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ABSTRACT: High efficiency mid-infrared (λ = 3−8 μm) light emitters and
photodetectors are pivotal for advancing next-generation optoelectronics. However,
narrow-bandgap semiconductors face fundamental challenges such as pronounced
nonradiative carrier recombination and thermally generated noise, which impede
device performance. Recently, two-dimensional layered black phosphorus (BP) and
its alloys have attracted substantial interest for mid-infrared device applications,
demonstrating superior performance relative to conventional III−V and II−VI
semiconductors with similar bandgaps. In this review, we discuss the optical
properties of BP, contrasting these with those of covalent compounds. Owing to its
inherently self-terminated surface structure and reduced nonradiative recombination,
BP exhibits high performance in light emission and photodetection at room temperature. Furthermore, this review highlights recent
advances in the large-area processing of BP thin films, paving the way for practical device applications and integration. Finally, we
explore ongoing challenges and emerging opportunities in the utilization of BP for functional mid-infrared devices.
KEYWORDS: mid-infrared, black phosphorus, light emitters, photodetectors, thin film process

Highly efficient optoelectronics in the mid-infrared (mid-
IR, λ = 3−8 μm, Figure 1a) have become increasingly

important for pioneering next-generation technologies, includ-
ing gas sensing,1,2 spectroscopy,3 noninvasive biomedical
imaging,4−6 thermal imaging,7−9 and thermal photovoltaic
applications10,11 (Figure 1b−d). The mid-IR wavelength
covers the light absorption bands of various gases and
biomolecules and corresponds to a broad spectrum of thermal
radiation, delivering useful information for medical, defense,
industrial, infrastructure, and building maintenance applica-
tions. The advancement of mid-IR light emitters and
photodetectors requires addressing key challenges like non-
radiative recombination and thermal noise, which are
prominent in materials with narrow bandgaps.12 Nonradiative
recombination processes such as Auger and surface recombi-
nation significantly curtail the luminescence efficiency in thin
active layers. Additionally, thermally generated current noise is
significant in photodetectors with narrow-bandgap materials,
making highly sensitive mid-IR sensors feasible only when
cooled, which increases the size, weight, power, and cost
(SWaP-C) characteristics of the detectors. As such, a materials-
based breakthrough is essential to realize compact, power-
efficient, and cost-effective mid-IR optoelectronic devices.
Multilayer black phosphorus (BP), with its narrow bandgap

and layered structure, has rapidly established itself as a
promising building block for mid-IR optoelectronics,12−20

along with interests in its electronic properties such as high
carrier mobility.21−23 BP’s unique band structure and
inherently self-terminated crystal structure contribute to

optoelectronic performance that surpass those of conventional
III−V and II−VI semiconductors with similar bandgaps, such
as HgCdTe, InSb, and PbS.12−16 BP-based mid-IR light-
emitting diodes (LEDs) have achieved an external quantum
efficiency (EQE) as high as 4.4%, outperforming commercially
available mid-IR LEDs (EQE = 0.1−0.9%).15−17 Moreover,
BP-based photodetectors have demonstrated exceptional
specific detectivities (D*) of (1−6) × 1010 cm Hz1/2 W−1 at
room temperature (RT), comparable to uncooled HgCdTe
detectors (D* ≈ 1010 cm Hz1/2 W−1).13,14 Beyond its superior
light emission and detection properties, BP offers functional
benefits, including bandgap tunability, polarized optical
properties, and compatibility with various material and device
platforms. This mini-review summarizes recent progress in
mid-IR light emitters and photodetectors employing BP,
comparing these to conventional covalently bonded compound
semiconductors. While initial studies primarily utilized
mechanically exfoliated BP flakes at the micrometer scale for
basic optical property exploration and proof-of-concept device
demonstrations, we also review recent progress in large-scale
thin film processing toward practical device applications. We
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conclude with a perspective on future research directions that
could further advance mid-IR optoelectronics.

