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ABSTRACT: Due to their novel optical and optoelectronic
properties, 2D materials have received increasing interest for
optoelectronics applications. However, when the width of the
channel layer decreases to the nanoscale, the properties of 2D
materials can be seriously influenced due to the boundary defects
and the approximation of physical dimensions and mean free path
of the electron. That brings many challenges to developing novel
electronics. Hence, researchers began to maintain their focus on
1D semiconductors without boundary defects and surfaces. Herein,
fibrous phosphorus, another Quasi-1D layered semiconducting
phosphorus allotrope with air-stable low symmetry, is reported. We
found the in-plane anisotropic Raman response and excitation and
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exciton emission at room temperature. Moreover, the raw materials of fibrous phosphorus are nontoxic and abundant on the earth.
These excellent properties will make it a highly competitive material for future applications in the optoelectronic area.

B INTRODUCTION

Ever since the discovery of Black phosphorus (BP), there is
growing interest in anisotropic 2D materials owing to their
unique physical properties and essential electronic and
optoelectronic device applications.'™* The anisotropy results
from the low-symmetry crystal structure. Apart from 2D
materials, some 1D materials can achieve large and accessible
in-plane anisotropy. Moreover, compared with anisotropic 2D
semiconductor materials, 1D materials have no boundary
defects or limits of utility in conventional optical systems. In
addition, 1D materials may show unusual physical phenomena,
including superconductor—insulator transitions,” charge den-
sity waves,” topological insulating properties,” electron field
emissions,” extreme magnetic properties,9 and Luttinger liquid
behavior.'” However, only a few 1D materials have been
investigated so far, such as TaSe3,11 Sb28e3,12
nanotubes,"” one-dimensional perovskite-like hybrid,"* and
KP."

Fibrous phosphorus (FP) is another layered semiconducting
phosphorus allotrope that was obtained via a chemical vapor
deposition (CVD) method from amorphous red P by Ruck et
al.'® Later, Eckstein et al. synthesized FP with CuCl, as a
mineralizing agent.'” Then, there is no stopping to discover its
value. Hu and Roshith et al. found its excellent activity in
photocatalysis.'"*™>' Lu et al. investigated the structural
stability, electronic structures, and optical properties of
monolayer FP using DFT calculations.”” In our research
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group, Zhang et al. succeeded in obtaining liquid exfoliation
processing of 1D FP and then applied it to light cell imaging
and fiber devices.””** In fact, researchers seldom pay attention
to its low-symmetry structure (triclinic), which may draw in-
plane anisotropy to it. As we know, for anisotropic materials,
the electrical, optical, thermal, and phonon properties are
diverse along with the different in-plane crystal directions.
Therefore, the exploration of its anisotropy is of exceptional
scientific significance. However, up to now, only Du et al. have
studied the giant anisotropic photonics in FP.”> Research on
the anisotropy of FP materials is generally in its early stage.
In this work, we report the stability and anisotropic
properties based on experimental research. We investigate
the in-plane anisotropic Raman response of layered FP
semiconductors through angular-resolved polarized Raman
spectroscopy (ARPRS). Furthermore, the angular dependence
of excitation and exciton emission was observed in FP by
photoluminescence (PL) spectroscopy. These results reveal
the intrinsic anisotropy for FP. Such excellent intrinsic
anisotropy, in combination with nontoxic and air-stable factors,
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Figure 1. Schematic structural view of the FP crystal along the a (A), b (B), and ¢ (C) directions. (D) The experimentally measured XRD
diffractogram and comparison with PDF standard card. (E) Raman result of FP.

makes Q-1D FP a promising candidate for developing
electronic and optoelectronic devices in the future.

B MATERIALS AND METHODS

Preparation of FP. Fibrous phosphorus was synthesized by
loading red phosphorus (99.9999%, 1 g), Sn (40 mg), and Snl,
(20 mg) into vacuum quartz tubes. The 10 cm vacuum tube
was placed in a dual-temperature zone heating system; the
temperature gradient was 650 °C/550 °C after heating for 30
min, and after 12 h, the temperature gradually cooled down to
550 °C/450 °C and then cooled down with the furnace. The
products were obtained within the walls of the colder end of
the glass ampule after breaking the quartz ampule.

