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Photoluminescence as a probe of phosphorene properties

Maciej R. Molas @', tukasz Macewicz(®?, Aleksandra Wieloszynska?, Pawet Jakobczyk 3?7, Andrzej Wysmotek @',

Robert Bogdanowicz (37 and Jacek B. Jasinski (>

1

Here, we provide a detailed evaluation of photoluminescence (PL) as a comprehensive tool for phosphorene characterization with
the emphasis on a prominent quantitative role of PL in providing fingerprint-like features due to its extreme sensitivity to the band
structure details, anisotropy, disorder, external fields, etc. Factors such as number of layers, dimensionality, structural and chemical
disorder, and environmental factors and their effect on phosphorene’s PL signal are reviewed and discussed. Applications of PL in
monitoring phosphorene and its modifications, as well as potential impacts on the fields of chemical and biosensing,

nanomedicine, and solar energy harvesting, are also elaborated.
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INTRODUCTION

Since December of 2013, when two groups independently
reported using adhesive tape for the successful isolation of 2-3
atomic layers of bulk black phosphorus (BP)'-3, the two-
dimensional (2D) form of BP, phosphorene, has attracted a lot of
scientific attention, both in terms of fundamental research, as well
as exciting potential applications. Phosphorene’s combination of
properties, such as a layer-dependent and highly tunable bandgap
between 0.3 and 2eV, intrinsic p-type conductivity with high
carrier mobility up to 1000cm2V~'s~' highly anisotropic
structure and properties, Peierls distortion, and inter alia super-
conductivity are attracting a growing number of studies by
researchers from various disciplines.

BP is an orthorhombic layered allotrope of phosphorous,
featuring layers of corrugated six-membered rings*. Phosphorene,
a single layer of BP, has a puckered honeycomb structure with two
drastically different crystallographic directions, the so-called
zigzag (ZZ) and armchair (AC) directions. A schematic showing
the atomic structure of three layers of BP along with a diagram
depicting processes associated with the light absorption and
emission in BP is shown in Fig. 1. The strong in-plane anisotropy of
phosphorene is reflected in its strong anisotropy of electronic
band structure and optical properties, which together with its high
carrier mobility make phosphorene a highly promising 2D material
for a wide range of applications ranging from electronic,
spintronic, and optoelectronic devices to sensors, thermoelectric,
and batteries. The m-% interaction in phosphorene is weaker than
the m—m interaction in a competitive graphene (phosphorene—
0.086 kcal mol~';  graphene—0.400 kcal mol=")>¢.  While the
charge carrier mobilities in phosphorene are comparable to those
in a ML of MoS,, being a single-element material, phosphorene
can, at least potentially, be fabricated at higher purity.

Although the most stable among phosphorus allotropes, when
in a 2D form, BP shows high reactivity. This allows for easy surface
functionalization and tailoring properties of phosphorene through
chemical modifications. In particular, phosphorene can be
chemically modified by both adsorption and covalent fashions.
The reactions rates or charge transfer between various molecules
and phosphorene show large (1-3 orders of magnitude)
anisotropy along different directions, which is consistent with

the anisotropy of the electronic band structure of this material®=°.
It is noteworthy that the anisotropic pathways of chemical
interactions or defect-induced variations of energy band structure
can be used to tune the phosphorene electronic and optical
response.

One of the most important properties of phosphorene is a
thickness-dependent tunable bandgap ranging from 2 eV for a ML
to 0.3 eV for bulk material'®. Such a wide bandgap variability along
with additional tuning capabilities by using chemical functiona-
lization, defect and/or strain engineering, external electric field,
etc. make phosphorene especially attractive for optoelectronic
applications in the visible and infrared (IR) spectral range, such as
solar energy harvesting, photocatalysis, photodetection, etc. In
addition to its widely tunable bandgap, phosphorene can be
switched between insulating and conducting states by substitu-
tional or surface doping. Wang et al."" have shown that adatoms
of boron, carbon, nitrogen, oxygen, and fluorine act as impurities
and induce mid-gap states leading to a metallic characteristic of
phosphorene. High tunability of electrical properties, together
with sufficiently flat morphology to confine electrons and facilitate
high carrier mobility, makes phosphorene an interesting material
for sensing applications, such as organic biosensors and implanted
devices for reading life functions or vital signals.

A high reactivity makes phosphorene also highly sensitive to its
environment and prone to ambient degradation. The poor
environmental stability is a major hurdle limiting diverse applica-
tions and fundamental studies of this material. Understanding the
degradation mechanism and developing strategies to circumvent
this process has therefore become an intense area of research'?'°,

While several factors such as exposure to water and air or
illumination with light have been suspected to affect the stability
of BP, several recent systematic studies have shown that oxygen
plays a crucial role in modifying the surface of this material.
Dissociative chemisorption of O, that leads to the decomposition
of BP has been found to be the main mechanism responsible for
the oxidation of BP surface. During this process, changes in the
electronic structure along with modifications of the surface
properties take place. Contact angle measurements have shown
that the hydrophobic surface of pristine BP gradually becomes
hydrophilic upon oxidation'>. When oxidation takes place in
presence of water, phosphoric acid species are formed on BP
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Fig. 1 Photoluminescence of phosphorene. A schematic diagram
depicting origin of emission and factors affecting PL signal in
phosphorene.

surface, which in turn lead to increased oxidation'2. Notably, water
in absence of O, has negligible effects on BP surface'2. In fact,
stable dispersion of exfoliated BP in deaerated (i.e., O, depleted)
water can be obtained and stored in inert gas atmosphere without
any noticeable degradation'*'”. It has been shown that pure
oxygen produces an oxide layer on the BP surface while oxidation
in water takes place preferentially at the defects such as edges or
steps'®. lllumination has been found to accelerate BP oxida-
tion'31516.18 with a strong flake thickness-dependent degradation
rate’>. BP can be also effectively modified or processed using
etching. Island et al.’® have reported that BP flakes are etched into
the air or defected by the physisorption of oxygen and nitrogen in
just minutes. Hu and Yang?® have calculated the stability of
phosphorene and its electronic structure versus typical point
defects. They have revealed that defects common for graphene
and silicene such as a Stone-Wales defect and single and double
vacancies are also present in phosphorene. Ziletti et al.2' have
shown that the formation of oxygen-related defects in phosphor-
ene is caused by oxygen chemisorption.

The most common methods to fabricate phosphorene from BP
are various top-down techniques of separating a single of a few
atomic layers from a bulk precursor through exfoliation (shown in
Fig. 2)?2. Layered materials (LMs) exhibit strong in-plane chemical
bonds but rather weak out-of-plane, van der Waals (vdW) bonds,
enabling the exfoliation process. In the first studies on the
successful fabrication of phosphorene, mechanical exfoliation was
utilized to separate few-layer flakes down to single sheets?> by
applying blue Nitto tape followed by pilling off layers on a poly-
dimethylsiloxane substrate (see Fig. 2a). Later on, Brent et al.*
produced few-layer phosphorene by liquid exfoliation of BP in N-
methyl-2-pyrrolidone (NMP) using an ultrasonic bath, as depicted
in Fig. 2b. The liquid exfoliation method enables the production of
phosphorene flakes which are stable in water?® thanks to the OH~
adsorbed at the surface by adding NaOH during sonication. The
influence of a specific solvent on the exfoliation of BP was
surveyed by Yasaei et al.?®. They revealed that aprotic and polar
solvents (e.g., dimethylformamide (DMF) or dimethyl sulfoxide)
favor stability of phosphorene dispersions. Kumar?” manifested
that the combination of aprotic solvent with ionic sulfonated
polymer (Nafion) could be utilized for simultaneous exfoliation
and passivation of phosphorene nanosheets causing additionally
their morphological transformation (i.e., nanoribbons).

Stable aqueous phosphorene dispersions of optically and
electronically active phosphorene can also be produced using a
method based on surfactant-assisted exfoliation and postproces-
sing of BP in deoxygenated water'’. Furthermore, Lu et al.2®
developed a method of fabricating ML phosphorene using a
plasma-assisted technique. The method includes cleaving of few-
layer phosphorene onto Si/SiO, substrates, as displayed in Fig. 2c,
followed by thinning using argon plasma. The process can be
done at room temperature and is fast (20s thinning using a
13.56 MHz RF plasma source was shown to be effective).
Optionally, chemical vapor transport can be used with red
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phosphorus as a precursor to grow single crystals of BP in several
millimeter sizes*. Such crystals can be used for the fabrication of
single- or multilayer high area phosphorene samples. Recently,
1064 nm laser-assisted crystallization of phosphorene layers from
red phosphorus was reported by Rajabali et al.?°. Figure 2d shows
the transformation process that happens in the subsequent
sequence of atmosphere switching between argon-oxygen (Ar:
O,) and helium-hydrogen (He:H,) mixtures. Also recently, Erande
et al3° demonstrated an electrochemical method capable of
producing phosphorene nanosheets. In this method, the BP crystal
is utilized as the working electrode and immersed in 0.5 M Na,SO,,
while a platinum wire is used as the counter electrode. The
process is carried out by applying a positive bias voltage of about
+7V and a current of 0.2A (see Fig. 2e). Application of
plasma-liquid exfoliation allows for 10 nm in-depth resolution
along with ultrashort times of 5 min. Uniform BP flake isolation in
DMF3" can be obtained by applying a high voltage of 2 kV at a BP
cathode as presented in Fig. 2f.

