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CONSPECTUS: Since the beginning of 2014, phosphorene, a
monolayer or few-layer of black phosphorus, has been
rediscovered as a two-dimensional (2D) thin film, revealing
a plethora of properties different from the bulk material
studied so far. Similar to graphene and transition metal
dichalcogenides (TMDs), phosphorene is also a layered
material that can be exfoliated to yield individual layers. It is
one of the few monoelemental 2D crystals and the only one,
besides graphene, known to be stable in monolayer, few layer,
and bulk form. Recently the intensified research in
phosphorene is motivated not only by the study of its
fundamental physical properties in the 2D regime, such as
tunable bandgap and anisotropic behavior, but also by the high
carrier mobility and good on/off ratio of phosphorene-based device prototypes, making it a potential alternative for next
generation nanooptoelectronics and nanophotonics applications in the “post-graphene age”
The electronic bandgap of phosphorene changes from 0.3 eV in the bulk to 2.1 eV in monolayer. Thus, phosphorene exhibits
strong light−matter interactions in the visible and infrared (IR) frequencies. In this Account, we present the progress on
understanding the various interactions between light and phosphorene, giving insight into the mechanism of these interactions
and the respective applications. We begin by discussing the fundamental optical properties of phosphorene, using theoretical
calculations to depict the layer-dependent electronic band structures and anisotropic optical properties. Many-body effects in
phosphorene, including excitons and trions and their binding energies and dynamics are reviewed as observed in experiments.
For phosphorene, the fast degradation in ambient condition, caused by photoinduced oxidation, is considered as a longstanding
challenge. In contrast, oxidation can be used to engineer the band structure of phosphorene and, in parallel, its optical properties.
Based on the strong light−matter interactions, we introduce a controllable method to directly oxidize phosphorene by laser
techniques. With the oxidization induced by laser scanning, localized bandgap engineering can be achieved and microphotonics
are demonstrated on the oxidized phosphorene.
Finally, we will present a brief discussion on the realization of phosphorene-based building blocks of optoelectronic devices.
Naturally, the strong light−matter interactions in phosphorene could enable efficient photoelectric conversion in optoelectronic
devices. We will describe high performance photodetectors based on phosphorene, and the working mechanism of those devices
will be introduced. The photovoltaic effect could also be exhibited in phosphorene. This indicates the pervasive potential of
phosphorene in nanooptoelectronics.

■ INTRODUCTION

Around 100 years ago, black phosphorus was successfully
synthesized in the bulk form.1 It is the most stable allotrope of
phosphorus. Similar to graphite, black phosphorus is also a
monotypic van der Waals layered crystal. Following the great
upsurge in the research of 2D materials, black phosphorus in 2D
form was recently revitalized and termed as phosphorene.2−10

Due to the van der Waals layered structure, phosphorene can be
readily produced by mechanical exfoliation. Different from
graphene, which has zero bandgap, phosphorene has been found

to have tunable direct bandgap. It was also demonstrated to
present both high carrier mobility and high on/off ratio.2

Its thickness-dependent direct electronic bandgap makes
phosphorene promising for nanophotonics and optoelec-
tronics.8,11−15 The performance of optoelectronic devices is
significantly affected by factors such as light absorbance,
photocarrier excitation, relaxation and separation, free carrier
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diffusion, trapping/detrapping, and recombination.16−18 All
these are directly enabled, incidentally facilitated, or indirectly
affected by light−matter interactions. Therefore, deep insight
into light−matter interactions in phosphorene is desirable for the
optimization of optoelectronic devices. In this Account, we
discuss our recent efforts on the investigation of optical
properties and photoelectrical properties of phosphorene. The
discussion spans from fundamental theoretical calculations to
experimental observations and devices. This Account is not
meant to be a comprehensive review but is focused on discussing
the unique optical features of phosphorene, such as tunable
direct bandgap, quasi-1D excitons, anisotropic luminescence,
and vibrational properties.

