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Abstract

In the past few years, graphene and graphene-based materials have received enormous
interest from the scientific community due to their extraordinary mechanical, electronic,
optical and electrochemical properties. The success of graphene applications highly
motivates the exploration of other applications such as in designing of antennas, phase
modulation, as a frequency multiplier, design of graphene-based Field Effect Transistors,
its use as an electrode in batteries and as a supercapacitor. In this paper, we present the
Graphene Oxide/ Nanocrystalline cellulose (GO/NCC) composite material experimental
phase modulation investigation. The modulator produced a 0.2n¢ phase shift and the
temporal profile obtained. The insertion loss at an ideal voltage of 2V and the extinction
ratio was determined to be 15.17 dB at 25MHz and 12.22 dB respectively. The 0.2x°
phase shift demonstrated by GO/NCC implies that it can be used in phase shift keying,
specifically, in Off-set quadrature phase-shift keying modulation where a phase change of

TC . . . .
not greater than 2 radians at a time is required.

Keywords: Phase modulation, Insertion loss, Extinction ratio, Modulation index,
Graphene Oxide/Nanocrystalline Cellulose (GO/NCC).

I. Introduction

Phase modulation, an angle modulation technique, is the process of varying the phase of
the carrier signal linearly with the message signal. This technique is very critical and has
a wide range of applications in digital communication. Apart from it being widely used
for transmitting radio waves and being an integral part of many digital transmission
coding schemes that underlie a wide range of technologies like Wi-Fi, GSM and satellite
television, phase modulation also finds application in photonic systems such as in Fiber-
optic sensors and gyroscopes, integrated-optics sensors, or high-performance photonic
integrated circuits[1]. Such a photonic system can be integrated as the core part of some
specific applications like biosensors, 5G advanced optical communication devices,
gyroscopes, or high-performance computation devices[1].

Others include in military electromagnetic warfare applications[2], in Polar and out-
phasing transmitters[3] and improvement of ultrasonic imaging in aluminum plates[4]

among various other applications.

In engineering, figures of merit are the key parameters that are often defined for
particular materials or devices in order to determine their relative utility for an
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application[5]. This also enables a comparison to be done on the material or device that
has been fabricated against those previously fabricated for the same application. The key
phase modulator parameters include: extinction ratio, insertion loss, modulation index
and the modulation efficiency.

The Phase modulation index describes the peak phase difference between the modulated
and unmodulated signal, given as h:

h=A0 1)

The insertion loss (IL) defines the loss or gain that is apparent upon inserting the network
or device to be measured between a given source and a given receiver [6, 7]. It is given

by:
Insertion Loss (IL) = 10108 1o (Pin/Pout)» (ii)

where Pj, is power incident to the modulator, and Pg is the power transmitted from the
modulator.

On the other hand, the extinction ratio gives the ratio of optical power when a one is
transmitted versus when a zero is transmitted[8], given by:

Extinction Ratio (ER) = P; /P, (iii)

where P; is the optical power level generated when the light source is on, and Py is the
power level generated when the light source is off.

These key parameters have been determined for the conventional phase modulators such
as the Silicon-based phase modulators[9-12] and Lithium niobate (LiNbOs) phase
modulator[13, 14] among others.

However, most of the above-mentioned modulators suffer from low modulation
efficiency, large footprint, substantial temperature sensitivities, narrow operating
bandwidth, and high insertion loss[15]. To be able to mitigate those limitations, a
modulator with ultra-compact device footprint, small insertion loss, low energy
consumption, ultrafast response, high modulation speed, broad operation bandwidth, and
acceptable thermal tolerance is highly desirable[15].

Graphene[16] features unique properties such as strong coupling with light, gate-variable
optical conductivity, extraordinary thermal conductivity in the range of 3000-
5300W/mK][17], and ultrahigh saturable absorption[18], which show great potential
applications in optical modulators.

A.Wirth-Lima et al.[19] presented Graphene-based Binary Phase-shift keying (BPSK)

and Quadrature Phase Shift Keying (QPSK) modulators which could operate in the range
from the Tera-Hertz up-to the infrared. These devices were noted to have huge
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advantages over the Silicon Mach-Zehnder optical modulators (MZMs) with lateral PN-
junction rib-waveguide phase shifters such as having only one waveguide and a much
simpler application system of the modulator signal (gate voltage) than in silicon MZMs.
A series of theoretical investigations and experimental demonstrations of graphene-based
modulators have been extensively researched [20-28].