■ PHOTOPHYSICS IN BLACK PHOSPHORUS
Figure 2a illustrates the crystal structure of multilayer BP in the
ground state of the orthorhombic phase, where each
phosphorus atom forms covalent bonds with two others in
each layer. Figure 2b,c shows a typical cross-sectional high-
resolution transmission electron microscope (TEM) image of
bulk BP along the armchair direction and the fast Fourier
transform (FFT) pattern image.24 This puckered structure
along the armchair direction (x) gives rise to in-plane
anisotropic optical and electrical transport properties.21 BP
maintains a direct bandgap across all thicknesses from
monolayer to bulk,12 unlike other layered materials such as
transition-metal dichalcogenides (TMDs: e.g., MoS2, WS2)
which undergoes a direct-to-indirect the bandgap transition
from a monolayer to multilayers.25,26 In the TMD monolayers,
enhanced Coulomb interaction enables the neutral excitons to
be bright at RT, even with a high density of native defects. The
photoluminescence (PL) quantum yield (QY), a key metric of
optoelectronic performance, can be near unity in the TMD
monolayers with optimal chemical or electrostatic counter-
doping.27−29 The monolayer materials are of interest for their
optical properties, though there is a fundamental limitation in
light output power and light interactions due to their
ultimately thin thickness compared to the wavelength of
light, potentially constraining device performance. Conse-
quently, the direct bandgap state of bulk BP facilitates the
development of highly efficient optical devices beyond the
monolayer limits. Figure 2d shows the simulated band
structure of bulk BP through density functional theory
(DFT) calculations with different methods, indicating a narrow
direct bandgap at the Z point in the range 0.31−0.36 eV,22

consistent with the experimental optical bandgap of 0.31−0.35

eV, corresponding to mid-IR wavelengths (λ = 3.5−4.0
μm).12,14,19,20 The band structure of a monolayer is also
shown in Figure 2d, indicating the direct bandgap of 1.41−1.51
eV obtained at the G point.22 As shown in Figure 2e, BP’s PL
spectrum peak position varies widely from 0.32 eV in bulk to
1.67 eV in monolayer form. As the thickness of BP decreases to
a few-to-monolayers, carrier recombination transitions from a
free-carrier to an excitonic system due to reduced Coulomb
screening.12,30 Few-to-monolayer BP exhibits excitonic emis-
sions, while at a thickness above five layers, the exciton binding
energy is similar to or lower than the thermal energy at RT,12

making the free-carrier band-to-band transition dominant
(Figure 2f). For BP layers exceeding ten layers, the
luminescence wavelength resembles that of bulk BP. Given
that the absorption coefficient of BP is approximately 104 cm−1

from its band edge to near-IR wavelength,14 most reasonable
photodetection applications in the mid-IR generally require
thicknesses greater than 10 nm, considered as bulk BP in this
paper.
In conventional semiconductors, nonequilibrium popula-

tions of electrons and holes relax mainly through four different
pathways: bulk and surface Shockley−Read−Hall (SRH),31−33

bimolecular radiative, and Auger34 recombination. The bulk
and surface SRH recombinations are nonradiative carrier
recombination at trap states inside the bulk and at the surface
of the active layer, respectively, while Auger recombination is a
nonradiative process involving three carriers where the energy
is given to a third carrier excited to a higher level instead of
generating light (Figure 2f). The PL QY determines the
maximum device radiative efficiency. According to a standard
ABC recombination model, QY can be written as

Figure 1. Mid-IR optoelectronic applications. (a) Wavelength diagram of ultraviolet (UV), visible (VIS), near-IR (NIR), shortwave-IR (SWIR),
mid-IR, and longwave-IR (LWIR). (b) Light absorption spectra of various gas molecules. Reprinted with permission from ref 1. Copyright 2020
Elsevier Ltd. (c) A thermal image visualizing inflammation in the leg of a horse, as marked with a box. Reproduced with permission from ref 6.
Copyright 2014 Springer Nature. (d) Automotive thermal imaging camera: visible light imaging with RGB three-channel (left) and thermal imaging
(right). Reproduced with permission from ref 9. Copyright 2020 SPIE.
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where A, B, and C are bulk SRH, radiative, and Auger
recombination rates, S is surface recombination velocity, n is
carrier concentration, ni is the intrinsic carrier concentration,
and d is the active layer. At low carrier concentration, bulk and

surface SRH recombinations contribute to decreased quantum
efficiency, limiting photodetection; at high carrier concen-
tration, Auger recombination dominates the decrease in
quantum efficiency, mainly preventing bright light emission
(Figure 2g). Notably, surface recombination significantly
reduces the QY when the active layer becomes thinner.
These trends have been observed in bulk BP through
quantitative PL QY measurements as a function of generation