Characterization of FP. XRD. The powder X-ray
diffraction patterns are collected with a Bruker D8 X-ray
diffractometer in transmission mode using Cu Ko radiation.
The 26 range is 10—80°, and the scan-step width is 0.02°.

SEM. The SEM image was collected using a FEI Quanta 250
SEM.

TEM. The microstructure of the liquid exfoliated 2D FP was
studied by high-resolution transmission electron microscopy
(FEI Titan G2).

AFM. A Bruker 8 MultiMode SPM system was used to
measure the width and height of mechanically exfoliated FP
nanoribbons under the ScanAsyst mode in an ambient
environment at room temperature.

Density Functional Theory (DFT). Density functional
theory (DFT) simulations were conducted using the Vienna
ab initio simulation package (VASP).”® Element potentials
were constructed using the projector augmented wave (PAW)
method,”” and the exchange-correlation component of the
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density functional was managed through the generalized
gradient approximation of Perdew—Burke—Ernzerhof (GGA-
PBE) function.”® For all computations, the energy cutoff for
the plane-wave basis was set to 500 eV. Lattice parameters and
atomic positions were optimized until the residual forces in
each bulk species were less than or equal to 0.001 eV/A. A
vacaum of 30 A surrounding the sheet was used in all
simulations of few-layered configurations. To optimize the
system geometry, van der Waals interactions were considered
by the Tkatchenko and Scheffler (TS) approach.”

Anisotropy Measurement of FP. Raman and PL were
used for characterization analysis of anisotropy. The Raman
and PL tests were performed by using a WITec Alpha300
confocal Raman microscopy system. The excitation wavelength
was 532 nm, and the laser power was kept below 200 4W to
avoid sample damage. The polarization of the excitation laser
was measured by rotating the fast axis of the half-wave plate
positioned in the incident laser path. On the detection side,
one polarizer was used to obtain different polarizations of the
emission signal.

Bl RESULTS AND DISCUSSION

The crystal structure of bulk fibrous phosphorus (FP) belongs
to the triclinic system and the space group P1 (Figure 1A—C
shows its crystal structure). It consists of a “double tube” that
is held together by Van der Waals forces in both the a- and c-
directions. “Double tube” is formed with the connection of
tube and pentagonal phosphorus).

We prepared the bulk crystalline FP by the chemical vapor
transport (CVT) method.”* X-ray diffraction (XRD) was
applied to identify the crystal phase of the FP in Figure 1D. All
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Figure 2. Microstructure of the FP. (A) Light microscope image of a typical FP. (B) Scanning electron microscopy (SEM) image of an FP
nanofiber. (C) High-resolution TEM (HRTEM) image of an FP nanofiber. (D) Scanning electron microscope images of block FP. (F) EDS

mapping of a single FP (E) under SEM.
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Figure 3. (A) Sketch of the density of states (DOS) for the monolayer FP and the energy diagram of the DOS of the aqueous oxygen acceptor with
the solvent reorganization. (B) XRD measurement of FP after exposure in the air experiment. (C) Raman spectra of a typical FP sample were

recorded before and after 30 days of air exposure.

diffraction peaks are sharp, directly indicating the well-
crystallized formation of FP. As shown in Figure 1E, the
locations of the sharp Raman peaks are in agree with the
preceding report of FP.>" This indicates that our samples are
indeed FP. The Raman spectral analysis of FP delineates two
distinct regions based on vibrational modes. The first region,
characterized by intertubular vibrations, encompasses frequen-
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cies below 175 cm™. This region is indicative of the vibrational
movements occurring between the tubular structures within
the FP. The second region, defined by intratubular vibrations,
includes frequencies above 175 cm™. This latter region reflects
the vibrational dynamics occurring within the individual

tubular structures of the FP.
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Figure 4. Anisotropic Raman response of FP. (A) The image of the fibrous phosphorus sample; the red line shows the position of the Raman test.
(B) Angle-resolved polarized Raman spectra of the FP nanoribbon. (C—J]) The intensities of Num.3, Num.4, Num.5, Num.6, Num.8, Num.11,
Num.1S, and Num.18. Raman peaks of FP as a function of polarization angle 6.