Optical spectroscopy has been shown to be an effective
approach to characterize the material’'s quality and to probe the
structure and property changes in phosphorene samples. Lan
et al. 3233 reported intensive light-phosphorene interactions in the
mid-IR range manifested by anisotropic absorption behavior. It has
been shown3*3> that the nonlinear saturable absorption perfor-
mance of phosphorene is stronger than that of MoS,, WS,, or
graphene in a wide spectral range. Surprisingly, few-layer BP
(FLBP) exhibits the enhanced frequency-integrated exciton
absorption in thinner flakes3®. Quereda et al.3” showed that the
optical absorption band edge could be tuned up to ~0.7 eV under
both tensile and compressive stress. Raman spectroscopy is
another optical method commonly used to probe and character-
ize 2D materials3®. Based on theoretical considerations, there are 6
Raman active modes out of all possible 12 lattice vibrational
modes. However, only three of these modes are active in the
normal experiment geometry, where laser illumination is perpen-
dicular to phosphorene plane®. In a monolayer, these three active
modes, e.g., A'g, By and Azg, produce Raman peaks at 362.5,
4393, and 467.6 cm™', respectively®>. Raman spectroscopy is an
effective method to measure physical and chemical properties of
phosphorene such as number of layers, phonon frequency, strain,
surface functionalization, strain, etc. For example, Raman peaks
redshift when the layer number of phosphorene or the
temperature of the material increases, with the A%; mode being
the most sensitive®®. Moreover, the strain-induced variation of
Raman spectra*' and the dielectric function*? estimated for two
different directions reveals a significant optical anisotropy proving
a strong directionality reliance of phosphorene. Thanks to the
above effects, light phase retardance or polarization techniques
could be applied to investigate the orientation and anisotropy of
BP flakes®.

The in-depth characterization of phosphorene, such as that
needed to control the material’s quality during fabrication or post-
fabrication processing, to measure anisotropic interactions along
specific directions or to probe phosphorene’s sensitivity to various
species or environments, can typically be achieved by the
combination of several different methods, which only together
can reveal, directly or indirectly, the status of a phosphorene
sample and its condition. On the other hand, photoluminescence
(PL) can play a prominent quantitative role in phosphorene
studies among other techniques, as it is highly sensitive to even
small changes in the band structure, anisotropy, and defects of
phosphorene samples and is capable of producing fingerprint-like
characteristic spectra, which reflects these changes (see schematic
in Fig. 1). It needs to be noted however that the use of PL for
identification of ML phosphorene is still unclear due to the high
instabilities of such structures. Besides, the lack of a high-scale
synthesis method that could reliably produce environmentally
stable phosphorene samples is a major drawback influencing the
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Fig. 2 Fabrication methods. a-f Various methods of single- and multilayer phosphorene flake fabrication.

limited number of PL studies allowing the in-depth fundamental
understanding of the physics associated with radiative emission in
this material (e.g., exciton dynamics).

Here, we provide a comprehensive review of PL as a versatile
tool utilized efficiently in phosphorene studies presenting the
current status, future challenges, and trends. We start with a short
introduction to the properties, synthesis, and expansion of
phosphorene in “Introduction.” Then, we focus on the lumines-
cence fingerprint of phosphorene and its excitation wavelength
and thickness dependences in “PL and optical bandgap of BP.”
This section also reviews low-temperature studies of excitons and
BP defects inducing PL tuning. In “Bandgap engineering in BP,” we
discuss bandgap engineering induced by geometric or structural
modifications of BP, which could be probed by PL. We also deeply
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evaluated various environmental factors (e.g., strain, electric field)
and chemical modifications of this surface affecting PL. Finally, we
elaborate on the challenges and future perspectives in “Summary
and outlook.”

PL AND OPTICAL BANDGAP OF BP

The luminescence as a fingerprint of BP

PL is the spontaneous emission of light from a material under
optical excitation®. This technique, similarly to some other optical
spectroscopy methods, e.g., optical absorption, enables the
investigation of the electronic band structures of materials with
a nonzero optical bandgap, i.e., semiconductors**. In a typical PL
experiment, a semiconductor is excited with a monochromatic

npj 2D Materials and Applications (2021) 83
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Fig. 3 Bandgap of BP. a Schematic illustration of excitation and emission processes in the vicinity of the bandgap occurring in an exemplary
semiconducting material. £, is the energy of the electronic bandgap and E., represents the excitation energy. Ep, <Y, Ep X, and Ep 9™ denote
the energies of different emissions due to the band-to-band (conduction-valence bands) transition, free excitons, and defects, respectively.
b Schematic energy diagrams showing the electronic bandgap (Eg), and the exciton binding energy (E,) dependent on the BP layers and

metallic alloying.

light source (typically a laser with the emission between near-IR to
UV) that provides photons of a given energy larger than the
bandgap energy (Fig. 3a). The absorption of incoming photons
leads to the excitation of electrons and a direct interband
transition between the valence band (VB) and the conduction
band (CB). Next, both types of charge carriers (i.e., electrons and
holes) undergo energy and momentum relaxation due to
scattering, such as Coulomb scattering or electron-phonon
interactions, toward the local (in terms of k-vector) energy band
minima. Finally, some of these carriers can recombine radiatively,
which gives rise to the so-called band-to-band PL signal, as is
depicted schematically in Fig. 3a. However, for this process to
occur, both the energy and momentum conservation laws must
be satisfied. Semiconductors are characterized by two basic types
of bandgaps, i.e., direct and indirect. For the direct bandgap, both
the CB minimum (CBM) and the VB maximum (VBM) are located at
the same point of the Brillouin zone (BZ), e.g., T valley in GaAs,
while the corresponding points are situated in different valleys of
the BZ in the case of a material with an indirect bandgap, e.g., X
and T points correspondingly for CBM and VBM in AlAs. Since the
emitted photon can only carry out negligible momentum, the
momentum conservation law can easily be fulfilled only for a
direct bandgap radiative recombination. In this case, the carriers
can recombine radiatively, while an additional mechanism
involving scattering (e.g., phonons or crystallographic defects—
disorder) is required for an indirect bandgap recombination. As a
result, a direct bandgap PL is typically much stronger than an
indirect one.

It is important to mention that the measured PL spectrum may
not reflect the aforementioned band-to-band recombination
processes of electrons and holes, but it may demonstrate emission
associated with other processes. One of the most well-known
process is the formation of a free exciton, i.e., electrostatically
bound electron-hole (e-h) pairs. Due to their binding energy, the
emission energy of excitons (E X) is smaller as compared to that
of the corresponding band-to-band transition (E5). The detailed
description of excitonic emission is discussed in “Low-temperature
studies of excitons.” Note that PL spectra of different materials
may also be composed of other emissions which are at lower
energies than excitons and are denoted as ESEt in Fig. 3a. Within
this emission, we summarized all possible recombination pro-
cesses giving rise to a PL signal, which can be divided into two
groups. The first one is composed of nonexcitonic radiative
recombination, which are a free electron with a neutral acceptor
(eA?), a free hole with a neutral donor (D°h), and donor-acceptor
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pair transition with an electron from a neutral donor and a hole
from a neutral acceptor recombine. The second group is formed
by excitonic-like transitions, i.e., a free exciton bound to native
defects, impurities (e.g, D°X—an exciton bound to a neutral
donor), and crystal imperfections, as well as so-called phonon
replicas associated with the emission of phonons in addition to a
photon. Note that the optical response of BP can also be modified
due to the doping effects, e.g., both non- and intentional
introduced in the growth of BP crystals or during postsynthesis
processing. For example, doping can lead to the emission of
charged excitons, which are three-particle complexes composed
of an e-h pair and an excess carrier (an electron or a hole), see
“Charged excitons” for details. Moreover, the optical properties BP
are widely tunable and can be modified using various approaches,
including layer thickness and doping control, as schematically
depicted in Fig. 3b.

PL of BP

The above-discussed possible recombination mechanisms, which
are the sources of emission observed in PL spectra, depend
strongly on the electronic properties of the material, its quality
(e.g., impurities, defects, doping level, etc.), and, in particular, on
the temperature at which the PL experiment is performed.
Moreover, the shape and the intensity of the PL spectra can be
significantly modified by changing the excitation energy in
reference to the material's bandgap and absorption possible
within its electronic structure. For example, the excitation in the
vicinity of electronic or excitonic transitions provides so-called
quasi-resonant conditions, which typically leads to the enhance-
ment of the emission intensity. The other important aspect in
selecting the excitation wavelength in a PL experiment is the
penetration depth, which can be described by the
Lambert-Beer law.

The PL is the prime nondestructive characterization tool for
LMs, next to Raman scattering. Both techniques are commonly
used to examine the number of layers in semiconducting LMs,
such as transition metal dichalcogenides (TMDs), e.g., MoS,, WS,,
and MoTe,* %, and post-transition metal chalcogenides, e.g.,
InSe and GaSe>®*'. In both cases, the PL spectra (energy and
intensity) are modified substantially due to the indirect-direct
bandgap transition during the decrease in the number of layers
when going from a bulk material to a monolayer. BP also has a
layer dependence of the energy of the optical bandgap energy
from ~2.0 eV for the ML, through ~1.3 eV for the bilayer (BL), and
down to 0.3 eV for the bulk state®2. As the optical response of thin
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layers of BP is dominated by the excitonic effects (discussed in
detail in “Low-temperature studies of excitons”), the energy of the
measured PL signal is related to the so-called optical bandgap,
which is reduced in reference to the electronic bandgap (band-to-
band transition) due to the binding energy of excitons. For a
monolayer, the difference between the optical and electronic
bands is extremely large at about 30% of the electronic bandgap
and amounts to 940 meV>3, A detailed description of the bandgap
evolution as a function of the number of layers is presented in
“From bulk to monolayer: layer-tuned PL.” Note that the bandgap
of BP remains direct for any thickness, and it is located in the T
valley of the BZ. Moreover, the optical response of BP reveals a
high in-plane anisotropic character, which allows optical determi-
nation of the crystalline orientation®®. Figure 4 presents the
thickness evolution of polarization-resolved PL spectra from ML to
a tetralayer of BP. As mentioned above, the energy of the emitted
light provides direct access to the information on the number of
BP layers. At the same time, the in-plane angular dependence of
the PL intensity reveals the crystallographic orientation of the BP
crystal. As shown in Fig. 4, the emission is observed only for the x-
polarization, which corresponds to the in-plane AC direction, while
the signal intensity vanishes almost entirely for the y-polarization,
which corresponds to the ZZ directions. This behavior originates
from the crystal structure of BP. Particularly, the optical response
of y-polarized light is strictly forbidden at the bandgap energy due
to symmetry requirements. Thus, measuring the polarization
properties of the PL signal can be used as a quick method to
determine the crystallographic axis of thin layers of BP. This can
also be employed for precise tuning of the twist angle between
thin layers of BP, e.g., MLs, and to create artificial heterostructures
known as twisted BLs or moiré superlattices, where quantum
phases and strongly correlated phenomena emerge>>—’. Recently,
it has been demonstrated that the optical resonances in a
phosphorene moiré superlattice formed by stacking of the ML and
the BL depend significantly on the twist angle between the ML
and the BL®8,

The influence of the excitation energy on the PL

As discussed above, the PL signal depends on several factors,
including the absorbance of the materials and the appearance of
absorption processes. Figure 4g-k shows the optical absorption
spectra of ML, BL, trilayer (TL), and bulk BP structures for incident
light polarized along the AC and ZZ directions. As the excitonic
effects determine the optical response of thin BP layers, one can
focus on the red curves in Fig. 4g-k. It is seen that the absorption,
and hence the penetration depth of the excitation light in PL
experiment depends significantly on the number of phosphorene
layers due to (1) the strong energy bandgap change, and (2) the
evolution of the whole absorption spectra. Moreover, regardless of
the layer's thickness, the light absorbance exhibits strong
polarization effects due to the high in-plane anisotropic character
of BP crystal. Consequently, the selection of excitation energy and
polarization plays a crucial role for the PL experiment, as it
determines its absorption efficiency and the shape of the
measured emission spectrum.

