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ABSTRACT Graphene and graphene-like two-dimensional (2D) materials have attracted much attention

due to its extraordinary electronic and optical properties, which accommodate a large potential in

optoelectronic applications such as photodetection. However, although much progress has been made, many

challenges exist in fundamental and practical aspects hindering graphene and graphene-like 2D materials

from photodetector and other photonic and optoelectronic applications. Here, we review the recent progress

in photodetection based on graphene and graphene-like 2D materials and start with the summary of some

most important physical mechanisms, including photoelectric, photo-thermoelectric, and photo-bolometric

regimes. Then methodology-level discussions are given from viewpoints of state-of-the-art designs in device

geometry and materials. It is worth emphasizing that emerging photodetection and photodetectors based on

graphene-like 2D materials such as metal chalcogenide nanosheets are reviewed systematically. Finally, we conclude this review in a brief discussion with

remaining challenges in photodetection of two-dimensional photonics and optoelectronics (2D POE) and note that complete understandings of 2D

materials and 2D POE may inspire solar energy conversion and other new applications.
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raphene is a monatomic-thick 2D

material with carbon atoms ar-

ranged in hexagonal honeycomb
lattice and has numerous attractive elec-
tronic, optical, mechanical, and thermal
properties.'? Electrons propagating in gra-
phene behave as massless Dirac fermions
with linear relationship between energy
and momentum. This gives graphene ex-
tremely high charge carriers mobility up to
10° cm?/Vs at ambient temperature and
10° cm?/Vs at low temperatures.>* This ex-
cellent electronic property has aroused
wide interests to apply graphene in high-
frequency and high-speed electronic de-
vices such as field-effect transistors and
inverters, and graphene has been increas-
ingly deemed as an alternative material of
performance-exhausting silicon.* However,
the zero band gap and semimetal features
of graphene hinder its application in logic
switching devices.® This “drawback”, on the
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other hand, is promising for optoelectronic
application because it breaks the “long wa-
velength limit” of other semiconductors
which are transparent to the light with
photon energy smaller than their band
gaps. Moreover, single-layer graphene
shows high optical absorption coefficient
of 7 x 10° cm ™' over a wide range from 300
to 2500 nm, which is much higher than
conventional semiconductor materials.®
These excellent optical properties, com-
bined with the high Young's modulus (up
to ~1 TPa for defect-free graphene) and
thermal conductivity (up to ~5000 W/mK
for suspended single-layer graphene at room
temperature), offer promising prospect
of graphene as supporting and/or active
materials in a variety of functional devices
such as light-emitting diodes, solar cells, photo-
catalysts, biosensors, and photodetectors.”'°
In addition to graphene, very recently, other 2D
materials, usually indicated by graphene-like
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2D materials, are also emerging as important alter-
natives to graphene in electronics and optoelec-
tronics."' "7 Graphene-like 2D materials, such as
layered transition metal dichalcogenides (TMD), metal
oxides, and boron nitride (h-BN) nanosheets, have two-
dimensional structures similar to graphene but very
different electronic and optical properties. Graphene-
like 2D materials can be semiconductor, insulator, metal,
or superconductor and paramagnetic, diamagnetic,
anti-ferromagnetic, or ferromagnetic depending on the
composition and phases.''~'® Graphene and graphene-
like 2D materials therefore provide facile and versatile
platforms for various applications.

Photodetection and photodetectors have significant
importance in modern society from practical aspects like
imaging, communication devices, various sensors for
safety monitoring, and display technology to fundamental
science applications such as observing the universe.'®~2*
Photodetection is a process converting light signals to
electric signals, amid which three physical mechanisms
are involved in sequence: light harvesting, exciton separa-
tion, and charge carrier transport to respective electrodes.
The efficiency of light energy utilization can be described
by external quantum efficiency (EQE):

Iph _ hy Iph
ap q P
where [, is the photocurrent, defined as the discrepancy
between current under illumination and in dark; ¢ is the
photon flux, defined as the number of incident photons; g
is the unit electron charge; hv is the energy of one single
photon; P is the power of incident light* Particularly, one
commonly used figure of merit representative of photo-
response ability is the responsivity, which is defined as

EQE = (1)

I
R = %h = EQEhiV )

where R has the unit of A/W.2* Another important figure of
merit is the detectivity, which represents the ability to
detect signal from noise and is defined as

Dzl"if’ (3)

PV/2ldark
where p is light intensity and Iar is the dark current’
When an illumination is shed on a photodetector, the
photocurrent will change until saturation. The time used
for this process is called response time t. Some papers
used the time that photocurrent attained certain percen-
tage of saturated one to define the response time.?>*
Photodetectors can be divided, in general, into two
categories conceptually: photoconductors and photo-
diodes. The former one refers to the overall conductivity
change of materials sandwiched between two electrodes,
and the latter one invokes the behavior dependence of
p—n or Schottky junctions on light illumination.?>** For
photodiodes, the EQE is normally less than 1, due to the
insufficient absorption of light, carrier recombination, and
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VOCABULARY: graphene-like 2D materials - two-
dimensional materials sharing similar structure with gra-
phene but with different compositions, in which atoms
arrange in two dimensions with much stronger bond
strength than a third dimension; materials engineering
- modifying the shape, composition, and other structural
properties of materials for specific functionality; two-
dimensional photonics and optoelectronics - photonics
and optoelectronics in two-dimensional materials; photo-
transistor - a transistor for photodetection purpose;
responsivity - the ability of a photodetector to sense
illumination, with a unit of “ampere per watt”, equal to
“photoresponsivity” herein; detectivity - the ability of a
photodetector to distinguish photoresponse signal from
nosie, equal to “photodetectivity” herein; photoelectric
effect - photons excite electrons to high energy level
charge carriers for electric current; photo-thermoelectric
effect - light illuminations generate temperature discre-
pancy across the active area which will induce electric
current signal; photo-bolometric effect - light illumina-
tions generate temperature change of active materials
which will induce resistance change consequently.

other reasons, but the response will be fast because both
electrons and holes are involved in the photocurrent
generation and they recombine after reaching to their
own electrodes with short carrier lifetime. On the contrary,
only one type of carrier contributes to the photocurrent
with the other one trapped in a photoconductor. The
transporting carriers can circulate many times before
recombining with their counterpart, leading to an internal
gain and EQE larger than 1 with high responsivity but
long response time. Photodetectors based on silicon are
limited to the visible region due to its band gap of
1.4 eV, corresponding to wavelength of ~900 nm. Long
wavelength photodetector products in the market based
on crystalline InGeAs/HgCdTe suffer from either expensive
fabricating process (e.g., molecular beam epitaxy) or
rigorous operation demands (eg., low temperature),
sometimes both. In contrast, graphene possesses many
natural virtues and has become more and more attractive
with remarkable progress in the low-cost, large-scale,
high-quality growth and the facile manipulation of elec-
tronic and optoelectronic properties.5'92°

It is worth noting that, despite the high absorption
coefficient, due to the short interaction length, single-
layer graphene absorbs only ~2.3% in visible and
infrared regions. This value is insufficient for photo-
detection application, although it is remarkable for a
single-atom-thick membrane. The zero band gap in-
deed makes graphene a promising candidate for
broadband detection even at terahertz and infrared
region,”> while on the other hand, it leads to short
lifetime of exciton in pure graphene which is unfavor-
able for the exciton separation and high photo-
responsivity.>?*?” The high, ambipolar charge carrier
mobility in single-layer graphene supports high-speed
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devices firmly but with the cost of low light absorption.?®
Thus, the responsivity of photodetectors based on
pure single-layer graphene is limited to ~6.1 mA/W.%°
Many efforts have been devoted to the improvement
of photodetection devices based on graphene materi-
als. One strategy is to functionalize graphene through
materials engineering such as creating a band gap in
graphene by doping,*®*' shaping graphene to
nanoribbons,333 using reduced graphene oxide,3*~3¢
applying vertical bias,*”*® and so on. Another strategy
is to deliberately design device structure, for instance,
integrating graphene materials with optical structures
such as plasmonic structure,**~*® optical waveguide,** 8
and optical cavity** 2 to increase the light—graphene
interaction and light absorption. Making use of the
intrinsic plasmonic effect of graphene by patterning gra-
phene into nanostructure may pave another way toward
high-performance photodetection devices.>®* The third
strategy is to combine graphene with various materials
such as polymers, nanoparticles, quantum dots, and thin
film to form hybrids.>'2>**~71 These additives can not
only serve as light harvesters but also render interfaces and
junctions facilitating exciton separation. These strategies
and methods have involved diverse and ingenious designs
in both functionalities of materials and device geometry.
Very recently, inspired by the success of graphene in
photodetection, graphene-like 2D materials such as metal
chalcogenide nanosheets are also widely studied to ex-
plore the performance in photodetection.”? 2 Although it
is still in infancy, some intriguing achievements have been
obtained in improving responsivity.

