Nanoscale Optical Communications with Graphene
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Abstract—Graphene as a popular building block of nanotech-
nology having significant electronic, optical, mechanical and ther-
mal properties has diverse growing application areas in physical,
chemical, biological and technological sciences. Graphene as a
tiny two-dimensional atomic layer carbon sheet is utilized in field
effect transistor structures with single or multi-layer graphene
sheets is promising for future nanoscale optical communication
architectures because of wide range absorption from far in-
frared to visible spectrum, fast carrier velocity and advanced
production techniques due to planar geometry. In this review,
optical channels for nanoscale wireless optical communication
is emphasized and literature on graphene photodetectors are
summarized. The latest results on communication theoretical
performance of graphene receivers are discussed by emphasizing
novel nanoscale optical communication architectures. The review
is concluded with the discussion of open research issues for
nanoscale wireless optical communications with graphene.

Index Terms—Graphene, carbon nanotube, nanoscale commu-
nications, nanoscale optical network, nanonetwork

I. INTRODUCTION

The evolution of the society results in higher demands from
technology in various applications including communications
technologies. The microelectronics industry is evolving to-
wards nanoelectronics with electronic devices of sizes below
10 nm which achieves the capability for smaller and faster
components, higher memory capacity of integrated circuits
(ICs), higher transmission data speed, higher bandwidth op-
tical communication receivers etc. [1].

One of the fundamental areas for the developments in the
nanoscale regime is the communications technology. The most
basic functional units in nanoscale regime, i.e., nanomachines,
can be interconnected by nanoscale communication chan-
nels by forming nanonetworks [2]. Traditional communication
technologies have difficulty in nanoscale regime due to the
limitations and complexities regarding size, power consump-
tion and the quantum mechanical constraints in nanoscale
regime. Various nanoscale communication alternatives can
be listed as nanomechanical, acoustic, electromagnetic (and
optical), chemical or molecular communication [2].

Optical wireless communications (OWC) is a complemen-
tary method to electromagnetic radio frequency (RF) commu-
nications affected significantly by nanotechnology. The nano-
electronic devices discovered along the last several decades
form the foundations of the next generation optoelectronics
and communication industries. Optoelectronic devices have
developed significantly based on nanoscale materials such
as one-dimensional (1D) nanotube and nanowire structures,
two-dimensional (2D) layers of graphene and various or-
ganic/inorganic molecules [3]. Graphene and carbon nanotube
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have made significant advancements in nanoscale photodetec-
tor technologies.

Graphene with its groundbreaking properties has taken
Nobel Prize in Physics in 2010 to Andre Geim and Kon-
stantin Novoselov with its unique electronic and photonic
properties. Graphene photodetectors (GPDs) make graphene
promising for future nanoscale optical communication archi-
tectures with its ultra wide-band absorption spectrum from
far-infrared (FIR) to ultra-violet (UV), fast carrier velocity,
tunable absorption with graphene nanoribbon and graphene
bi-layer and advantages of fabrication due to planar geometry
[4], [5]. On the other hand, carbon nanotube is another
promising candidate for future nanoscale communication net-
works. CNTs with nanometer scale diameters are ultra-light
weight, strongest materials in terms of tensile strength, having
extremely large thermal and ballistic conductivity of electrons
at room temperature making them quasi-1D structures [6],
[7]. CNT field effect transistors used as photodetectors have
significant performances showing hundreds of Gb/s data rates
[8]-[10].

In this article, nanoscale optical communication receivers
and nanonetworks using graphene are reviewed emphasizing
the communication theoretical basics, foundations for future
nanoscale optical wireless communication architectures and
the fundamental results, then the future works to be carried
out are given. The remainder of the paper is organized as
the following. In Section-II, the concept of nanoscale com-
munications is reviewed. In Section-III, the optical communi-
cation in nanoscale regime is discussed. Then, in Section-IV,
the graphene nanoscale photodetectors and optical receivers
are reviewed. In Section-V, diversity combining methods
for multi-receiver graphene photodetectors and parallel line-
scan optical networking topology are reviewed. In VI, the
performance results for graphene nanoscale optical receivers
are summarized and discussed. Finally, in Section-VII, the
conclusions are given summarizing the main topics and the
future work for open research issues.

II. OVERVIEW OF NANOSCALE COMMUNICATIONS

In 1965, nobel laureate Richard Feynman in his famous
speech entitled “There’s Plenty of Room at the Bottom”
pointed out miniaturization and devices in the future. Nan-
otechnology deals with the miniaturization and manufacturing
of devices in the range of scale below 100 nanometers [2].
Nano-machines, i.e., the most basic functional units composed
of a set of molecules can perform computation, sensing and
actuation tasks [2]. They can interconnect and communicated
to form nanonetworks enabling to share information.