■ ELECTRONIC BAND STRUCTURE

Black phosphorus has a puckered orthorhombic lattice structure
obeying the D2h

18 space group symmetry. The interlayer spacing
between two single-layers is 0.53 nm (Figure 1a). The unit cell
contains four atoms with two symmetry-inequivalent P−P bonds
(Figure 1a,b). Each phosphorus atom connects to three
neighboring atoms.
The interesting optical properties of 2D semiconductors arise

from the electronic structure and dispersion of the electronic
states at the 2D limit. The calculated electronic band structures of
phosphorene with different thickness are shown in Figure 1c.
Different from the indirect to direct bandgap transition in
transition metal dichalcogenides (TMDs) from bulk to
monolayer, the bandgap of phosphorene remains direct for any
number of layers. However, the conduction band minimum
(CBM) and valence band maximum (VBM) coincide at the Z
point in bulk black phosphorus, but they shift to the Γ point

when the thickness is reduced to few layer and monolayer.
Remarkably, the valence band top of the monolayer phosphor-
ene is very flat. Possibly the VBMmight even be slightly off the Γ
point.19 But the monolayer phosphorene is still approximately
considered as direct bandgap since the separation between the
VBM and Γ point is less than 10 meV.20 The theoretical
evolution of the bandgap according to the layer numbers is
shown in Figure 1d. The estimated bandgap of the phosphorene
varies from around 2.0 eV in monolayer to around 0.3 eV in bulk,
consistent with the experimental results. Liang et al. measured a
bandgap of 2.05 eV for phosphorene monolayer through
scanning tunneling microscope (STM) characterization,21 and
Xia et al. estimated the bandgap of bulk black phosphorus to be
∼0.3 eV from the infrared relative extinction spectra.8 The range
of the tunable bandgap makes phosphorene present photo-
response covering the visible to IR spectral regime (Figure 2a).
This fills the void of the 2D materials where graphene has zero
bandgap22,23 and group VI TMDs mostly show response in the
visible spectrum.24 In addition, changes in the local geometry
such as tensile and compressive strain and curvature could be
employed to further modify the band structure of phosphor-
ene,5,25−27 for example, inducing a metal−semiconductor
transition (Figure 2b). As a result, phosphorene’s interaction
with light can cover a very broad spectral range.
As a consequence of its puckered orthorhombic lattice

structure with the D2h symmetry, phosphorene exhibits in-
plane anisotropy.6,8,28 The difference the effective mass of
carriers along the zigzag direction (y) is ∼10 times heavier than
that along the armchair direction (x).10,29 At the optical aspect,
the anisotropy is determined by the optical selection rules. The
occurrence of the optical transition relates to the momentum

Figure 1. Crystal structure of phosphorene, (a) few-layer and (b) monolayer. (c) Calculated electronic band structures of phosphorene with different
thicknesses. (d) The evolution of the electronic band gap as a function of layer number, calculated by different methods. Panel a adapted with permission
from ref 15. Copyright 2016 John Wiley and Sons Panel b adapted with permission from ref 5. Copyright 2014 American Physical Society. Panel c
adapted with permission from ref 56. Copyright 2014 American Physical Society. Panel d reprinted with permission from ref 20. Copyright 2014
American Physical Society.
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operator, px̂/y.
19 In phosphorene monolayer, the px̂ matrix

element between VBM and CBM is finite, allowing electronic
transitions, while the p ̂y matrix element is zero so that transitions
with y-polarization are forbidden by symmetry.30 The anisotropy
of the absorption coefficient, as found by theoretical calculations,
highlights how markedly it depends on the polarization angle
(Figure 2c). The calculation result agrees well with the
experimentally measured extinction spectra, which include
information on both light absorption and reflection of a
phosphorene sample. Since the anisotropy of the optical
properties is very significant, it can be used to determine the
crystallographic axes.