From bulk to monolayer: layer-tuned PL

As was mentioned, BP reveals a layer-dependent bandgap value.
Consequently, PL characteristics can be used for the indirect
estimation on the BP flake thickness adequately to the number of
phosphorene layers. Figure 5 shows the normalized PL spectra of
the mono (1L) to five (5L) layer BP samples®®. The emission line
measured for 1L phosphorene is at ~710 nm (~1.75 eV). This PL
peak energy value was measured at ~10°C (~263K) and it is
expected not to vary too much at room temperature (see ref. >° for
details). The measured emission lines for 2L-5L phosphorene at
room temperature are observed at ~960 nm (~1.29 eV), ~1480 nm

Published in partnership with FCT NOVA with the support of E-MRS

M.R. Molas et al.

npj

(0.97 eV), and ~1550 nm (~0.80 eV), respectively. It is important to
mention that due to the direct nature of the bandgap in thin
layers of BP, the corresponding PL intensities are bigger than
those for silicon, which has an indirect bandgap®. Note that no
protective layer has been used for the exfoliated monolayers, but
they were kept in a chamber with a slow flow of protective
nitrogen gas to prevent sample degradation during the experi-
ments. PL spectra like those in Fig. 5a obtained for mechanically
exfoliated BP have also been reported for thin layers fabricated
through other methods'”. One of the methods uses O, plasma
etching®'. Figure 5b displays the normalized PL spectra of thin-
layer BP (from 1 to 4 layers) measured at room temperature, where
the number of layers was finely tuned by etching in an O, plasma
resulting in narrow and intensive PL peaks®'. In order to prevent
sample degradation, they used the thin surface layer of P,O,
which spontaneously formed in the plasma with an additional
Al,O3 coating as protective environmental isolation. The emission
lines for 1L-4L phosphorene are apparent at ~750 nm (1.65 eV),
~970 nm (1.28eV), ~1290 nm (0.96 eV), and ~1440 nm (0.86 V),
respectively. The extracted energies are in very good agreement
with the aforementioned results for mechanically exfoliated 2-4
layers>°, while there is a nonnegligible difference of about 40 nm
(~100 meV) for a monolayer. It suggests that the effect of the
surface modification (degradation) significantly affects the optical
response for the monolayer BP, while it much less significantly
influences the corresponding PL signal for thin layers with
thickness >1L.

Figure 5c presents the layer dependence of the PL peak
intensity of thin-layer BP. The significant decrease of the PL
intensity of about 12.5 times is appreciated when the layer
thickness is increased from 2L to 4L. Note that the intensity was
normalized by layer number, which indirectly reflects the intrinsic
luminescence quantum efficiency, np.. Furthermore, the electrical
transition in phosphorene is characterized by the high radiative
recombination rate, through which a strong photoluminescent
response arises. The internal luminescence QE, which is indirectly
represented as a normalized PL intensity, shows strong layer
dependence. The luminescence QE depends on the rates of
radiative recombination and electron relaxation, which are related
to the band structure and layering of phosphorene®°. Figure 5d
summarizes the evolution of the reported PL peak energy (optical
bandgap energy)?%°962-66 and the estimated energy of the
electronic bandgap (band-to-band transition) with the phosphor-
ene layer number. As can be appreciated from Fig. 5, the
dispersion of the reported emission energies for monolayer BP is
pronounced, i.e, the measured energies vary from ~1.3eV to
almost ~1.8 eV. It is a result of the largest influence of the surface
(its oxidation, passivation, degradation, and other processes) on
the optical properties of the monolayer BP. For the thicker BP
layers, the energy dispersion is much smaller at about tens of meV,
which suggests that the observed emission is mostly determined
by the internal properties of the layers and the surface effects are
negligible. Nevertheless, a significant monotonic decrease of the
emission energies for thin-layer BP with increasing thickness from
~1.6 eV for a monolayer to ~0.8 eV for 5L is clearly observed. This
demonstrates that the measurements of the room-temperature PL
spectra of thin-layer BP can be used as an indirect method to
estimate the layer thicknesses. To show the full picture, we also
estimated the corresponding electronic bandgaps using the
experimental data and the model presented in ref. >3, Its observed
dependence is analogous to PL energies, i.e., the substantial
decrease when the thickness is increased. Moreover, it is seen that
the obtained energy differences between the electronic bandgap
and the PL emission, which correspond to the exciton binding
energy (see the next section for details) also changes significantly
as a function of the layer number. It reflects the different impact of
the dielectric screening within the BP layer (strong screening) and
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Fig. 4 Polarization-resolved PL spectra of BP. Photoluminescence of a monolayer, b bilayer, and c trilayer BP measured at 77 K with an
unpolarized excitation of 2.33 eV. The blue dashed curves represent the absorption spectra. Intensity evolution of the PL at peak energy as a
function of polarization angle 6. Data taken on d monolayer, e bilayer, and f trilayer BP are shown by the red circles. Black solid curves
correspond to cos? 0 dependence. The figure was reproduced with permission from ref. %%, Optical absorption spectra of g monolayer,
h bilayer, i trilayer, and j, k bulk BP for the incident light polarized along (left panel) the x (armchair) and (right panel) the y (zigzag) direction.
In particular, j is the optical absorbance per layer in bulk BP. The single-particle optical absorption spectra are presented by dashed lines, while
those spectra with e-h interaction included are presented by solid lines. The figure was adapted with permission from ref. >2,
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ref. °°. b Normalized room-temperature PL spectra of the 1L-4L samples fabricated by O, plasma etching. The figure was reproduced with
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figure was plotted using the experimental data presented in ref. *°. d Evolution of (color open points) the PL peak energy (optical bandgap
energy) and (black full points) the energy of the electronic bandgap (band-to-band transition) with the number of phosphorene layers. The
shaded gray region is the eye guide corresponding to the exciton binding energy. The energies of PL peaks were taken from refs, 405962766,
while the electronic bandgap was estimated using the experimental data and the model presented in ref. >3.

the surrounding media (weak screening) on the Coulomb
interaction between an electron and a hole forming an exciton.

Similar layer-dependent PL characteristics have also been
observed for thicker BP samples. The difference between the
energy peaks for samples with thicknesses of 4.5 and 6 nm is still
distinguishable. However, for thicker samples, e.g., with thick-
nesses of 30 and 46 nm, it is almost undetectable. Therefore, PL
spectroscopy as a method for determining the number of layers in
BP samples is effectively limited to few-layer phosphorene
samples only®”. In order to describe the origin of the observed
PL evolution with the layer number of BP, we briefly analyze their
crystallographic and electronic structure. Figure 6a presents the
crystal structure of bulk BP, while the first BZ schemes of bulk and
monolayer BP are shown in Fig. 6b. Bulk and monolayer BP have
base-centered orthorhombic and simple orthorhombic crystal
structures, respectively, both with four P atoms per primitive cell®,
As can be seen in Fig. 6, there are two main in-plane directions,
i.e, ZZ and AC, both in the monolayer and bulk forms. This implies
that the corresponding BZ are also characterized by two
inequivalent ZZ and AC directions, and leads to the anisotropic
optical properties of BP discussed in the previous section.

Figure 6e shows the evolution of the calculated band structure
with the number of layers, i.e., for 1L, 2L, 3L, and bulk. Two effects
are apparent with the variation of the BP thickness: (1) a strong
reduction of the electronic bandgap when the number of layers is
increased and (2) insensitivity of the type and position of the
bandgap—a direct one located at the I point of the BZ. However,
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it should be noted that the calculated electronic bandgaps are not
consistent with the ones estimated in Fig. 5d. For monolayer, the
theoretically calculated bandgap in Fig. 6e is underestimated
versus the one in Fig. 5d (~2.1eV versus ~2.5 eV, respectively),
while the opposite situation takes place for 2L and 3L (~1.7/1.5eV
versus ~1.5/1.1 eV, respectively).