In addition, we observed the morphology of FP.
Mechanically exfoliated FP was transferred to a silicon wafer
covered with 300 nm SiO,. The light microscopy and SEM
results for a single FP are shown in Figure 2A,B. The FP
samples are presented as wires with smooth boundaries. The
TEM images provide not only a shape of FP but also its lattice
spacing, as shown in Figure 3C. The d-spacings of 5.955 and
1.681 A are visible, corresponding to the (141) and (301)
planes, respectively. From the SEM image of the block FP in
Figure 2D, the FP block consists of numerous single FPs, so
the FP block can be stripped of the material from the single
roots. As the EDS mapping shows in Figure 2EJF, we
determined that the sintered samples consisted only of P
with a uniform compositional distribution.

The energy levels of dissolved oxygen (O,(aq)) and its
anionic form (O3 (aq)) exhibit fluctuations within an
approximate range of +1 eV. Consequently, these levels may
coincide with the density of states (DOS) of a monolayer of
BP. This overlap facilitates the transfer of electrons from the
BP to the solvated oxygen acceptor states, precipitating
photoinduced oxidation reactions.”’ In a humid environment,
this interaction would result in the degradation of BP. Given
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that black phosphorene is an allotrope of BP, the question of
whether FP can maintain stability under atmospheric
conditions remains. To address this, the chemical stability of
FP is evaluated using DFT calculations.”” The calculated band
edges of monolayer FP, at —3.84 eV relative to a vacuum, are
significantly lower than those of the aqueous O, acceptor state,
which is at —3.1 eV. This substantial difference hinders carrier
transfer between them, thereby rendering the monolayer FP
stable under ambient conditions, as depicted in Figure 3A.

Moreover, in order to confirm this, we performed a series of
experiments. As Figure 3B shows, the locations of XRD peaks
did not change after 3 days, 7 days, and even 30 days. A similar
situation can be perceived from the Raman spectrum (Figure
3C). We compare the Raman spectrum of the fresh FP
nanotube to that after 30 days of air exposure in ambient
conditions. Notably, the profile of all Raman spectra of the FP
nanotube displayed only a minor change after 30 days of air
exposure, revealing quite outstanding stability in air. This long-
term air stability is especially important for practical
applications.

Low symmetry of the FP crystal structure indicates that its
phonon vibration could be anisotropic. Angle-dependent and
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Figure S. (A) AFM image of the FP. (B) The anisotropic photoluminescence spectrum of the fibrous phosphorus sample. (C) The comparison of
anisotropic photoluminescence of FP with GaTe,”® ZrS;,* ReS,,* TiS;,*® KP,5,"* and carbon nanotube (CN).* (D) Different powers of the
photoluminescence spectrum. (E) PL intensity of fibrous phosphorus as a function of excitation laser power.

polarized Raman spectroscopy is a fast, effective, and
nondestructive tool that has been widely applied.”** Here,
the anisotropic properties of FP are further diagnosed by
angular-resolved polarized Raman spectroscopy measurement.
The longitudinal direction of the FP nanoribbon was chosen to
be along the x-axis of the laboratory coordinate. A half-wave
plate positioned in the incident laser path was used to rotate
the laser polarization direction. We employed an analyzer set in
front of the spectrometer entrance to select the polarization of
the Raman signal parallel to the x-axis. We chose the midpoint
of the red line of exfoliated FP for examination, as Figure 4A
shows. It can be seen in Figure 4B that the relative intensities
of all the peaks change significantly with polarization angle 8
(the polarization angle between the incident laser and the x-
axis). When the laser polarization is parallel to the x-axis, i.e., &
= 0°, the intensities of all the peaks reach the maximum value.
On the other hand, when the laser polarization is vertical to the
x-axis, i.e, @ = 90° all the peaks almost disappear. In the
context of the sample of nanometers, it has been observed that
the Raman scattering intensities for all peaks adhere to a
dependence described by the function cos® 6 (Figure 4C—J).