■ EXCITONIC EFFECTS
The evolution of the electronic band structure and induced
optical property in phosphorene has been monitored by
collection of the excitonic emissions using photoluminescence
(PL) spectroscopy. The normalized PL spectra of phosphorene
with varying thickness are shown in Figure 3a. The significant
blue-shift of the peak position clearly indicates the widening of
the bandgap with decreasing thickness. The broadness arises
from the synergy of the quantum confinement effect and the
interactions between the layers.20,31 In addition to the peak shift,
the PL intensity is also observed to significantly increase with
decreasing layer numbers.32 The enhancement is due to the
decreasing of the density of states at the valley extrema. They can
increase the relaxation rates of carriers and lower the internal
quantum efficiency.

The optical gap, Eopt, can be estimated from the PL peak
position. Accordingly, the Eopt of phosphorene with thickness
frommonolayer to five layers are∼1.75,∼1.29,∼0.97,∼0.84 and
∼0.80 eV, respectively. The spectra are collected on the
mechanically exfoliated samples on SiO2/Si substrate. These
experimental values can be described well by a power law
formula, Eopt = 1.486/N0.686 + 0.295, where N is the number of
layers (Figure 3b). The variation trend of the optical gap as a
function of layer numbers is consistent with the theoretical
prediction.6,20 However, the obtained values of the optical gaps
are smaller than the electronic bandgaps (Eg).

20,21 This is caused
by the exciton binding energy (Eb) in phosphorene. Eb can be
calculated from the difference between Eg and Eopt, as illustrated
by the schematic in the inset of Figure 3b,d. By employing the
experimentally measured Eg of ∼2.05 eV for phosphorene
monolayer, the Eb of phosphorene monolayer can be estimated
to be ∼0.3 eV, which is well consistent with the theoretical
prediction, taking into account that dielectric substrate, capping
layer, and contacts, if present, provide increased screening,
reducing Eb (Figure 3c). Due to the strong quantum confinement
effect, the isolated phosphorene monolayer is predicted to have a
large Eb of 0.76 eV using the numerical calculation methods.28

The large value of Eb indicates the high stability of excitons in
phosphorene. It arises from the strong confinement of electrons
and holes and the reduced screening of the Coulomb interaction.
Consequently, the optical properties of phosphorene are
dominated by excitons. Furthermore, Eb of phosphorene could
be further increased when subjected to a uniaxial transverse strain
(Figure 3e). It is predicted to be as high as 0.87 eV for 5% strain.
This value is even comparable to the quasiparticle bandgap of
phosphorene and is the highest among 2D materials (Figure 3f).
The quantum confinement effect and reduced dielectric

screening in 2D systems lead to carrier Coulomb interactions.
This is the main reason for the tightly bound exciton while it can
also lead to higher-order excitonic states, for example, charged
excitons (termed trions). A trion consists of two electrons
(holes) and one hole (electron). After the observation of strongly
bound trions in 2D TMDs, there is fast growing interest in the
investigation of trions for fundamental studies of many-body
interactions, spin manipulation, carrier multiplication, etc.33−35

The many-body bound trion state arises from the interaction of
an exciton with a free carrier. By controlling the doping level, the
density of trions can be modulated. Electrostatic modulation and
photocarrier injection have been demonstrated as effective
methods to modulate the trions.36,37 Based on a FET device, the
exciton charging effects in phosphorene trilayer can be gradually
tuned from positive to neutral through changing the gate voltage,
as monitored by the PL spectra (Figure 4a). The relative intensity
of the exciton emission (∼1100 nm) and the trion emission
(∼1300 nm) is sensitive to the applied gate voltage. When
negative gate bias is applied, positive charges are injected into
phosphorene. In doing so, trion emission dominates the PL
emission. In contrast, trion emission becomes weaker when
positive gate bias is applied. The optical tunability of trions has
been demonstrated in phosphorene monolayer.37 The binding
energy of trion can be approximately estimated from the energy
difference of exciton and trion. The difference represents the
minimum energy required to remove an electron (hole) from a
negative (positive) trion.38 Therefore, the binding energies of
trion in phosphorene monolayer and trilayer are measured to be
∼100 and ∼160 meV, respectively. These values are much larger
than those measured at other 2D systems such as the quantum