Low-temperature studies of excitons

An exciton as a Coulomb-bound e-h pair is an elementary
complex studied in semiconductors. Particularly, an optical
response of the semiconducting TMDCs is dominated by the
emergence of excitons®®”° in which a bound e-h pair can move
freely in the 2D crystal plane. Moreover, the binding energies of
excitons are of the order of hundreds of meV and they can be
tuned significantly by changing the number of layers and
surrounding medium®®7'72, These excitons belong to the family
of Wannier-Mott excitons, which are hydrogen-like systems of one
positively and one negatively charged particle bound through
electrostatic Coulomb interaction. Due to this similarity, the
physics of excitons resembles that of hydrogen atoms. However,
for the exciton, there is a screening of the Coulomb interaction
due to the semiconductor’s dielectric constant. In addition, in 2D
materials, both bounded particles (i.e., electron and hole) are
confined to the plane of the 2D material. Nevertheless, these
excitons are characterized by a series of hydrogen-like excitonic
states, so-called excitonic Rydberg series, labeled like in a
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reproduced with permission from ref. 23,

hydrogen atom using main and angular quantum numbers, i.e., 1s,
2s, 2p, 3s, 3p, 3d, and so on, where 1s is a ground state and higher
states are excited states. As the binding energies of these states
decrease significantly with the increased main quantum number,
the higher excitonic levels can be investigated only at sufficiently
low temperatures’"’2, In addition to neutral excitons, particularly
at low temperatures, charged excitonic complexes with nonzero
net charges can also be observed’3,

A ladder of excitonic states

In order to study the sequence of excitonic states, not only the
aforementioned low temperatures are required but specific
experimental techniques also need to be applied. One of such
methods to investigate a ladder of excitonic states is PL excitation
(PLE) spectroscopy, which is a particular type of PL experiment.
The PLE spectrum is obtained by monitoring of the intensity
variation at specific emission energy under tuning of the
excitation energy using a tunable laser. The first measured PLE
spectrum on the BP ML reveals only the broad feature attributed
to the excitation of the e-h pair directly to the electronic
bandgap’*. As it can be used for rough estimation of the binding
energy of excitons, it is not sufficient to investigate the excitonic
ladder. However, the recent progress in fabrication of high-quality
samples opens this possibility>>. Figure 7a shows the intensity of
the PLE signal detected at the ground 1s state of the neutral
exciton, i.e.,, the PL peak intensity of the 1s state as a function of
excitation energy, together with the reflection contrast (RC)
spectrum. RC spectroscopy is a type of absorption experiment in
which one can probe mostly direct transitions in the system. The
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PLE of ML BP accurately reproduces all absorption resonances
observed in the corresponding RC spectrum. Consequently, the
observed features in both the PL and the differential reflection
spectrum were assigned as excitonic series with the labels of 1s,
2s, 3s, and 3d. In order to study the excitonic ladder in ML BP, a
theoretical analysis needs to be carried out. For BP, the description
of excitonic states becomes more complicated due to the strong
anisotropic properties. Figure 7b presents a schematic illustration
of in-plane Coulomb screening of excitons in BP, which originates
from the twofold rotational symmetry of thin layers of BP. At the
same time, the wave function of the BL 1s state in real space is
also characterized by strong in-plane anisotropy, as shown in
Fig. 7c.

Figure 7d presents, extracted experimentally and calculated
theoretically, the excitonic ladder for BL BP. Description of the
excitonic ladder in thin flakes of LMs, such as BP, is not a
straightforward task. Particularly, the dielectric inhomogeneity of
the structures, e.g., MLs are surrounded by alien dielectrics may
results in significant modification of the energy ladder of excitonic
states and its deviation from the standard hydrogenic Rydberg
series in two dimensions’. At large e-h distances (for higher
states, e.g., 3s, 4s, and so on), the Coulomb interaction scales with
the dielectric response of the surrounding medium, whereas it
appears to be significantly weakened at short e-h distances
(particularly for ground 1s state) by the usually stronger dielectric
screening in the 2D plane. Consequently, the Rydberg series of s-
type excitonic states in these 2D semiconductors does not follow
the standard model of a 2D hydrogen atom’®, which characteristic
energy ladder of states is described as ~ 1/(n —1/2)> with a
principal quantum number n. The second particularly important
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Fig. 7 Excitons in BP. a PLE intensity (right axis) at the emission peak of the monolayer BP as a function of excitation photon energies. The
reflectance contrast spectra (left axis) are also superimposed for comparison. b Schematic of in-plane anisotropic Coulomb screening of
excitonic states in BP. x, y, and z denote armchair, zigzag, and out-of-plane orientations, respectively. ¢ Exciton wave function in real space of
first bright state, i.e, the 1s state, for bilayer BP. The hole is fixed at the center. d Binding-energy spectrum of the excitonic series of the bilayer
BP. Left panel: experimental results. Middle panel: GW + BSE calculation results. Right panel: calculation results of anisotropic effective-mass
model. Bright states are in red and dark states are in black. e Exciton binding energy as a function of BP layer number, showing experimental
measured binding energies, BSE-simulated binding energies with the calculated interlayer distance, and BSE-simulated binding energies with
the experimentally extracted interlayer distance. Error bars are based on standard deviation errors. The figure was reproduced with permission
from ref. >3, f Experimental transition energies for the exciton states as a function of their index, n, measured monolayer, bilayer, and trilayer of
BP. The black curves show fits to the data with the model described by Eq. 3. The experimental data was taken from ref. >3. g Normalized PL
spectra of the BP monolayer at different excitation powers. h Integrated intensity of the charged (T) and neutral (X) exciton emission versus
excitation power. i Normalized PL spectra of the BP monolayer measured at different temperatures. j Emission energy of the neutral exciton as
a function of the temperature. k Integrated intensity of the neutral exciton versus temperature. The dashed lines are Gaussian fits. The solid
lines are fits to the models. The figure was reproduced with permission from ref. 36,

aspect in investigations of binding energies of excitons in LMs is
the quality of samples. For monolayers of TMDs, it has been
demonstrated that their encapsulation in hexagonal BN (hBN)
flakes significantly increases their quality, which opens the
possibility to observe experimentally excited excitonic states.
Consequently, the estimation unquestionably the binding energy surrounding materials, the RK potential, can be expressed
of excitons requires the high-quality samples allowing to observe  analytically as’%”8

the excited states of excitons as well as using the proper )
theoretical models considering the effect of surrounding environ- Ve (r) = — € [Ho (K_r) —Y <K_r)} , )
ment. A common approach to account for the excitonic spectra of 8eoro ro fo

npj 2D Materials and Applications (2021) 83

TMDC monolayers refers to the numerical solutions of the
Schrodinger equation, in which the e-h attraction is approximated
by the Rytova-Keldysh (RK) potential’’””. In the limit of an
infinitely thin 2D slab (in our case, a monolayer) and reasonably
large dielectric contrast between the 2D material and the
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where Hy and Yy are the Struve function and Bessel function of the
second kind, respectively. The average dielectric constant of the
encapsulating materials is given by kK = (&op + €bottom) /2, Where
Etop/bottom 15 the dielectric constant of the surrounding medium.
The dielectric properties of the 2D layer itself are characterized by
its screening length ro = 2my,p, where x,p, is the material’'s 2D
polarizability. For anisotropic BP layers, the model needs to take
into account that the reduced effective mass is anisotropic. This
means that the anisotropic effective-mass model has been
applied’®®° and the exciton Hamiltonian reads

()

where p, and y, are the reduced effective masses in the AC (x)
and ZZ (y) directions, respectively. As is seen in Fig. 7d, the
anisotropic mass model cannot describe the measured excitonic
series. It is due to the effective-mass model being based on the
isotropic dielectric constant, so it cannot capture the whole
picture of exciton binding energy in the anisotropic BP. Moreover,
the anisotropic mass in this model is characterized by an ellipse,
while as shown in Fig. 7b, the effective mass is described by an
approximate “8” shape. Thus, the results of the GW + BSE
calculations do not illustrate the experimental results.

As the band-to-band transition was observed in ref. 3, the
experimental exciton binding energies were extracted for ML, BL,
and TL BP. It was found that the exciton binding energies decrease
significantly from about 940 meV in a ML to about 160 meV in BL
and around 110 meV in TL. These values determine that the
excitonic effects dominate the PL spectra of thin BP layers even at
room temperature. It is important to point out that the excitonic
binding energy of a BP monolayer is a few times larger than the
reported values for MLs of semiconducting TMDCs”"7381, Like in
TMDC monolayers”'727781 the surrounding dielectric environ-
ment can substantially modify the exciton binding energy. The
observed energy separation between the 1s and 2s excitonic
states of about 100 meV in a BP monolayer encapsulated in hBN
flakes®? is reduced three times compared to the case of a
monolayer exfoliated on a modified Si/SiO, substrate (320 meV)>3,
Note that the 1s-2s energy separation cannot be used to extract
the exciton binding energy due to the dielectric inhomogeneity.
As the theoretical models do not describe the exciton ladder to a
sufficient level, the quasi-phenomenological approach proposed
for semiconducting TMDC monolayers’' can be very useful to
determine the binding energies of excitons in thin layers of BP. It
is proposed that the s-type Rydberg series of excitonic states
follows a simple energy ladder

Ens =Eqg— Ry /(n+6)?, 3)

where n=1, 2, ... is the index of excitonic states and & can be
regards as adjustable parameters. E; represents the value of
the electronic bandgap (band-to-band transition). Ry* is the
effective Rydberg energy, scaled by the dielectric constant of
the surrounding hBN medium and the reduced e-h mass, whereas
the polarizability of the thin layer is accounted for only by 6. Note
that proposed formula coincides with the usual hydrogenic
Rydberg series of energy levels of 2D and 3D excitonic states’®
with the 6 parameter equal to 0 and 1/2, respectively. Surprisingly,
it was demonstrated using this formula that 6 is found to be close
to zero for a WSe, monolayer encapsulated in hBN, whose exciton
spectrum resembles that of a 3D hydrogen atom”". Moreover, the
proposed formula coincides with that expected for a hypothetical
hydrogen atom in fractional dimension N, (N = 25 + 3), which was
indeed speculated to mimic the spectrum of Coulomb-bound
states in low-dimensional semiconductor structures®3. We used
the discussed formula to describe the s-series of excitonic states in
BP ML, BL, and TL reported in®3. As only three excitonic states were
observed, i.e,, 1s, 2s, and 3s, to fit the proposed formula the values
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of electronic bandgaps were taken from the reflectance contrast
data presented in the paper. Consequently, there are two fitting
parameters: Ry* and 6. As shown in Fig. 7f, the formula perfectly
fits the data for thin-layer BP. The obtained binding energies of
excitons (E, = R;j/(1 +6)2) were found to be ~920, ~180, and
~90 meV for the ML, BL, and TL, respectively. The extracted values
are in very good agreement with the corresponding aforemen-
tioned ones (940, 160, and 108 meV) obtained in ref. >3,

Charged excitons

Charged excitons or trions are three-particle complexes composed
of an e-h pair (exciton) and an excess carrier (electron or hole).
Figure 7g demonstrates representative spectra measured at low,
intermediate, and high excitation powers at the temperature of
liquid helium (T=4.2K). The observed two emission lines are
attributed to the neutral (X) and charged (T) excitons. The energy
separation between the X and T lines defines the binding energy
of a trion, which is found to be of about 120 meV and is in very
good agreement with the reported value of ~100 meV measured
at T=263 K>°. The extracted value is four times bigger compared
to the reported values for MLs of semiconducting TMDCs#647:84,
Surprisingly, it was demonstrated recently that the encapsulation
of the BP monolayer in thin layers of hBN leads to a significant
reduction of the binding energy of a positive trion to about
30 meV®2, This result indicates that the trion binding energy in BP
monolayers can be modified using surrounding dielectric media. It
is in contrast to the binding energies of charged excitons in TMDC
monolayers, which stays at the same value regardless of the
surrounding media’>.

