average
size of Ag nanoparticles is larger than that of Cu nanoparticles that tend to be small
size particles [52]. The figure shows that sensors based on GO with Cu-NPs are more
suitable for detecting low concentrations of glucose. Cu nanoparticles can be easily a

container to the functional group of oxygen in GO [53]. Also, the spherical shape of
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Cu nanoparticles provide active sites for the oxidation of glucose and large specific
surface area for further reactive sites. Moreover, low cost, wide range detection,
higher sensitivity, high electrochemical reactions, fast electron transfer at low
potential, and easy chemical with physical interaction with the glucose solution [26],
lead to choose GO/Cu-NPs to enhance the sensitivity of non-enzymatic glucose
sensor at low concentrations of glucose more than GO/Ag-NPs. Where, Ag

nanoparticles were classified as weak to detect low concentration of glucose [53].
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Figure 13: Change in the current (A 1) at different concentrations of non-enzymatic
glucose solution for GO, GO/CuNPs, and GO/AgNPs
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Chapter 4: Conclusions

Graphite oxide based metal-oxide—semiconductor field-effect transistors
(MOSFETs) were fabricated, tested and enhanced by introducing Cu and Ag
nanoparticles at their surface. The graphite-oxide MOSFETs were used to sense a
concentration as low as of glucose solution. Adding Cu or Ag nanoparticles (NPs)
have enhanced the sensor’s sensitivity. The advantages of using GO/Cu-NPs and
GO/Ag-NPs are good reproducibility, stability, instantaneous with low detection

sensitivity at about 1 pM, and the wide range detection from 1uM up to 30 mM.
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