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Abstract: The rapid development and unique properties of two-dimensional (2D) materials, such as
graphene, phosphorene and transition metal dichalcogenides enable them to become intriguing
candidates for future optoelectronic applications. To maximize the potential of 2D material-based
optoelectronics, various photonic structures are integrated to form photonic structure/2D material
hybrid systems so that the device performance can be manipulated in controllable ways. Here,
we first introduce the photocurrent-generation mechanisms of 2D material-based optoelectronics
and their performance. We then offer an overview and evaluation of the state-of-the-art of hybrid
systems, where 2D material optoelectronics are integrated with photonic structures, especially
plasmonic nanostructures, photonic waveguides and crystals. By combining with those photonic
structures, the performance of 2D material optoelectronics can be further enhanced, and on the
other side, a high-performance modulator can be achieved by electrostatically tuning 2D materials.
Finally, 2D material-based photodetector can also become an efficient probe to learn the light-matter
interactions of photonic structures. Those hybrid systems combine the advantages of 2D materials
and photonic structures, providing further capacity for high-performance optoelectronics.
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1. Introduction

Two-dimensional (2D) materials have attracted extensive attention since the last century due to
the wealth of novel physical properties when charge and heat transport are confined to the direction
perpendicular to a 2D plane. The isolation of graphene in 2004 by Geim and Novoselov first showed
the possibility to obtain stable, single-atom layer 2D materials from their van der Waals solids [1].
In the past decade, graphene has been demonstrated to possess many outstanding merits not only for
thermal and mechanical applications, but also for electronics and optoelectronics [2-10]. The great
success of graphene encourages researchers to rediscover and restudy other 2D materials [11-15].
One of the most well-studied 2D material families is transition metal dichalcogenide (TMDC). TMDCs
have a general chemical formula of MX;, where M is a transition metal atom from groups IV, V,
and VI (e.g., Mo, W), and X is a chalcogen atom (e.g., S, Se, Te) [16,17]. The variety of elements
and the layer-dependence enable TMDCs to present a wide range of electrical, optical, chemical,
thermal and mechanical properties [11,18-26]. Two distinctive features of TMDCs are strong excitonic
effects and valley/spin-dependent properties. TMDCs process indirect bandgap for bulk crystals,
while in the single layer limit, they become direct-bandgap semiconductors with gaps located at the
K and the K’ points [18,27-29]. Moreover, the broken in-plane inversion symmetry in monolayer
give rise to valley-dependent optical and electrical properties [24,30-32]. Graphene analogues are
another important type of 2D material, which includes hexagonal boron nitride (hBN) with a large
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bandgap up to 6 eV [6,33], anisotropic black phosphorus (BP) [15,34-39], and the most recent addition,
boronphene [40]. The last category of 2D materials is transition metal oxide, including titania- and
perovskite-oxides. Those oxide nanosheets have exhibited great potential for new capacitors and
energy-storage devices [41].

Interestingly, 2D materials present several advantages over conventional three-dimensional (3D)
materials for optoelectronics. First, although the innate thinness renders these materials almost
transparent, their strong light-matter interactions enable decent single-pass absorption. For example,
single-layer graphene absorbs 2.3% of vertically incident white light [42]. Monolayer molybdenum
disulfide (Mo0S,) absorbs around 10% at excitonic resonances [43]. Moreover, 2D materials cover
a wide response spectral range from microwave to ultraviolet wavelengths. For instance, the zero
bandgap makes graphene a potential candidate for optical applications over a broad spectral range.
However, its semi-metallic nature prevents the realization of efficient optoelectronics due to a large
dark current. TMDCs possess relatively larger bandgaps, enabling excellent on/off ratio, but limiting
their performance in telecom-wavelength. BP has a layer-tunable direct bandgap ranging from 0.3 eV in
bulk to 1.8-2.0 eV in monolayer [36], which covers from visible to mid-infrared spectral regions. Finally,
the absence of dangling bonds makes 2D materials easy to be integrated with photonic structures or
stacked together to form vertical van der Waals heterostructures [44].