Traditional communication technologies have difficulty to
point out the nanoscale regime due to limitations and com-
plexities regarding size, power consumption and the quantum



mechanical nature of the nanoscale regime. Nanoscale com-
munication can be achieved by nanomechanical through me-
chanical contacts, acoustic using ultrasonic transducers, elec-
tromagnetic through modulation of electromagnetic waves by
nanoscale antennas such as graphene antennas, optical through
photodetectors and light sources and chemical/molecular com-
munication channels through message carrying molecules such
as diffusion or molecular motor channels [2], [11]. Optical
communications is an alternative method to molecular or
other forms of communication in nanoscale. Next, optical
communications in nanoscale regime is discussed.

ITI. NANOSCALE WIRELESS OPTICAL COMMUNICATIONS

Nanoscale photodetectors have gained attention due to
various advantages unique to their nanoscale nature [12].
Ultrafast, tunable and high performance graphene (2D) and
carbon nanotube (1D) photodetectors have the capability to
succeed hundreds of GHz bandwidths [5], [10]. Besides
that, nanoscale optical antennas are discussed as a method
to construct nanoscale communication units [13]. Moreover,
optical nanoscale networks on chips have the ability to replace
the electrical counterparts resulting in high bandwidth, low
latency, scalability and low energy consumption [14]. As
a result, nanoscale optical communication architectures are
significantly important for next generation communication
technologies.

In addition to graphene and nanotube, quantum dot infrared
photodetectors (QDIPs) which are zero dimensional (OD)
objects have low dark current, long excited-state lifetime,
high photoconductive gain, high temperature and voltage-
tunable multi-spectral operation [15], [16]. In addition to this,
Quantum well infrared detectors (QWIPs) have the mature
processing technology for GaAs with low cost and flexibility
in high speed and multicolor applications [17].

On the other hand, Nanowire (NW) photodetectors with
one dimensional (1D) structures are fabricated from metal-
oxides, group II-VI, III-V, IV, VI compounds [18]. NW pho-
todetectors are advantageous in terms of allowing dense device
integration, sub-wavelength spatial resolution, enhanced light
absorption in vertical arrays, high photosensitivity and gain.

Furthermore, single photon detectors makes high-sensitivity
and high-resolution near-field imaging possible sensing the
extremely low light powers emitted by nanoscale sources [19].
Single photon detectors can be implemented with photomulti-
pliers, avalanche photodiodes, visible-light photon counters,
superconducting nanowires, superconducting transition-edge
sensors, quantum dots and semiconductor defects [20]. Next,
the main focus in the article, i.e., graphene and carbon
nanotube nanoscale optical communication architecture, is
discussed.

IV. GRAPHENE NANOSCALE WIRELESS OPTICAL
COMMUNICATION RECEIVERS

Graphene with ground breaking properties has tremendous
impact as a two-dimensional atomic layer carbon sheet in
a hexagonal honeycomb lattice with unique electronic and

photonic properties resulting in applications such as transis-
tors, photodetectors and circuit components [4], [5]. Metal-
graphene-metal (MGM) GPDs allow wide range absorption
from far infrared to visible spectrum, fast carrier velocity and
advanced production techniques. Graphene has high electron
mobility and carrier Fermi velocity (1/300 of the speed of
light), strong, fast and tunable broadband absorption from far
infrared to visible and ultraviolet spectrum [21]-[24]. Near-
ballistic electronic transport and photonic properties together
with mechanical stability result in novel devices operating
at room temperature [21]. Graphene is the thinnest and the
strongest material having the largest surface to weight ratio
where the fundamental properties of graphene and carbon
nanotube compared with high performances of conventional
materials are seen in Table-I.

TABLE I
GRAPHENE AND CNT PROPERTIES [25]-[29]

[ Property [ Graphene [ SWNT | Other
Young's | 5y s5Tpa | 03-15TPa | 22 OP2
modulus strong steel
Tensile |y pp, 30200 Gpa | 2 GPa
strength strong steel
Thermal
cond. 4800-5300 3300 W/(m.K)
(Room W/(m.K) 6600 W/m.K) | i mond
Temp.)

Current 107 Alem”

; > 10° A/lem® | > 10° A/em® | Cu
capacity (d = 100 nm)
Carrier
mobility > 20000 20000-60000 fri%/}éog
(Room em?/(V s) cm?/(V s) Si ;
Temp.)

Graphene photodetectors combine the wide range of op-
tical absorption and fast carrier transport properties where
metal-graphene-metal experiments show strong photocurrent
response having internal quantum efficiency of 30% and
hundreds of Gb/s data rate performance [5], [31], [40]. Fur-
thermore, graphene phototransistors with p-i-n junctions have
significant theoretical responsivity, i.e., R, and dark current
detectivity [32]-[34].

On the other hand, graphene suffers from low efficiency due
to the low light-graphene interaction region, low absorption
and the necessity to form multiple p-n junctions to sweep the
charge carriers [5], [31], [35]. The efficiency can be improved
with multi-layer graphene [32], increased electric field region
and intensity with multiple finger devices and asymmetric
metals [31].