In this paper, we present a Graphene Oxide/Nanocrystalline Cellulose (GO/NCC) Phase
modulator that offers huge advantages as compared to the silicon based MZMs such as
having a much simpler design, greater efficiency and is cheaper. The phase shift,
temporal profile as well as the key figures of merit that include the modulation index,
extinction ratio and insertion loss is experimentally determined.

II. Materials and Methods

1. Synthesis of Graphene Oxide/Nanocrystalline Cellulose Composite material
(GO/NCC)

The NCC was prepared from dissolving pulp, obtained from a hard wood source, by
means of hydrolysis with sulfuric acid (65% m/m). A mass of 5 g of dissolving pulp was
mixed with 100 ml of sulfuric acid aqueous solution, and the mixture was stirred
vigorously (700 PM ) at 64°C for 1 hour. The mixture was diluted 10-fold with deionized
water to stop the hydrolysis reaction and the diluted mixture was then centrifuged at 9000
RPM on a Hettich Zentrifugen, Universal 320 R, centrifuge, for 15 min to concentrate the
cellulose and remove excess aqueous acid. A precipitated solid material was rinsed with
distilled water and centrifuged again; this process was repeated 3 times. The material was
subsequently dialyzed in Sigma-Aldrich dialysis sacks, against deionized water for one
week until a pH of 7 was reached. The dialyzed nanocellulose was sonicated in an
ultrasonic bath (UP400S 400W, Hielscher Co., Germany), for Smin under cooling in a
bath at 75% output and 0.7 cycles to obtain a NCC colloidal solution.

Graphene Oxide (GO) was prepared using a modified Hummer’s method[29]. In this
synthesis, Graphite was first mixed with Sulphuric acid in a reaction vessel. While
keeping the mixture in an ice water bath, Sodium Nitrate was added. Potassium
permanganate (KMn04) was then added to the mixture and Graphene Oxide obtained
from this reaction as the temperature was maintained below 15°C. The water bath was
removed and the reaction temperature was then increased to 50°C. Hydrogen Peroxide
was added, followed by several cycles of washing with double deionized water (DI) until
the filtrate reached a neutral pH. The concentration of the synthesized GO was
determined by accurately weighing duplicate aliquots. The aliquots were dried overnight
in an oven set at 50°C.The aliquots were reweighed and the concentration was expressed
as the average mass of the duplicate aliquots after drying over average mass before
drying. This was then followed by NCC/GO composite synthesis.

The NCC/GO composite was then prepared by dispersing the Graphene Oxide
synthesized in an ultrasonic water bath treatment as the NCC was added. The resultant
composite solution was transferred to a petri-dish to allow for slow evaporation of water
in a controlled dust-free environment and dried in order to obtain the composite film.
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2. Determination of the key phase modulator parameters

The temporal profile and the phase change effected by the GO/NCC Phase modulator
were determined by connecting it to the signal generator and the output obtained from the
Digital oscilloscope.

To determine the Insertion Loss, the RF Signal generator was connected to the Graphene
Oxide/Nanocrystalline Cellulose phase modulator material and the output connected to
the spectrum analyzer. The power input (P;,) and power output from the modulator (Poy)
was obtained from the spectrum analyzer as the voltage and frequency were varied.

The extinction ratio was determined by connecting the GO/NCC modulator material to
the Optical source of the Scientech Optical communication system and the output power
when the optical source was switched on and off obtained from the network analyzer.

III.  Results and Discussion
A 3D image of the Graphene Oxide/Nanocrystalline Cellulose sample synthesized was
obtained by using the Zeiss Axio Zoom.V16 Camera Microscope and the Scanning
Electron Microscope (SEM). The GO/NCC sample film produced had a thickness of
49.41um. When a signal from the signal generator was passed through the sample, a
phase shift 0.2n¢ was realized. The temporal profile was obtained from the CRO.