Figure 2. Optical properties of bulk BP. (a) Crystal structure of bulk BP. (b) Cross sectional high-resolution TEM image and (c) FFT pattern
image of BP. Inset: atomic model along the armchair direction shown in red and a simulated high-resolution TEM image marked with a green box.
Reproduced (adapted) with permission from ref 24. Copyright 2018 IOP Publishing, Ltd. (d) Electronic band structures of bulk and monolayer BP
calculated by density functional theory, with the HSE06 functional (red solid line) and the mBJ potential (blue dashed line). Reproduced
(adapted) with permission from ref 22. Copyright 2014 Springer Nature. (e) Normalized PL spectra of BP with different thickness from bulk to
monolayer, where carrier recombination changes from a free carrier to excitonic system. Reproduced (adapted) with permission from ref 12.
Copyright 2023 Springer Nature. (f) Radiative and nonradiative free carrier recombination processes in bulk BP. (g) Log−log plot of the quantum
efficiency versus carrier concentration with different active layer thicknesses of 10 nm, 100 nm, 1 μm, and infinite thickness. Bulk and surface SRH
recombinations are predominant at low injection carrier concentration, while Auger recombination limits quantum efficiency under high injection
carrier concentration.
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rate and BP thickness.12 Although preliminary, a few works
have reported radiative recombination rates of B = (2−6) ×
10−10 cm3 s−1, which are comparable to those of other narrow-
bandgap semiconductors, measured by transient microwave
conductivity, transient photocurrent, or time-resolved differ-
ential transmission.35−37 Despite a moderate radiative rate,
bulk BP has been shown to be radiatively dominant, exhibiting
bright photoluminescence:12,15,16,19,35 bulk BP’s PL QY
reaches 2%, and BP-based LEDs show an EQE of 4.4%,
exceeding conventional semiconductors with similar bandg-
aps.16 This outstanding optical performance can be attributed
to suppressed nonradiative recombination effects. The Auger
recombination rate in bulk BP has been investigated using
transient microwave conductivity measurements, suggesting an
unusually low Auger recombination rate compared to other
narrow-bandgap semiconductors (C = 10−24−10−28 cm6 s−1).35

Note that BP’s Auger recombination rate was estimated at a
specific generation rate of G = 2.5 × 1025 cm−3 s−1, meaning
that measurement error could be large and further validation is
required especially under higher excitation where the Auger
effect is more severe.35 Considering the simplifications and
errors in estimating nonradiative rates experimentally, detailed
time-resolved and pump-power-dependent luminescence
measurements are required to attain a better understanding
of BP’s nonradiative recombination.
In covalently bonded semiconductor thin films, light

emission and photodetection can be limited by nonradiative
surface recombination caused by carrier trapping at surface
defects, including impurities and dangling bonds.33 Owing to
BP’s inherently self-terminated layered structure, surface
recombination is suppressed, enabling BP to serve as a highly

efficient active layer for light emission and detection.12,14

Although the BP surface is easily oxidized in air so that defects
and native oxides can exist,38−42 the surface oxidation has a
minimal effect on the PL QY in relatively thick BP due to the
self-limited oxide formation leaving steep interface with less
dangling bonds.12 Based on DFT calculations, oxygen defect
states do not form electronic states within the bandgap,
meaning they have less effect on the surface recombination
velocity even with surface oxidation.12,43 In fact, PL stability
tests against oxidation have revealed that thin BP layers below
∼12 nm show PL QY degradation after air exposure for 1
week; however, relatively thick BP (>50 nm) shows no
degradation in optical performance after air exposure for 1
week or even after the harsh oxidation process of oxygen
plasma.12 These results indicate the feasibility of maintaining
optical quality in relatively thick BP, suggesting its potential in
practical optoelectronic applications.

