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ABSTRACT

Unceasing efforts have been devoted to photonics based on black phosphorus ever since it came under the spotlight of two-dimensional
materials research six years ago. The direct bandgap of black phosphorus is tunable by layer number, vertical electric field, and chemical dop-
ing, covering a broad spectrum for efficient light manipulation. The optical anisotropy further enables the identification and control of light
polarization. Along with high carrier mobility, nonlinear optical properties, and integration capability due to its layered lattice structure,
black phosphorus manifests itself as a promising multipurpose material for chip-scale optoelectronics. In this manuscript, we review the
research on black phosphorus photonics, with a focus on the most fundamental active functions in photonic circuits: photodetection,
electro-optic modulation, light emission, and laser pulse generation, aiming at evaluating the feasibility of integrating these black

phosphorus-based components as a compact system for on-chip applications.
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I. INTRODUCTION

The past few years have witnessed a burgeoning research inter-
est in black phosphorus (BP) and its applications in photonics.'~ BP
is an allotrope of the element phosphorus with a layered lattice struc-
ture and a valuable member of the two-dimensional materials family.
Yet, BP distinguishes itself from the other two-dimensional materials
due to its unique properties.”* ° Within a single layer, each phospho-
rus atom is connected to three nearest neighbors via covalent bonds.”
The covalent bonds are along the orbitals formed by sp’ hybridiza-
tion, constructing an orthorhombic crystal lattice with a puckered
honeycomb structure.” Layers are vertically stacked by van der Waals
force. The surface of the BP thin film is free from dangling bonds,
eliminating the issue of lattice mismatch and making BP compatible
with a variety of substrates, including Si, sapphire, and transparent/
flexible polymers. The high carrier mobility within the BP layer
plane” '” allows the realization of optoelectronic devices with high

performance. The bandgap of BP is dependent on the layer number
and ranges from 0.3 eV for films thicker than 4nm to 2eV for a
monolayer.”'" The energy band of BP bridges the gap between gra-
phene with zero bandgap and transition metal dichalcogenides
(TMDC:s) with a relatively larger bandgap and covers a wide electro-
magnetic spectrum, including the mid-infrared, which is beyond the
limit of Si and Ge.”'* More importantly, the bandgap is always direct
regardless of the thickness of BP,'” making it a favorable material for
efficient photodetection and light emission. The conduction band
minimum and valence band maximum of BP mainly originate from
the 3p, orbital, which is perpendicular to the layer plane."* As a
result, the bandgap is sensitive to a vertical electric field and could be
dynamically tuned by an external bias,””'” which could be exploited
for electro-optic modulation.'® Besides, the all-optical modulation in
BP could be realized using its saturable absorption property.'”
Another extraordinary feature of BP is the anisotropic in-plane lattice
structure. The asymmetry of BP’s crystal structure leads to aniso-
tropic optical properties, such as refractive index, extinction coeffi-
cient, and exciton effects,'”"?” which could be utilized to realize
photonic devices for the detection and manipulation of light
polarization,””*"

With these superior features, BP is anticipated to be a versatile
material for diversified photonic building blocks, including the most
essential ones such as photodetectors, modulators, and lasers. While
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the traditional materials for mid-infrared are facing the challenge of
integration difficulty,”” ** BP’s narrow and tunable bandgap together
with its integration compatibility is especially competitive for chip-
scale mid-infrared photonic systems, with which abundant applica-
123379 such as bio-molecule screening, autonomous car guiding,
and landscape mapping could be envisaged. Here, we review the
research on BP photonics, categorizing them into four groups accord-
ing to BP’s function: photodetection, electro-optic modulation, light
emission, and laser pulse generation. In the concluding remarks, we
will also discuss the outlook and challenges, and propose a pathway
for integrating these basic functions into a photonic circuit for practi-
cal on-chip applications.

Il. BP PHOTODETECTORS

Photodetectors are optoelectronic devices, which serve to convert
light signal to electric signal. Applications of photodetectors include
imaging, data communication, sensing, and light detection and rang-
ing (LiDAR). Benefits of using BP as the detection material are integra-
tion compatibility, high responsivity under weak power, broadband
detecting range, including mid-infrared, and polarization sensitivity.

Based on the broadband properties of BP, photodetectors for
varying wavelengths from ultraviolet to infrared have been demon-
strated.”” " The most basic configuration of a photodetector is the
detection material with two electrodes for photocurrent collection, as
adopted by some of the works on the BP photodetector.””***
However, the widely explored device structure is the back gate BP
transistor on the SiO,/Si substrate [Fig. 1(a)].?77840742454 With a gate
bias to tune the carrier concentration in the BP channel, the transistor
could be turned off with a low dark current, which is an advantage of
BP’s moderate bandgap over graphene’s zero bandgap. The gate bias
impacts not only on the dark current but also on the photocurrent.
The trap-induced photoconductive gain, contact barrier height, photo-
gating effects, and even the BP’s bandgap are all subject to gate bias,
which would further affect the photocurrent generation and detection
speed.'m""1"1:”"17"19 However, in some cases, the detectors had to be
operated at the on-state of the transistor to achieve high responsivity
at the cost of a high dark current, because the gate bias needed to
achieve low barrier height for photocarriers coincided with the on-
state bias.””*” To avoid such trade-off and make full use of the advan-
tage offered by BP’s bandgap, the pristine doping condition and the
thickness of BP together with the contact material with a suitable work
function need to be preselected with considerate design such that the
photocurrent could be enhanced while dark current could be simulta-
neously suppressed.

Forming p-n junctions and operating the detector with a reverse
or zero bias are other methods to suppress the dark current. In addi-
tion, the junction area with a built-in electric field helps to separate
and collect photogenerated carrier pairs more efficiently.
Photodetectors based on BP homojunctions formed by electrostatic
gating,”””" chemical doping from the capping layer,””” and different
BP thicknesses,”* as well as heterojunctions formed by BP with an n-
type two-dimensional material [Fig. 1(b)]”” " or phosphorene oxide,””
have been reported. Constructing heterojunctions using an n-type
material and BP has also been explored to initiate impact ionization in
BP with a low avalanche threshold. Ballistic avalanche phenomena in
a vertical InSe/BP heterostructure have been observed, which were uti-
lized to demonstrate an avalanche photodetector with a multiplication
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of 10* at a wavelength of 4um under a temperature of 10K.”
However, their device was functional only at cryogenic conditions,
because the avalanche breakdown started to be replaced by the Zener
breakdown when the temperature was increased to 200 K. While low-
temperature measurement is useful in the study of material physics,
practical applications favor room-temperature operations with high
thermal stability.