Figure 2. (a) Spectral response range of the band gaps of various types of
2D materials. (b) Band gap versus the height h (corresponds to the
applied strain) for phosphorene. The original layer thickness is 2h0. (c)
(left) Predicted angle-dependent absorption coefficientA(α), where α is
the light polarization angle; (right) experimental measured angle-
dependent extinction spectra. Panel b adapted with permission from ref
5. Copyright 2014 American Physical Society. Panel c adapted with
permission from ref 56. Copyright 2014 American Physical Society.
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wells and TMDs and are comparable to the trions in 1D systems
such as carbon nanotubes.39

The high amplitude of the trion binding energy in
phosphorene arises from its anisotropic nature. The excitons
and trions are predicted to be confined in a quasi-1D space in
phosphorene. The quasi-1D characteristics can be validated by
detection of completely linearly polarized exciton and trion
emissions by angle-resolved PL spectroscopy. The diagram of the
setup is shown in Figure 4b. First, the PL intensity depends on
the polarization of the excitation light (θ1) (Figure 4c). This is
due to the anisotropic absorption of phosphorene. If a certain
polarization direction is fixed, the emissions from excitons and
trions are observed to be completely linearly polarized along the
armchair direction (Figure 4d,e).

■ PLASMONS

Plasmons are collective excitations of a system, characterized by
zeros of the real part of the dielectric constant. Plasmons have
been studied in undoped40 and doped41 phosphorene. In doped
phosphorene, both intraband and interband transitions are
possible. As a result, the real part of the components of the
permittivity tensor have opposite signs in a certain frequency
range. Such material is termed hyperbolic, because of the
hyperboloid topology of the dispersion relation in k-space.
Therefore, plasmons in that frequency range propagate as a
localized beam along the direction defined by the ratio of the
imaginary parts of the optical conductivity. Manifestation of the
hyperbolic regime may be inhibited by nonlocality.

■ VIBRATIONAL PROPERTIES

The phonon modes at the Γ point in phosphorene belong to the
representation 2Ag + B1g + B2g + 2B3g + Au + 2B1u + 2B2u + B3u.
Among these modes, B1u, B2u, and B3u are acoustic modes and all
the rest even parity modes are Raman active modes.42 Generally,
three prominent Raman peaks at around ∼362.3, 438.9, and
467.3 cm−1, ascribed to the irreducible representations of Ag

1,
B2g, and Ag

2 phonon modes,15 respectively, can be observed in
the Raman spectrum (Figure 5a). The vibration of the Ag

1, B2g,
and Ag

2 modes oscillate along the z, y, and x directions,
respectively (Figure 5b). Different from TMDs, the Raman
spectra are not usually regarded as the unambiguous signature of
layer number of phosphorene since the frequency of the phonon
modes is not significantly dependent on the layer number.43

Especially, the shifts of Ag
1 and B2g are negligible (<1 cm−1).44

This is consistent with the theoretical prediction that the
variation of the lattice parameter along the y direction with the
layer number is insignificant.6 The broadening of the width of the
Raman peaks is observed in phosphorene few-layers with the
decreasing of the layer number. It reaches the maximum at
trilayer and shrinks back at the monolayer. This is due to the
larger number of P atoms at the primitive cell in phosphorene
few-layers where the primitive cells consist of 4n atoms. It is
larger than the four-atom primitive cell of phosphorene
monolayer and bulk. The large number of atoms in a unit cell
can induce Davydov splitting and give rise to the broadening of
the photon modes.44