The dependence of the integrated PL intensity of the X and T
peaks as a function of the excitation power is shown in Fig. 7h. At
low excitation powers (<1 mW), both intensities increase linearly
with the power. At higher excitation powers (>1 mW), the T and X
intensities saturate. This type of evolution is consistent with that
reported in ref. > and confirms that the two observed transitions
are related to the recombination of a single e-h pair. The
temperature evolution of the PL spectra is shown in Fig. 7i. It is
seen that the X emission blueshifts with increasing temperature,
while at the same time the X line broadens. The behavior of the
emission energy and the intensity of the excitonic peak is shown
in Fig. 7j, k. The observed blueshift of the X line can be described
in terms of the analogous temperature dependence of the
bandgap of bulk BP. The anomalous temperature dependence
of the bandgap of bulk BP arises from a combination of harmonic
and lattice thermal expansion contributions, which are in fact
highly intertwined®. With increasing temperature, the emission
intensity of the exciton decreases, owing to the thermal activation
of nonradiative recombination centers.

Variation of BP PL induced by structural defects

The properties of 2D materials, especially those originating from
the band structure, including light emission and PL characteristics,
are dependent on intrinsic properties, such as chemical composi-
tion, crystal structure, number of layers, etc. However, they are
also strongly dependent on structural defects and other forms of
disorder, which can be categorized as intrinsic or extrinsic in
nature. Like in the case of bulk (3D) crystalline materials, the
intrinsic disorder originates from crystalline imperfections and
different types of defects, such as vacancies, adatoms and
substitutional dopants, line defects, grain boundaries, edges,
etc., most of which can strongly affect the material’'s character-
istics®58°, Because of its puckered structure, phosphorene can
facilitate different types of point defects®®, including vacancies®™
and self-interstitials®’. Their formation energy is significantly
lower®? than that of point defects in graphene®. By varying the
concentration of defects, the properties and performance of 2D
materials can be widely influenced. For example, heavy
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substitutional doping, so-called alloying, can lead to the formation
of solid-state solutions (alloys) with dramatically different proper-
ties than those of the host materials. Because of their significance,
homovalent alloys between phosphorene and other group V
elements are discussed separately in “Chemical approaches to
modify PL of BP.” In addition to intrinsic defects, there are also
different types of extrinsic sources of disorder in 2D materials. This
is largely due to the fact that, unlike bulk crystals, 2D materials are
almost entirely composed of surfaces and are therefore highly
sensitive to the environment. Consequently, their properties can
be strongly affected by factors such as surface impurities/dopants
and functionalization, modifications of interlayer gaps by means of
high-pressure or intercalation, the use of substrates®*®> and
coating layers, or by combining 2D layers with other materials, for
example, to form heterostructures.

Understanding the influence of defects and controlling their
concentration is the basis of so-called defect engineering?®®’. In
principle, the type of defects and their concentration can be
controlled during the synthesis or through the postsynthesis
processing of a 2D material. Defects can be introduced by
methods such as ion or electron irradiations®®, oxidation, surface
functionalization, layer-substrate interaction, etc. In general,
defects can either lead to undesired/parasitic effects or can be
beneficial to the material’s performance. In 2D materials and other
low-dimensional structures, the effects of defects can be especially
strong because of the strong localization of the electron wave
function®®. Among undesired defect-related effects is that they
can scatter charge carriers and excitons and play the role of
exciton quenchers facilitating nonradiative recombination'®. For
example, in phosphorene, the quenching of the quasi-1D
excitons®® originates mainly from the collisions with local
quencher states, similarly to what has been reported for other
1D-like systems'®!. Defects can also facilitate or accelerate the
degradation of 2D materials that are air sensitive'®2. This is what
happens in phosphorene, where vacancies play a key role in the
degradation mechanism that involves photo-assisted oxidation
with oxygen dissolved in atmospheric water at the surface of
phosphorene flakes'3103.104,

However, defects can also be beneficial. For example, they can
provide bandgap states and enable the trapping of charge carriers
and excitons, and therefore, can be used to obtain emission at
frequencies and enhanced PL intensity®'. Defects can also provide
effective ways for radiative recombination even in indirect
bandgap materials. They can lead to the formation of 0D- or 1D-
like states which can act as photoluminescent centers for the
efficient radiative recombination of excitons, trions, and other
excitations. However, while defects can, in principle, improve the
optical properties of 2D materials, the variation of their local
atomic structures can result in energy level fluctuations and
broadening of PL spectra.

Several recent studies have focused on using defect engineer-
ing for the modification of PL in phosphorene. Kuriakose et al.
investigated the influence of Ar and O, plasma treatment on the
optoelectronic properties of multilayer phosphorene flakes'®.
They observed no noticeable PL signal after the Ar plasma
treatment. However, the O, plasma treatment led to the
appearance of a prominent PL peak between 650 and 760 nm,
which was attributed to an oxygen-related acceptor state near the
CB and the resulting distributed VB state, formed by the
hybridization of the p-orbitals of O and P atoms?"'%, In another
study, Pei et al. used an oxygen plasma to etch thick phosphorene
flakes and fabricate ML phosphorene with a controlled concentra-
tion of defects showing efficient room-temperature emission in
the near-IR region®'. Such samples, fabricated by overetching of
phosphorene ML, showed a decrease of the 750 nm PL emission
peak, attributed to the trion (charged exciton) in a pristine
phosphorene ML>? and the emergence of two strong PL peaks at
780 and 915 nm, respectively (Fig. 8a). Using power-dependent PL
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measurements and previous predictions based on numerical
simulations?’, the authors attributed the 780 and 915 nm peaks to
oxygen defect-related localization of excitons. The temperature
dependence of these peaks did not follow the temperature
dependence of a standard semiconductor bandgap, indicating
that potential fluctuation and band tail states were responsible for
the exciton localization, as observed in other semiconductor
systems'97~1%% |nterestingly, the study showed that, unlike in ML
TMDs, localized excitons in a phosphorene ML could be observed
even at room temperature, most likely due to the large trapping
energy?'. The same group also studied the emission of defect-
localized excitons in phosphorene samples deposited on oxide
substrates grown by plasma-enhanced chemical vapor deposition
(PECVD)®*"°, Their study of ML phosphorene samples showed
two PL peaks at =700 and =920 nm, respectively''®. The peak at
=700 nm (labeled the A peak) (Fig. 8b) was attributed to the free
excitons of the ML phosphorene in accordance with previous
reports®®. The peak at =920 nm (labeled the X peak in Fig. 8b)
showed a considerably stronger PL intensity and was attributed to
the excitons localized to interfacial local states®®. The study also
showed that these localized excitons exhibited linear polarization
along the AM direction of the phosphorene lattice, similarly to
what had been reported previously for the quasi-1D free excitons
in pristine ML phosphorene. Beside this, the presence of these
localized excitons at elevated temperature was also observed and
the authors attributed it to the large trapping energy. Their similar
study of three-layer (3L) phosphorene samples deposited on
PECVD oxide substrates, showed a strong PL peak at =1430 nm
from localized excitons, in addition to a free exciton emission at
=1250 nm (Fig. 8d-h)%* Based on temperature PL measurements,
they determined the activation energy of these localized excitons
to have a large value of =77 meV, in agreement with the observed
stability at higher temperatures (=263 K).

BANDGAP ENGINEERING IN BP

The emission of BP and its PL spectrum can be greatly modified
using so-called bandgap engineering. While controlling the
number of layers or using defect engineering are very important
among such methods, there also several other bandgap
engineering strategies that can be employed for tuning the PL
of BP. This includes nanostructuring, the use of external fields such
as strain or electric filed, and different chemical approaches, such
as alloying, intercalation, and chemical surface modification.