Integrating external photonic structures with 2D material-based optoelectronics is a novel
strategy to broaden the horizon of applications for 2D materials. Those metallic and dielectric
photonic or nanophotonic structures can be precisely sculpted into various architectures so that
light can be scattered, confined, refracted and processed in controllable ways [45-47]. Patterning
2D materials into arrays is a straightforward approach to form internal photonic structures. By
sculpting 2D materials into plasmonic nanostructures like resonators or nanocavities, enhanced
light absorption can be achieved [48-52]. Furthermore, external metallic plasmonic nanostructures
enable light manipulation beyond the diffraction limit of light by the excitation of surface plasmons,
which confines the electromagnetic field at the metal surface. Photonic waveguides provide another
possibility to control light flows. With the assistance of waveguides, light can be side coupled into
2D material devices, leading to enhanced responsivity. The combination of photonic structures with
2D material-based optoelectronic devices provides the possibility to enhance the overall performance
since special requirements at a certain location, polarization direction or wavelength can be achieved
by choosing different photonic structures or tuning their geometric parameters. On the other
hand, combining 2D material-based devices with classic photonic modulators offers an approach to
tuning the modulator performance by electrostatically manipulating 2D materials. Moreover, the 2D
material/photonic structures hybrid systems allow 2D material optoelectronics to become a probe to
investigate light-matter interactions of photonic structures.

In this review, we will first briefly overview 2D material-based optoelectronics, especially
photodetectors, and their physical mechanisms. For the purpose of this review, we broadly define 2D
materials to be thin-layered films and those atomically thin layers are held together only by van der
Waals force. Also, the total thicknesses of the thin films can vary from several angstroms to tens of
nanometers. In the following, we will give a general discussion about the structure and performance
of photonic structure/2D material hybrid systems, in which 2D optoelectronics are combined with
different photonic structures, including plasmonic nanostructures, photonic waveguides and crystals.
Next, we will present the possibility that 2D material optoelectronics can influence and even probe the
properties of photonic structures. Finally, we will summarize the main conclusions of the review and
describe the future opportunities in this promising field of research.

2. Two-Dimensional (2D) Material-Based Optoelectronics

In addition to the outstanding electronic properties of 2D materials, such as high mobility of
graphene devices and high on/off ratio of TMDC-based transistors, their unique optical properties
also attract researchers to learn their optoelectronic characterizations [10,17,53-59].
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2.1. Photocurrent-Generation Mechanisms

Generally, the photoresponses of 2D material-based devices can be attributed to more than
one mechanism when device structures vary or are investigated under different light illumination
conditions. Here, several widely studied mechanisms in typical 2D material-based optoelectronics
will be described, including photovoltaic effect, photo-thermoelectric effect, photo-bolometric
effect, and hot electron injection. Figure 1 summarizes these mechanisms in terms of a typical
2D material-based phototransistor, in which a 2D material thin film bridges two metal electrodes.
Here we plot semiconducting 2D material channels rather than semimetal channels to show more
comprehensive circumstances. Additionally, photoconductive effect and photogating can also contribute
to photocurrent generation [60].
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Figure 1. Schematic representation of photocurrent-generation mechanisms in semiconducting 2D
materials. M and S indicate metal electrode contacts and 2D semiconductor channels, respectively.
(a) Photon-excited electron-hole pairs (EHPs) separated by internal electric fields at metal-semiconductor
Schottky barriers. Red shaded areas indicate an elevated temperature AT induced by laser heating,
leading to (b) a voltage difference AVptg or (c) overall conductance change AG across the channel;
(d) Carriers are injected from metal electrodes into a 2D material channel.