However, although much progress has been made,
especially for graphene, many challenges exist in
fundamental and practical aspects hindering graphene
and graphene-like 2D materials from photodetector
and other optoelectronic applications. The physical me-
chanisms of photoresponse in photonic and optoelec-
tronic devices are still controversial to date. One or several
mechanisms including photoelectric,2?529%3-8 photo-
thermoelectric?*~%” and photo-bolometric® " me-
chanisms may be included in the devices. Moreover,
despite many functional methods having been applied,
there is no comprehensive overview in methodology
level for the optimization of photodetectors based on 2D
materials. Herein, we will review the recent progress in
photodetection based on graphene and graphene-like
2D materials and start with the summary of some most
important physical mechanisms. Then methodology-
level discussions are given from viewpoints of state-of-
the-art designs in device geometry and materials. It is
worth emphasizing that emerging photodetection and
photodetectors based on graphene-like 2D materials
such as metal chalcogenide nanosheets are reviewed
systematically. Finally, we conclude this review in a
brief discussion with the remaining challenges in the
photodetection of two-dimensional photonics and
optoelectronics (2D POE) and note that the complete
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understanding of 2D materials and 2D POE may inspire
solar energy conversion and other new applications.

Physical Mechanisms in the Photodetection Process of Gra-
phene and Graphene-like 2D Materials. We will discuss three
most important physical mechanisms in the photode-
tection of 2D materials including photoelectric, photo-
thermoelectric, and photo-bolometric effects. Other
mechanisms may also be applied in photodetection
especially for hybrids and heterostructures such as
photoinduced charge transfer or tunneling, photogat-
ing and field effect doping.”?*°8>96! We just mention
these mechanisms without further discussion because the
hybrid components, instead of 2D materials, are the main
contribution of photoresponses in most of situations.

Photoelectric Effect. Graphene is more suitable for
photoconductor geometry for its two-dimensional atom-
ic structures. Thus, so far, almost all graphene photode-
tection devices are fabricated with graphene longitu-
dinally aligning between two electrodes. In the graphene
channel, incident photons excite electrons to form ex-
citons which then are separated and propelled by the
external bias to form a photocurrent. Nevertheless, for the
unique electronic properties of graphene, graphene
devices show different features from conventional semi-
conductors. Two regions can be divided geographically,
the area around the graphene—metal junction and the
area far away from it. Regarding the latter region, photo-
conductive (PC) effect dominates its photoresponse, with
graphene playing the classic role of conventional semi-
conductors in photoconductors>*'® The photocurrent
can be described as

lon = AVquAn (4)

where A is the cross section area of the active layer; Vis the
applied bias; g is the unit electron charge, u is the charge
carrier mobility; An is the photoinduced carriers density.
Apparently, the high carrier mobility of graphene is its
remarkable advantage for the photodetecton applica-
tion. On the other hand, as aforementioned, due to the
low absorption and short lifetime of photon-induced
carriers in graphene which is below tens of picoseconds
before recombination,®#819%1%3 the internal quantum
efficiency will be too low to support the photoresponse
performance demanded. Many efforts have been under-
taken to improve the photoresponse from this part,
which will be demonstrated in the following section.
Further study unveiled that, unlike the pure gra-
phene region where intrinsic photoexcitation hap-
pens, the metal electrode—graphene junction plays a
substantial role with its photovoltaic trait in the photo-
response process of graphene devices 237 Therefore,
this type of photodetection mechanism is also called
the photovoltaic (PV) effect. Giovannetti et al. reported
their study on the doping effect upon graphene by
metal contacts.® They found that, under intimate
contact between graphene and metal, the Fermi level
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Figure 1. Photocurrent responses of a graphene device. (a) AFM image of a graphene monolayer contacted by four gold
electrodes. (b) Gate dependence of the drain current (Ip) measured at Vps = 1 mV. (c) Optical reflection image acquired
simultaneously with the photocurrent image. The drain and source electrodes used in the measurements are indicated. (d)
Photocurrent image taken at Vps = Vgs = 0 V. Further measurements were performed by fixing the laser spot at the positions
marked by the black and blue diamonds. (e) Ipb—Vps characteristics recorded in the dark and with the laser positioned as
marked in (d). (f) Photocurrent detected at the position marked by the blue diamond as a function of the laser power.
Reproduced from ref 83. Copyright 2010 American Chemical Society.

of graphene can be shifted either upward or down-
ward according to the different working functions of
the metal counterparts. The doping effect is remark-
able because the density of states (DOS) in the vicinity
of the Dirac point is low due to the linear energy-
momentum relationship in graphene. Itis worth noting
that they further clarified the dependence of doping
effects on the distance between graphene and metals,
although in most graphene devices the metal electro-
des are deposited by physical vapor deposition meth-
ods which will definitely give extremely close contact.

Meanwhile, Lee and co-workers used scanning photo-
current microscopy to investigate the spatial differences of
photoresponses of graphene devices.®* They found that a
built-in electric field was formed around the metal—gra-
phene interfaces, which could realize the separation of
excitons without an external bias. The spatially resolved
photocurrent images revealed the superior photocurrent
density when illumination was shed on interface areas
rather than the site far from them (Figure 1), implying
more efficient carrier separation in the graphene—metal
interfaces. As the potential step across the interface was
decided by the Fermi level of graphene and work function
of metals, a gate bias perpendicular to the graphene sheet
could be used to control the photoresponse by adjusting
the Fermi level of graphene. In the case of Ti/Au electrodes
on graphene, the built-in bias in the metal—graphene
interface can be described as

AV = Oy — D — AE¢

+sgn(Vgs — VgéraC)th\/J?(i Vs — VGD;rac (5)
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where @y, and ®¢ are the work functions of metal and
graphene, respectively; AEg is the Fermi level shift of
graphene caused by metal doping; Vs is the gate bias
applied; V25 is the gate bias under which graphene is in
its charge-neutral point; ais 7.2 x 10'°cm ™2V, and Avg
is 5.52 eVA # Scanning photocurrent microscopy has been
proven to be a powerful tool to study carrier dynamics in
two-dimensional graphene-based devices. Park et al.
probed the photocurrent generation and collection in
single-layer graphene and extracted a exciton separation
efficiency >30% in the graphene—metal interface junc-
tions under illumination of 532 nm.2* Contemporaneous
works have also been done by Xia and co-workers 3%
Their reports, in particular, pointed out that the doping
and local bias did not happen just in the graphene
beneath the metal electrode but also extended 200—
450 nm into the graphene channel. Using Ti/Pd/Au triple-
layer metal electrodes and single-layer graphene, respon-
sivity of 1 mA/W was obtained under a laser of 632.8 nm
with 30 W power, without external bias. This suppressed
value can be ascribed to the short lifetime of carriers and
low absorption of single-layer graphene as aforemen-
tioned. However, this feature is favorable for high-speed
operation which needs the photocarriers to annihilate
quickly after removing the radiation. Using infrared laser
pulses with a wavelength of 1550 nm, Urich et al. conclude
that the intrinsic response time of photodetectors based
on monolayer graphene can be as low as 2.1 ps, which
corresponds to a theoretical optical modulating operation
bandwidth of ~262 GHz® Xia et al. also studied
the response speed of devices with this simple device
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geometry under the same laser pulse. They found that,
although the internal quantum efficiency was 6—16% and
the responsivity was below 1 mA/W, this kind of device
worked without external bias and showed stable photo-
response for optical modulations up to 40 GHz and
theoretically may exceed 500 GHz.*® As the photoelectric
effect works based on the direct photon—electron transi-
tion and benefits from the high carrier mobility of gra-
phene, its response speed is very fast, which is an
overwhelming advantage over the other two mechanisms
to be introduced below.2532%51% The PV effect supplies
the possibility of energy-saving photodetectors without
the presence of external bias. Even so, the responsivity of
PV devices is limited, and external bias can be used to
improve it efficiently.

Besides metal—graphene junction, a graphene p—n
junction underlying the photoresponse of correspond-
ing devices has been elucidated by Peters et al. using
scanning photocurrent microscopy.®” In their devices,
graphene was partially p-doped by oxygen in ambient
with the rest n-doped by poly(ethylenimine) aqueous
solution. Scanning photocurrent images were obtained
under laser with wavelength of 633 nm and showed that,
under illumination, exceptional high photocurrent com-
parable with the metal site occurred with zero external
bias. They attribute this photoresponse to the built-in bias
formed in the p—n interfaces due to distinct Fermi levels
in two sides. Moreover, the photo-thermoelectric me-
chanism was excluded by the discrepancy of photocur-
rent behavior with photo-thermoelectric mode.

Photoelectric regime is also believed to play a
significant role in the photoresponse of graphene-like
2D materials such as layered metal chalcogenides. The
photocurrent generation of the MoS, monolayer
phototransistor was believed to mainly be induced
by the photogenerated carriers by PC effects.”>”’
Photonic radiations increase the charge carriers in
the channel which drift under an external bias. Similar
regime was also applied by Liu et al. to explain the
photoresponse in multilayer GaTe photodetectors.®
For comb-shaped metal contacts with layered metal
chalcogenides, such as MoS,, due to the large area of
metal contacts, PV effect between MoS, and metal
junctions may also play a role, although there is no
systematic study on it yet.”