Graphene photodetectors in the form of transistors, p-n
junctions or p-i-n detectors are experimentally and theoreti-
cally analyzed in detail showing significant performances [5],
[21], [31], [32], [36]-[41]. GPDs absorb light over a broad
wavelength range and are ultrafast wide-spectrum photodetec-
tor devices due to its huge mobility. GPDs can have metal-
graphene-metal device geometries using photo-thermoelectric
effect [36], p-n junctions sweeping the photogenerated carriers
by built-in electric field [5], [42], phototransistor opto-electric
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Fig. 1. (a) Model of metal-graphene-metal photodetector with metallic
contacts and a modulating back gate [5], [31], [43], (b) equivalent circuit
[5], [29], [31], [43].

gains [33], [34], and p-i-n geometries with multiple layers [32].
They can be either electrostatically doped by top/back gates
or chemically doped by molecular dopants [5], [32], [42].

In [5], an ultrafast metal-graphene-metal photodetector is
introduced for single and multi-layer graphene prepared by
mechanical exfoliation of graphite and graphitic flakes de-
posited on Si surface covered with a 300-nm-thick SiO,. It
has symmetric S-D contact electrodes (Ti/Pd/Au) as shown in
Fig. 1(a).

In [43], nanoscale single-layer symmetric metal-graphene-
metal photodetectors are analyzed in terms of performance
metrics for intensity modulation and direct detection non-
return-to-zero on-off keying modulation showing tens of Gb/s
achievable data rates with very low BERs. Furthermore, multi-
receiver graphene photodetectors and parallel line-scan optical
networking transmit topology are introduced increasing the
efficiency of the detector. Diversity combining methods are
analyzed for multi-receiver devices.

V. PARALLEL LINE-SCAN OPTICAL NANONETWORKING &
DIVERSITY COMBINING

In [29], [43], multi-receiver graphene photodetectors, par-
allel line-scan optical networking transmit topology and di-
versity combining methods for nanoscale optical communica-
tions are, for the first time, introduced. Line-scan transmitter-
receiver networking topology is proposed for broadcast cov-
ering the whole width of graphene channel in a rectangular
planar receiver geometry. Furthermore, it creates distinct and
controlled spatial subchannels with high resolution. It can
currently be realized by systems similar to a confocal Raman
microscope to form the uniform intensity line illumination
pattern. Besides that, diversity combining methods are men-
tioned to be used on single receiver by cutting the graphene
to smaller width receivers to create uniform spatial channels
with improved SNR performance. More robust and efficient
photodetectors performing independent of the illumination
position are introduced with a diversity placement of multiple
photodetectors.

DIVERSITY
COMBINING

Fig. 2. Diversity combining multi-receiver graphene photodetector [29], [43].

A multi-receiver graphene photodetector design is shown in
Fig. 2. The parallel line-scan light is incident on 0 < 2™ <
L, there are M receivers with widths W;, same length L, x-
axis coordinates x; for ¢ € [1, M] and the same orientation
with respect to a reference coordinate system.

VI. PERFORMANCE OF GRAPHENE NANOSCALE OPTICAL
RECEIVERS

In [29], [43], theoretical performances of graphene optical
receivers and the performance increasing diversity methods are
explored. It is observed that even with very low power of ~ 1
W/mm?2, it is possible to achieve hundreds of Kb/s transmis-
sion with very low BER where the photocurrent generation
region is Wy x L/2 = 0.725 um? as shown in Fig. 3. It can
also succeed tens of Gb/s rate with 2 KW/mm? input power.
Moreover, even with small area of 0.025 x 0.775 = 0.02 ,um2,
it is possible to achieve the rate of hundreds of Mb/s with 2
KW/mm? transmit power.

Single-layer symmetric metal-graphene-metal photodetec-
tors are analyzed for SNR, BER and data rate performance
metrics with IM/DD non-return-to-zero on-off keying optical
modulation. Tens of Gbit/s data rates are achievable with very
low BERs and with nanoscale size graphene photodetectors.
This communication theoretical study in [29], [43] can es-
tablish the foundations of GPDs to be utilized in the future
nanoscale optical communication networks.

VII. CONCLUSIONS

Graphene as a ground breaking nanoscale building block
has a variety of photodetector types with significant per-
formances. The photo-thermoelectric, symmetric metal and
asymmetric metal p-n junctions, multi-layer p-i-n schemes
and phototransistors are the observed major types. The basic
communication theoretical performance metrics, i.e., SNR,
BER and data rate, for single layer graphene and single walled
carbon nanotube photodetectors are analyzed in the recent
literature. Tens of Gb/s data rates for single layer graphene
can be achieved with practical power levels where it is
capable of THz range communication intrinsically. The novel
networking concepts such as diversity combining for multi-
receiver graphene photodetectors and parallel line-scan optical
networking are other useful properties of graphene detectors.
The fascinating performance of the graphene photodetector is
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promising to open new optoelectonics applications in future
nanoscale communication architectures.

The open research issues for graphene detectors include tun-
ing the absorption optical spectrum by using bi-layer graphene
layers, novel multi-color multi-receiver tunable structures, the
communication theoretical analysis of graphene nanoribbons
having band-gaps. The fascinating properties of graphene open
new horizons in nanoscale science both in terms of technology
and the conceptual understanding.
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