■ BRIGHT, ROBUST, AND COLOR-TUNABLE MID-IR
EMITTERS

Unlike covalent semiconductors, the integration of BP with an
external optical cavity structure does not involve any
undesirable effects or stringent requirements owing to its
naturally passivated surface without considering lattice
matching or temperature compatibilities. As illustrated in
Figure 3a, the multilayer cavity structure of BP has been
fabricated by inserting BP between top and bottom mirrors
and insulating layers. The thickness of Al2O3 is controlled to
maximize the Purcell factor for BP at a given thickness, and h-
BN is transferred onto BP as a top insulating layer.
Consequently, this optical cavity structure further enhances

Figure 3. BP-based mid-IR emitters. (a) FDTD simulation result of Purcell factor in bulk BP as a function of Al2O3 and BP thicknesses. ITO and h-
BN thicknesses were fixed at 50 and 30 nm, respectively. Inset: schematic view of BP with optical cavity, ITO/h-BN/BP/Al2O3/Au structure.
Reproduced with permission from ref 12. Copyright 2023 Springer Nature. (b) The generation rate-dependent PL QY of 40 nm BP in an optical
cavity in comparison with the BP on a 50 nm SiO2/Si substrate. Solid and dashed lines represent the ABC model fitting for BP in a cavity and BP
on a SiO2/Si substrate, respectively. Reproduced with permission from ref 12. Copyright 2023 Springer Nature. (c) Benchmark comparison of peak
EQE for BP-LED with peak EQEs reported for various published and commercial infrared light sources at room temperature. The inset illustrates
the device structure of BP-LED based on a BP/MoS2 heterojunction. Reproduced (adapted) with permission from ref 16. Copyright 2022
American Chemical Society. (d) Lifetime of BP-LED with different conditions: bare, N2 atmosphere, Al2O3 passivation, and packaged (N2 sealing +
Al2O3 passivation), as a function of inverse temperature (T−1). The room-temperature lifetime of packaged BP-LEDs is estimated from the solid
line fit to the lifetimes measured at elevated temperatures. Reproduced with permission from ref 17. Copyright 2023 Springer Nature. (e)
Schematic view of a variable-spectrum BP-LED for active tuning of emission wavelength upon external strain application by bending of the
substrate. Reproduced with permission from ref 15. Copyright 2021 Springer Nature. (f) Electroluminescence spectra of BP-LED as a function of
applied strain in BP. Reproduced with permission from ref 15. Copyright 2021 Springer Nature.
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the PL QY of BP reaching up to ∼20% at RT for 40 nm BP,
exhibiting more than a 10-fold enhancement compared to the
PL QY of BP on a 50 nm SiO2/Si substrate, as shown in Figure
3b.12

Commonly used mid-IR light sources are based on thermal
emitters, which suffer from poor efficiency, broad spectral
width, and a low modulation bandwidth. Although quantum
cascade lasers (QCLs) and interband cascade lasers (ICLs)
offer narrow-band emission and high brightness, their
fabrication complexity, high cost, and high power consumption
have limited widespread usage as light sources in this
wavelength range.44,45 LEDs based on III−V and II−VI
semiconductors have emerged as alternatives to QCLs/ICLs
with their low operating power and fabrication cost, but they
have an intrinsic drawback of low EQE, associated with their
Auger-dominated carrier recombination.46,47 Therefore, the
high PL QY in BP can be leveraged to develop an LED with
high efficiency and overcome the performance bottleneck
limiting current mid-IR emitters.
Figure 3c shows the benchmark comparison of the peak

EQE of the BP-based LED with other reported various mid-IR
emitters, including QCLs/ICLs as well as LEDs based on III−
V and II−VI semiconductors.16,48−55 The device structure of
the characterized BP-based LED, described in the inset of
Figure 3c, consists of a BP/MoS2 van der Waals (vdW)
heterojunction with p-type and n-type characteristics, respec-
tively. To reduce the parasitic resistance of MoS2, an indium
tin oxide (ITO) layer is employed as an IR-transparent top
electrode, and an Al2O3/Au optical cavity structure is adopted
to enhance the light outcoupling and Purcell factor, achieving a

peak EQE of ∼4.4% at an emission wavelength of λ = 3.65 μm.
Despite its EQE being lower than those from highly efficient
QCLs, the BP-based LED outperforms other state-of-the-art
mid-IR light sources in terms of peak EQE measured at RT.
Additionally, there is still room for further advances in
performance by implementing additional approaches, such as
doping and nano-optics.
Major obstacles hindering the practical application of BP for