Photo-thermoelectric Effect. Photo-thermoelectric
(PTE) effect is the thermoelectric effect induced by
light illumination. Basically, this mechanism is unfavor-
able for the photodetection application because this
serpentine energy-converting process first from light
to thermal energy then to electricity has laggard speed
and low efficiency.’® However, this mechanism is
believed to play a substantial role in the photo-
response especially in binary structure graphene de-
vices. Considering the small electron heat capacity and
large light-induced changes in electron temperature
in graphene, this mechanism may have particular
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interests in photodetection and other optoelectronic
applications.”>10>106

Thermoelectric property of graphene has been
studied specially'®~'%® and Xu et al. reported their
PTE devices based on single-bilayer graphene binary
structure.®® A single-layer graphene was partially cov-
ered by another single-layer graphene, thus forming a
single bilayer graphene interface. Due to the higher
DOS in the vicinity of the Dirac point in bilayer gra-
phene than single layer, under the same carrier density
induced by a coordinate vertical gate bias, the change
of Fermi level of single-layer graphene is supposed to
be larger than that of the bilayer. This difference would
lead to a built-in bias from single-layer to bilayer
graphene. On the other hand, the Seebeck coefficient,
S, which represents thermoelectric power, is related to
the DOS and Fermi level and given by

KT 1 dG dVes|

= F
3g GdVgs dE F (6)

where ky, is the Boltzmann constant; T is the sample
temperature; g is the unit electron charge; G is the
conductance; Vs is the gate bias.®® Thus, the PTE
current is given by

S =5

Ibre = 7 AT (7)

where R is the resistance; S; and S, are the Seebeck
coefficient of two areas; AT is the temperature
difference.’® According to thermodynamics, hot car-
riers tend to diffuse from low DOS sites to high DOS
sites. Namely, for instance, under large positive vertical
gate bias, which will induce electron accumulation in
graphene, the photocurrent should be from the single-
layer part to bilayer under the illumination if the
photoelectric mechanism dominates the photore-
sponse at the interfaces. Otherwise, the current direc-
tion will be reverse if the PTE mechanism is in charge.
Their observation through photocurrent microscopy
with a laser of 635 nm clearly manifested the dominant
role of the PTE mechanism in their binary structure
graphene device (Figure 2). Further studies corrobo-
rated this conclusion by correlating the temperature
dependence of thermal conductivity and thermoelec-
tric power. Photoresponse was found to be higher at
cryogenic temperature and follows different depen-
dence in low- and high-temperature regions.

The core kingpin of this PTE device is to form
inhomogeneous thermoelectric power across the gra-
phene channel, and controlling the layer number of
graphene is not the only pathway to this target. As a
vertical gate bias can be used to adjust the Fermi level
of graphene, it is possible to apply more than one
vertical bias on different parts of one single graphene
sheet, thus realizing a thermoelectric power discrepancy.
Lemme et al. reported their photodetection graphene
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Figure 2. Device geometry, gate-bias-dependent spatial photocurrent image, and energy level for a single-bilayer graphene
junction. (a) Top view image of device structure (left) and schematics (right) of the experimental setup and device geometry.
(b) Photocurrent image obtained by the laser lines a a function of gate voltage, V. The laser scan position is indicated by the
dashed white line in the reflection image in (a). (c) Photocurrent response at the center of the graphene interface junctionas a
function of V. The top right (bottom left) inset is the aligned Fermi level between the single-layer and bilayer at the n (p)
doping. Reproduced from ref 90. Copyright 2009 American Chemical Society.

device with such configuration and PTE mechanism.”’
They used uniform graphene to fabricate a dual-gate
graphene phototransistor and tested its photoresponse
to a laser of 600 nm. The bottom gate was universal to all,
and the top gate located the center of the channel. They
found that between the part sandwiched between two
gates and the other part affected only the by bottom
gate, by adjusting carrier densities by respective gate
voltages, four types of junction situations (p—n—p,
p—p'—p, n—p—n, and n—n'—n) can be formed. The
photocurrents across these junctions were consistent
with the PTE mode. This dual-gate structure not only
supplies a more controllable method to make use of PTE
in graphene than material manipulation but also makes it
easier to study the hot carrier transport in graphene
devices. A later work reported by Gabor et al. got more
deep insight into the role played by hot carriers in
photoresponses through similar dual-gate devices.”
The energy of photon-excited electron—hole pairs has
two ways to release. The first way is energy transport
through charge carriers, which may induce photocurrent,
and the second is energy transfer to lattice to be heat. The
second way in graphene was found to be inefficient,
leading to hot carriers and cool lattice in long cooling
time scales (~100 ps). These hot carriers result in nonlocal
transport regime under local excitation and may be the
fundamental factor of the PTE mechanism.”"*'%!
Furthermore, the studies carried out by Song et al.®’
and Tielrooij et al.®* unraveled another virtue of hot
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carriers, through measurement of photocurrent in
dual-gate graphene devices and a pump—probe tech-
nique, respectively. As the carrier—carrier scattering in
graphene is efficient, during the long transport length
of hot carriers to contact, there is a high possibility for
multiple excitations to occur. This hot-carrier-induced
excitation is efficient over a wide range of light fre-
quency and is sensitive to the doping level in gra-
phene. It is of particular interest because higher
quantum efficiency of the multiple excitations may
appear when the substrate inducing higher carrier
mobility in graphene was used underneath. The influ-
ence of substrates in PTE effect in graphene has been
studied thereafter. Freitag et al. fabricated graphene
phototransistors with one part of graphene suspended
and the other part supported by silica substrates.”®
When the same vertical bias was applied, Fermi levels
of these two regions would be different due to the
different dielectric materials: air and silica. Moreover,
the silica substrate would help the supported part cool
down quickly, leading to an enlarged temperature
discrepancy with the suspended part. Benefitting from
this design, 5—1000 times higher responsivity than
other graphene photodetectors based on PTE effect
was obtained under a laser of 476.5 nm. In contrast, ina
subsequent report, Patil and co-workers studied gra-
phene devices with fully suspended or silica-support-
ing graphene under a laser of 532 nm and concluded
that both photoelectric and PTE existed in graphene
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Figure 3. Bilayer graphene device and the typical optoelectronic response. (a) Schematic of device geometry and electric
field-effect gating. (b) Optical micrograph of a bilayer graphene device. Scale bar, 5 mm. For clarity, the image shows the
sample before top-gate dielectric and metal deposition. (c) Photoresponse of DGBLG. The sample is gated to a charge-neutral
position with a displacement field of 0.45 V nm™". Blue squares are the photoresponse AV. Red circles are the electrical
resistance change AR = AV/Ipc. Reproduced with permission from ref 99. Copyright 2012 Nature Publishing Group.

with a reciprocal relationship.® PTE played a major role
when substrate existed but a minor role without sub-
strate. Their contradictory results may derive from
whether there is a junction with distinct Fermi levels
in graphene. This issue is still controversial and needs
to be addressed further.

Additionally, Stutzel et al. proposed another situa-
tion where PTE is the mainstream, the graphene
nanoribbon phototransistors. Their device consisted
of a graphene nanoribbon with a width of 10—35 nm
bridging two metal electrodes on a SiO,/Si substrate,
and photocurrent was measured under a laser of
633 nm.'”® The key point of their devices is the
restricted and reduced heat dissipation ability in gra-
phene nanoribbons, which will enhance the impor-
tance of metal electrodes in the graphene cooling
process under illumination and will lead to remarkable
temperature difference (hundreds of times higher than
graphene p—n junction) between graphene—metal
and sole graphene area. Combined with large Seebeck
coefficient difference between graphene nanoribbons
and metal, this graphene nanoribbon phototransistor
gave a photoresponse behavior fitting more PTE mode
rather than photovoltaic mode without external bias.
This report supplied another possibility to fabricate
efficient graphene photodetectors based on PTE effect
and to study the physical mechanism.

Beyond graphene, PTE effect in the photoresponse
of the other two-dimensional materials such as metal
dichalcogenides nanosheets has also been explored
very recently. Buscema et al. studied the photore-
sponse of single-layer MoS, field-effect transistors by
scanning photocurrent microscopy using sub-band-
gap illumination.”? They found that PTE effect was the
dominant effect in the photocurrent generation in the
single-layer MoS, transistors not only in sub-band-gap
illumination (750 nm) but also in above-band-gap
illumination (532 nm) where PV effect may also play
a role. Importantly, a large-range-tunable Seebeck
coefficient between —4 x 10% and —1 x 10° uV K™’
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by the external gate electric field was observed in this
device. The large Seebeck coefficient in single-layer
MoS, may have a great potential in on-chip thermal
power devices and harvesting the waste of thermal
energy.