Nanoarchitectures and nanoribbons

As was shown, reducing the number of layers of BP, down to
reaching the 2D regime, induces changes in the electronic
structure and causes quantum confinement effects in one
direction that result in the bandgap increase and modifications
of DOS. Reducing the size of BP in other directions to form 2D, 1D,
or 0D structures is an additional effective bandgap engineering
approach. It also leads to other significant properties, including an
enormous surface-to-volume ratio, large number of active sites,
and many prominent edges, all of which are desirable for various
technologies, including catalysis, electrochemical energy conver-
sion and storage, photovoltaics, and sensing applications.
Phosphorene nanosheets (Fig. 9a) are MLs of BP, where
phosphorus atoms are located at two atomic planes separated
by a distance of ~1.90 A. There are two types of bonds (in plane
and out of plane) and two nonequivalent directions (AC and ZZ) in
this structure. Consequently, phosphorene is a highly anisotropic
material. It includes the band structure and optical properties. For
example, phosphorene shows dichroism, i.e, polarization-
dependent light absorption'!. Phosphorene’s mechanical proper-
ties are also highly anisotropic. Zhang et al. showed that when
stress is applied, ML phosphorene is able to withstand a tensile
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Fig. 8 Photoluminescence from defect-bound excitons in phosphorene. a Measured PL spectra of monolayer phosphorene samples
produced by different methods: sample 1 exfoliated monolayer phosphorene (1), monolayer phosphorene with P,O, capping layer fabricated
by oxygen plasma etching (2), and monolayer phosphorene with P,O, capping layer fabricated by oxygen plasma etching, but with
overetching by oxygen plasma (3). The figure was reproduced with permission from ref. 6'. b Measured PL spectra of the monolayer
phosphorene on PECVD oxide/Au (blue) and thermal oxide/Si (red) substrates. The measured PL spectra from the substrate background are
also plotted for comparison. c Integrated PL of the low-energy X peak. The sublinear growth of integrated PL with the increased excitation
power (a = 0.72), indicating that the X peak at ~920 nm is from localized excitons. The figure was reproduced with permission from ref. '1°.
d Measured PL spectra at various temperatures for phosphorene 3L sample. e Schematic diagram showing the position of localized (low
energy) and free (high energy) excitons at low temperature and elevated temperatures. Measured f peak position, g peak intensity, and
h FWHM of PL peaks A and X as a function of temperature in 3L phosphorene. The figure was reproduced with permission from ref. 6%,

stress up to 17.7 GPa in the ZZ direction and 7.6 GPa in the AC Guo et al,, pristine ZZ nanoribbons exhibit a metallic character
direction'2. Figure 9qg illustrates the band structure of a pristine regardless of the nanoribbon width, whereas pristine AC
BP nanosheet. The bandgap was calculated to be 0.869 eV, which nanoribbons are semiconducting in nature with an indirect

is responsible for the semiconducting nature of a BP nanosheet. bandgap (Fig. 9h), which decreases with increasing nanoribbon
Moreover, the presence of a direct bandgap sets phosphorene width'"”. However, doping AC nanoribbons with C, Si, and Ge can
apart from MoS, and WS,, which display an indirect-to-direct lead to the transition from semiconductor to metal''®. The

bandgap transition when reduced to a monolayer®>''3, semiconducting character and relative width dependence of the

Phosphorene nanoribbons are an example of a 1D phosphorus bandgap of AC phosphorene nanoribbons are far more promising
nanostructure, constructed from a single atomic layer in thickness for possible application in FETs than graphene and MoS,
and less than 100 nm in width. The key mechanical and electronic nanoribbons, whose properties are strictly chirality dependent''®.
properties of nanoribbons depend mostly on their edge Moreover, high carrier mobility, small direct bandgap, and
structures' !> The ZZ nanoribbons (Fig. 9b) can be produced significant strain effects make AC phosphorene nanoribbons a
by separating a phosphorene ML perpendicular to the AC promising material for nanoscale applications in FETs, IR photo-
direction, by ultrasonicating in polar solvents, such as DMF or detectors, and strain sensors.

Nafion?” following the red arrows in Fig. 9a. Except for the Single-walled phosphorene nanotubes (SW-PNTs) can be con-
outermost edge atoms, ZZ nanoribbons undergo very little structed by rolling up a phosphorene monolayer. Two types of SW-
structural relaxation. They are however responsive to Peierls PNTs are considered depending on the rolling direction, ZZ and AC
distortion, with unit-cell doubling''®. The AC nanoribbons (Fig. 9¢) (Fig. 9d, e). Theoretical studies have shown that for small diameters
are constructed by cutting a phosphorene ML parallel to the AC (12-19A) of SW-PNTs, the optimized unit-cell length in the axial
direction, as shown by the orange arrows in Fig. 9a. According to direction is 3.30 A and is independent on the diameter for AC PNTs,
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Fig. 9 Phosphorene nanostructures. Visual representation of a phosphorene nanosheet marked with armchair and zigzag directions; single
phosphorene zigzag (b) and armchair (c) nanoribbon; d, e zigzag and armchair phosphorene nanotube, respectively, and f phosphorene

quantum dots. The energy bandgap structure of g isolated phosphorene nanosheet. The figure was reproduced with permission from re

f 165

h Phosphorene zigzag and armchair nanoribbons. The figure was reproduced with permission from ref. 1. i phosphorene armchair nanotube.
The figure was reproduced with permission from ref. '?°. j Energy levels of zigzag triangular phosphorene quantum dots. The figure was

reproduced with permission from ref. 166,

whereas for ZZ PNTs, the optimized unit-cell length progressively
increases from 4.13 to 448 A for a diameter change from 12 to
17 A12°, For SW-PNTs, both AC and ZZ nanotubes are semiconduc-
tors (Fig. 9i), with the possible transition to a semimetallic behavior
for ZZ nanotubes’". Yu et al.'?° showed that because of the huge
difference in electron and hole mobility, AC phosphorene
nanotubes can be considered as n-type semiconductors and can
find applications in metal-oxide-semiconductor field effect tran-
sistors and optoelectronic devices. Allec et al.'?' calculated that
PNTs exhibit a direct-to-indirect bandgap transition, with a decrease
in the nanotube diameter. This transition is induced by competition
in the energetic stability of various CB orbitals. Ansari et al.'??
showed theoretically that the mechanical properties of PNTs such
as Young's modulus directly depend on the nanotube radius.
Double-walled phosphorene nanotube (DW-PNTs) structures have
also been studied computationally and have been shown to be
more stable than the SW-PNTs. Moreover, Fernandez-Escamilla
et al.'?® claimed that DW-PNTs could be even more stable than a
phosphorene monolayer. For the most stable DW-PNTs, the
distance between the internal and external nanotube has been
found to be similar to the distance between atomic layers in BP.
Moreover, the bandgaps of DW-PNTs have been found to be
smaller than the bandgaps of SW-PNTs of similar dimensions and
they could be tuned by changing the diameter of either the internal
or external nanotube.

Phosphorene quantum dots (PQDs), including nanodots and
nanoparticles, are emerging functional 0D nanomaterials of
dimensions usually around 3 nm in height and diameter (Fig.
of). Ever since their first fabrication in 2015'>%, PQDs have
attracted a lot of attention because of their higher bandgaps,
high surface-to-volume ratio, ultrasmall sizes, and more active
edge sites per unit mass, as compared to 2D BP nanostructures.
One of the most valuable properties of PQDs is the ability to
control their bandgap via changing their diameter and as a result
control their light absorbance and emission wavelength'?>,
Moreover, PQDs exhibit a long exciton lifetime, modifiable
surface and high PL quantum yield, which makes them promising
for application in photocathodes, fluorescence probes, dye-
sensitized solar cells, ion detection, and flexible memory
devices'?®. Furthermore, due to their high biocompatibility and
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low phototoxicity, polymer-modified PQDs can be used in highly
efficient cancer therapy, in vitro fluorescence, and in vivo thermal
imaging. Gao et al. fabricated PQDs via small molecule-assisted
liquid phase exfoliation with a nanoparticle size of 3.4nm.
UV-Vis-NIR absorption and Tauc analysis revealed that the
bandgap of PQDs is equal to 1.81eV (Fig. 9j), which is much
higher than for other BP nanostructures of similar sizes'?’.

Effects of external fields

Strain engineering, i.e, the use of strain to modify the band
structure and optical properties of BP, has been explored
theoretically and experimentally. Seixas et al. used DFT calcula-
tions and consider the electronic and optical properties of
phosphorene under uniaxial out-of-plane strain, in the regime
comparable to what would be achieved using a diamond anvil
cell'?®, They calculated that when the uniaxial strain is gradually
increased from 0 to 5%, phosphorene undergoes a gradual
transition from a direct to an indirect bandgap material. Moreover,
the exciton binding energy reaches 0.87 eV at 5% of strain due to
changes in effective masses. They also showed a linear strain
dependence of PL and suggested using PL for the quantification
of strain in phosphorene samples. San-Jose et al. used ab initio
calculations to analyze the properties of excitons in strained FLBP
and their dynamics under strain gradients'?°. They calculated an
almost linear increase of the bandgap and exciton energy with
uniaxial strain. For 5% of the strain, they found the increase of
these energies to be about 0.4 and 0.6eV for the ZZ and AC
directions, respectively. They also found a strongly anisotropic
inverse funnel effect, i.e, the efficient driving of excitons away
from regions with high tensile strains (Fig. 10a).

Several experimental studies have also shown that 2D BP is
highly sensitive to strain, and strain engineering of the bandgap
and optical properties can be used effectively for this material.
Using polarized IR spectroscopy, Zhang et al.”** measured the
bandgap increase by >20% with 1% uniaxial strain for a 6L BP
(Fig. 10b, c). Interestingly, the effect had little dependence on the
strain direction. This was also reported in a similar study by Zhang
et al."*" for a thicker 20 nm BP (Fig. 10d, e), where comparable
bandgap strain coefficients of 99 + 4 meV% ' in the AC direction
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Fig. 10 Strain engineering in BP. a A highly anisotropic inverse funnel effect that pushes excitons away from the area of high tensile strain
has been predicted in BP. The figure was reproduced with permission from ref. ?°. b Extinction spectra (1—T/T,) of a 6L BP sample under
varying tensile strains, with strain applied along the AC (red) and ZZ (blue) directions. ¢ E;; and E,, peak energies as a function of tensile
strains, the strain direction is along the AC (red) and ZZ (blue) directions, respectively. The figure was reproduced with permission from ref. '3°,
d Evolution of absorption spectra with varying strains induced in AC (left) and ZZ (right) directions in 20 nm thick BP. e Bandgap plotted as a
function of strain measured for two 20 nm thick BP samples. The figure was reproduced with permission from ref. 3!, f Transmission-mode
optical image of ripples in a 10 nm thick BP flake. Below the optical image, an atomic force microscopy topography image acquired in the
region highlighted with the dashed rectangle in f is shown. g Optical absorption spectra acquired on three ripple summits, three valleys, and
three flat regions, indicated with colored circles in f. The figure was reproduced with permission from ref. 3’. h Averaged biaxial strain-induced
shift rates of Eq, E5,, and Ez3 peaks as a function of the layer number in 2-10L BP. i Illustration of 2L BP showing that when biaxial in-plane
tensile stain is applied, the average distance between two layers (D + d) decreases due to the Poisson effect, while the gap between two layers
(D) increases accompanied by a stronger decrease of the height of an individual layer d. j Schematic illustration of the band structure
evolution of a bilayer BP under tensile and compressive strain. The orange dashed curves are the bands for a monolayer BP. The figure was
reproduced with permission from ref. 132,

and 109 +2meV% ' in the ZZ direction were obtained. Quereda
et al. also showed strong strain-induced changes of the optical
bandgap of BP, although in a much wider strain range®’. They
used transmission-mode optical microscopy of periodically
strained BP samples (Fig. 10f) fabricated by the deposition of
FLBP onto a prestretched elastomeric substrate with the
subsequent release of the strain, and measured a large shift of
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the optical absorption band edge of up to ~0.7eV between
regions under a large tensile (+10%) and a large compressive
(—30%) strain (Fig. 10g).