Polarization sensitivity is an additional advantage of BP as a
result of its anisotropic in-plane lattice structure. This has been verified
through polarization-dependent transmission spectra and photocur-
rent in BP.””**°! Polarization carries more information of light, such
as the history of light-matter interaction.”” Detection of not only the
intensity but also the polarization of light could be utilized for many
applications, such as enhancing the visibility of automobile in hazy
and rainy weather,’” differentiating natural objects from man-made
materials,” and identifying the three-dimensional orientation of bio-
molecules.” While almost every BP photodetector showed polariza-
tion sensitivity as a result of the inherent anisotropic absorption in BP,
most of them failed to resolve the polarization of light because they
could not decouple the effects from the intensity and polarization of
the light source. To improve the polarization sensitivity in BP, a few
device structures have been proposed. Forming a vertical homoge-
neous p-n junction is one of the methods to enhance linear dichroism
photodetection.”’ The results showed that by applying a perpendicular
electric field, responsivity for armchair polarization could be increased.
Plasmonic resonance in the periodic metal structure [Fig. 1(c)] has
also been explored to enhance polarization sensitivity.”” Nevertheless,
the enhancement is not effective enough, possibly due to a lack of opti-
mization. It is worth noting that introducing metal nanostructures
into devices for infrared also comes with the risk of bringing in extra
loss. The polarization dependence in these works is only in the level of
a few times and is not strong enough to identify the polarization of
light source. In an effort to strengthen the polarization sensitivity to
such a level that polarization could be truly discerned regardless of
the light intensity, photodetectors based on BP (armchair)/MoS,/BP
(zigzag) heterojunctions have been proposed to achieve polarization-
selectivity.”” The crystal orientation of BP in the two BP/MoS, junc-
tions is orthogonal, and active junction in their photodetector is
bias-selectable. This device configuration is capable of breaking down
the polarization of light along two orthogonal directions. Although the
device being demonstrated is only capable of narrowing down the
polarization to two directions, this design concept could be imple-
mented to realize polarization detectors by stacking one more
polarization-selective heterostructure of BP (armchair)/MoS,/BP
(zigzag) with a different crystal orientation alignment from the previ-
ous one. In addition, the refractive index and extinction coefficient in
mid-infrared were extracted from the reflection spectra of the samples,
for both armchair and zigzag orientations of BP. The anisotropic
dielectric permittivity and the optical conductivity for shorter wave-
lengths have been reported in previous studies,””** which could
be used to extract complex refractive indexes. Among the armchair,
zigzag, and out-of-plane directions, both the real and imaginary parts
of the refractive index in BP are larger along the armchair orientation
and are smallest for the out-of-plane direction. The anisotropic refrac-
tive index and extinction coefficient are crucial parameters for design-
ing the photonic devices based on BP, as they determine the light
distribution and propagation, as well as light-BP interaction.
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FIG. 1. Surface-illuminated BP photode-
tectors. The light from free space interacts
with BP transiently due to the small BP
thickness. (a) Mid-infrared BP photodetec-
tor and its power-dependent responsivity
at 3.39 um. Higher responsivity under
lower power is caused by the saturable
trap-induced photoconductive gain. A tran-
sistor with a back gate is the most widely
explored structure for BP photodetectors.
The dark current, photoconductive gain,
contact barrier height, and photogating
effect are all subject to gate bias, further
impacting on the responsivity and speed
of the photodetector. Reproduced with
permission from Guo et al, Nano Lett.
16(7), 4648-4655 (2016). Copyright 2016
American Chemical Society.” (b) BP/
MoS, heterojunction for photodetection. A
vertical junction with a large active area
improves photocarrier collection efficiency.
A p—n junction also enables operation with
zero bias. Reproduced with permission
from Deng et al, ACS Nano 8(8),
8292-8299  (2014). Cop;lright 2014
American Chemical Society.” (c) BP pho-
todetectors with a plasmonic structure for
enhancing light absorption and polariza-
tion sensitivity. Plasmonic effect could
confine light from free space into a local-
ized space for stronger light-matter inter-
action, which is usually polarization
sensitive. However, metal nanostructures
could also introduce a huge loss in mid-
infrared. Reproduced with permission from
Venuthurumilli et al., ACS Nano 12(5),
4861-4867 (2018). Copyright 2018
American  Chemical ~ Society.””  (d)
Photodetection up to 7.7 um enabled by
applying a vertical electric field in BP.
Reproduced with permission from Chen
et al, Nat. Commun. 8(1), 1672 (2017).
Copyright 2017 Springer Nature.”® (e)
Absorption of BP extended to 10 um by
arsenic doping (left) and the detectivity of
a b-Asgg3Po47 photodetector of up to
8 um (right). Reproduced with permission
from Long et al., Sci. Adv. 3(6), 1700589
(2017).  Copyright 2017  American
Association for the Advancement of
Science.”® Between the two approaches
to extending the BP’'s detection wave-
length, electrostatic tuning is reversible
and dynamic, while chemical doping is
permanent and does not require an extra
source of power in operation.

Appl. Phys. Rev. 7, 031302 (2020); doi: 10.1063/5.0005641

Published under license by AIP Publishing

7,031302-3


https://scitation.org/journal/are

Applied Physics Reviews REVIEW

Although BP shows great potential in the mid-infrared, the detec-
tion spectrum of BP is still limited by its bandgap. The absorption is
cut off at the wavelength of ~4.1 um for the BP thin film thicker than
4nm.” For thinner BP, the cut-off wavelength would be even shorter
as the bandgap broadens. Two approaches have been explored to
extend the detection range of BP to longer wavelengths. The first
approach is to apply a vertical electric field to tune the bandgap of BP
through the Stark effect.>'” This method has been exploited to realize
the photodetection of up to 7.7 um under a cryogenic condition of
77K [Fig. 1(d)].* The second approach is to dope BP with arsenic
atoms to form black arsenic-phosphorus (b-AsP). Introducing As
could further shrink the bandgap, which monotonously narrows with
higher As concentration.””®” Room-temperature photodetection of up
to 8.05 um has been demonstrated with b-AsP as the detection mate-
rial [Fig. 1(e)].”**® By extending the detection spectrum beyond 4 um,
many more sensing applications could be realized as many molecules
show characteristic absorption in the 4-8 um spectral range.”’ Besides
using As, doping BP with potassium,” selenium,”’ and carbon”*”” has
also been explored to reduce BP’s bandgap. The electrostatic tuning is
reversible and dynamic, while the chemical doping method is perma-
nent and may introduce impurity scattering in the BP channel.