Photo-Bolometric Effect. Photoinduced bolometric
effect is another mechanism proposed for the photo-
response of graphene photodetectors. This mechan-
ism manifests as the dependence of conductivity on
temperature. The unique heat properties of graphene,
such as small electronic specific heat, electron—pho-
non decay bottleneck, and abundant hot carriers in
graphene, support this mechanism firmly.'°*'®" van
et al. illustrated their study on this topic explicitly.”®
They used dual-gate bilayer graphene to fabricate an
efficient hot electron bolometer. Through deliberate
design, the uniformity of graphene was conserved and
the graphene—metal junction was avoided as far as
possible (Figure 3). The contribution of PV and PTE
effects was excluded by the absence of output DC
voltage signal under illumination. With a DC current
input, the output DC voltage varied with the light on or
off. The photoresponse, which was represented by AV,
followed a different behavior mode from PC effect.
They concluded that the photoresponse can be as-
cribed to bolometric effect occurring as electrons were
heated. The response is given by

dR
AV = IpcAR = IDCEAT (8)

where Ipc is the DC current applied; AT is the tempera-
ture change caused by light absorption, and R is the
resistance.”® Additionally, they clarified that at low
temperature (<10 K) both optical and electrical heating
were prominent, but when temperature was high
(20—40 K), optical heating dominated. Lasers with
various wavelengths from visible (658 nm) to near-
infrared (10.6 um) were used to test the photore-
sponse, implying broadband application of the device
due to the unique energy band property of graphene.
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In a subsequent report by the same group, the PV
and bolometric effects were observed and discussed
simultaneously in the device with similar structure
under an infrared laser of 1560 nm."°" They showed
identical response time, which were used to testify that
both effects originated from hot carriers. Unlike the
bolometric effect mostly studied under low tempera-
ture of <100 K in aforementioned reports, Freitag et al.
studied it at room temperature with a visible laser of
690 nm.'® They used output DC (Al) current under
certain bias instead of AV to characterize the photo-
response based on bolometric effect and defined the
following bolometric coefficient to describe the gate-
bias-dependent photoresponse behavior:

Bive) = S ©)

AT(Ve)

They clearly distinguished the roles of PTE, PV, and
bolometric effect in the photoresponses of single-layer
graphene devices. They concluded that the latter two
effects (PV and bolometric effects) were both driven by
hot carriers and their contribution changed with the
sweep of vertical gate bias. More particular works are
necessary to study the bolometric effect, which is
subtle and yet to be investigated thoroughly.

Deep insight into the various physical mechanisms
of graphene photodetection is gained during the efforts
toward making full use of the potential of graphene for
high-performance photodetectors. Although graphene is
very compatible with existing silicon-processing technol-
ogies, many improvements and modifications are re-
quired for its practical application. Inspired by the insight-
ful understanding of physical mechanisms in graphene-
based photodetection and by the excellent characteristics
of two-dimensional atomic membranes, many methods
have been developed to optimize the photoresponse of
graphene and graphene-like 2D materials. The methodol-
ogy mainly lies in state-of-the-art manipulation of device
geometry and materials engineering.

Methodology: Device Geometry. Device geometry
should be more pronounced in photonics and
optoelectronics based on graphene and graphene-like
2D materials where only a two-dimensional, atomically
thin sheet is applied as active photonic elements.
Indeed, recent studies have demonstrated the great
potential to modulate the photoresponse in graphene
and graphene-like 2D materials by delicate device
geometry designs which influence the photocarrier
generation, transport, and light—matter interactions.
In this part, we will discuss the dual-gate phototransistor,
suspended photodetectors, photodetectors integrated
with photonic structures of light—matter interaction
enhancement, and some other novel designs in device
geometry.

Dual-Gate Phototransistors. A phototransistor is a
photoconductor gated with a third electrode. The
additional vertical bias can be used to either open a
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band gap in bilayer graphene or control the Fermi level
in graphene-based materials and thus change the
conductive polarity and property. In terms of these
functions, dual-gates can be used to realize junctions
of areas with distinct Fermi levels or energy dispersion,
which are essential for facilitating carrier transport and
PTE effect.

In 2008, Ryzhii et al. developed a device model for
dual-gate graphene nanoribbon (GNR) photodetectors
for infrared and terahertz region light."'""" GNRs
possess an advantage that its band gap is tunable by
the width of ribbons,""? which will be specified later. A
universal back-gate voltage and a center-only top-gate
voltage were combined to obtain an energy barrier
between the center and the edge of graphene. When
source-drain voltage was applied, potential difference
would emerge and facilitate the photocarriers to trans-
port and enhance the photocurrent (Figure 4).

On the basis of calculations, they developed a
particular mode describing the relevance of photore-
sponse to ribbon width, source-drain voltage, light
intensity, and frequency. Novel mechanisms were
adopted to interpret the charge carrier transport pro-
cess under different gate bias. At room temperature,
the responsivity to the terahertz wave is expected to be
up to 250 A/W under illumination of band-gap-
matched wavelength and with source-drain bias of
5 V. Moreover, on the basis of the same structure,
they obtained this value increased up to 800 A/W at a
source-drain bias of 4 V with the graphene ribbon
replaced by bilayer graphene."'® Beyond the dual-gate
idea, they develop a multiple-gate device geometry,
which took advantage of one universal back gate and
two parallel local top electrodes. Under appropriate
bias conditions, this structure gave a p—i—n junctionin
multilayer graphene, which is different from aforemen-
tioned dual-gate induced n—p—n junction, although
these two device geometries showed comparable
responsivity.2>'"*

Dual-gate device geometry was also applied in
graphene photodetectors harnessing PTE or bolo-
metric effect, as demonstrated before.”9>%7%9 It is
worth noting that the responsivities of PTE devices
are on the scale of 107°—10"* A/W without external
bias, which are largely inferior to those photoconduc-
tors. This is not hard to understand because the
photocurrents are driven by external bias with a mono-
tonic relationship in photoconductors. Neither the PV
nor PTE effect is able to generate a built-in bias that is
comparable with the external bias applied in those
photoconductors. Thus, in graphene photoconductors,
PC effect should be dominant and most attempts to
improve their performance are launched on this principle.

Suspended Photodetectors. Suspended graphene
shows excellent intrinsic electronic, thermionic, and
other properties due to its well-conserved integrity
and less exotic influences.?® Substrates may affect the
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Figure 4. Schematic views of dual-gate GNR photodetectors: (a) side view, (b) top view, (3) device band diagrams under dark
conditions, (d) under irradiation. Circles in (c) and (d) correspond to electrons and holes. Reproduced with permission from

ref 110. Copyright 2008 The Japan Society of Applied Physics.

photocarrier behaviors in graphene and alter the
photoresponse behavior in various ways from physical
mechanism to photoresponsivity.”?>°¢ Therefore,
much attention has been paid to suspended graphene
for improved photodetection. Freitag et al. reported a
center-suspended, side-supported graphene photode-
tector, which has been introduced in a previous section
(Figure 5).% It worked based on PTE mechanism, and
under illumination of 514.5 and 476.5 nm visible light
and zero external bias condition, it presented much
higher responsivity of ~1072 A/W compared with
other PTE effect-based graphene photodetectors. The
role of the suspension played in the remarkable per-
formance improvement has yet to be studied.
Another suspended graphene photodetectors was
reported by Vikram Patil and his co-workers.’® They
used complete suspended graphene to fabricate
phototransistors and compared its performance with
devices from silica supporting graphene. They con-
cluded that the suspension of graphene made PC
effect a dominant role instead of PTE effect, and the
latter would rule the photoresponse when the sub-
strate was presented. Even so, it is worth noting that,
for all photocurrent measurements in this report, a
0.1 V source-drain bias was applied, which might
induce unexpected enhancement of PC effect. After
all, their devices gave a higher responsivity of ~0.4 A/W
to visible light of 532 nm compared with its analogue.
Prechtel et al. described an ultrafast visible light
(740 and 780 nm) response of suspended graphene
grown by a liquid-based chemical vapor deposition
(CVD) process, which is available at large scale and much
easier to process than the mechanically exfoliated one.

SUN AND CHANG

Time-resolved picosecond photocurrents of ~4 ps full
width at half-maximum were observed in freely sus-
pended graphene contacted by metal electrodes, which
was attributed to the built-in electric fields at the gra-
phene—metal interface. Moreover, PTE effect also plays a
role in the device leading to a current with a decay time
of ~130 ps.®°

Photodetectors Integrated with Photonic Structures
of Light—Matter Interaction Enhancement. One impor-
tant limitation in improving responsivity of graphene
photodetectors is the insufficient light absorption. To
increase the graphene—light interaction path seems to
be a feasible solution to this limit. This idea can be
realized through integrating graphene to a structure
which can confine light wave to a certain extent. There
are three structures with the potential function to
improve light—matter interactions in graphene: Fabry—
Perot cavity, waveguide, and plasmonic structures. A
Fabry—Perot cavity comprises two parallel reflecting
mirrors, which can trap a photon with a selective
wavelength between them for a long time. A wave-
guide is a one- or two-dimensional material in which a
wave propagates and gets totally reflected on the wall.
Thus, the wave will be restrained inside with small
energy loss. Plasmonic structure is a kind of photonic
structure where plasmon resonance happens. In this
structure, incident light energy will be concentrated
into a scale which is much smaller than wavelength,
and the optical field will get enhanced largely, as well.
Fabry—Perot cavity, waveguide, and plasmonic struc-
tures may enhance the photoresponse in graphene with
different device geometries and physical mechanisms
but with a similar device construction methodology by

VOL.8 = NO.5 = 4133-4156 = 2014 F@L@Mi{\)

WWwWW.acsnano.org

4141



3 layer
graphene

102A/W

‘

-102A/W

(©) suspended
graphene

drain /—\ / source

SiO

Figure 5. Partially suspended graphene p—n—p junctions. (a) Reflected laser light image of the device, showing the contacts,
the SiO, support, and the trench. A three-layer graphene flake is exfoliated on top of the structure as indicated by dashed
lines. (b) Spatially resolved responsivity of the graphene photodetector, measured with a wavelength 1 = 514.5 nm and back-
gate voltage Vg = 10 V. A peak responsivity on the order of 102 A/W is measured near the suspended-supported interface. (c)
Schematic of the device, showing two 1 um long supported graphene segments and the 1.5 um long suspended part. The
trench depth is 300 nm. The supported part is heavily p-doped by the substrate, while the suspended part is only lightly
doped after annealing and can be switched to n-type or p-type by a gate voltage. The p—n junction is located about 100 nm
inside the suspended part due to electrostatics. Reproduced from ref 95. Copyright 2013 American Chemical Society.

integrating graphene with other physical enhancement
elements.