Fig 1: 3D image of the GO/NCC sample film synthesized having a thickness of 49.41um with rod-like
protrusions as observed under the Zeiss Axio Zoom.V 16 Camera Microscope.
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Fig 3: SEM IMAGE of GO/NCC

The high number of OH groups on the surface of nanocrystalline cellulose is likely to
favor hydrogen bonding. In this regard, the hydrogen bonding becomes the binding force
between a nanocrystalline cellulose film sandwiched between two graphene oxide sheets,
thereby forming a composite film. The nanocrystalline cellulose forms a thin layer of
rods (as shown in Fig 1 and Fig 3) in between the graphene oxide monolayers since it
assumes nematic order in colloidal dispersions occasioned by whisker entanglements.
The interaction between the chiral surfaces and the twisted morphology of
nanocrystalline cellulose and the overlaying graphene oxide monolayer provides an
avenue for response to external applied electric or magnetic fields.
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A

Fig 4: Temporal Profile of the GO/NCC modulator exhibiting the phase shift.

The insertion loss experiment was performed on the GO/NCC as the voltage was varied
from OV to 20V and the graph obtained is as shown in Fig. 5.

GO/NCC Insertion loss with increasing voltage

70
. — _ — — 'l
60 o —E— - - BT TE o
-
o
T
50 I
= i
= |
@40 !
i=] !
5 !
< 30 If
W
= i
20 1
i
I
10
I
!
0 s L . L . N .
0 2 4 5] 8 10 12 14 16 18 20
Woltage(V)

Fig 5: A graph of the GO/NCC modulator Insertion loss with increasing voltage (0 to 20v).
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Fig 6: A graph of the GO/NCC modulator Insertion loss with increasing voltage (2 to 20V).

The Graphene Oxide structure consists of the sp” carbons that have a higher
electronegativity value of carbon, while the sp3 carbons, by virtue of them being hooked
to oxygen, are devoid of electrons. Hence, they act as holes. Oxygen is more electro-
negative than carbon, therefore, carbon will appear positive. This essentially creates a
hole within the structure of Graphene Oxide.

The NCC held in between the Graphene Oxide is presumed to be a perfect insulator.
However, due to the presence of oxygen groups, it can easily promote coupling. This
therefore explains the phenomenon that is observed between 0 to 2 V where there is an
upsurge of the energy consumed due to a higher combination, that is, the electron-
electron and electron-phonon coupling.

From 2V onwards to 20V, there is a gradual increase in energy consumed since it is now
majorly driven by the electron — phonon couplings. As a higher voltage is applied,
variations are observed that is attributed to the changes in the structure of the GO/NCC.
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GO/NCC Insertion loss with increasing frequency
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Fig 7: Graph of GO/NCC Insertion loss vs frequency.

Fig. 7 shows the graph of the GO/NCC insertion loss with increasing frequency.
Initially, the insertion loss increased before significantly decreasing upon increase of
frequency. This confirms the work done by W. Kim et al. on radio frequency
characteristics of graphene oxide where the impedance and resistance of graphene sheets
drastically decrease as frequency increases. Consequently, the insertion loss also
decreases. This confirms graphene oxide has a high potential for use at gigahertz ranges.

Normally, a driving voltage of above 5V is not compatible with the microelectronic
integrated circuits since it is very difficult for CMOS chips to supply such a high voltage
at a high frequency. Also, a higher voltage (above 5V) results in the widening of the
noise margin and this is undesirable. Low voltage also means low power consumption
and less heat dissipation problems. Therefore, at an ideal voltage of 2V, an insertion loss

of 15.17dB at 25MHz was obtained.
Further research can be done to lower the GO/NCC Phase modulator Insertion Loss to
nearly OdB hence improving its performance.

An extinction ratio (ER) of 12.22dB was obtained for the GO/NCC modulator. The ER is
an important metric since it has an impact on a device’s performance. It should be ideally
larger than 10dB (preferably 10-15dB). As the extinction ratio improves, the Bit-error
ratio improves, reducing the number of errors and the amount of error correction
required. A poorer value of ER increases the power penalty and worsens the Bit Error

Ratio.

IV.  Conclusion
In conclusion, the GO/NCC Phase Modulator has been characterized using the following

key parameters: The modulator produced a 0.2n radians phase shift and the temporal
profile obtained. The 0.2n¢ modulation index demonstrated by GO/NCC implies that it
can be used in phase shift keying, specifically, in Off-set quadrature phase-shift keying
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modulation where a phase change of not greater than g radians at a time is required. The

insertion loss at an ideal voltage of 2V and the extinction ratio was determined to be
15.17 dB and 12.22 respectively. Ideally, the insertion loss and the extinction ratio should
generally be lower than a few dB and larger than 10dB respectively for a modulator.
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