commercial LEDs include instability, where the substantial
degradation of its optoelectronic quality is inevitable due to
oxidation under more severe carrier injection conditions rather
than optical pumping in PL measurements. To address this
challenge, a method combining nitrogen (N2) sealing with
Al2O3 passivation is proposed to prolong the operating lifetime
of the BP-based LED.17 The lifetimes of the BP-LEDs under
different conditions, defined as the operation times required
for the EL intensity to reduce to 50% of its starting value, are
characterized and plotted in Figure 3d. For accelerated life
testing, the operating lifetime of the packaged (N2 and Al2O3)
BP-LED was measured at 90, 100, 120, and 140 °C, then the
RT lifetime was extrapolated according to the equation

t A
L
L

E
kT

ln expL L/
0

1 1/
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(2)

where L/L0 is the normalized luminescence, the fitting
parameters A and β are determined to be 6.6 × 1011 and
0.6, respectively, the activation energy Ea is determined to be
0.96 eV, and k is the Boltzmann constant. The half-lifetime

Figure 4. BP-based mid-IR photodetectors. (a,b) Device structure of photoconductors and p-n heterojunctions made of BP and MoS2, respectively.
S/D denotes the source/drain. (c,d) Benchmarking versus conventional mid-IR detectors: (c) room temperature specific detectivity and (d)
response speed (note: PC, photoconductor; BLIP, background-limited performance; CQD, colloidal quantum dots; QCIP, quantum cascading
infrared photodetectors, Type II SLS, type II superlattice). Reproduced with permission from ref 80. Copyright 2021 MDPI. (e) Anisotropic
photoresponse of a BP/MoS2/BP measured at λ = 3.5 μm, showing polarization dependent photoresponse, along armchair and zigzag directions.
Reproduced with permission from ref 14. Copyright 2018 Springer Nature.
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(t0.5) of the packaged BP-LED at RT is then estimated as
∼15000 h, suggesting the promising potential of BP-LEDs to
attain both high efficiency and environmental stability with a
simple and scalable packaging strategy.
BP’s optical bandgap is also highly sensitive to strain, which

can be exploited to develop a tunable light source based on
strained BP.56,57 Schematics illustrating the strain-tunable LED
based on a BP/MoS2 heterojunction are shown in Figure 3e,
where the device is fabricated on a flexible polyimide substrate
to apply tensile strain by bending. By transferring BP onto a
preannealed polyimide substrate and then rapidly quenching,
the mismatch of the coefficient of thermal expansion between
BP and the substrate induces built-in compressive strain in BP.
Figure 3f presents the variable emission spectra of the BP-LED
upon strain applications, exhibiting peak emission wavelength
tuning from λ = 4.07 μm (0.20% compressive strain) to λ =
2.70 μm (1.06% tensile strain). The demonstration of an
actively and continuously variable-spectrum light source in this
spectral region is significant, as this wavelength range consists
of various essential bands for optical communications, gas
detection, and chemical analysis. A major roadblock in the
exploration and realization of tunable mid-IR light sources is
the requirement of III−V and II−VI materials prepared by
high-cost epitaxial growth and fabrication complexity. There-
fore, a variable-spectrum BP-LED provides wide tuning
capability equivalent to the integration of numerous devices
made from materials with different bandgaps without
sacrificing device performance or introducing additional
electrical or optical components.

■ HIGHLY SENSITIVE UNCOOLED MID-IR
PHOTODETECTORS

Alongside research focusing on light sources, BP has garnered
interest as an active layer for light absorption (photoabsorber),
in particular, using bulk BP for mid-IR photodetectors. Its
promise as a mid-IR photoabsorber is a result of (i) its strong
light absorption at energies above its bulk direct band edge at
∼0.3 eV,20,23 (ii) its high internal quantum efficiency resulting
from reduced nonradiative recombination processes,12 which
contributes to a high detectivity figure-of-merit,13,14 and (iii)
its high carrier (hole) mobility, which allows fast device
response speeds.22,58 The position of bulk BP’s band edge can
also be tuned by the introduction of strain,59 alloying and
doping with other elements such as arsenic (BP1−xAsx),