Ferreira et al. developed a mode for graphene-
based photodetectors with two Fabry—Perot cavities.*’
They predicted absorption of ~100% by this device
geometry at a given frequency. The operation wave-
length 1 of most efficient devices can be adjusted by
the lengths of two cavities with them equal to 4/2 and
A/4, respectively. Moreover, Gan et al. found that
graphene can reduce the reflection of the cavity by a
factor of more than 100 as a return, making the
graphene—light interactions larger than that in device
geometry without a cavity.>® Furchi and co-workers
demonstrated a real graphene—cavity photodetector
later, as shown in Figure 6a.>° Their cavity was com-
posed of two Bragg mirrors comprising alternating
AlAs/Alg 1GagoAs and SiO,/SisN,4. Graphene was placed
between these two mirrors. Light with a wavelength of
~850 nm can be trapped in this cavity and interact
with graphene with a long path, resulting in light
absorption of >60%. The photoresponsivity at this
wavelength was enhanced remarkably compared with
other wavelengths, demonstrating a value of 21 mA/W
with an external bias of 2 V (Figure 6b). Similar enhance-
ment effect has also been reported by Engel et al.*'

The light absorption enhancement by graphene—
waveguide integrations has been studied earlier.***>
Recently, Gan et al., Pospischil et al., and Wang et al.
reported their respective photodetectors with similar
device geometry as shown in Figure 6c almost in
the mean time.***® The wave propagating in the
underneath Si waveguide was absorbed by graphene
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with dramatically elevated efficiency due to their
coupling effects. Those authors investigated the gra-
phene—wavelength interactions from different angles
and demonstrated responsivities of ~0.1 A/W with an
external bias of ~1 V under both 1550 and 2750 nm
light. Impressively stable responses over broad light
spectrum of 1310—1650 nm (Figure 6d) and operation
rate up to 20 GHz were also demonstrated in these
studies. Their studies elucidated the advantages of
these kinds of devices including high-speed, broad-
band sensing, low-energy consumption, and compat-
ibility with current technologies. They also pointed out
that there is still large space for the devices to be
optimized for higher performance in photoresponse.
The integration of graphene and plasmonic metal
nanostructures has been explored to enhance the
light—matter interaction in the reporty by Liu et al.
using plasmonic gold nanoparticle arrays (Figure 6e).*'
The near-field oscillation and scattering effects in the
gold nanoparticle arrays can trap light with selective
wavelength (450—650 nm), depending on the size and
shape of gold nanoparticles. With zero external bias,
their photodetectors showed much higher intrinsic
photoresponse than the same devices based on pure
graphene without gold nanoparticles (Figure 6f). The
maximum improvement of responsivity reached up to
1500% with a value of ~6.1 mA/W at 514 nm light.
Echtermeyer et al. also observed the improvement of
photoresponse in a similar structure with gold nano-
particles in the visible range (400—800 nm).*® They
focused mainly on the electric field enhancement of
the junction of graphene—metal by plasmonic metal
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Figure 6. (a) Schematic drawing of a graphene microcavity photodetector. Distributed Bragg mirrors form a high-finesse
optical cavity. The incident light is trapped in the cavity and passes multiple times through the graphene. The graphene sheet
is shown in red, and the metal contacts are in yellow. (b) Spectral response of the bilayer graphene device with the structure in
(a) with bias of 2 V. The dashed lines show reflection R (red), transmission T (green), and absorption A (blue). The solid lines are
responsivity of bilayer with cavity (blue) and responsivity of bilayer without cavity (blue). A strong and spectrally narrow
photoresponse is observed at the cavity resonance (855 nm wavelength). (c) Schematic of the graphene photodetector coupled
with silicon bus waveguide. (d) Broadband uniform responsivity of device (c) over a wavelength range from 1450 to 1590 nm at
zero bias. (e) Schematic of a graphene photodetector with Au particle plasmonic structure underneath. (f) Photocurrent generated
as a function of laser power. The red and black lines indicate the response of a typical device with and without Au nanoparticles,
respectively. Laser wavelength is 514 nm. Reproduced with permissions from refs 41, 46, and 50. (a,b) Copyright 2010 American

Chemical Society. (c,d) Copyright 2013 Nature Publishing Group.

structures and studied its dependence on light polarity
and structural change in plasmonic elements. More-
over, Nie and co-workers fabricated another kind of
device exploiting the plasmonic structures.*® In their
devices, the periodic ZnO nanorod array was placed
vertically on a conductive plane which served as an
electrode. The other side of the array was covered by
single-layer graphene, onto which metal was depos-
ited on the edge as the other electrode. The ZnO
actually was the light harvester, and the nanorod array
trapped light inside, thus enhancing the absorption by
ZnO. The responsivity of 113 A/W was gained under
illumination of 365 nm light with an external bias of 1V.

SUN AND CHANG

(e,f) Copyright 2011 Nature Publishing Group.

Interestingly, it was found that the rectifying feature of
this junction can be changed by light. This device is
worthy of deep investigations. As the plasmonic reso-
nance only affects the close proximity of the structure,
the extremely thin thickness of graphene can benefit
from it more than other semiconductor materials. In
another case, Shi et al. reported another plasmonic
enhancement of photocurrent in graphene* Two
gold electrodes with sub-10 nm length spacing acted
as optical antenna. Graphene was placed in this gap
to form a photodetector. Plasmon-induced photo-
current enhancement from 2 to 100 was observed
under light between 700 and 800 nm, with light
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Figure 7. (a) Main panel: three-dimensional schematic of the photodetector. Bottom right: scanning electron micrograph of
the photodetector. Scale bar: 5 mm. The spacing between the metal fingers is 1 mm, and the finger width is 250 nm. (b)
Current versus source-drain bias (Vg) with and without light illumination, at an excitation wavelength of 1.55 mm. The
difference between the colored (blue and red) and black lines (top in b) represents the photocurrent. Inset: measured external
photoresponsivity of the photodetector as a function of the source-drain bias. The colored region denotes the magnitude of
the photocurrent at an incident power of 20 dBm. The graphene band profiles (black lines, bottom in b) at V of 250 mV, 0, and
positive bias, from left to right. V equals the difference in Fermi level between the palladium- and titanium-doped graphene.
The dotted line represents the Fermi level. Reproduced with permission from ref 29. Copyright 2010 Nature Publishing Group.

polarity dependence reaching 99%. This device was far
from understood as plasmon peak frequency, polarity
dependence, and photocurrent enhancement chan-
ged from device to device.

Integrating graphene to photonic structures as
mentioned above toward photodetectors possesses
an apparent advantage: as the integrity of graphene is
well-conserved, operation speed of this kind of device
can be very high. Their performance can be improved
with the progress in the manipulation of photonic
structures and in the integration processing with gra-
phene. We also note that integrating photonic struc-
tures with graphene-like 2D materials should have
similar potential like that in graphene.

Other Designs in Device Geometry. The graphene—
metal junction providing a built-in bias plays an
important role in the photodetection process. Never-
theless, two identical metal electrodes locating two
sides of the conductive channel form a symmetric
and reverse electric field and snag the charge carriers'
extraction. Mueller and co-workers reported their work
on graphene photodetectors with asymmetric config-
uration by using titanium (Ti) and palladium (Pd) as two
electrodes.?® As the Fermi level of graphene (4.5 eV)
is between the work functions of Ti (4.33 eV) and Pd
(5.5 eV), an energy level alignment facilitating electron
transport from Pd to Ti was formed (Figure 7). Conse-
quently, this device benefited from both PC and PV
effects and gave a responsivity of 6.1 mA/W with a
source-drain bias of 0.4 V under illumination of 1.55 um
light. This device was deployed in a 10 Gbit s~ optical
data link for error-free detection of the optical bit
stream, showing a fast response speed. Hsieh et al.
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reported a so-called “optothermal” graphene photo-
detector.”® Graphene was deposited on the surface of
polarized lead zirconate titanate (PZT) substrates. The
polarization of PZT was used to replace vertical gate
bias to accumulate carriers in graphene sheets and to
control the conductivity of graphene. The polarization
of PZT can be changed by temperature, which was
changed by infrared illumination. The final output was
the conductivity change in graphene. It is apparent
that this process has nothing to do with the thermal or
optical properties (except the transparency) of gra-
phene, which only serves as a conductor. Variable
operation wavelength is also possible for this kind of
device as only the piezoelectric effect of PZT is essen-
tial. Even so, this device is a good exploration for low-
energy consumption devices and is highly implantable
to other materials and 2D materials.

Kang et al. used a layer of Al,Os to passivate the
surface of graphene in a photodetector."'® They found
that the polarity of photocurrent under ultraviolet illumi-
nation of 385 nm reversed before and after this passiva-
tion. This switch was attributed to the different doping
states of graphene in ambient and passivated environ-
ment, and the graphene—metal junction was believed to
be responsible for the photoresponse process. They did
not give the exact photoresponsivity, but it should be in
the scale of 10° A/W with an external bias of 0.1 V upon
our estimation, which is a very high value for pure
graphene devices. They also announced a carrier lifetime
of 0.5 ps, which is small enough for fast device operation
speed. Their device is very promising for both fundamen-
tal studies in pure graphene photoresponse and practical
applications in photonic and optoelectronic devices.