While most of the published works on BP photonics are stand-
alone devices, integrated photodetectors start to attract growing atten-
tion from the research community. Integration with waveguides does
not only come with the advantage of enhanced light-BP interaction
but also opens the door for realizing advanced functions such as on-
chip sensing, which requires an integration of different optoelectronic
components in a compact system. BP photodetectors integrated with
the Si waveguide were first reported at a wavelength of 1550 nm, and
the active part is a BP transistor with a graphene top gate.”” However,
the responsivity and speed in this work are not competitive enough
compared to waveguide photodetectors based on traditional
materials”* for the 1550 nm, a wavelength that has been extensively
explored. To improve the responsivity, electrodes with a metal plas-
monic nanogap were proposed to enhance light absorption and photo-
conductive gain in the BP channel [Fig. 2(a)].”” Although the internal
responsivity was increased, the plasmonic nanostructure also intro-
duced huge insertion loss. Besides the metal plasmonic structure, the
Si photonic crystal has also been integrated with BP [Fig. 2(b)].”
Surface illumination was used to map the light scattering in the Si pho-
tonic crystal by measuring the photocurrent in BP for the 620-760 nm
visible spectrum. Such an integration scheme could be employed for
wavelength-selective photodetectors.”” In the recent two years, more
efforts have been dedicated to realizing waveguide-integrated BP pho-
todetectors for longer wavelengths in the short-wave infrared and
mid-infrared spectra. BP photodetectors hybridized with Si wave-
guides were demonstrated at a data receiving rate of 4 Gbit/s at a wave-
length of 2 um [Fig. 2(c)].”® Besides, BP photodetectors integrated
with the chalcogenide glass waveguide were demonstrated for
2-2.5 um.”” The chalcogenide glass waveguides were directly deposited
on BP and, meanwhile, are compatible with flexible substrates. This
work indicates BP’s compatibility with a different material platform
other than Si, allowing for more diversified integrations. Targeted at
the mid-infrared applications, such as label-free and damage-free sens-
ing, waveguide-integrated photodetectors for wavelength beyond 3 um
were demonstrated [Fig. 2(d)]."”*" Devices with different BP crystal
orientations and thicknesses were compared in terms of their

scitation.org/journal/are

responsivity and noise level for the 3.64-4.03 um. The comparison
showed that in optical integrations, the alignment of BP’s crystal orien-
tation with the other optical structures had huge impact on the device
performance. Under room temperature, the photodetector achieved a
high responsivity and a low noise equivalent power, manifesting BP’s
potential for on-chip mid-infrared applications, such as gas detection
and bio-sensing.

lll. ELECTRO-OPTIC MODULATION IN BP

The function of an optical modulator is to tune the parameters
(such as intensity, phase, frequency, and polarization) of the light sig-
nal; thereby, it attaches additional information to the light passing
through and then transmits the light for subsequent processes.
Modulators could be employed for numerous applications, such as
computing and data communication,”’ increasing signal-to-noise ratio
for sensing,”” and steering light beam for light detection and ranging.”’
The optical properties of BP could be modulated by either an electrical
signal (electro-optic modulation) or an optical signal (all-optical
modulation). The all-optical modulation in BP based on saturable
absorption will be discussed in Sec. V. So far, the reported works on
the electro-optic modulation in BP are mainly based on the change of
absorption.

Theoretical calculations have shed light on BP’s tunable bandgap
under a vertical external field [Fig. 3(a)]."*** The anisotropic optical
properties in the thin film BP were investigated at a temperature of
300K.”" The optical conductivity along the armchair direction is
higher than that of the zigzag direction. Oscillatory behavior origi-
nated from sub-band structures is presented in the spectral optical
conductivity for the armchair orientation but is absent for the zigzag
orientation. The absorption edge moves to higher energy as BP’s thick-
ness increases. With the thickness increased by 1 nm, the absorption
increases by 0.4%. Their results show that the spectral optical conduc-
tivity is also sensitive to the doping condition in BP. With increasing
doping concentration, the absorption edge exhibits a blue shift due to
Pauli blocking [Fig. 3(b)], which is the underlying mechanism for the
Burstein—-Moss (BM) effect. Besides, the absorption edge also becomes
less abrupt at higher doping. The calculation results reveal that the
light absorption in BP could be modulated by an external electric field
through Fermi level tuning, which could be exploited to realize
electro-optic modulators.

To assess BP’s potential performance as an active material for
modulator, sub-band transitions in BP were theoretically examined,
and the gate modulation of the optical loss in a BP/Si waveguide struc-
ture was calculated [Fig. 3(c)].*” The shift of BP’s absorption edge by
an electric field was caused by a combination of the quantum confined
Franz-Keldysh (QCFK) effect and the Burstein-Moss (BM) effect.
The optical conductivity and bandgap shift were quantitatively ana-
lyzed as a function of the carrier concentration and photon energy for
BP thin films with different thicknesses. The calculations indicate that
the QCFK effect is dominant at low carrier concentration, while the
BM effect is dominant at high carrier concentration. Based on the cal-
culations, a model of BP on the Si waveguide was studied as a modula-
tor. The waveguide loss changes more abruptly with gate bias under
the QCFK scheme, which directly changes the energy bandgap. In the
BM effect, the waveguide loss changes gradually with gate bias due to
thermalization of electrons, where the absorption edge becomes less
sharp. The calculations show that as a material for mid-infrared
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FIG. 2. Waveguide-integrated BP photodetectors. Waveguide integration does not only enhance light-BP interaction but also opens up avenues for connecting with other pho-
tonic components. (a) BP photodetector integrated with waveguide and metal plasmonics at 1.55 um. The plasmonic nanogap enhances light absorption and photocarrier col-
lection. However, the metal nanostructure also introduces extra loss in the waveguide. Reproduced with permission from Chen et al., Nano Lett. 17(2), 985-991 (2017).
Copyright 2017 American Chemical Society.® (b) BP on top of the Si photonic crystal waveguide for visible light. The BP photodetector was implemented to visualize light scat-
tering in the Si photonic crystal. Such an integration could also be adopted for wavelength selective detection. Reproduced with permission from Wang et al., Adv. Mater.
28(33), 7162-7166 (2016). Copyright 2016 WILEY-VCH."® (c) BP photodetector integrated with the Si waveguide at a 2 um short-wave infrared (left) and the eye diagram at a
4 Gbit/s data rate. Reproduced with permission from Yin et al., Laser Photonics Rev. 13, 1900032 (2019). Copyright 2019 WILEY-VCH."® (d) Mid-infrared waveguide-integrated
BP photodetector and the spectral responsivity of devices with different crystal orientations and thicknesses. With the strongly anisotropic properties, the alignment of BP’s
crystal orientation will play a crucial role in optimizing device performance for photonic integration. Reproduced with permission from Huang et al., ACS Nano 13(1), 913-921
(2019). Copyright 2019 American Chemical Society.”

electro-optic modulation, BP could achieve better performance than BP transistor, the bandgap tuning in the thin film BP by a vertical elec-
graphene in terms of extinction ratio and power consumption. tric field was investigated [Fig. 3(d)]."” The bandgap of BP was experi-

The theoretical predictions have also been verified by experimen- mentally extracted from the minimum conductance of the transistor
tal results. By analyzing the carrier transport properties in a dual-gate under varying vertical electric field and different temperature. Their
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results show that the bandgap of a 10 nm-thick BP flake could be effec-
tively reduced from 0.3 eV to 0.05eV by applying a vertical displace-
ment field of 1.1 V/nm. Such a voltage requirement could be easily
achieved in integrated circuits with a thin gate dielectric layer of high
quality. The tuning effect is weak in BP films thinner than 4 nm, as a
result of the smaller Stark coefficient for BP with smaller thickness.
However, a large thickness (>23nm) could also compromise the
bandgap tuning efficiency due to the dielectric screening effect.
Therefore, the authors suggested that for optoelectronic applications,
the optimal thickness of BP might be 10-15 nm.