13,60 or
layer number,61 providing tunability in wavelength detection
ranges.
To date, most demonstrations of BP photodetectors have

utilized two types of device architectures: photoconduc-
tors13,62,63 and photodiodes, as shown in Figure 4a,b,
respectively.14,64−66 The simplest photoconductor structure
has two spatially separated electrodes in contact with the BP
photoabsorber. When operating, the device is subjected to a
fixed bias across the electrodes, with a constant current flowing
through the BP channel in the dark (often called dark current),
which increases due to the increase in channel conductivity
when extra carriers are generated from incident photons. This
simple BP photoconductor structure can also exhibit gain in
the presence of traps or surface sensitization,62,67 resulting in
detector responsivities much higher than those of their
counterpart photodiodes. However, this high responsivity
characteristic typically comes at the expense of lower response
speeds and a higher noise current, which is an unacceptable
trade-off for some applications. Variations on this basic

structure include the introduction of top/bottom gates and
strategies to enhance the absorption, such as incorporating
plasmonic antennas and integrating with optical cavities or
waveguides.58,65,68,69

The BP photodiode structure requires formation of a p-n
junction that can separate photoexcited electrons and holes
under zero or reverse bias conditions. For BP, the junction can
be formed by contacting BP with a different semiconducting
material (e.g., a heterojunction with MoS2)

14,66,70,71 or a metal
(a Schottky junction with aluminum).72 The junction can also
be made by locally doping BP electrostatically64,73,74 or
chemically,75−77 creating a homojunction. Unlike photo-
conductors, which require a constant bias, photodiodes can
operate under zero bias, making them self-powered devices.
This benefit scales with the number of pixels in an imager array
and is an enabling factor in power-efficient applications. The
photodiode structure also has lower noise current in general
since a photodiode operates under zero or reverse bias with
minimal dark current, as opposed to its photoconductor
counterpart that operates with appreciable dark current leading
to excessive shot and/or flicker noise. This low operational
noise offers the photodiode structure an advantage in achieving
a high detectivity.
The specific detectivity D*, a quantification of the signal-to-

noise ratio, is a common photodetector figure-of-merit used to
benchmark device performance. A compilation of D* values at
RT from experimental data on BP photodetectors and
representative commercially available mid-IR detectors is
provided in Figure 4c.13,14,78−80 The RT D* values measured
on BP and BPAs photodetectors are 6 × 1010 and 2.4 × 1010
cm Hz1/2 W−1, rivalling commercial uncooled HgCdTe
photodiodes. HgCdTe has been the dominant material system
in mid-IR and long-wave-IR in commercial markets, offering-
high performance devices particularly at low temperature.
Nevertheless, even at RT, it is still challenging to find
substitutes that achieve a specific detectivity as high as those of
HgCdTe photodiodes, typically ∼1010 cm Hz1/2 W−1 at
wavelengths of 3−4 μm in the mid-IR range (the green solid
line in Figure 4c), highlighting the significance of BP as a
material system for uncooled IR detectors.
The bandwidth of a photodetector is another critical

performance metric. A comparison of BP and BPAs photo-
detector bandwidths against those of conventional IR photo-
detectors is included in Figure 4d. While there remains
considerable variation in the reported speed of BP-based
photodetectors,14,58,81−83 experimental demonstrations of
bandwidths up to GHz frequencies have been achieved,58

placing them at the upper end of speeds demonstrated by
mature commercial photodetectors. The combination of
impressive detectivity and bandwidth figures-of-merit demon-
strated for BP photodetectors conveys its potential as an
outstanding mid-IR photoabsorber.
In addition to these promising figures of merit, BP also