2.2. Photovoltaic Effect (PVE)

In early studies, the photocurrent generation in 2D materials is attributed to the separation of
photon-excited electron-hole pairs (EHPs), usually at PN junctions or metal-semiconductor Schottky
barriers, where internal electric fields force the photo-excited EHPs to be separated. This phenomenon
is known as photovoltaic effect (PVE), which has been elaborated in traditional 3D semiconductor
devices [61,62]. Here we note that photocurrent is defined to be Alyc = Iisitumination — lis dark-
As shown in Figure 1a, under illumination with photon energy larger than the bandgap of 2D materials,
electrons in the valence band can be excited to the conduction band, producing photo-excited EHPs.
With the assistance of internal electric fields, excess electrons and holes will be driven to opposite
directions, leading to a light-generated current (I;). When the circuit is open, the accumulation of
carriers induces a voltage (open circuit voltage V,), which lowers the potential barrier and generates a
forward bias diffusion current that balances the light-generated current. If the external bias is set to be
zero, the photo-excited EHPs will be collected, generating a photocurrent (short circuit current I).
For typical graphene or 2D material-based phototransistors, PVE is thought to be dominant since
Schottky barriers usually exist when 2D materials contact metal electrodes. By applying various
external gate voltages on an MoS, device, as illustrated in Figure 2a, the conduction/valence band
level of single-layer MoS, will be tuned accordingly [63]. Thus, the band alignment presents great
difference under various gate voltages. Since the band alignment will directly affect the direction and
value of the internal electric field, the sign and intensity of PVE-induced photocurrent will change
significantly when the gate voltage is sweeping. The drain bias is also very important in terms of PVE
since it provides a way to tune the lateral band alignment.
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2.3. Photo-Thermoelectric Effect and Photo-Bolometric Effect

The thermal mechanisms can also drive photocurrent generation. In those cases, photo-
thermoelectric effect (PTE) and photo-bolometric effect (PBE) can contribute to the photocurrent
generation by inducing non-uniform heat and an overall conductance change of the 2D material
channel under light illumination, respectively. Seebeck coefficient is defined as the ability to induce
thermoelectric voltage in response to a temperature difference across the material and can usually be
expressed through the Mott relation [64,65]:

_ mkg’T 1dG
~ 3¢ GdE
E=Ef

)

where kp is the Boltzmann constant, G is conductance, e is the electron charge, and Er is Fermi energy.
For a semiconductor channel that connected to two metal electrodes, the light-induced temperature
increase (AT) at the metal electrodes will generate a photo-thermoelectric voltage across the channel as
displayed in Figure 1b. PTE drives a current through the junction even without applying an external
bias, and the current value is directly related to the channel conductance and the photo-thermoelectric
voltage, which is determined by the Seebeck coefficient difference between the semiconductor channel
and the metal electrodes, and the temperature change:

AVPTE = (Ssemiconductor - Smetul)AT (2)

The Seebeck coefficients of pure metals are typically in the order of 1 uV/K. However, for
2D materials (such as graphene, TMDCs and BP), the Seebeck coefficient ranges from several to
thousands pV /K [66-73]. On the other hand, as shown in Figure 1c, the local heat induced by photon
absorption can modify the resistance of the channel. This light-induced conductance will lead to
photocurrent under an external bias by PBE [74,75]. The PBE-induced photocurrent can be presented
by the following equation:

Ipgg = AGVp 3)

where AG is the conductance change and Vp is the external bias. From Equation (3), we find that the
PBE-induced photocurrent is predicted to present a linear relationship to the applied bias. In previous
investigations, PTE and PBE have been found to play indispensable roles in 2D material-based devices.
Although PTE-induced photocurrent is negligible in the case that the illumination is focused within
a uniform semiconducting channel, PTE effect can be observed for a nonuniformity doping, for
instance, a graphene junction consisting of bilayer and monolayer [66]. A report by Gabor et al. further
demonstrated the PTE in graphene by studying a dual-gated graphene PN junction, as presented in
Figure 2b [76]. By changing the biases that were applied to the top and bottom gates, the doping level of
the two sides of the junction can be precisely and independently controlled. The photoresponses exhibit
six-fold polarity variation, which is attributed to the changes of the Seebeck coefficient of graphene
when the gate bias varies. Additionally, PTE effect can be observed at 2D material/metal interface.
A study about monolayer MoS, transistors has reported that the photoresponse at MoS; / metal junction
is dominant by PTE and demonstrated large Seebeck coefficient for MoS; under an external electric
field [71]. On the other hand, PBE has been comprehensively studied for carbon nanotube devices,
in which photoresponse shows linear negative correlation to the external bias [75]. PBE-induced
photocurrents have also been observed by Freitag et al. when the graphene channel is heavily doped
(Figure 2c) [77], in which overall current drops under light excitation since the temperature increase
leads to a reduction in carrier mobility. Similar phenomena have also been detected in heavily doped
BP devices [72].
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Figure 2. Photocurrent generation in 2D materials. (a) Optical image of monolayer MoS,-based field effect transistor (top) and band diagrams under different
illumination and bias conditions (bottom), reproduced with permission from [63], ACS, 2012; (b) 3D schematic of a dual-gated graphene phototransistor (top) and
six-fold photovoltage pattern occurs while the top and bottom gate biases change (bottom), reproduced with permission from [76], AAAS, 2011; (c) Reflection image of
a strongly doped graphene phototransistor (top) and bolometric photocurrent observed to exhibit opposite polarities to applied biases (bottom), reproduced with
permission from [77], Nature Publishing Group, 2012; (d) A four-electrode MoS, phototransistor (top), photocurrent signals that show different anisotropic behaviors
with photo energy above/below the MoS, bandgap (middle), and hot electron injection that is proposed to be dominant when the photon energy is below the band
gap of MoS; (bottom), reproduced with permission from [78], ACS, 2015.
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2.4. Hot Electron Injection