Bandgap tuning in BP was also observed in low-temperature
scanning tunneling microscopy, through the gate-induced Stark effect
in which the band structure shifts and splits due to wavefunction redis-
tribution under the external electric field."” Experimental results and
the calculation by density functional theory showed that both the
valence band and the conduction band shift to lower energy under
positive bias, but with the conduction band shifting down more than
the valence band, resulting in the shrinking of bandgap. A bandgap
reduction of 35.5% was achieved by applying a gate bias of 0.1 V/nm
in an 11-layer BP flake [Fig. 3(e)], verifying the effectiveness of gate
tuning.

These results indicate that efficient bandgap tuning could be
achieved with a small voltage bias, making BP a promising material
for broadband optoelectronics. In addition to the measurements of
electrical behavior, the band structure tuning by a vertical electric field
has also been manifested through measuring the optical properties of
BP. The field-effect modulation of the BP’s optical properties was
experimentally verified via measuring the transmission spectra of BP
on the SiO,/Si substrate at a temperature of 80 K with an elliptically
polarized light source [Fig. 4(a)].%° BP flakes with different thicknesses
and doping conditions were measured and analyzed with the theoreti-
cal calculation of the optical conductivity. The applied electric field
could lead to either red or blue shift of the absorption edge, depending
on the thickness and initial doping of the BP flakes. Based on a similar
sample structure, the electro-optic modulation in BP focusing on the
mid-infrared spectrum was investigated using a linearly polarized light
source at room temperature [Fig. 4(b)].”” The modulation of light
polarized along the zigzag orientation of BP was much weaker than
that for the armchair orientation. The polarity of the modulation in
their sample was dependent on the photon energy and the polarity of
gate bias. The sign of the transmission modulation was attributed to
both band shifting and the change of wavefunction overlap.

The modulation amplitude in the previous two works is only
around 2%, due to the limited transient light-BP interaction in
surface-illuminated structures. Through waveguide integration, a small
amount of change in the extinction coefficient could be converted to a
large modulation depth, as demonstrated by a Si-waveguide-integrated
BP modulator for mid-infrared.”® The modulation depth was observed
to be increasing with decreasing light power and reached —5 dB with a
small gate bias of —4V, with a trend to be even larger if the power of
light could be further decreased. The footprint and the power con-
sumption of the BP modulator are also significantly smaller and lower
than the mid-infrared modulators based on conventional materials.

In order to differentiate the modulation mechanisms and separate
them in the measurements, a sample structure with dual-gates was
adopted [Fig. 4(c)] and the anisotropic electro-optic modulation in BP
was investigated for spectral range from visible to mid-infrared.””

scitation.org/journal/are

Three competing modulation mechanisms were used to interpret
the observations: the Burstein-Moss effect, the quantum confined
Stark effect, and the modification of quantum well selection rule due
to symmetry breaking. To distinguish these effects in the transmis-
sion measurements, BP samples were measured under different bias
schemes. With bias applied through the two gates and BP being
floating, the carrier concentration in BP remained unchanged so
that the BM effect was eliminated. With external field applied
through the bottom gate while BP contacted, where the carrier con-
centration effects were allowed, the BM effect was dominant. The
modulation of transmission was observed for light polarized along
the armchair axis of BP, while being absent for zigzag polarization.
The anisotropic modulation indicates that the linear dichroism and
birefringence could be electrically controlled, and the absorption of
BP could be tuned from anisotropic to isotropic, offering avenues to
control light polarization, phase, intensity, and propagation.

IV. LIGHT EMISSION IN BP

Besides photodetector and optical modulator, photonic circuits
would not be complete without light emitting devices, which serve as
the source of the optical signal. As a direct bandgap material, BP holds
great potential for efficient light emission.

The investigation of BP’s light emitting properties started with
the characterization of photoluminescence. Layer-dependent (2-5
layers) photoluminescence in BP was observed, with the emission
peak red shifting as the layer number was increased [Fig. 5(a)], due to
the interlayer interaction, which reduces the bandgap.”” The peak
intensity decreased with an increase in the layer number. The lower
internal luminescence quantum efficiency in BP with more layers was
ascribed to the band structure changed by the layer number. It is
claimed that more valleys and maxima in the band structure of a 5-
layer BP caused higher electron relaxation rate than a 2-layer BP.
Besides, the photoluminescence of a few-layer BP was much stronger
than that of the bulk Si substrate, revealing that the advantage of hav-
ing a direct bandgap overcomes the weakness of being atomically thin.

To achieve light emission with different visible wavelengths in
the same sample, laser oxidation has been explored to thin down BP
flakes and form phosphorene oxide thin films.”’ The bandgap and
thickness of the phosphorene oxide could be adjusted by laser power.
The phosphorene oxide was observed to emit light in the visible spec-
tral range under ultraviolet and visible excitations [Fig. 5(b)]. The laser
oxidation process had introduced defect levels in the band structure,
enabling light emission with multiple colors under different excitation
wavelengths. The phosphorene oxide could be reduced to phosphorus
when being exposed to ammonia (NH;) gas. After NH; exposure, the
PL intensity was largely reduced and could be partly recovered by re-
oxidization using laser beam. The results imply potential applications
such as multicolor displays and toxic gas monitors.

Similar to the light absorption and modulation, which are polari-
zation dependent, the photoluminescence in BP is also anisotropic.
Polarization-resolved photoluminescence in BP ranging from visible
to near-infrared spectra was observed.”" Along the armchair polariza-
tion, strong photoluminescence was observed with peak wavelength
matching the absorption edge of the BP thin film, an indication of the
BP’s direct bandgap. The photoemission polarized along the zigzag
orientation was absent, due to the forbidden optical transition along
the zigzag orientation by symmetry requirements.
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teristic wavelengths in the spectra result from the sub-band transitions in BP. Light polarized along the armchair orientation could be effectively modulated, while light with the zigzag polar-

ization presents negligible modulation. Reproduced with permission from (a) Whitney
Nano Lett. 17(10), 6315-6320 (2017). Copyright 2017 American Chemical Society.”

et al, Nano Lett. 17(1), 78-84 (2017). Copyright 2017 American Chemical Society.*” (b) Peng et l,
(c) Sherrott et al., Nano Lett. 19(1), 269-276 (2019). Copyright 2019 American Chemical Society.””
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FIG. 5. Photoluminescence in BP ranging from visible to mid-infrared. (a) Layer-dependent photoluminescence. Emission wavelength shows a red shift for a larger layer num-
ber due to interlayer coupling. The photoluminescence from BP presents a higher intensity than that from the Si substrate, manifesting the advantage of direct bandgap.
Reproduced with permission from Zhang et al., ACS Nano 8(9), 9590-9596 (2014). Copyright 2014 American Chemical Society.** (b) Multicolor emission in laser-modified BP
(phosphorene oxide) under different excitation wavelengths. The defect levels introduced by the laser enable electron transitions with varying energy gap. The phosphorene
oxide could be reduced to phosphorus by ammonia gas. Potential applications of such device include multicolor displays and toxic gas monitors. Reproduced with permission
from Lu et al., ACS Nano 9(10), 10411-10421 (2015). Copyright 2015 American Chemical Society.” (c) Tunable photoluminescence spectra from 3.7 to 7.7 um by applying a
vertical displacement field of up to 0.48 V/nm. The wide tunable wavelength range allows for extensive potential applications in mid-infrared, such as chemical sensing.
Reproduced with permission from Chen et al., Sci. Adv. 6(7), eaay6134 (2020). Copyright 2020 American Association for the Advancement of Science.””