A N N
VOL.8 = NO.5 = 4133-4156 = 2014 A@@L%{\j

WWwWW.acsnano.org

4144



Comb-shaped metal contacts were designed to
increase the contact area of CVD monolayer MoS, with
electrodes in a phototransistor by Zhang et al.”® Due to
the large area growth of CVD MoS,, this strategy can be
easily adopted to fabricate large area devices up to
millimeter size with tens of comb-shaped metal con-
tacts. This comb-shaped metal contact was believed to
enhance the photocarrier generation, and the photo-
responses were indeed enhanced with a responsivity
of 2200 A/W under illumination of 532 nm with an
external bias of 1V, much larger than single source-
drain metal contact devices.

Methodology: Materials Engineering. Another way to
modulate the photoresponse in two-dimensional ma-
terials is materials engineering. Through controllable
materials engineering, the intrinsic electronic and op-
tical properties in graphene and graphene-like 2D
materials can be regulated, or the main disadvantages
for limiting the photoresponses can be compensated.
We will first discuss briefly the graphene-based photo-
detection from three strategies, including shaped gra-
phene, chemically doped graphene and reduced
graphene oxide, and hybrids and heterostructures
based on graphene. Then the emerging photodetec-
tion from graphene-like 2D materials will be discussed
with the most recent progress.

Shaped Graphene. The properties of graphene get
reshaped when it is scaled to nanostructures such as
nanoribbons. GNRs possess width-dependent band
gap due to the breaking of the atomic symmetry,
which is absent in pristine graphene sheets.''%'161"7
The emergence of band gap may induce enhanced
separation of photon-induced excitons, higher carrier
extraction efficiency, and more selective responses to
light wavelength, as well. Moreover, GNRs show re-
duced heat transport capability, which can be exerted
in PTE photodetectors.''® Ryzhii proposed the device
mode of long wavelength dual-gate photodetectors
based on GNR."'""! They demonstrated diverse work-
ing modes of GNR photodetectors with different gra-
phene—metal junction types and vertical gate bias.
Under illumination of band-gap-matched wavelength
and with source-drain bias of 5 V, they predicted high
photoresponsivity of ~250 A/W with a GNR with band
gap of 50 meV corresponding to a width of ~20 nm.
Chitara et al. demonstrated their real photoconductors
based on GNRs with a width of ~5 nm.""® They analyzed
their device performance through PC effect and gave a
responsivity of ~1 A/W with incident wavelength of
1550 nm and external bias of 2 V. This suppressed
responsivity, compared with the value predicted in pre-
vious reports, may be ascribed to the large band gap, lack
of gate bias, and mismatch between incident wavelength
and band gap. The reshaped thermal property of GNR has
also been applied in photodetection. Stutzel et al. fabri-
cated phototransistors based on GNR and studied its
zero external bias photoresponse.'® They tested the

SUN AND CHANG

photocurrent of devices under a laser of 633 nm and
paid more attention to the internal mechanism which
was proven to be PTE effect. The reduced heat transport
capability of GNR and dramatic Seebeck coefficient
differences between graphene and metal were believed
to be responsible for the dominance of PTE effects in their
devices. The optical properties of GNR can be further
enhanced by periodic structures due to plasmonic effects.
Freitag et al. fabricated the photoconductors based on
GNR arrays with width below incident wavelength, as
shown in Figure 8a.'2° When infrared or terahertz wave
with polarization perpendicular to the GNR axis falls on
this structure, the photons would interact with the hybrid
plasmon—phonon quasiparticles and form plasmonic
photocurrent in addition to the conventional photon-
induced electron—hole photocurrent. Under this regime,
periodic GNR structure gave a 6 times higher photocon-
ductivity than pristine graphene of the same overall
dimension, as shown in Figure 8b. Moreover, this photo-
response was proven to be dependent on and thus
tunable by vertical gate bias and ribbon width.

Zhang et al. reported another architecture of gra-
phene, which is continuous graphene quantum dots
(GQD), as shown in Figure 8c.'?' The small GQD size
down to ~7.5 nm would create a band gap due to
quantum confinement effect, and meanwhile, the
edge of these GQDs would introduce midgap state
bands which act as electron-trapping centers. The
emerging ample energy states enhanced the photo-
response of graphene film and gave a responsivity of
~8.61 A/W under light of 532 nm with external bias of
0.1 V. This value is 3 orders of magnitude higher than
the device reported based on pristine graphene. The
space to enhance photodetection performance of
graphene-based materials through architecture design
is far from exhausted, especially due to the recent
rising research on graphene plasmonics.>®> Much pro-
gress can be expected to emerge in the future. We note
that shaped graphene-like 2D materials such as shaped
MoS; nanosheets may also have a high potential in the
modulation of their photoresponses, although little
work has been done in this direction.

Chemically Doped Graphene and Reduced Graphene
Oxide. Chemical doping in graphene is an effective
method to introduce energy states into graphene and
break the symmetry of two-dimensional atomic struc-
tures. Thus, chemical doping and reduced graphene
oxide, which essentially is one kind of doping with
oxygen or hydroxyl as dopants, support great potential
in modifying electronic, optical, and thermal properties
of graphene3®'?2712% yan et al. demonstrated that
heavily doped graphene by (C,Hs);0SbClgs possessed
an impressive absorption in the infrared region up
to 40%.'%* Chang et al. and Shen et al. systematically
studied the evolution of band gap as well as optical
properties of reduced graphene oxide (RGO) with
different reduction levels, revealing a tunable band
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Figure 8. (a) Schematic of the photoconductor and measurement setup. Infrared laser light at 10.6 mm is chopped at 1.1 kHz,
and the photocurrent is analyzed by a lock-in amplifier referenced to the chopping frequency. (b) Photoconductance G
(G = Ioh/Viass Ioh is photocurrent, Vi, is the applied bias on this photoconductor) of 140 nm GNR superlattice (red spheres)
and 2D graphene (black squares) upon photoexcitation with the same laser power P = 66 mW and applied bias of —2 V.
(c) Schematic of a phototransistor based on GQD structure. (d) Time-dependent photocurrent measurements of device in
(c) under illumination of 532 nm with variable intensity. Gate bias is 0 V. Source-drain bias is 20 mV. Reproduced with permission

from refs 120 and 121. Copyright 2013 Nature Publishing Group.

gap from 0.02 to 2.2 eV for RGO.3>3® Peters and co-
workers fabricated a photodetector based on gra-
phene which is half n-doped by poly(ethylenimine)
and the other half p-doped by oxygen in ambient. The
p—n junction formed accommodated a PV effect
underlying the device photoresponse to visible light
(476, 514, and 633 nm).¥’

Nevertheless, the RGO seems to be more favorable
for the application in photodetectors, which may be
attributed to its easy processing and solution-proces-
sable characters. Chang and co-workers reported ultra-
violet (UV), visible, and near-infrared (NIR) response of
photodetectors based on few-layer reduced graphene
oxide (FRGO) in two successive works.>**> The band
gap of the RGO can be tuned from ~2.2 to ~0.5 eV by
facile annealing treatment at 150 °C from 90 to 260
min. The best device demonstrated responsivity of
~0.86 A/W to UV (370 nm) with external bias of 10 V
and ~0.7 A/W to NIR (895 nm) with external bias of 19
V, respectively. Moreover, through first-principle calcu-
lation, they delved deeply and found that oxygenous
defects which acted as the electron traps could sig-
nificantly influence and therefore regulate the photo-
responses (Figure 9). These traps would also drag the
response speed and make photocurrent slow in both
generation and decay. These effects appeared all
across the wavelength from UV to NIR. Annealing
treatment could not only adjust band gap of RGO but
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also control the trap quantity by reducing oxygenous
defects. More importantly, the atomic structure evolu-
tion and oxygenous defects could be well-controlled to
realize the external quantum efficiency for NIR up to
~97% in FRGO, which is the highest from pure gra-
phene to graphene-based derivatives.

Besides, another two works on photoconductors
based on RGO have been reported by Chitara
et al."’®'%® They used hydrazine to reduce graphene
oxide in solution and tested their response to NIR
(1550 nm) and UV (360 nm) illumination under a bias
of 2 and 1V, respectively. Responsivities of 0.04 and
0.12 A/W were separately obtained for NIR and UV. PC
effect was used to explain the photoresponse, and PTE
effect was ruled out. With the traps, the crack and
defect in graphene can induce trap states used to
improve the photon-induced exciton dissociation in
graphene. Kurra et al. used few-layer graphene and
graphite to fabricate photoconductors and measured
their response to NIR light."*® The photoresponse
behaviors of those two kinds of devices showed re-
verse polarity and distinctly manifested two different
underlying mechanisms, which are PC and PTE effect,
respectively. In particular in this report, due to the
rigorous synthesis of graphene and ambient environ-
ment where measurement was carried out, the appar-
ent photoresponse of few-layer graphene should
possess an internal link to the defect in graphene
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Figure 9. (a) Scheme for a FRGO phototransistor. (b) Responsivity versus bias for FRGO/SiO,/Si-based rigid infrared
phototransistor devices based on FRGO with different reduction times (20, 40, 90, 260 min). Incident radiation wavelength
is 895 nm; power is 14 mW/cm?. Black lines in (a) are fitted curves, Vg = 0 V. (c) TEM image showing atomic structure of
graphene oxide. Red line defines an area of highly disordered structure, and blue line defines an area of relatively ordered
structure. (d) Calculated energy band gap of FRGO versus reduction time. (e) Ips— Vg curves of 90 min FRGO phototransistors
under radiation at 370 nm and (f) 470 nm. Reproduced with permission from refs 34 and 35. (a—c) Copyright 2013 American
Chemical Society. (d-f) Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA.

structure and oxygen adsorbed on graphene surfaces
evidenced by the high D peak in the Raman spectrum.