With further investigation of 2D material optoelectronics, hot electron injection has been
demonstrated as a novel photocurrent-generation mechanism [78]. It is well-known that photon-excited
hot electrons in metal electrodes can cross over the Schottky barrier and be injected into the
semiconductor channel. The injection yield of electrons Y follows the Fowler equation:

y o L (1w~ bp)°

where Er is the Fermi energy, # is the reduced plank constant, w is the incident light frequency,
and ¢y is the Schottky barrier. Hot electron injection has been reported to be indispensable in
TMDC-based devices, such as a MoS,-based phototransistor (Figure 2d) [78]. Anisotropic photocurrent
response has been detected under illumination with photon energy below the MoS, bandgap. More
importantly, the anisotropic ratios are found to be related to the shape of Au electrodes, indicating
the hot electron contribution from metal electrodes. Additionally, hot electron injection also plays an
important role when 2D materials directly contact with silicon photonic crystals and metal plasmonic
nanostructures [79].

For a practical device, the situation is more complex, usually present a combined effect of different
mechanisms [76]. Therefore, many strategies are adopted to learning the photocurrent-generation
mechanisms for various devices. Unlike graphene, TMDCs present slightly complicated scenarios
due to the existence of appreciable bandgaps. For the most well-known Mo- and W-based TMDCs,
bandgaps are typically ranged from 1 to 2 eV. Wavelength-dependence and polarization-dependence
measurements are conducted to further probe the underlying physical mechanisms. From those
studies, various photocurrent-generation mechanisms are reported under different illumination
conditions [21,78,80]. Taking MoS; as an example, when the photon energy is high enough to generate
photo-excited EHPs, large photocurrent signals can be observed at junction areas because of PVE.
However, measurable photocurrent signals can also be detected when incident photon energy is below
the bandgap of MoS,. In this case, PTE can explain the photocurrent generation at metal electrode areas.
Moreover, at metal-semiconductor junctions, photocurrent signals are detected to exhibit polarization
dependency perpendicular to the metal edge, which is attributed to the hot electron injection [78].