Photoluminescence involved with excitons in the monolayer and
few-layer BPs was also observed to be highly anisotropic and presented
an optical bandgap smaller than the electrical bandgap by an amount of
the exciton binding energy.' " The excitonic effect in BP is observ-
able at room temperature, with a strongly layer-dependent binding
energy. The binding energy decreases monotonously as the layer num-
ber increases, ranging from ~0.9 ¢V for monolayer to 0.106eV for 6-
layer, and eventually becomes negligible for BP as thick as ~30 nm, due
to strong interlayer coupling.'"”*”* Besides, the excitons in BP are able
to withstand a large in-plane electric field and, thus, can be tuned
through the Stark effect.” The exciton emission wavelength could be
modified by introducing defects in BP with enhanced quantum yield.”

Moving to longer wavelengths, mid-infrared photoluminescence
from the thin film BP was first reported in a hBN/BP/SiO,/Si sample.”®

The photoluminescence emission was observed to be linearly polarized
along the armchair orientation of BP. The intensity of the photolumi-
nescence emission decreases at higher temperature, due to more non-
radiative recombination centers. The position of the main peak in the
photoluminescence spectrum exhibited a blueshift with increasing
temperature. A side peak insensitive to temperature was speculated to
be related to the defects in BP. The blueshift of the main peak was
attributed to the bandgap changed by the electron-phonon coupling
and lattice thermal expansion under increasing temperature. The pho-
toluminescence intensity of InAs at a wavelength of 2.45um was
observed to be only a few times higher than that of BP at a wavelength
of 4 um, implying BP’s potential in light emitting and even lasing in
mid-infrared. Inspired by the previous work of extending the detection
wavelength of BP by a vertical electric field, the photoluminescence in

Appl. Phys. Rev. 7, 031302 (2020); doi: 10.1063/5.0005641

Published under license by AIP Publishing

7, 0313029


https://scitation.org/journal/are

Applied Physics Reviews

the thin film BP was investigated with a dual-gate for bandgap
tuning.”” The peak position of BP’s photoemission could be continu-
ously tuned from 3.7 to 7.7 um, by applying a vertical displacement
field of up to 0.48 V/nm [Fig. 5(c)]. This wide range of wavelengths
tuned by the electric field provides extensive opportunities for mid-
infrared applications, especially chemical sensing.”’

While the spontaneous emission is easier to occur, as demon-
strated in the aforementioned works, it is more demanding in
order to observe the stimulated emission where population inver-
sion of carriers is required. The mid-infrared lasing effect in BP
was first demonstrated at room temperature by incorporating BP
in a vertical optical cavity constructed with distributed Bragg
reflectors (DBRs) [Fig. 6(2)].”® Instead of being exfoliated from
bulk, the BP thin film was grown by the mineral-assisted gas-phase
transformation. The layers of the grown BP were not densely
squeezed; instead, they formed a lamellar structure of alternating
BP layers and nanoscale air gaps. Compared with the BP of densely
squeezed layers, the photoluminescence spectrum of the as-grown
lamellar BP presented a higher intensity and a narrower full width
at half maximum, possibly due to the constructive interference
between the nano air gaps. The DBR with high reflectivity for a
3450-3850 nm spectral range consisted of alternating layers of
Si0,/Si3N,. At low excitation power, spontaneous emission with a
broad spectrum was observed. The onset of stimulated emission
occurred when the excitation power was increased to lasing thresh-
old, with a narrower peak rising among the broad spontaneous
emission. Under higher excitation power, the stimulated emission
spectrum became a sharp peak with a narrow width of a few nano-
meters. In another work with a similar device structure [Fig. 6(b)],
the lasing wavelength was reported to be tunable by the thickness
of BP, which serves as the length of the resonant cavity between
the top and bottom DBRs.”” In addition, the lasing polarization
from the cavity was observed to be along the zigzag orientation of
BP, while the spontaneous photoemission was along the armchair
orientation, as a result of the anisotropic round trip loss in the BP
cavity. The lasing phenomenon showed good thermal stability
with temperature increasing from 296 to 358 K, which is advanta-
geous to the high density integration where considerable heat may
be generated during operation.

Most of the works investigated the photoemission in BP using
another optical source as the excitation, while the electrolumines-
cence in BP remained unexplored, until recently, mid-infrared
light emitting diodes were realized using BP/MoS, heterojunctions
[Fig. 6(c)]."”” The diode consisted of a p-type BP flake and an n-
type MoS, flake formed by the van der Waals stacking on the SiO,/
p-Si substrate, which was also a back gate. With a forward bias
applied to the p-n junction, electrons in the conduction band of
MoS, are able to overcome the barrier at the junction formed by
the offset between the conduction band minimum of BP and
MoS,. The electrons from MoS, entering the BP’s conduction
band could further recombine with the holes in BP, emitting pho-
tons with energy close to BP’s bandgap. With a 7V forward bias,
an electroluminescence spectrum centered at ~3.6um was
observed. The intensity of the electroluminescence emission for
the armchair polarization was three times that of the zigzag polari-
zation. However, the external quantum efficiency is only 0.03%,
partly caused by the unoptimized device layout. The SiO,/Si
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substrate has higher refractive index than the air above the device
so that the photoemission tends to go downward instead of
upward, as verified by the simulated upward coupling efficiency of
3.6%. We could expect the external quantum efficiency to be signif-
icantly improved if the geometry of the device could be redesigned
to extract the light emission to the desired direction. For example,
reflective layers could be introduced to direct the light out-of-
plane; meanwhile, grating couplers could be adopted to guide the
light for in-plane propagation. On the other hand, the internal
quantum efficiency may be enhanced by optimizing the band
alignment in the diode junctions. The material and doping condi-
tion for each layer should be predesigned so that carriers could be
effectively injected into BP and potential barriers could be created
for efficient radiative recombination.

V. BP AS A SATURABLE ABSORBER

BP exhibits saturable absorption for a broad spectrum from visi-
ble to mid-infrared. Light absorption in BP attenuates under higher
light intensity as more electrons get depleted in the valence band.
Together with its fast carrier dynamics, BP shows potential as a satura-
ble absorber for ultrafast photonics, such as all-optical modulation and
pulsed laser generation with short pulse duration and larger pulse
energy.