Hybrids and Heterostructures Based on Graphene.
Considering the excellent carrier transport property of
graphene and the abundant organic or inorganic
optical materials, it is reasonable to have the idea to
combine them together and spare the light-harvesting
burden from graphene to other materials with better
and selective optical properties. Compared with elab-
orative designs in device geometry or precise litho-
graphy in graphene shape, hybridization and hetero-
structures are rather facile methods to realize graphene
photodetectors with high responsivities.

The ways to obtain hybrids based on graphene are
diversified, from chemical growth to physical deposi-
tion, even simple spin-coating and drop-casting the
additive component on graphene sheets. The appear-
ance of the exotic components not only supplies an
efficient light harvester in a photodetector but also
creates interfaces in the hybrid systems which can
enhance the separation of photon-induced excitons.

SUN AND CHANG

Forinstance, lead sulfide quantum dots (PbS QDs) are a
kind of promising light-harvesting material for its size-
dependent band gap. A series of photodetectors using
graphene sheets decorated by PbS QDs as active layers
have been reported.?>5%6770 As a representative, Sun
et al. fabricated a NIR phototransistor based on gra-
phene—PbS QDs hybrid film, with pyridine-capping
PbS QDs drop-casted on CVD-grown monolayer gra-
phene from colloid solution (Figure 10).2*> With the
high light-harvesting capability of PbS QDs and well-
conserved carrier mobility in graphene, this device
showed responsivity as high as ~107 A/W at low light
intensity of 895 nm NIR radiations with external bias of
5 V. By studying the time-resolved photocurrent, the
photoresponse dynamics was clarified. The energy
level alignment of PbS QDs and graphene was proven
to be important for the exciton separation and carrier
transfer in the QD—graphene interfaces. Both photon-
induced holes and electrons were able to transfer into
graphene but with different speed. Net electrons stay-
ing in the PbS QD layer formed an additional vertical
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Figure 10. (a) Schematic diagram of a graphene photoconductor modified with PbS QDs under light illumination. (b)
Responsivity as function of light irradiation when this photoconductor is fabricated on a PET plastic substrate. Measurement
was carried out both before and after bending the device with radium of 7 mm for 1000 times. Inset: real image of device. (c)
Responsivity of a photoconductor on a SiO,/Si substrate as functions of light irradiation. (d) Schematic diagram for charge
generation at a PbS QD/graphene heterojunction under light illumination. Reproduced with permission from ref 23.

Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA.

bias which led to photoresponse of graphene. The
photoresponse behavior was tunable through vertical
gate bias. Moreover, this device gave stable photore-
sponse on the PET plastic substrate after 1000 times
bending test, demonstrating its flexibility. Similar NIR
photodetectors with mechanically exfoliated gra-
phene and spin-coated PbS QDs have been reported
by Konstantatos and co-workers, giving even higher
responsivity.’ In another case, graphene-on-MoS,
binary heterostructures were explored as a photode-
tector and demonstrated ultrahigh photosensitivity of
5 x 108 A/W at room temperature and 1 x 10" A/W at
130 K under illumination of 635 nm with external bias
of 0.1 V! The graphene-on-MoS, heterostructures
also had gate-tunable persistent photoconductivity
because of gate-tunable charge exchange between
the graphene and MoS; layers and may be applied as a
rewritable optoelectronic switch or memory.

Another form of hybridization happened to RGO,
with either simple mixture or in situ growth of addi-
tives. Although RGO is not comparable with pristine
graphene on carrier transport capability, it possesses
the advantage of solution processability. Chang and
co-workers demonstrated the studies on in situ growth
of nanocrystals on RGO in successive reports.”®*? In
their first work, RGO was functionalized by pyrene-
butyrate to form the growth center of nanocrystals.
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Then precursors were added to grow cadmium sulfide
quantum dots (CdS QDs). Finally, obtained CdS QD—RGO
hybrid films can be used to sense UV and visible light and
applied as optoelectronic switches with high on—off
ratios. In the latter work, they functionalized RGO by
mixing ZnO QDs instead of organic molecules. Then,
based on ZnO QDs on RGO, ZnO nanorods were grown
in situ as heterostructures. Using the ZnO nanorod—RGO
hybrids, they fabricated visible—blind UV photodetectors
with better performance than ZnO QD—RGO hybrids and
pure graphene, giving responsivity of ~22.7 A/W under
370 nm illuminations and external bias of 20 V. Similar
graphene hybrids were also developed by Cao et al. using
CdS QDs and Geng et al. using CdSe QDs.>*>®

There are many possibilities to realize graphene-
based hybrids for photodetectors. A variety of attempts
have been done and reported, as listed in Table 1. It is
worth noting that, although hybridization is an effective
pathway to high-performance and selective photodetec-
tors based on graphene, it suffers from low operation
speed due to the long carrier transfer and trap times. This
kind of device may be more suitable for application
demanding more in responsivity rather than response
speed such as remote sensing of light or gas sensors
where speed is not the major concern.

Photodetection Based on Graphene-like 2D Materials. Re-
cently, there is a growing interest in photodetection
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TABLE 1. Summary of Reported Photodetectors Using Hybrids and Heterostructures Based on Graphene

graphene materials hybridized component operation length ponsivity, R (A/W) external bias (V) remarks (D, t, etc.) ref
G0 Tig910; white light — — EQE = ~1.5% 55
RGO (dSe QDs 473 nm — 2 photoconductivity = ~10% $/m 56
SLG? 0, 350—700 nm — 0.1 — 57
RGO Ti0, 300—800 nm — 5 D=23x 10" Jones t=0.1s by
RGO (dS QDs white light — — EQE = ~1.2% 59
SLG Ti0; thin film 254 nm — 0.2 t=130's (95%) 22
SLG PbS QDs white light ~28 x 10° 0.001 — 60
516, BLG PbS QDs 532 nm, 1050 nm, 1600 nm ~5 x 107 5 D=7 x 10" Jones t > 0.01 s (532 nm) 61
SLG PbS QDs 895 nm ~10 5 t=026s (80%)" 23
SLG PbS QDs 442 nm — 0.0001 — 70
SLG chlorophyll 683 nm ~10° 1 t=011s 65
SLG n™" silicon 400—900 nm 0.435 — D =769 x 10° Jones t = 0.04 s 64
516 monolayer MoS, 650 nm ~107 1 t>50s 68
SLG few-layer MoS, 635 nm 100 at 130 K5 x 10%atRT° 0.1 — 7
SLG few-layer MoS,  white light — 0.1 — 67
SLG In0 QDs 325 nm, 445 nm ~10* 0.001 t=5s 69
SLG Zn0 QDs 365 nm — 3 t=2s 63
RGO Zn0 nanorods 370 nm ~22.7 20 — 58
SLG graphite QDs 325 nm ~4 % 107 1 — 66
SLG Go white light — 0.01 — 62

“1G: single-layer graphene. ° BLG: bilayer graphene. “ RT: room temperature. ¢ Percentage of photocurrent change used to define response time.

and photodetectors based on graphene-like 2D mate-
rials, especially layered metal chalcogenides such as
MoS,, GaS, GaSe, GaTe, WS,, and their hybrids or
nanocomposites.”>8%127128  Although  graphene-
like 2D materials and graphene are very different
from the composition and properties, they all inherit
the two-dimensional quantum limit which signifi-
cantly influences the electronic transport and photo-
response.”'7378% Unlike zero gap graphene, some
layered metal chalcogenides are semiconductors with
direct or indirect band gaps and can have a mobility of
as high as 200 cm?/Vs with an on—off ratio of about
10, showing a great potential for optoelectronic
applications.'" Both photoelectric and photo-thermo-
electric effects have been found to play roles in the
photoresponses of layered metal chalcogenide na-
nosheets (see more discussions in the physical me-
chanisms part), and more work needs to be done
to clarify the physical mechanisms of photodetection
in different graphene-like 2D materials and device
geometry.”%7377#80 By carefully choosing graphene-like
2D materials and controlling the thickness, the photo-
response can be optimized in the responsivity and
response speed.