As the investigation of photocurrent-generation mechanisms in 2D optoelectronics goes deeper,
2D material-based devices have also been demonstrated to exhibit elevated performance. Over the
past decade, it has been shown that most graphene-based phototransistors exhibit photoresponsivity
around 10 mA /W [9,81]. By introducing electron trapping centres, high broadband photoresponse
is demonstrated to achieve 8.61 A/W [8]. Moreover, due to the high carrier mobility and high
carrier-saturation velocity, graphene-based optoelectronics are reported to operate at speed up
to tens of gigahertz [81]. First reported single-layer MoS, phototransistors reach responsivity to
7.5 mA /W with 50 V gate bias, and exhibit stable response time within 50 ms [63]. An ultrasensitive
monolayer MoS, photodetector was reported later to show a maximum external photoresponsivity
of 880 A/W at 561 nm [21]. Other TMDCs, such as MoSe,, WS; and WSe;, have also been employed
for optoelectronics, and achieve photoresponsivities ranging from tens of A/Ws to hundreds [82]. It
must be mentioned that an electrostatically defined PN junction has been realized by locally gating the
WSe, thin film [19]. BP is a new addition to the 2D family, and it attracts tremendous attention
in the optoelectronic field due to its unique optical properties, especially its anisotropic nature
and layer-dependent bandgaps, which covers the visible to mid-infrared spectral range. BP-based
photodetectors are reported to reach photoresponsivity up to 4.8 mA /W [39]. Additionally, due to
the directional dependence of the interband transition strength in the anisotropic band structure of
BP, polarized photocurrent responses are observed in BP phototransistors via PVE [83]. On the other
hand, PTE and PBE-induced photocurrent generation is also considered to be important, especially in
metallic or doped multilayer BP phototransistors [72].
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In addition to the 2D material-based optoelectronics in the above discussions, 2D material-based
heterostructures have been reported to show excellent performance for optoelectronic applications in
the previous literatures [84-89]. By stacking different 2D semiconducting crystals on top of each other
with van der Waals-like forces, those heterostructures are expected to show combined functionality of
the individual layers and new phenomena at the interface. For example, a maximum photodetection
responsivity of 418 mA /W at the wavelength of 633 nm has been achieved by stacking p-type BP with
n-type MoS, to form ultrathin PN diodes [90]. The photocurrent signals at the PN junction are much
stronger than photoresponse at the metal-semiconductor contacts due to the large band mismatch at
the heterojunction. The polarization direction of the photoresponse at the junction is affected by either
BP or MoS; channel, depending on the illumination conditions [91]. Moreover, 2D material-based
heterostructures allow the possibility to obtain high quality devices by encapsulating a 2D material
thin film with 2D insulators such as hBN sheets to form a sandwich-like structure. The hBN sheets
provide an ultra-smooth surface for the inner graphene film and protect the graphene film from direct
exposure to air or contact with substrates. These devices exhibit room-temperature mobility up to
140,000 cm? / Vs which is near the theoretical phonon-scattering limit [6,92].

3. Photonic Structure-Integrated 2D Material Optoelectronics

The integration of conventional plasmonic nanostructures, waveguides and photonic crystals
with 2D material-based optoelectronics could be beneficial for both fields of investigation.
First, the introduction of photonic structures into 2D materials can significantly enhance their
photoresponsivity [93-106]. On the other hand, by electrostatically tuning the Fermi level of 2D
materials, with which photonic structures like waveguides, resonators and cavities are integrated,
their modulation performance can be improved [107-113]. Table 1 summarizes different photonic
structure-integrated 2D material optoelectronics.

Table 1. Photonic structure-integrated 2D material hybrids for optoelectronics.

Application Photonic Structures 2D Material Performance Ref.
. Photoresponsivity:
Au Particle MoS, 200%-300% enhancement %91
Au Antenna Photoresponsivity: 5.2 A/W
Plasmonic Array MoS, Photogain: 10 (100]
Nanostructure Photoresponsivity:
Au Particle Graphene 1500% enhancement [101]
Ti/Au Graphene Phootoresponswlty: [102]
nanostructures 2000% enhancement
Photodetector
. . Photoresponsivity: 657 mA/W
Si Waveguide BP response rate: ~3 GHz [103]
. . Photoresponsivity: 0.1 A/W
Si Waveguide Graphene response rate: ~20 GHz [104]
Waveguide Response wavelength range:
Si Waveguide Graphene all optical communication [105]
band response rate: ~18 GHz
Suspended Graphene Photoresponsivity: 0.13 A/W [106]
Waveguide
Modulation Depth: 3 dB
Si Waveguide Graphene operation speed: over 1 GHz [107]
Waveguide bandwidth: 1.35-1.6 pm
Modulator Si Microring Graphene Modulation Depth: 12.5 dB [108]
Resonator
Photonic 2D Photonic
Crystal Crystal Graphene Modulation Depth: 6 dB [110]