The nonlinear excitation dynamics in BP was investigated for
wavelengths ranging from 800nm to 2.1 um.'”" The BP nano-
sheets were prepared by liquid phase exfoliation and drop cast on
to a SiO,/Si substrate. The pump-probe method was used to mea-
sure the transient absorption in BP under different wavelengths
and pulse energy. Compared with graphene, BP showed faster car-
rier relaxation after excitation. Then, the nonlinear optical absorp-
tion in BP, graphene, and MoS, was characterized by the z-scan
technique, as well as measuring the differential absorptivity as a
function of excitation pulse fluence [Fig. 7(a)]. BP appeared to be
less nonlinear in the infrared compared to graphene, but showed
much stronger saturable absorption than MoS,. The results dis-
close that BP could be a candidate for the broadband saturable
absorber in Q-switched and mode-locked lasers, as well as all-
optical modulators.

Q-switched and mode-locked lasers using BP as the saturable
absorber with various gain mediums and BP-integration methods
have been reported.'”* ''” The saturable absorption was found to be
dependent on the thickness of BP.""’ According to the saturable
absorption measurement, the thicker BP achieved higher modulation
depth but also at the cost of a higher saturation intensity. The lower
saturation energy of the thinner BP was conducive to obtaining con-
tinuous wave mode-locking operation. With a setup of BP sandwiched
between the fiber end facets in series with the gain medium in the opti-
cal loop, fundamental and harmonic mode-locking in holmium-
doped fiber laser was observed at a wavelength of ~2.1 um.""" By
increasing the pump power and adjusting the polarization controller,
the tenth harmonic mode-locking could be observed to achieve a ten-
fold repetition rate of the fundamental mode.

For mid-infrared, Q-switched and mode-locked lasers were
realized using BP as the saturable absorber and the dual-
wavelength pumped Er:ZBLAN fiber as the gain medium.''” The
reflectivity dependent on the incident fluence of the BP/gold-mir-
ror structure was measured to verify the saturable absorption in BP
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FIG. 6. Lasing and electroluminescence in BP. (a) Stimulated mid-infrared emission in BP enabled by vertical distributed Bragg reflectors (DBRs). DBRs are designed with
high reflectivity at the emission wavelength of BP. Under low pumping power, the device shows spontaneous emission with a broad spectrum. Lasing occurs when the pumping
power is large enough, presenting a narrow emission spectrum. Reproduced with permission from Huang et al., ACS Photonics 6(7), 1581-1586 (2019). Copyright 2019
American Chemical Society.” (b) Tunable lasing wavelength by BP thickness (resonant cavity length). The lasing wavelengths correspond to the DBR/BP/DBR cavity modes.
Contrary to the spontaneous emission, the polarization of the lasing from the cavity is along the zigzag orientation of BP, due to a higher round trip loss for light polarized along
the armchair orientation. The lasing effect is stable under room temperature and above. Reproduced with permission from Zhang et al., Adv. Mater. 32, 1808319 (2020).
Copyright 2020 WILEY-VCH.* (c) Light emitting diode based on BP and MoS,. Electrons from the n-type MoS, are injected into BP and recombine with holes, emitting é)ho-
tons with energy close to BP’s bandgap. Reproduced with permission from Wang et al., Nano Lett. 20(5), 3651-3655 (2020). Copyright 2020 American Chemical Society.’

at 3.5 um, indicating a modulation depth of 7.7% [Fig. 7(b)]. Two
lasers at 970 and 1973 nm were used as pumps to generate an out-
put laser from the fiber at a wavelength of 3.5 um [Fig. 7(c)]. The
operation mode of the output laser was controlled by the pump
power, enabling either continuous wave, Q-switching, or

continuous wave mode-locking. Under the continuous wave
mode-locking operation [Figs. 7(d) and 7(e)], an output of a 40
mW average power with a repetition rate of 28.91 MHz and a sig-
nal-to-noise ratio of 54dB were achieved, which demonstrates
BP’s potential for laser pulse generation in mid-infrared.
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More comprehensive summaries of the research progress on
the BP saturable absorber and comparisons with other 2D materi-
als can be found in the recent review papers.”'” Despite the
numerous works on BP as a saturable absorber for laser pulse gen-
eration, a systematic analysis of the correlation between the laser
pulse characteristic (such as repetition rate, pulse duration, and

operation regime) and the parameters (such as layer number and
crystal orientation) of the BP film is still lacking. Moreover,
these works are all based on bulk lasers, many of which are fiber
lasers of meters long. Such laser pulse generation scheme is not
applicable for on-chip photonic systems. Nevertheless, based on
the underlying mechanisms of these works, we could expect
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that by integrating BP vertically with an optical cavity or laterally
with a waveguide, it is possible to realize all-optical modulators
[Fig. 8(a)], Q-switched lasers, and mode-locked lasers within chip
scale.

VI. OUTLOOKS AND CHALLENGES

During the past few years, many theoretical predictions about
BP’s promising optical properties have been verified by experimental
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results, some of which have also been testified by device demonstra-
tions. Tables [-III tabulate the performance metrics demonstrated in
BP-based photodetectors, electro-optic modulation, and light emitting
devices to date. By adopting different operation schemes, BP could be
adapted for various optoelectronic functions, such as providing light
source and converting signal between the electrical and optical ones.
Through integrating these elementary functions, a comprehensive
optoelectronic system could be established. Transforming the

(b)
N-type 2D material

P-type 2D material for
for electron injection
A

hole injection

v f IBP. L] oe e 1 ] ',/I }\z
e o0 o0 oo y
00000000000
Grating Coupler Warsetos
Graphene Gatel
d -0-0-0-0-0-0-0-0
( ) e ® 60
e o0 oo oo ‘\
oo oo oo e i i
BP % e %o Coe /,h—BN Gate dielectric
e oo oo 0/"
@ ¢ @& ¢ @7 Graphene Gate2

O = ===

Al,0; cladding

e . . * Waveguide
BP Saturable Absorber

Continuous

Wave A,

Arrayed Waveguide Grating
Multiplexer
(e) £
BP Lasers BP Modulators

l}\l‘r L_Al_)
lAZ JZ_J

|

Spiral Waveguide

mA A
JULIUL

Modulated Signal A, a

BP EA

Modulator

Continuous
Wave A, l : Modulated Signal A,

Arrayed Waveguide Grating
Demultiplexer

4

1
1
1
1

$4012319p010Yyd
dg

Sensing Chamber

FIG. 8. Schematics of waveguide integration for photonic devices based on BP. (a) Optically pumped BP laser. Light propagation is converted between in and out of plane by
grating couplers. BP sandwiched between distributed Bragg reflectors constructs a resonant cavity. (b) Electrically pumped BP light emitting diode. A p-type and an n-type 2D
material are for the injection of holes and electrons, respectively. (c) BP all-optical modulator. The saturable absorption in BP is modulated by the pump source, which could be
further removed from the circuit by an add-drop filter. (d) BP electro-absorption modulator. The absorption in BP is electrically controlled by the gates through the
Franz-Keldysh and the Burstein-Moss effects. (e) On-chip sensing using BP photonic devices. Modulators are used to attach an on—off frequency to the light so that the signal
could be differentiated from background noise. Light signals of different wavelengths are combined by the multiplexer into one channel for the interaction between light and the
unknown chemical in the sensing chamber. The demultiplexer and photodetectors array serve as a spectrometer to analyze the absorption spectrum for the identification of the

unknow chemical.