The innate band gaps of some graphene-like 2D
materials, on the other hand, bring selective photo-
response compared with the broadband response of
graphene. This feature may be an advantage in some
particular applications. Yin et al. reported their photo-
transistors based on mechanically exfoliated single-
layer MoS,.”® The phototransistors were almost blind
to light with a wavelength >673 nm, which corresponds
to the band gap of single-layer MoS, (~1.83 eV). They
showed a photocurrent generation solely dependent on

SUN AND CHANG

radiation power and could reach a photoresponsivity of
about 042 mA/W at 1 V drain voltage and 7.5 mA/W at a
gate voltage of 50 V under the illumination of 550 nm
(Figure 11a,b). The phototransistor also showed good
stability in cycling performance and had a response
speed of about 50 ms. Similar phototransistors sensing
from UV to NIR (900 nm) can be built using mechanically
exfoliated multilayer MoS, with a photoresponsivity
of about 100 mA/W, as shown by Choi et al.”* Their
performance can be further enhanced by improving the
mobility of MoS,, the contact quality, and positioning
techniques, leading to photoresponse in the 400—
680 nm range and a photoresponsivity of about 880 A/W
at a wavelength of 561 nm and a long response time of
4 577 Zhang et al. prepared phototransistors based on
CVD-grown large area single-layer MoS,.” Their photo-
responses were significantly influenced by charged im-
purities at the MoS,/substrate interfaces and adsorbents
from ambient air. The time-resolved photoresponses
were also dependent on temperature with fast switch
on—off speed at low temperature. Their CVD MoS,
phototransistors demonstrated a high photoresponsivity
of 2200 A/W under illumination of 532 nm. Lee reported a
phototransistor with a variable optical band gap depen-
dent on thickness.”® A single-layer MoS, had a band
gap of ~1.83 eV, while the energy gap decreased to
~1.65 and 1.35 eV for bilayer and trilayer MoS,,
respectively. As a result, single-layer and bilayer
MoS, were more proper for green light detection,
and trilayer showed good performance in red light
detection. Similar photodetection was also demon-
strated using multilayer WS, by Perea-Lépez et al.®'
In their report, the responses of photodetectors
were highly dependent on radiation energy for light
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Figure 11. Phototransistors and photodetectors based on two-dimensional metal chalcogenide nanosheets. (a) Optical
image of a MoS, phototransistor. (b) Photoresponse of MoS, phototransistor. (c) Atomic image of GaS nanosheets. (d) Flexible
GaS photodetector devices. (e) Photoresponses of flexible GaS photodetector. Reproduced and adapted from refs 73 and 78.
Copyright (a,b) 2012 and (c—e) 2013 American Chemical Society.

ranging between 457 and 647 nm with a responsivity
of 92 uA/W and response time of about 5 ms.
Besides MoS; and WS, other layered metal chalco-
genides like Ga-based chalcogenides including Gas,
GaSe, and GaTe have been investigated for photode-
tection applications, as well. Hu et al. fabricated highly
sensitive photodetectors based on GaS nanosheets
(Figure 11c—e).”® The reported photodetectors fabri-
cated on polyethylene terephthalate (PET) substrates
were sensitive from UV to visible light with a photo-
responsivity of 0.95 A/W for 550 nm, 1.56 A/W for
490 nm, 153 A/W for 365 nm, and 19.2 A/W for
254 nm light. The photosensitivity linearity (in dB) or
linear dynamic range (LDR, given by LDR = 20 log(/on//qark)
where I, is the photocurrent at 1 mW cm ™2 radiation)
of the devices reached 97.7 and 78.73 dB for devices on
SiO,/Si and PET, respectively. Importantly, 20 bending
cycles showed no harm to the performance of flexible
photodetectors on PET, and the response time was
acceptable at the level of 30 ms. Similar photodetec-
tors were built using few-layer GaSe nanosheets to
replace Ga$S nanosheets.”®3? The maximum responsiv-
ity of GaSe nanosheets reached 2.8 A/W, and a high
external quantum efficiency of 1367% was achieved at
254 nm. Liu et al. reported a novel photodetector based
on another kind of layered Ga-based chalcogenides,

SUN AND CHANG

GaTe nanosheets.® The GaTe nanosheets had a mo-
bility of 0.2 cm? V™' s, and the resulting photo-
detectors were proven to be very sensitive to visible
light at 532 nm with a responsivity of 10* A/W, much
higher than other metal chalcogenide photodetectors.
The response time was at the acceptable level of 6 ms.

The performance of some most promising photo-
detectors based on graphene or graphene-like 2D
materials are listed in Table 2. Pure graphene-based
photodetectors have the fastest response speed but
very low responsivity, while graphene hybrids have
highest responsivity but much lower response speed.
Pure graphene-like 2D materials have very different
responses highly dependent on the type of 2D materi-
als with the best performance having slightly higher
response speed but much lower responsivity than gra-
phene hybrids. It is worth noting that the operation
wavelengths specified in this article are the testing
wavelength used for either specific or maximum
photoresponse. Theoretically, the devices based on
graphene-like 2D materials and the devices with
graphene as conducting materials should be able to
respond to shorter wavelength. Graphene devices
with zero band gap graphene as light sensitizer may
be able to work under both longer and shorter
wavelengths.
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CONCLUSIONS AND PERSPECTIVE

Graphene and graphene-like 2D materials have
been the focus of materials science and condensed
matter physics and have revealed their glamour in
many fields including photodetection. Photodetection
based on graphene and graphene-like 2D materials
has been intensively pursued from fundamental phy-
sical mechanisms to methodologies toward improved
photoresponse. We have discussed the physical me-
chanism including photoelectric, photo-thermoelec-
tric, and photo-bolometric regimes, and one or more
regimes could be responsible for the photoresponse in
specific devices. We also carried out methodology level
discussion to maximally apply these regimes to
achieve high-quality photodetection and photodetec-
tors, including both device geometry and materials
engineering. By deliberately manipulating device geo-
metry and delicate material engineering based on the
profound understanding of the underneath device
physics and the physical properties of 2D materials,
the target to tune the photoresponse for high-perfor-
mance photodetectors is approached. Many achieve-
ments have been made in ultrahigh photoresponsivity
or ultrafast response speed, although it is still a chal-
lenge to have them both in a single device. The highest
photoresponsivity obtained in graphene-based photo-
detectors is ~10"—10% A/W at room temperature and
~10"" A/W at low temperature,”’ and the ultrafast
devices can be realized with a frequency as high as
500 GHz in theory.”®

However, the large-scale, practical applications of
graphene and graphene-like 2D materials in photode-
tection and photodetectors still have a long way to go.
First, to fully exploit the extraordinary properties of
graphene and graphene-like 2D materials, both dis-
covered and undiscovered, is still a big challenge. As
mentioned above, there are three or more underlying
mechanisms in their photoresponse. More works are
necessary to completely understand the dominating
physical mechanism in various conditions and to
achieve maximum performance both in photorespon-
sivity and response speed by device geometry tailoring
and materials engineering. To achieve best response
speed, photoelectric effect is the most favorable re-
gime and PTE and photo-bolometric effects need to be
suppressed. Device geometry and material modifica-
tions designed to improve the photoresponse should
be selected carefully to keep the integrity of 2D
materials. Severe destruction or induced defects in
2D materials will degrade the carrier mobility and the
response speed. Furthermore, some newly discovered
properties in graphene and graphene-like 2D materials
may provide new solutions in photodetection. For
example, unique properties of Dirac plasmons have
been discovered in graphene recently.>*'?*~'! The
plasmons in graphene can have a wavelength on the
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order of 200 nm and can be tuned by electrostatic/
chemical doping or shaping it to be micro/nanoribbon
arrays in the broad terahertz frequency range.'*'’
Graphene plasmons with strong optical field confine-
ment therefore can facilitate strong light—matter inter-
actions, which may have a great potential to compensate
the weak light absorption in graphene.

Second, coupling photonic structures with gra-
phene has been proven to be a promising idea. Unlike
other processing by chemical doping or hybrids, direct
coupling of photonic structures with graphene keeps
the intrinsic properties of graphene and improves the
photoresponse without degradation in some desired
performance such as ultrafast response speed. We note
that there is still much room for improvement in
materials engineering to achieve acceptable fast re-
sponse speeds with ultrahigh photoresponsivity.

Third, it is very promising to explore the photode-
tection potential in other 2D materials beyond gra-
phene and the heterostructures between them and
graphene. Inspired by the roaring studies in graphene,
many two-dimensional crystals other than graphene,
such as metal chalcogenide nanosheets, are under
intense study.''~'7""*? Some metal chalcogenides are
semiconductors with the band gap dependent on its
layer numbers and has more light absorption for
specific wavelength and better wavelength selectivity
than graphene. Pure metal chalcogenide nanosheets
have shown a much higher photoresponsivity than pure
graphene and have an acceptable response speed.”*~%
The heterostructures between metal chalcogenides and
graphene have further demonstrated strong light—mat-
ter interactions.'®”'?® More possibilities remain in not
only photodetection but also solar energy conversion
considering many unexplored semiconductor two-di-
mensional crystals and graphene nanocomposites.'?®
Two-dimensional oxide, hydroxide, carbide, and nitride
crystals are receiving more attention. Also, van der Waals
heterostructures based on graphene and graphene-like
2D crystals, or based on different graphene-like 2D
crystals, will be more closely investigated.'#”'?%'43 Both
photovoltaic, photo-electrochemical, and photocatalytic
applications are envisioned.'?®

Finally, we would like to mention that, beyond
photonics and optoelectronics, the methodology de-
veloped here may also have great potentials in other
fields like electronics, mechanical devices, electro-
chemistry, and biological applications.'**~'** Device
geometry design and materials engineering are also
two of the most important parameters for applications
of 2D materials in the fields beyond photonics and
optoelectronics. We believe that the emergence and
maturity of 2D materials and 2D POE will inspire new
insight into modern industry and find the way to large-
scale applications.
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