Nanocavity




Electronics 2016, 5, 93 8 of 18

3.1. Photodetector

The 2D materials have remarkably high single-pass absorption. However, most light will still
transmit through the thin layers as the total thickness is below tens of nanometers. Therefore, the
light-matter interactions must be further enhanced before it can be used in practical applications,
especially for light detection. The combinations of plasmonic nanostructures with 2D materials
are first studied to enhance light-matter interactions. Placing metallic objects by an ordered array
with dimension and pitch in the order of the excitation wavelength is a classic way to form
plasmonic nanostructures. Either stacking 2D materials on top of those plasmonic nanostructures, or
patterning plasmonic nanostructures on top of 2D materials can increase the light absorption at certain
wavelengths [93-97]. A significant enhancement ~65% of photoluminescence intensity are reported
for a monolayer MoS,-coated gold nanoantennas system [98]. Similar phenomena are observed for
2D material base optoelectronics. A large enhancement of photocurrent response can be obtained
by coupling few-layer MoS, with Au plasmonic nanostructure arrays [99]. Depositing 4 nm thick
Au nanoparticles sparsely onto few-layer MoS, phototransistors leads to a two-fold increase in the
photocurrent response. To further enhance the photocurrent response, well-defined periodic Au
nanoarrays are synthesized on few-layer MoS,. Under this circumstance, a three-fold enhancement
is achieved, which is attributed to the light trap near the Au nanoplates. On the other hand, a direct
contact between 2D materials and metals enables hot electron injection over Schottky barriers [100].
A bilayer MoS; film has been integrated with a plasmonic antenna array as shown in Figure 3a. With
the assistance of hot electron injection, a photoresponsivity of 5.2 A/W has been achieved under
1070 nm illumination, and a photogain is estimated to be ~10°. No noticeable photocurrent signals
are observed if an Al,O3 barrier exists between the MoS; film and Au array, suggesting that hot
electron injection indeed plays a dominant role in the photocurrent generation. Similar phenomena are
observed for graphene. In Figure 3b, gold nanoparticles are transferred onto pre-prepared graphene
transistors [101]. Here, the plasmonic nanostructures can be treated as subwavelength scattering
sources and nanoantennas to enhance the optical detection and photoresponse at selected plasmon
resonance frequencies. For this metallic plasmonic nanostructure-integrated graphene photodetector, a
huge enhancement of photocurrent and external quantum efficiency up to 1500% has been achieved.
By employing plasmonic nanostructures of different geometries, graphene photodetectors present
not only enhanced responsivity but also selectivity of polarization [102]. As shown in Figure 3c, by
combining graphene with plasmonic nanostructures, the efficiency of graphene-based photodetectors
can be increased by up to 20 times. Moreover, for the special finger plasmonic nanostructure, the
photocurrent signals show strong polarization dependency.