Appl. Phys. Rev. 7, 031302 (2020); doi: 10.1063/5.0005641 7,031302-13

Published under license by AIP Publishing


https://scitation.org/journal/are

Buiysiiand div Aq esusl| Japun paysiiand

1¥95000°G/€901°01 :10p 1(0202) 20ELE0 ‘L A8y "sAud ‘|ddy

1-20€1€0 ‘L

TABLE I. Summary of BP photodetectors. _g
©
Polarization ]
BP thickness Responsivity sensitivity Detectivity 3-dB Ve Viias a
Year Wavelength Device structure (nm) (A/W) (Rarmehair Rzigeag) (cm-Hz">/W) Trise Teall bandwidth (V) (V) Temperature References V)
2014 400-997 nm BP/285 nm SiO,/Si 8 0.0048 at 640 nm 1 ms 4 ms 0 0.2 Troom 38 E
2014 532, 1550 nm BP/SiO,/Si 120 0.02 at 532 nm 0 —0.2 Troom 39 %-
0.005 at 1550 nm (7))
2014 633 nm BP-MoS, heterojunction 11 0418 40 2 55 X
2014 640-940 nm Lateral BP p-n 6-7 0.00027 at 808 nm 10,—10 0 Troom 50 2
homojunction 6'
by electrostatic gating E
(20 nm hBN/Au) 0
2015 400-3750 nm Vertical BP p-n 30-50 ~0.0003 15 at 1700 nm 2.5 0.1 Troom 51
homojunction
by ionic liquid gating
2015 320-992nm BP/300 nm SiO,/Si 4.5 9 x 10* at 310 nm 1.54 ~60sat ~100s —80 3 Troom 37
330nm at 330 nm
2015 1550 nm Top-gated BP/Si 11.5 0.135 3 GHz -8 —04 Troom 49
waveguide 100 0.657
2016  532nm BP-MoS, 22 22.3 15us  ~50 ps 60 3 Troom 56
1550 nm heterojunction 0.1534
2016  532nm BP-BP oxide junction 23 0.0026 ~2s ~5s 0.05 59
2016  635nm Se doped BP 10 15.33 150 ms 300 ms 0 0.1 Troom 71
2016 400-900 nm BP/90 nm SiO,/Si 8 4 % 10°at 300K —15 -1 20-300K 45
4% 107 at 20K
2016  3.39 um BP/90 nm SiO,/Si 12 83 3-5 NEP ~6 pW/Hz'? 1-3 kHz 5 0.5 Troom 40
2016 3.6 um BP/300 nm SiO,/Si 10-40 10° 65 ps ~2ns 0 0.2 Troom 42
2017 1550 nm BP/300 nm SiO,/Si Few layer 0.006 Noise ~107'° A/Hz'? <100 s 300 ps 135 0.1 Troom 46
2017 1550 nm BP p-n junction 10.7 0.062 A/W Estimation ~10"" 3 ms 10 ms 0 0 Troom 52
by Al doping 157 x 10° V/IW
2017 400-1550nm  BP/WSe,/300 nm 7 10%-0.5 ~6 10**-10"° 800 us 800 us 0.5 Troom 57
Si0,/Si
2017 1550 nm Top-gated BP/Au 20 6.25 Ligie ~3 HA 150 MHz -8 0.7 75
grating/Si
grating coupler- 8
waveguide g
2017 2004 nm BP/90 nm SiO,/Si 23 8.5 Estimation 1.7 x 10° Estimation 12.5 —1 Troom 41 8
156 kHz 2
2017 2.5-37um  BP with interdigitated 15 0.021-0.047 ~us  >150 kHz 0.2 Troom 43 :3
electrodes 3
2017 500-1800 nm BP with antenna 18 0.76 at 1050 nm NEP ~10 pW/Hz”Z 0.003 Troom 44 %
electrodes @
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TABLE I. (Continued.)

Polarization
BP thickness Responsivity sensitivity Detectivity 3-dB Ve Viias
Year Wavelength Device structure (nm) (A/W) (Rarmehairl Rzigeag) (ecm-Hz">/W) Trise Teall bandwidth (V) (V) Temperature References
2017 1-5.5um b-P 36 12 at 3.5 um > 100 2.4 x 10" 15.4 psat 8.6 us at 0.1 297K 67
b-Asg.91Pg.00/50 nm 980nm 980 nm 1
Si0,/Si
2017 3.7-7.7 pm BP with dual gates 5 0.0022 at 7.7 um ~8at 5 um NEP 672 pW/Hz'? Potentially 35, -9 1.2 77K 48
1.3 GHz
2017 2-82um b-Aso 3P0 17 5-20 0.02 3.51 at 4.034 um 2 % 10 0.54ms 0.52 ms 0 0 Troom 58
b-Asg.83P017/MoS, 0.1-0.2 5% 10°
2018  7.7um  hBN/b-AsggsPo7/hBN/ 37 0.0012 l4at4um  NEP5 x 10° pW/Hz'? >10kHz -3 1 Troom 68
Si0,/Si
2018 2004 nm b-PC 7.5 2163 NEP estimation —40 0.2 Troom 72
1.3 fW/Hz'?
2018 1550 nm BP junction formed 3.3-6.1 383 Estimation 10" 4s 0 0 Troom 54
by a different layer
number
2018 1550 nm BP with bowtie 135 ~mA/W 8.7 Liark @ few A <90 pus <90 us 0.15 65
antenna or
aperture
2018  2185nm Chalcogenide 324 0.04 NEP 40 pW/Hz'? 0.2 Troom 79
waveguide/BP
2018 1.3-4.3 um MoS,/BP/Au ~150 10" at 3.5 um; 3.7 usat 4 psat 100k 0 Troom 27
10° at 4 um 2.7pm 2.7 um
14-54m  BPypmcai/M0S,/BP, g0 100 +0.25
2019 3.68-4.03 um BP/Si grating 23, 40 23 at 3.68 um ~10 NEP < 1 nW/Hz"? 1 Troom 47
coupler-waveguide 2 at 4 ym (40 nm BP)
2019 2 um BP/Si waveguide ~40 0.3067 ~2.88 1.33 GHz 0.4 25-65°C 78
2019 4um BP-InSe heterojunction 10 0.0267 Dark current ~107"" —4 10K 60
2020 400-1600 nm BP p-n homojunction 10-20 2 at 1600 nm NEP estimation 35 usat 40 us at —40 0.1 53
by N doping 2.77 pW/Hz'? 1550 nm 1550 nm
at Vo =20V
2020  3.8um BP/Si photonic 40 11.31 at Tyoopn 0.012 nW/Hz"? at T,pom ~1kHz 05  23-63°C 77

crystal waveguide
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TABLE II. Summary of BP electro-optic modulation devices.