exhibits properties allowing novel photodetector function-
alities.14,64,84−86 For example, BP’s in-plane anisotropic crystal
structure results in strong linear polarization dependent
absorption, enabling polarization resolved photodetectors.
Figure 4e shows the polarization dependent photoresponse
of a BP/MoS2/BP heterojunction photodiode with two BP
absorbers perpendicularly aligned along armchair and zigzag
directions, which can be used to extract information about the
polarization of incoming light.14 Similarly, BP IR photo-
detectors can be incorporated with arbitrary substrates such as
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advanced optical structures. For example, the BP photo-
detectors have been integrated on top of waveguides of various
photonic integrated circuit platforms, showing high speed
detection, with metalenses showing enhanced absorption, or
within Fabry−Perot cavities showing narrow spectral photo-
response.58,69 Incorporation with flexible substrates has
allowed the demonstration of reconfigurable BP photo-
detectors along with LEDs by introducing lattice strain to
BP photodetectors so that the peak spectral photoresponse is
blue/red-shifted between λ = 2.44 and 4.32 μm.15 Another
example of reconfigurable devices is a BP spectrometer in
which incident light spectra can be reconstructed by a single
tunable BP photodetector.87 The BP detector’s spectral
photoresponse can be tuned by applying displacement fields
to the device. With the help of a learning algorithm, the single
BP detector spectrometer can generate a responsivity matrix,
based on which the spectrum of the unknown incident light
can be reconstructed in the mid-IR range. In addition to
reconfigurable devices, bias-selectable multiband photodetec-
tors have been demonstrated with BP.85 In these studies, BP
has been incorporated with other photoabsorbers (e.g., PbS
colloidal quantum dots, silicon, and MoTe2) to construct
photodetectors whose spectral photoresponse changes based
on different bias schemes.

■ LARGE-SCALE BP THIN FILM AND DEVICE
APPLICATIONS

To date, most of the highly efficient BP-based light emitting
devices and photodetectors have been based on mechanically
exfoliated flakes on the micrometer scale. Scaling up of BP thin
films is crucial for the commercialization of these technologies.
However, development of a chip-to-wafer scale process has
been challenging for BP thin films, unlike other vdW materials
such as graphene, h-BN, and TMDs. Although BP thin film
deposition has been explored by chemical vapor deposition
(CVD) (Figure 5a),88 pulsed laser deposition (PLD) (Figure
5b),89,90 and molecular beam epitaxy (MBE),91,92 growth
beyond the centimeter scale has been challenging due to
difficulties in controlling lateral growth and nucleation sites
due to its high surface energies. Specifically, optimized CVD
and PLD can provide a chip-scale BP film; however, their
growth windows are limited and there are difficulties in
controlling thickness.
In contrast to BP, red phosphorus (red-P), another allotrope

of phosphorus, is manageable to synthesize into a thin film in a
scalable manner via thermal evaporation and PLD.90,93,94 By
utilizing high-pressure treatment, a red-P film can be converted
into BP.93−96 Figure 5c shows a schematic of the high-pressure,
high-temperature apparatus for centimeter-scale BP growth.
The PLD grown amorphous red-P on mica substrate was
successfully converted into a centimeter scale BP thin film (18

Figure 5. Large-scale processing of BP thin films. (a,b) Schematics of CVD88 and PLD growth.89 Reproduced with permission from refs 88 and 89.
Copyright 2023 Springer Nature; Copyright 2021 Springer Nature. (c,d) High-pressure conversion of red phosphorus into BP. (c) Schematic of
high-pressure apparatus. (d) Centimeter scale BP thin film (18 nm) via high-pressure conversion. Reproduced (adapted) with permission from ref
97. Copyright 2024 American Chemical Society. (e) Ink process for large-scale BP films. Reproduced with permission from ref 99. Copyright 2024
Wiley-VCH. (f) Optical images of BP ink and deposited film on PET substrate. Reproduced with permission from ref 98. Copyright 2023 AAAS.
(g−i) Roll printing process. (g) The vdW powders are mixed with lubricant then exfoliated and transferred on the target substrates. (h) Roll-
printed BP film on 4 in. Si wafer. (i) Cross-sectional SEM image of BP film. Reproduced (adapted) with permission from ref 100. Copyright 2024
AAAS. (j) Benchmarking of BP film’s size and thickness, via mechanical exfoliation (Exfol.),102 PLD,89 CVD,88 High-pressure conversion,93,94,97

roll-printing,100 and ink processes.98,99
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nm thick) by applying 7.7 GPa at RT, as shown in Figure 5d.97

By optimizing the thermal annealing condition to improve the
film quality, the BP film exhibited mid-IR photoemission.97