Photonic waveguides are another type of photonic structures that have been extensively studied
to be combined with 2D optoelectronics to achieve a high-performance photodetector. Instead of
top coupling, the incident light can be guided into the 2D photodetector by a waveguide through
side coupling in order to achieve high photoresponsivity and fast response rate. In a recent report,
a silicon waveguide-integrated BP photodetector has been demonstrated [103]. In comparison with
graphene, the narrow bandgap nature allows BP to operate in the near-infrared band and, at the
same time, preserve low dark current. As shown in Figure 4a, a silicon waveguide is planarized
by SiO; to accept an exfoliated BP thin layer. A graphene gate is then fabricated to control the
doping of BP to optimize the device performance. The 11.5 nm thick BP device has obtained an
intrinsic responsivity up to 135 mA/W, and an even higher responsivity up to 657 mA/W has
been observed for 100 nm thick BP. Also, a high response speed ~3 GHz has been achieved while
the dark current is limited to 220 nA. Graphene/silicon waveguide hybrid systems have also been
demonstrated to present high performance. As shown in Figure 4b [104], a silicon waveguide is
backfilled with 5iO, and then planarized. A 10 nm SiO, layer is subsequently deposited on the
planarized surface to electrically isolate the graphene layer from the underlying silicon structure.
Two metal electrodes are placed asymmetrically to the waveguide to maximize the photocurrent
collection. Without waveguide coupling, photocurrent signals are observed at the position of the
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waveguide at a level of 2.6 x 10~* A/W under normal light incidence. However, when the optical
waveguide mode couples to the graphene layer through the evanescent field to enhance the optical
absorption, the detector achieves a photoresponsivity exceeding 0.1 A/W with a nearly uniform
response between 1450 and 1590 nm. Moreover, response rates exceeding 20 GHz are observed under
zero bias operation. A similar silicon waveguide-integrated graphene photodetector (Figure 4c) is
reported by Pospischil et al. to present ultra-wideband response covering all optical communication
band with a high speed ~18 GHz [105]. In order to improve the performance of the graphene/silicon
waveguide hybrids, suspended membrane silicon waveguides have been combined with graphene
to form heterojunctions as displayed in Figure 4d [106]. The waveguide enables absorption of the
evanescent light that propagates parallel to the graphene sheet, resulting in a responsivity as high
as 0.13 A/W at a 1.5 V bias for 2.75 pm light at room temperature. Additionally, to explain the
photocurrent dependence on bias polarity, direct transitions in graphene are proposed when photon
energy is larger than the two-fold energy difference between the Fermi level and Dirac point. On the
other hand, when the photon energy goes below this energy difference, indirect transitions will
become dominant.
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Figure 3. Plasmonic nanostructure-integrated 2D material photodetectors. (a) Schematic diagram
(left-top) and optical image (right-top) of a device, in which MoS; is in direct contact with Au
on the left side, while a 10 nm thick Al,O3 film is placed between MoS, and Au on the right
side. Photocurrent measured from the left (upper panel) and the right (lower panel) subdevice
(bottom), reproduced with permission from [100], ACS, 2015; (b) 3D schematic of a graphene transistor
underneath gold nanoparticles (left) and photoresponse enhancement as a function of wavelength
(right), reproduced with permission from [101], Nature Publishing Group, 2011; (c) Optical image of
graphene phototransistors with different plasmonic nanostructures (left) and photovoltages at various
gate biases (right), reproduced with permission from [102], Nature Publishing Group, 2011.
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Figure 4. Waveguide-integrated 2D material photodetectors (a) 3D illustration of a silicon waveguide-integrated BP photodetector, featuring a few-layer graphene
top-gate (top) and broadband frequency response of the BP photodetector with low or high doping (bottom), reproduced with permission from [103], Nature Publishing
Group, 2013; (b) Schematic of a silicon waveguide-integrated graphene photodetector (top) and band diagram that shows photocurrent-generation mechanisms
(bottom), reproduced with permission from [104], Nature Publishing Group, 2013; (c) Scanning electron micrograph (SEM) image of a silicon nanobeam-integrated
graphene photodetector (top) and band diagram along the lateral direction (bottom), reproduced with permission from [105], Nature Publishing Group, 2013; (d) 3D
schematic of a graphene-silicon heterostructure waveguide photodetector (top) and SEM image (bottom), reproduced with permission from [106], Nature Publishing
Group, 2013.
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3.2. Electro-Optic Modulator

The combination of photonic structures like waveguides, resonators or cavities with 2D materials
enables the achievement of electro-optic modulator by electrostatically tuning 2D materials. A
graphene-based broadband optical modulator is fabricated by placing a 250 nm-thick Si bus waveguide
underneath a graphene sheet as illustrated in Figure 5a [107]. A 7 nm-thick Al,O3 spacer is placed
between Si and graphene. The integration introduces several performance improvements: graphene
provides strong light-matter interactions and broadband response covering telecommunication
bandwidth, as well as mid- and far-infrared spectral regions. Furthermore, modulation of the guided
light at frequencies over 1 GHz is demonstrated by electrically tuning the Fermi level of the graphene.
Ring-shaped silicon microring resonators have also been reported to be combined with the graphene
transistor as displayed in Figure 5b [108]. By tuning coverage lengths and electrostatic biases of
graphene, a high extinction ratio of 12.8 dB is achieved. Photonic crystals are another extensively
studied field to form various optical modulators such as resonators and cavities as the flow of light can
be precisely molded. Photonic crystals are analogous to crystals where the unit structure is periodically
duplicated [44—46]. When the periodicity in these structures approaches the wavelength of light, a
photonic bandgap, in which the light propagation is forbidden, will appear. Under this circumstance,
a pre-designed break in periodicity will introduce confinement of light. Photonic crystal /2D material
hybrid systems are also reported in previous literatures [108-113]. Gan et al. have employed linear
three-hole defect cavities in air-suspended 2D photonic crystals with graphene thin films transferred to
the top [109]. The reflection attenuation and the increase of Raman signal intensity have demonstrated
the local enhancement of light-matter interactions. Photonic crystals have also been reported to
be integrated with 2D material phototransistors [110,111]. As shown in Figure 5c, optical cavities
are fabricated by introducing point defects into 2D silicon photonic crystals [110]. The electrostatic
properties of graphene are tuned by either source-drain biases or an ion-gel gate; as a result, a ~2 nm
change in the cavity resonance line width and almost 400% (6 dB) modulation in resonance reflectivity
are observed. Similar phenomena are reported for line defect photonic crystals [111].