Figure 3. (a) Normalized PL spectra of phosphorene with varying thickness. (b) Eopt as a function of layer number. Inset shows the schematic illustration
of the electronic band gap and exciton binding energy. (c) Exciton binding energy as a function of dielectric constant, κ. (d) Energy diagram of the band
gap, binding energy (EBE), and photon energy (EL). (e, f) Emitted photon energy and exciton binding energy as a function of strain, εz. Panels a and b
adapted with permission from ref 37. Copyright 2015 Nature Publishing Group. Panel c adapted with permission from ref 28. Copyright 2014 American
Physical Society. Panels d−f adapted with permission from ref 57. Copyright 2015 American Physical Society.
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Despite of the fact that the Raman peaks do not show very
significant dependence on the layer number, their intensity
exhibits strong dependence on the polarization angle (Figure 5c)
due to anisotropy of phosphorene. Peak intensities of B2g and Ag

2

display opposite variation with changes in the polarization angle,
and the angular period is 180° (Figure 5d). However, the
intensity of Ag

1 is not sensitive to the angle.14,32 Since the
vibration of Ag

1 is out-of-plane, it does not vary with the laser

Figure 4. (a) Gate tunability of excitons and trions in phosphorene trilayer. (b) Schematic illustration of the setup used for polarization dependent PL
measurement. (c) Intensity of trion emission as a function of excitation polarization. Intensity of (d) trion and (e) exciton emission as a function of
emission polarization. Adapted with permission from ref 36. Copyright 2016 American Chemical Society.

Figure 5. (a) Raman spectrum of a typical phosphorene sample. (b) Schematic illustration of the vibration modes. (c) Raman spectra of a phosphorene
sample collected at different polarization angles. (d) Intensities of the Raman peaks as a function of polarization angle. (e) Determination of crystalline
orientation via polarization-dependent Raman spectra. Panel a adapted with permission from ref 15. Copyright 2016 John Wiley and Sons. Panels b−e
adapted with permission from ref 32. Copyright 2014 American Chemical Society.
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polarization. When the laser polarization is parallel to the
armchair direction along which the Ag

2 mode oscillates, the
intensity of Ag

2 reaches its maximum.When the laser polarization
is parallel to the zigzag direction along which the B2g mode
oscillates, the intensity of B2g reaches its maximum. Accordingly,
polarization-resolved Raman spectroscopy can be used as a fast
and precise way to determine the crystalline orientation of
phosphorene (Figure 5e).

■ DEFECT ENGINEERING
Defects can introduce extra electronic states in the bandgap thus
significantly influencing the carrier transfer in the material and
render different light−matter interactions. Therefore, deep
insight into the functionalities and precise control of the defects
provides the possibility of manipulating light−matter inter-
actions in 2D semiconductors. Since the degradation of
phosphorene is mainly caused by surface reactions with oxygen,
oxygen chemisorption/physisorption is predicted to be the
fundamental cause of neutral and electrically active defects in
phosphorene.45 When the phosphorene is subjected to oxygen
plasma or light pumping, where the oxygen source is more active
than its ground state, bridge-type (including horizontal and
diagonal bridges (Figure 6a,b) surface oxygen defects would be

generated. These defect states are predicted to serve as
recombination centers to generate photon emissions.45 Oxygen
plasma etching provides more reactive conditions where oxygen
defects might be introduced and controlled in phosphorene.46 By
carefully controlling the oxygen flow rate, plasma generation
power, and etching time, high-quality phosphorene monolayer
can be fabricated. It presents higher PL intensity than the
exfoliated monolayer due to the well-protected surface by a stable
PxOy layer (Figure 6c). The PL peak at 750 nm is ascribed to
trion emission.37 When the phosphorene monolayer is over
etched with oxygen plasma, two strong PL peaks can be observed
at 780 and 915 nm, respectively. The spectrum is fitted by two
Gaussian curves (P1 and P2). The integrated intensities of both P1
and P2 increase sublinearly with increasing excitation power. This
indicates that these two peaks arise from the emissions from
excitons localized onto the oxygen defects. As indicated by
calculated energy diagrams shown in Figure 6a,b, P1 and P2 can
be attributed to the emissions from excitons bonded to
horizontal and diagonal bridge oxygen defects, respectively. In
addition, the broad width of the peaks indicates that there might
be contributions from other kinds of defects such as dangling
oxygen, interstitial oxygen, physisorbed oxygen, water, etc.45