As shown by Huang et al,, strain engineering can also be used
to affect the optical response of 2D BP by modifying the interlayer
vdW interactions'32. By measuring the IR absorption spectroscopy
of FLBP under in-plane biaxial strain and separating the interlayer

Published in partnership with FCT NOVA with the support of E-MRS


http://mostwiedzy.pl

A\ MOST

and intralayer contributions to the evolution of the band structure
(Fig. 10j), they quantified the strain effect on the interlayer vdW
coupling and showed that in-plane tensile strain can efficiently
weaken this coupling. This surprising behavior originates from the
puckered structure of BP. Although, the average distance between
two adjacent layers decreases, when in-plane tensile stain is
applied, the separation between two sublayers within each layer
decreases even more (Fig. 10h, i).

2D layers of BP are often deposited on dielectric substrates.
Moreover, because of stability concerns, they are also often
covered by thin protective layers, such as graphene, h-BN,
sapphire, etc. This, however, can affect the BP band structure
and its optical bandgap. A recent DFT calculation'? of the optical
spectrum of 2D BP with a thickness of one to four layers, with and
without encapsulation between h-BN and sapphire, showed the
strong sensitivity of BP to environmental screening. As shown by
this study, the encapsulation reduces the exciton BE in a
monolayer by almost 70% and leads to the complete disappear-
ance of a bound exciton in the four-layer BP structure.

The most common method to investigate the carrier concen-
tration effect on the PL spectra in LMs is fabrication of back-gated
structures*®3%135 This method, based on the field effect and
electrostatic doping, has been widely used for tuning the physical
properties of 2D materials.

It employs a metal-oxide-semiconductor (insulated-gate) field
effect transistor structure, where modulation of a gate voltage Vg
leads the field effect and modulation of the carrier concentration
in the 2D material, used as one the electrodes. Using this
approach, the Fermi level and the associated properties such as
DOS, electronic and optical properties, etc. of 2D materials can be
widely tuned. Because of the finite breakdown voltage of the
typically used insulating layer (i.e., oxides or h-BN), the degree of
electrostatic doping in typical structures is limited. However, the
application of ionic liquids as gating materials allows this to be
increased significantly, even by an order of magnitude, the
achievable carrier doping densities, allowing for much stronger
tunability of the physical properties of 2D materials. The field
effect and electrostatic doping has been widely used to study
various 2D materials. There are several reports of using this
approach for 2D BP.

Figure 11a shows the PL spectra of the TL BP under various
back-gate voltages at room temperature. The measured PL spectra
exhibit two clear peaks with central wavelengths at ~1100 nm
(~1.127eV) and ~1300nm (0.954¢eV), which are attributed
correspondingly to the emission of the neutral (A°) and positively
charged (A") excitons. As can be seen in the figure, these two
emission lines are sensitive to the applied back-gate voltage. The
intensities and energy dependences of the A® and A" lines as a
function of the gate voltage are shown in Fig. 11b, c. At a voltage
bias of —50V, positive charges are pumped into the phosphorene
and the PL spectrum is formed only by the A lines (the PL
emission from neutral excitons is almost absent). As the voltage is
decreased gradually from —50 to 50V, the PL emission from the
neutral excitons became increasingly prominent, while that of the
positive trions simultaneously became progressively weaker. At
the same conditions, the gate evolution of the energies of the A°
and At lines and hence the A™ binding energy stays at almost the
same level. The extracted binding energy of the trion in TL BP is
on the order of 160 meV, which is a larger value compared to the
case of the ML (100-120 meV) reported in refs. 513,

Another method to modify the PL response of BP is application
of an external vertical (out-of-plane) electric field to a sample. In
contrast to the modification of the doping level described above,
the electric field affects the electronic bands of the sample. As can
be seen in Fig. 11d, the electric field significantly influences the PL
spectra of the 20-layer BP. The PL spectra are composed of a
single peak, whose wavelength decreases by almost a factor of 2
from about 3.7um (~330meV) at OV to around 7.3pum
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(~170meV) at 40V, which is accompanied with a significant
reduction of the PL intensity of about 4 times. Knowing the
parameter of the structure (see ref. '37), the applied field can be
used to calculate the displacement field. For example, from the
data shown in Fig. 11d, it was found that 40V corresponded to
the displacement field of 0.48Vnm~'. Figure 11e presents the
evolutions of the extracted experimentally and calculated
theoretical bandgap of the 20-layer BP as a function of the
displacement field. Note that for 20 layers of BP, the emission
energy corresponds to the calculated bandgap, which indicates
that the aforementioned excitonic effects can probably be
neglected in this case of a thick BP flake. The comparison
between the band structure of the pristine BP and the BP under
the displacement field of 0.48 V. nm~" near the I point is shown in
Fig. 11f. As can be seen in the figure, the displacement field
changes the bandgap energy, but it does not substantially affect
the band’s shape. While the bandgap reduces, the overlap of the
electron and hole wavefunctions decrease with the increasing
electric field, which leads to the decreased oscillator strength and
hence the lower PL intensity.

Chemical approaches to modify PL of BP

Chemical approaches to materials engineering include alloying,
chemical doping, and intercalation of chemical species.
Intercalation, a process of inserting foreign ions or molecules
into the gaps between vdW-bonded layers of LMs, is a powerful
tool for tuning material properties, including their electronic
structure and optical response'>8, There are different ways through
which intercalation can affect a LM. One way is through controlled
electrical charge doping due to the effective charge transfer
between the intercalant species (donor or acceptor type) and
layers of the host material. The carrier concentration and Fermi
level can be widely tuned using this approach. Another important
effect is that intercalation can affect the separation and interac-
tions between adjacent layers. In particular, by weakening and, in
some cases, suppressing the interlayer interactions, intercalation
can effectively transform a LM into a set of individual isolated
layers, which profoundly changes the materials’ properties,
including their emission spectra. Such an effect has recently been
demonstrated in BP during electrochemical intercalation with
molecules of cetyltrimethylammonium bromide (CTAB)'®°, as
summarized in Fig. 12. In situ PL measurements during this
process have shown the gradual evolution of the emission
spectrum and change of the PL peak position from =138 to
=1.75 and finally to =2.26 eV (Fig. 12b). This behavior has been
explained through the intercalation staging mechanism, i.e., a
process where the intercalant species first occupy every third, then
every second, and finally each interlayer gap. Therefore, the
observed PL spectra are roughly those of TLs, BLs, and monolayers.
They are slightly modified because the insertion of CTAB layers
causes the formation of superlattice structures and some
modification of the electronic structures. A model of the monolayer
phosphorene molecular superlattice (MPMS) and its calculated
corresponding electronic structure are shown in Fig. 12h, i,
respectively. Intercalation of BP using several other intercalant
species has also been reported in the literature'*%-142, However, no
systematic PL studies have been conducted for these systems yet.
In 2D materials, the electronic band structure and its features,
such as bandgap, type (direct or indirect), effective mass, carrier
mobility, etc., can be tuned by changing the number of layers'#?
surface  functionalization™**'%,  strain'¥®, external electric
field'#”1%8 etc. Alloying can also be used for the band structure
engineering; here, the composition''%° plays the role of an
additional parameter that can be used to adjust the band
structure, in some cases significantly if a composition-dependent
structural phase transition takes place. In particular, alloying can
be used to tune the bandgap. For example, since the bandgap of
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bulk BP is 0.3 eV and that of bulk arsenic is 0.15 eV, a continuum of
intermediate values can be expected for the black phosphorous
alloys in a wide range of compositions. However, there are limits
for the alloy compositions within which the black phosphorous-
like structure of the alloy is preserved. In general, elements of
group V are known to form two types of layered structures, the so-
called a (or A17) phase and B (or A7) phase''. The a phase has an
orthorhombic honeycomb puckered crystal structure with the
space group Cmca, while the B phase is a rhombohedral buckled
layered crystal structure with the space group R3m. Although,
both phases are layered, only the a phase is a vdW type of
structure, while the B phase has the significant interaction of
atomic orbitals between its layers. For phosphorus, the a phase,
known as black phosphorous, is stable under normal conditions,
while the B phase, known as blue phosphorene'®?, is unstable. The
situation is opposite in the case of arsenic (As), antimony (Sb), and
bismuth (Bi). In this case, the B phase, known as gray As, gray Sb,
and metallic Bi, respectively, is the most stable structure among
the allotropes of these elements. Therefore, depending on the
composition, x, the M,P,,, (M = As, Sb, Bi) alloy compounds are
expected to form the black phosphorous-like a phase, the blue
phosphorus-like  phase, or segregate. Furthermore, the structural
phase transition can be expected in these systems with the
increasing composition (Fig. 13). This is supported by recent
theoretical studies on the As-P alloys. Specifically, computational
studies by Zhu et al. predict a phase transition from a-As;_,P, to
B-As,P, when x=0.93. The change in frontier states from
electron lone pairs in a-P to o bonds in 3-As and the direct-to-
indirect fundamental bandgap change is currently understood as
the reasons for this phase change at critical composition'®'. An
analogous approach considering only the total electronic energies
revealed that the transition in As,P,_ could occur at x = 0.6. But
when also taking the thermodynamic energy terms into
consideration, the critical As content shifted to a higher value of
x=0.9"3, Interestingly, it has also been theoretically predicted
that strain along the ZZ direction could trigger a semiconductor to
metal phase transition in As,P;_,, whereas this transition does not
seem to be possible along the AC direction’™*. In fact, the
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structural phase transition is expected to be accompanied by the
electronic phase transition and possible direct-to-indirect band-
gap transition. It is worth noticing that the critical composition
where the phase transition occurs may depend on the number of
layers. Due to their widely tunable electronic and optical
properties, the M,P;, (V=As, Sb, Bi) alloys are promising
candidates for application in the field of electronics and
optoelectronics.