scitation.org/journal/are

Year Wavelength  BP thickness Device structure Peak modulation strength Ve Temperature Ref.
2017 1.55-4.13 um 6.5 nm BP/285 nm SiO,/Si ~2.2% at 2.38 um 135V 80K 86
1.24-4.13 ym 7 nm 2% at 2.48 um 120V
1.55-6.2 um 14 nm ~1% at 3.54 um 120V
2017 2.48-3.65 um 9nm BP/450 nm SiO,/Si ~1.5% at 3.26 um +150 V Troom 87
~2% at 2.88 um 50V
~0.5% at 2.48 um +150 V
2019 1.24-3um 3.5nm Dual gate 285 nm 30% at 2.34 um =80V 28
1.24-4.13 ym 8.5nm Si0,/Si, 45 nm AL, O5/Pd 100% at 3.35 um —80V
620-954 nm 20 nm Dual gate 45 nm AL, O3/Ni * 2 5% —-14V
2019  3.85-4.1 um 20 nm BP with ITO top gate/Si ~—5dB (~68%) at 3.85um —4V Troom 88

waveguide (interaction length: 150 um)

light-matter interaction from free space to guided wave regime
could be a good starting point for systematic integration, as dem-
onstrated by several experimental works on waveguide-integrated
BP photodetectors,””*"7>7>7%7%%% 35 well as a BP modulator
model investigated by theoretical calculations.”” Other functions
could also be incorporated into a waveguide system, as shown in
Fig. 8. For example, Figs. 8(a) and 8(b) illustrate an approach to
integrate waveguide with optically pumped and electrically
pumped BP light emitting devices, respectively. Out-of-plane light
emission from BP could be coupled into a waveguide by a grating
coupler. BP as a saturable absorber could be integrated with

waveguides and an add-drop filter to realize an on-chip all-optical
modulator [Fig. 8(c)], while BP sandwiched between two gra-
phene gates placed on top of a waveguide could be a design for
electro-absorption modulators [Fig. 8(d)]. In such a way, all the
optoelectronic components based on BP could be further inter-
connected as a whole, completing an integrated photonic system.
From Tables I-1II, we could also notice a trend of directing the
research interest to mid-infrared. The mid-infrared spectral range
covers the characteristic fingerprints of many molecules. By ana-
lyzing the absorption spectrum, we could identify gases and bio-
molecules for applications such as environment and health

TABLE IIl. Summary of BP light emission devices.

Emission peak Full width at
Year wavelength half maximum Pump source BP thickness Device structure Temperature Ref.
2014 961 nm ~100 nm 532 nm 2 layers BP/275 nm SiO,/Si Troom 89
1268 nm 3 layers
1413 nm 4 layers
1558 nm 5 layers
2015 ~550 nm ~170nm 330-380 nm Few-layer Phosphorene 90
~560 nm ~100 nm 460-490 nm phosphorene oxide/SiO,/Si
~625nm ~90 nm 510-550 nm oxide
~650 nm ~80 nm 550-580 nm
2017 ~729nm ~36nm 532nm Monolayer BP/300 nm SiO,/Si 77K 91
~1127 nm ~68 nm 2 layers
~1282nm ~80 nm 3 layers
2019 4 um ~417 nm 640 nm 46 nm hBN/BP/300 nm SiO,/Si 80K 96
3.73 um ~511nm 300K
2019 3836 nm 190 nm 50 mW 740 nm 1 um DBR/Lamellar BP/DBR/Si DBR: Troom 98
3765 nm <9nm 850 mW distributed Bragg reflector (SiO,/Si3Ny)
2020 3.68 um ~750 nm 808 nm 70 nm Au-BP-10 nm MoS,-Au/90 nm Troom 100
~425nm Vis=7V Si0,/Si Light emitting diode
2020 3.7um Vy=0V ~330 nm 640 nm 10.5nm Graphene/9 nm hBN/BP/22 nm 83K 97
7.7um V,=40V  ~840nm hBN/ SiO,/Si
2020 3425-4068 nm 7 nm 1064 nm 1520nm  38-220 nm DBR/BP/DBR DBR: Si/SiO, Upto 360K 99
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monitoring. Figure 8(e) shows a schematic of a BP photonic circuit
for on-chip sensing applications. The arrayed waveguide grating
multiplexer combines light sources of varying wavelengths into one
waveguide in the sensing chamber, where the interaction between
light and the unknown chemical takes place. The demultiplexer and
photodetectors serve as a spectrometer to analyze the absorption
spectrum of the chemical. Modulators could attach an on-off fre-
quency to the light so that weak signals could be extracted from a
noisy background. The active components (lasers, modulators, and
photodetectors) in the circuit could be realized using an all-BP plat-
form, as illustrated in Figs. 2 and 8(a)-8(d), while we could leverage
on the well-developed Si and Ge technologies for the passive compo-
nents (waveguides, couplers, and resonators).

Although the preliminary investigations have revealed BP’s
attractive potential for providing a solution to integrated photonic sys-
tems, some challenges remain to be addressed. The ambient degrada-
tion of BP is no longer a limiting factor as it could be effectively
prevented by a passivation layer such as hexagonal boron nitride
(hBN) or alumina.''>'"* Meanwhile, the large scale growth of high-
quality BP could be a bottleneck for developing BP-based technology.
So far, there are some works of synthesizing thin film BP on Si, sap-
phire, and flexible substrates.'”''® However, more efforts are needed
to improve the crystallinity, the scale of continuous growth, and the
controllability of BP thin films. Control over the crystal orientation,
doping condition, defect level, and thickness of the BP thin films is of
vital importance to its optoelectronic performance, such as responsiv-
ity, speed, noise level, modulation efficiency, and light emission effi-
ciency. Apart from the inherent material properties, the device
configuration also plays a critical role in determining the eventual per-
formance of the device. For example, the material selection and layout
of the electrodes may affect the light distribution, carrier collection,
and injection. In addition, the optical environment (such as the sub-
strate and cladding) around BP could impact the external efficiency of
light detection and emission. To achieve highly efficient light emitting
devices based on BP, assistive optical structures may be needed to
extract light emission from BP to the desired spatial region.
Applications, such as data communication and LiDAR, require high
speed operation. Besides optimizing the device geometry to improve
the speed performance, stacking BP with other 2D materials to form
heterostructures is another approach to control carrier dynamics, so as
to boost speed, suppress dark current, and enhance the efficiency of
electron-photon conversion. In addition, patterning the thin film BP
into a periodic structure could be explored in order to induce optical
resonance,”*''”'*' which may enable better wavelength and polariza-
tion selectivity, as well as more effective light modulation. In order to
bring out the best in BP, more endeavors need to be devoted to device
design (both electrical and optical) and optimization. With continued
research efforts focused on BP, we could envisage a bright future for
BP photonics, where the expectations and proof-of-concepts could be
turned into practical applications.
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