Remarkably, the intensity of P1 and P2 can be tuned by applying
electrical gate (Figure 6d). The PL intensity increases when the
gate voltage is swept from 50 to −50 V. This indicates the initial
n-type behavior of the phosphorene monolayer with oxygen
defects. Given the p-type behavior of the pristine phosphorene,
oxygen defect engineering can be employed as effective way to
convert the doping behavior in phosphorene. Aside from using
oxygen plasma, oxygen defects can also be introduced to
phosphorene by engineering the substrate. By transfer of
monolayer phosphorene onto plasma-enhanced chemical vapor
deposition (PECVD)-fabricated SiOx substrate, interfacial
luminescent local states are formed. They can capture free
excitons in phosphorene to generate 0D-like localized excitons,
resulting in efficient photon emission at ∼920 nm.47 The
quantum yield of localized excitons is calculated to be 33.6 times
larger than that of free excitons.

■ BANDGAP ENGINEERING VIA OXIDATION
Given the tendency to oxidize, the properties of phosphorene
degrade significantly even within half an hour after prepara-
tion.48−50 The tendency toward oxidation is caused by the
electron lone pairs at the surface of phosphorene, which can work
as a preferred site to bond to oxygen atoms.45 To weaken the
influence of the oxidation, researchers dedicated 2 years of effort
to understand the mechanisms of the oxidation and ultimately
prevent it.51 Instead of fighting the oxidation as a detriment, a
controlled oxidation process can lead to a protective layer to
preserve the phosphorene underneath or a functional material of
its own.52,53 The bandgaps of phosphorene oxides (P4On)
strongly depend on the oxygen concentration. This makes it
feasible to engineer the bandgap of phosphorene by oxidation.
The wide range of the tunable bandgap extends the spectral
regime of the light−matter interactions in phosphorene from
visible to deep UV. Each P4On with certain oxygen concentration
has two distinctive classes of 2D planar (p-P4On) and 1D tubular
(t-P4On) forms. Considering the large surface area of the 2D
phosphorene, surface form (s-P4On) is also identified. The crystal
structures of representative suboxides are shown in Figure 7a.
The electronic band structure of phosphorene significantly
changes with the degree of oxidation. The bandgap of p-P4On is
predicted to monotonically increase with oxygen concentration

Figure 6. (a) Diagonal and (b) horizontal oxygen bridge. From left to
right, projections of structure, electronic structure, and DOS. (c) PL
spectra of (1) exfoliated phosphorene monolayer, (2) phosphorene
monolayer fabricated by oxygen plasma etching, and (3) phosphorene
monolayer with over etching. Inset shows the schematic illustration of
the diagonal and horizontal oxygen bridge defects. (d) PL spectral of
sample 3 under different gate voltages. Panels a and b adapted with
permission from ref 45. Copyright 2015 American Physical Society.
Panels c and d adapted with permission from ref 46. Copyright 2016
Nature Publishing Group.
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(Figure 7b). It changes from∼0.9 eV (n = 1) to∼5.5 eV (n = 10)
under the PBEsol calculationmethod. Similarly, the bandgap of t-
P4On is also predicted to increase with oxygen concentration.
The broadening of the bandgap arises from the increase of the
ionic character of the bonds and the induced localization of wave
function.45 From the calculations, the energy difference between
p-P4On and t-P4On is small (<0.1 eV per O atom). Therefore,
both forms will coexist under normal oxidizing conditions.
Ordered and amorphous domains might be formed depending

on the fabrication process. Light−matter interactions enabled by
lasers with high power intensity would trigger complex and
interesting phenomena, such as photodestruction or modifica-
tion, photochemical reaction, or photo-oxidation. A photo-
oxidation technique based on a focused laser beam has been
devised to controllably fabricate phosphorene suboxides.53 Upon
this technique, suboxides can be locally created on the
phosphorene with well-defined micropatterns (Figure 7d). The
bandgap of the suboxides could be flexibly engineered from∼2.3