Covalent and noncovalent functionalization can be used to
improve the environmental stability of 2D BP and help to enable
its practical use in many technologies, such as the optoelectronics,
electronics, and photonics fields. Interestingly, the interaction of
BP layers with other compounds through covalent or noncovalent
bonding affects their electronic structure, which affects the
optoelectrical properties. Thereby, PL can be used to confirm
such functionalization in an easy, fast, and nondistractive way. The
choice of the solvent is very important for PL research. Firstly, an
unsuitable solvent can cause erroneous measurements, such as in
the case of N-methylpyrrolidone (NMP), which is the most popular
solvent for BP liquid exfoliation. NMP degrades over time under
ambient conditions and during sonication. Therefore, PL measure-
ments of phosphorene produced by the liquid exfoliation method
in NMP could be problematic'>>. Secondly, the PL spectrum of
modified 2D BP is found to decrease and redshift with increasing
polarity of solvent; the phenomenon that can be used to probe
and study chemical modifications of BP samples. The effect of the
solvent polarity, characterized by polarity index, P’ 1%, is shown in
Fig. 14a, where PL spectra from 2D BP samples dispersed in
toluene (P'=2.4), chloroform (P =4.1), and DMF (P'=6.4) are
compared. It can be seen that the PL spectra of these samples are
gradually redshifted and broadened with increasing solvent
polarity, which is directly related with the increase of the electron
transfer between 2D BP and solvent molecules attached to its
surface. Similar effects were also reported by Wang et al.'>’
studying BP nanosheets functionalized with poly[(1,4-diethynyl-
2,5-bis(hexyl-oxy)benzene)-alt-benzeno{c}thiadiazole] (PDBT) by
using 4-bromobenzenediazonium tetrafluoroborate as a linker.
Another example of using PL for the confirmation of BP
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modification is shown in Fig. 14c. The peptide (FKK) used in this
work for the modification of BP had much stronger emission than
that of bare BP. Therefore, the observed broadening and
quenching of the PL peak emission in modified BP (BP@FKK
(300)), in comparison with the PL from the peptide only, was a
clear indication of the successful modification'®®,

In addition to confirming the functionalization, PL can also
provide information on the resulting structure of the modified BP.
For example, the quenching of the PL peak of the polymer helix
confirms the enclosing of BP nanosheets inside the polymer
micelles. The strong emission band of the encapsulated BP
nanosheets and the lack of influence of the solvent polarity
indicate closing of the BP nanosheets inside the polymer and the
intermolecular electron transfer (Fig. 14b)'°. PL of 2D BP can also
be used as a detection probe for molecules adsorbed on the BP
surface'%'®", Pumera et al.'®® indirectly employed this approach
to detected cDNA by using BPNPs as fluorophores. They observed
PL quenching after the adsorption of dabcyl-Lprobe on the
surface of BPNPs. However, after the addition of cDNA to the
BPNPs-dabcyl-Lprobe, a higher PL intensity of the BPNPs was
observed. This was explained as the formation of a ds-cDNA-
dabcyl-Lprobe hybrid complex and weakening of the interaction
between the BPNPs and the physically adsorbed dabcyl-L
(Fig. 14d).

PL can also be employed, as for example reported by Rao
et al.'®2, to examine PQDs and the impact of organic molecules
(donors, acceptors) on the optical properties of PQDs (Fig. 14e-h).
Organic molecules such as tetracyanoethylene (TCNE), tetracya-
noquinodimethane (TCNQ), and tetrathiafulvalene (TTF) interact
with PQDs through charge transfer and effectively quench PL as
their concentration is increased (Fig. 14h). In their study, Rao et al.
concluded that the impact of TCNE and TCNQ on the PL of PQDs is
more notable than that of TTF, which suggests that the acceptor
binds more efficiently with PQDs. DFT calculations of the band
structure for the adsorption of these three typical organic
molecules (i.e., TCNQ, TCNE, and TTF) on the surface of ML and
FLBP have shown considerable charge transfer and strong
noncovalent interaction, which lead to bandgap reduction
(Fig. 14i-I). Surface functionalization and molecular doping is an
effective method for modulating the electronic and optical
properties of phosphorene and, hence, for facilitating the wider
use of this material'?’.

The effective use of PL as a probe of phosphorene’s surface
modifications is based on the premise that the functionalization
changes the structure and optical properties, especially the
bandgap. An example where such a change is shown is covalent
functionalization of FLBP using 4-azidobenzoic acid, which causes
an increase of the bandgap from 0.86 eV (1442 nm) for bare FLBP
to 1.11eV (1117 nm) for FLBP-azidobenzoic acid with double-
bound configuration'63,

Table 1 summarizes most of the known PL peaks for
phosphorene and for products of its functionalization. These data
obtained using different solvents and under different excitations
show the variety of phosphorene modifications and the effective-
ness of PL in characterizing phosphorene-based structures
obtained by surface functionalization.

SUMMARY AND OUTLOOK

In summary, we have provided an overview of PL spectroscopy as
a convenient, nondestructive, and yet robust method to
characterize BP, especially its 2D form, phosphorene. We have
reviewed the existing literature reports on the use of PL to study
BP and discussed how different, both intrinsic and extrinsic factors
affect the band structure and optical response of BP. Even based
on the limited number of studies reported so far, it is evident that
PL is an insightful method that can provide a wider range of
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Fig. 12 Effects of intercalation on the photoluminescence of BP. a Electrochemical gate current as a function of the applied electrochemical
potential (SEM image of the used transistor structure). b PL signals observed during different stages of intercalation. ¢ Relationship between
the bandgap or electrochemical potential and layer number, showing a good correlation between the electrochemical potential and the
corresponding bandgap in the bulk, bilayer, trilayer, and monolayer regimes. High-resolution cross-sectional TEM image comparison between
BP (d) and MPMS (f). Plane-view TEM images of BP (e) and MPMS (g) showing the lattice parameter expansion in the AC direction and
negligible change in ZZ direction. Insets: electron diffraction of the corresponding TEM images. h Cross-sectional view of the simulated
atomic structure of MPMS. i Simulated electronic structure of MPMS, demonstrating the enlarged bandgap of 2.13 eV in MPMS. The figure was

reproduced with permission from ref. 13°,

information. It can be used to characterize the quality of BP
samples and to measure their intrinsic structural characteristics,
such as number of layers, morphology, defects, etc. Similarly, it can
also be used to probe external perturbations affecting the state of
the sample, including temperature, strain, electric and other
external fields, surface functionalization, effects of substrate/
encapsulation proximity, etc. The advantages of using PL to
characterize BP are that regardless of the number of layers, BP is a
direct bandgap material that, in principle, can support efficient
radiative recombination. Furthermore, due to the large exciton
binding energy in thin layers, the corresponding efficient PL signal
can be observed at high temperatures, even at room temperature.
The challenges that still need to be addressed to fully utilize PL for
detailed characterization of BP samples and for fundamental
studies involving subtle effects inside the material will require
high-quality samples. So far, most of the investigated BP samples
exhibited significant inhomogeneities, which results in broad-
ening of PL spectra, making this technique challenging for
detailed, in-depth analysis. The development of synthesis
methods of high-quality large-area BP will certainly help to

Published in partnership with FCT NOVA with the support of E-MRS

advance this research. The other challenge is to suppress the
degradation and control defects in BP samples. It is well
understood that oxygen plays a key role in the degradation of
BP and the degradation rate is layer dependent. Therefore, using
PL for probing intrinsic properties of BP, especially in the case very
thin samples, may require approaches that prevent exposure to
oxygen. This may include: (1) using optical environmental cells,
where the sample is held under inert atmosphere during PL
measurement, (2) coating samples with optically transparent thin
protective layers of materials such as h-BN and Al,Os;, (3)
measuring dispersions of BP in anhydrous organic solvents or
deoxygenated water, and (4) functionalization of the BP surface to
improve its stability. When such approaches are used, special care
may however be needed during data collection and analysis. For
example, interaction between BP and protective layer can modify
the band structure of BP and affect its PL spectrum. Also, due to
the puckered nature of a phosphorene layer, a uniform surface
functionalization may not always be achievable leaving potentially
uncovered regions prone to oxidation. Thus, the precise control of
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Impact of functionalization on the photoluminescence and band structure of phosphorene. a Photoluminescence spectra of PDBT-

BP in different organic solvents. The figure was reproduced with permission from ref. '*’. b Photoluminescence spectra of few layered BP

nanosheets, polymer micelles, and encapsulated BP nanosheets in micelles. The figure was reproduced with permission from ref.

159

¢ Photoluminescence emission spectrums of BP, FKK, and BP@FKK at the excitation of 450 nm. The figure was reproduced with permission
from ref. '8, d Fluorescence emission spectra of BPNP, Tris-HC| (buffer), dabcyl-Lprobe, BPNP with dabcyl-Lprobe (160 nM), and cDNA with
dabcyl-Lprobe. The figure was reproduced with permission from ref. '%°, Quenching of photoluminescence of PQDs in toluene with different
organic molecules: e TTF, f TCNE, g TCNQ, and h Stern-Volmer plots. The figure was reproduced with permission from ref. 12, Band structures

of i isolated phosphorene and phosphorene with: j TCNQ, k TCNE, and | TTF. The figure was reproduced with permission from ref.

surface modifications and external perturbations is also critically
important as PL is highly sensitive to these factors.
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