To further scale up BP films, solution-based processes and
dry roll-printing methods have been proposed as low-thermal-
budget approaches.98−100 Figure 5e shows a schematic of the
BP ink synthesis process: the BP bulk source is ground into
microparticles by mortar or ball-mill, then ultrasonicated by a
probe sonicator followed by centrifugation to obtain a target
BP particle size and thickness distribution.98,99 Figure 5f shows
optical images of the BP ink solution and centimeter-scale
deposited film on the target substrate. The film uniformity can
be improved by adding a binder such as oleylamine.98 The
peak PL QY of BP ink derived films (PL QY = 0.9%, ∼1.5 μm
thick) is comparable to that of exfoliated BP flakes (PL QY =
2.2%, ∼0.6 μm thick). This is attributed to its layered structure
that prevents increased nonradiative surface recombination,
even in BP particles with a high surface to volume ratio.
Notably, BP ink can serve as a “phosphor” when coated onto
commercially available visible-wavelength LEDs, enabling a
bright emitter converting visible light to mid-IR radiation. The
BP ink phosphor emitter achieves an EQE of 0.27%, which is
lower than that of LEDs based on exfoliated flakes with
optimized optical cavities (EQE = 4.4%).16,98 To enhance the
device performances of the large-scale ink film, further studies
are required to optimize the device structure and fabrication
process. By adjusting the BP particle size distribution, the
emission spectrum was extended from 0.33 eV (λ ≈ 3.6 μm) to
0.80 eV (λ ≈ 1.5 μm), leveraging the quantum confinement
effect.99 The same study showed that BP1−xAsx ink’s emission
peak shifts to 0.28 eV (λ ≈ 4.4 μm). These scalable, color-
tunable BP based ink films can be useful in the realization of
mid-IR spectrometers, sensors, and multiplex gas sensing
devices.
Figures 5g−i show the dry roll-printing process which can be

used to deposit films on a wafer-to-meter scale.100 This process
utilizes sequential exfoliation and transfer of layered materials
from powder sources to target substrates through repeated
rolling of a cylindrical metal drum. The use of a lubricant, a
mixture of octane and mineral oil, facilitates the formation of
uniform films. Uniformly coated films were achieved on
various mechanically rigid and flexible substrates. The printed
films are configured into different devices including LEDs and
photodetectors. For the roll-printed BP film, the peak emission
wavelength was measured at 0.33 eV, consistent with that of
exfoliated BP flakes. Similar to the BP ink film, the PL QY was
preserved after the roll-printing process, with a value of 1.6%,
comparable to that of tape-exfoliated flakes (PL QY =
2.2%).100 This technique offers significant benefits in terms
of cost-efficiency and a low thermal budget while providing
high material quality.100

Figure 5j benchmarks different thin film processes. The ink
process and roll-printing technique provide large-scale films
beyond the wafer scale, unlike other approaches to crystal
growth (PLD, CVD) or high-pressure conversion. The active
layer thickness is crucial for realizing efficient mid-IR
optoelectronic devices; for instance, several tens of nanometers
thick layers are optimal for photodetector applications in terms
of detectivity.13,14 Further efforts can be made to control film
thickness below 100 nm on a chip-to-wafer scale, utilizing
methods such as blade coating and Langmuir−Blodgett
deposition techniques.101

In summary, BP stands out as a highly promising material for
mid-IR optoelectronic applications due to its distinctive optical
properties and performance advantages over conventional III−
V and II−VI semiconductors. BP’s low Auger recombination
rate, high quantum efficiency, and inherently self-passivated
surface contribute to its superior performance in light-emitting
devices and photodetectors. Recent advancements in large-
scale thin film processes, such as high-pressure synthesis,
solution-based processes, and roll-printing methods, have
enabled the fabrication of BP thin films suitable for practical
device integration. Despite challenges in stability and
scalability, the development of BP-based mid-IR light emitters,
including LEDs and lasers, as well as highly sensitive and
uncooled photodetectors, highlights its potential for next-
generation optoelectronic technologies. Further quantitative
time-resolved carrier lifetime measurements will help improve
our understanding of photophysics in BP, while future research
should focus on optimizing the thin film process and exploring
new device architectures to fully harness BP’s capabilities in
mid-IR applications.
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