Figure 7. (a) Crystal structures of different forms of phosphorene oxides. (b) Calculated bandgap using different methods as a function of oxygen
concentration. (c) Bandgap as a function of laser power (experimental result) and oxygen concentration (theoretical calculation). Inset shows the
“calibration”map of oxygen concentration as a function of laser power. (d) Optical and (e) fluorescent images of the phosphorene oxides. Panels a and b
adapted with permission from ref 58. Copyright 2015 American Physical Society. Panels c−e adapted with permission from ref 53. Copyright 2014
American Chemical Society.

Figure 8. (a) Photoresponse of phosphorene device to light with wavelength of 550 nm. (b) Photoresponsivity as a function of incident photon energy,
measured atVg =−80 V and Vsd = 0.1 V. (c) Band structure of phosphorene. Band nesting is indicated by arrow. (d) Optical image and (e) photocurrent
map of a phosphorene−phosphorene suboxide device. Left part of the phosphorene film is converted into phosphorene suboxide by a scanning focused
laser beam. (f) (left) Photoresponse of phosphorene−phosphorene suboxide device to light with wavelength of 532 nm at a bias of 0.05 and 0 V; (right)
photogenerated voltage. Panels a−c adapted with permission from ref 14. Copyright 2015 American Chemical Society. Panel d−f adapted with
permission from ref 15. Copyright 2016 John Wiley and Sons.
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to ∼5.1 eV by controlling the laser power, consistent with the
theoretical calculations (Figure 7c). The fabricated suboxides are
observed to be photoactive in the visible regime and present
fluorescence emissions (Figure 7e).

■ OPTOELECTRONIC DEVICES

Photoelectrical conversion is generally considered as the basis of
the optoelectronic devices. Invariably, the strong light−matter
interactions presented in phosphorene confer the flexibility of
photoelectrical energy conversions. Next generation optoelec-
tronic devices have special demands, transparency, lightweight,
wearability, etc. Two-dimensional phosphorene can readily
satisfy such requirements due to its transparency, mechanical
flexibility, and other advantages for device integration. An
optoelectronic device is normally used to detect or generate light.
For light detection, generation of photocurrent upon photo-
electrical conversion renders the operation of a photodetector.
The tunable direct bandgap of phosphorene makes it a promising
building block of a photodetector with multispectral response
from UV to NIR regime. The photodetector based on
phosphorene presents very fast response under the irradiation
of visible light (550 nm) (Figure 8a). The photoresponsivity is
calculated to be ∼1.82 A W−1. The performance of the device
improves for detecting UV light. The photoresponsivity
increases with the photon energy and reaches its maximum of
∼175 A W−1 at a bias of 0.1 V (Figure 8b). It can be even
increased to ∼9 × 104 A W−1 at higher bias of 3 V. This is 4-fold
higher than that in the visible and NIR regime, offering
phosphorene potential as a UV detector. Another important
parameter, specific detectivity, is calculated to be∼3× 1013 Jones
[cm Hz1/2W−1]. It is comparable to other higher performance
UV detectors.54,55 The high responsivity in the UV regime arises
from the large absorption of the UV light caused by the band
nesting (Figure 8c), that is, the existence of a region in the band
structure where the conduction band and the valence band are
parallel, which have a diverging optical conductivity. The
photogenerated electrons and holes at the band nesting present
velocities with same amplitude but opposite direction. Thus, the
electron−hole pairs prefer to separate and generate higher
photocurrent.
Optoelectronic devices based on photovoltaic effect are