In addition to the above discussions, the 2D optoelectronics also offer the possibilities to
investigate the light modulation properties of photonic crystals considering the direct interaction
between them [79]. Even photonic crystals have been extensively learned; their light manipulation
manners can only be simulated by finite-difference time-domain (FDTD) simulations and detected by
near-field scanning optical microscopy [114-117]. As described in Figure 4b, a graphene photodetector
successfully detects a photocurrent strip on top of a silicon waveguide, which is attributed to the
enhanced photocarrier density controlled by the waveguide. As a result, the photocurrent signals
collected through the graphene photodetector directly visualize the light manipulation manners of the
underneath silicon waveguide [104]. Recently, by directly contacting a featured silicon nanobeam with
a BP photodetector, the spatially resolved photocurrent measurement is demonstrated to be an efficient
approach to learn light-scattering properties of the silicon waveguide [79]. The direct contact between
BP and the silicon waveguide enable photocarriers generated in the silicon to be injected into the BP.
Since the density of photocarriers is related to the light distribution controlled by the waveguide, the
spatial photocurrent signals detected by the BP photodetector reflect the light-scattering properties of
the silicon waveguide, which shows strong dependence on both wavelength and polarization direction
which are in good agreement with the prediction of FDTD.
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Figure 5. A 2D electronics-integrated optical modulator. (a) Schematic of a high-bandwidth graphene-integrated silicon waveguide modulator (top) and top view of
the structure (bottom), reproduced with permission from [107], Nature Publishing Group, 2011; (b) Schematic of a graphene-silicon microring device (top), false-color
SEM image of the fabricated device (left bottom), and a zoom-in SEM image of the bended silicon waveguide covered by graphene (right bottom), reproduced with
permission from [108], ACS, 2015; (c) Schematic of the photonic crystal cavity—graphene device. SEM image of the fabricated cavities without (left bottom), and with
graphene (right bottom), reproduced with permission from [110], ACS, 2013.



Electronics 2016, 5, 93 13 of 18

4. Summary and Outlook

In this review, we summarize the current state-of-the-art in two-dimensional (2D) material-based
optoelectronics, especially their integration with photonic structures. Several photocurrent-generation
mechanisms, which have been reported in 2D material-based optoelectronics, are first introduced.
Photonic structures, such as plasmonic nanostructures, photonic waveguides and crystals are
subsequently described. For plasmonic nanostructures in 2D devices, metallic objects are placed
on top of 2D materials as an ordered array with dimension and pitch in the order of the excitation
wavelength. Those plasmonic nanostructures enable enhanced light absorption at certain wavelength
ranges. Photonic waveguides are another type of nanoarchitectures to manipulate light flows. With the
assistance of photonic crystals, those 2D material-based devices can achieve response with a high rate
and efficiency. Besides, those combinations also make it possible to improve the performance of optical
modulators by electrostatically manipulating 2D materials and to probe light-matter interactions
of photonic crystals by scanning photocurrent measurements of 2D material-based optoelectronics.
The study of photonic structure-integrated 2D material optoelectronics opens the avenues to engineer
optoelectronics to meet versatile requirements for future applications.
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