operated by the photoelectrical conversion realized in built-in
electric fields, for example, in p−n junctions. Electrostatically
doping by local gate has been developed to introduce a p−n
junction in phosphorene with the aim to increase the
photoresponse. However, the complexity of the fabrication of
local gate electrodes is viewed as an impediment for applications.
Alternatively, connection of phosphorene with phosphorene
oxides could also form a functional junction with the capacity to
induce a built-in electric field. As described above, a scanning
focused laser beam can be used locally to create phosphorene
oxides/suboxides on the phosphorene, thus creating a functional
junction in situ (Figure 8d), which has higher response to light
(maximum photocurrent) than the original phosphorene (Figure
8e). Moreover, “photovoltaic-like” behavior is shown by the
junction. Under the irradiation of light with power of 4.2 mW, the
photogenerated voltage and output short-circuit current are
measured to be ∼20 mV and ∼10 μA, respectively (Figure 8f).

■ CONCLUSIONS AND PROSPECTS

Light−matter interactions are generally considered as the basis of
optoelectronics in condensed matter physics. While overviewing

the optical and photoelectrical properties of phosphorene, we
focused on three main aspects to provide a concise account to
describe the concepts where the light−matter interactions could
be triggered, observed, and implemented. First, the structure of
phosphorene renders anisotropic fundamental optical phenom-
ena. The tunable direct bandgap extends the spectral range of the
photoresponse. Strong excitonic effects have potential applica-
tion for light emissions. Simultaneously, we discussed how
optical properties of phosphorene can be modified by oxidation.
Oxygen chemisorption/physisorption is predicted to be one
source of defects with bandgap states in phosphorene. These
states may provide the possibility to manipulate the light−matter
interactions in phosphorene. On the other hand, controllable
oxidation of phosphorene could be realized by a special way of
light−matter interaction. That is based on the photochemical
reaction induced by pruning phosphorene using a focused laser
beam. Thus, one can engineer the bandgap of phosphorene by
controlling the degree of oxidation. Finally, the strong light−
matter interactions give rise to the implementation in
optoelectronics. Especially, the anisotropy makes phosphorene
more versatile in light generation, manipulation, and detection.
The fast degradation in ambient conditions is the main

bottleneck of using phosphorene in practical applications at
present. Therefore, suitable encapsulation is desired. Encourag-
ing results have been demonstrated from the encapsulations by
deposition of insulating materials of Al2O3, PMMA, and BN on
phosphorene to isolate oxygen and water. In addition, in situ
oxidation of the top layers can work as the protective layer of the
underneath phosphorene. Until now, many interesting research
activities demonstrate novel optical properties and promising
potential for phosphorene in optoelectronics, but most of the
studies on the light−matter interactions in phosphorene are still
in infancy, and many of its capacities may still be untapped. For
example, the strong light−matter interactions and anisotropy
may lead to the interesting studies of plasmons and polaritons.
Furthermore, transdisciplinary collaboration is required to access
the applications of phosphorene in different scientific fields.
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Walther, M.; Ambacher, O. AlGaN ultraviolet A and ultraviolet C
photodetectors with very high specific detectivity D*. Jpn. J. Appl. Phys.
2013, 52, 08JB28.
(56) Low, T.; Rodin, A. S.; Carvalho, A.; Jiang, Y.; Wang, H.; Xia, F.;
Castro Neto, A. H. Tunable optical properties of multilayer black
phosphorus thin films. Phys. Rev. B: Condens. Matter Mater. Phys. 2014,
90, 075434.
(57) Seixas, L.; Rodin, A. S.; Carvalho, A.; Castro Neto, A. H. Exciton
binding energies and luminescence of phosphorene under pressure.
Phys. Rev. B: Condens. Matter Mater. Phys. 2015, 91, 115437.
(58) Ziletti, A.; Carvalho, A.; Trevisanutto, P. E.; Campbell, D. K.;
Coker, D. F.; Castro Neto, A. H. Phosphorene oxides: Bandgap
engineering of phosphorene by oxidation. Phys. Rev. B: Condens. Matter
Mater. Phys. 2015, 91, 085407.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.6b00266
Acc. Chem. Res. XXXX, XXX, XXX−XXX

J

http://dx.doi.org/10.1021/acs.accounts.6b00266