The intensity of a Raman active mode is proportional to Y|
eSR]-eilz; R; is the Raman tensor of the crystal structure, ¢; and ¢;
represent the unit polarization vectors of the incident laser and
the scattered Raman signal, respectively.”” The space group
associated with FP is denoted as P1, and its corresponding
point group is Ci. Within this framework, there exists a singular
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type of irreducible representation, for which the associated

a d e
Raman tensor is designated as |d ? f| In our angle-
e c
resolved polarized Raman configuration, ¢;” = (sin 8, cos 6, 0),
e= (0, 1, 0); FP is a layered material with nanoribbons’
longitudinal orientation along the [010]. Therefore, the Raman
tensor R; requires conversion to the laboratory’s coordinate
system R/ for consistency. It can be expressed by the following
equations:

r_ T
Ry = M-R;M (1)
cosff sinff 0O
M=|—-sinf cosff 0
0o o0 1 @)

The angle between the crystal and laboratory coordinates is
defined as (B(x = 90—97.91° = —7.91°), where 97.91° is the
angle of intersection between the [1 0 0] and [0 1 0]
crystallographic directions. Consequently, the Raman intensity
for a given Raman mode is denoted as {sin O[dcos* § — dsin® /3
+ (b — a) cos B sin 8] cos O [a cos® f + b sin® f + 2d cos f§ sin
B1}%. The polarized Raman intensities of all peaks, when
analyzed with respect to the angle, can be approximated by the
function cos® 6. This suggests that the expression of d cos” § —
d sin®> f + (b — a) cos f3 sin B is nearly zero. Such a result
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indicates the inherent anisotropy in the lattice structure of the
material KP;;. Moreover, the ARPRS measurement can be
used to examine the crystalline orientation of FP.

The exfoliated FP exhibits anisotropic characteristics not
only in its Raman spectral features but also in its photo-
luminescence properties. We study the anisotropic photo-
luminescence properties of FP by PL. In previous research, we
found that some samples presented more than one PL peak.
This may derive from the total reflection of emitted light that
occurs at the interface between the FP block and air as well as
the substrate, namely the so-called F—P cavity effect.”* To
avoid the F—P cavity effect, we selected samples with a width
of less than 800 nm and a large ratio of length to width. Figure
SA is the AFM image of the FP sample. The results of the
polarization-resolved photoluminescence study for a 560 nm
wide FP nanoribbon are shown in Figure SB. The anisotropic
photoluminescence spectrum was attained by modifying the
direction of incident light polarization and detecting the
orientation. When the polarization angle of the laser is fixed,
the intensity of the emission peaks observed along the y-axis is
approximately 4.73 times greater than those observed along the
x-axis, indicating a pronounced anisotropy in the emission
properties. It shows the anisotropic emission property of FP.
We also notice the anisotropic excitation, as is seen in Figure
SB. When the detector polarization is kept fixed, the intensity
of FP changes dramatically. This trend shows the anisotropic
excitation character. As we all know, the PL intensity of
materials depends on the following experimental factors,
internal quantum efficiency of itself, and their absorptivity to
light. Here, we just adjust the polarization of the excitation
laser without excitation laser power changes to avoid
experimental factor influence on intensity. This indicates that
the pronounced anisotropic emission characteristic of FP
originates from its highly anisotropic structural composition.
To depict the degree of anisotropy, we draw into the
polarization ratio. The polarization ratio of FP is 0.78, which
is computed by the following formula:

L+1L (3)

Compare to the other 1D materials (TiS3,36 ReSZ,37 GaTe,*®
KPIS,IS ZrS3,39 carbon nanotube®®), FP has a higher
polarization ratio (Figure SC). The large anisotropy indicates
its huge potential in photonic and optoelectronic applications.

Furthermore, we also analyzed the source of photo-
luminescence in FP. As Figure SD shows, the photo-
luminescence intensity displays differently under diverse
power. According to the former study, if I « P* (« is between
1 and 2, I represents the intensity of PL peaks and P represents
excitation power), localized states may be the origin of the
emission.”"** If I « P, the recombination of localized
electron—hole pairs may cause the emission.”” If I o« P%%, the
emission may stem from excitons bound to defects.™ Finally, if
I « P, the primary source of emission is the recombination of
free excitons.”***" It is found that there is a linear relationship
between the luminescence intensity and excitation power
(Figure SE). Based on this result, we can conclude that the
emission of FP is caused by the recombination of the excitons.
Additionally, the observation of exciton emission at room
temperature implies that FP possesses a high exciton binding
energy.

B CONCLUSIONS

In summary, we have prepared a quasi-one-dimensional fibrous
phosphorus crystal and studied and demonstrated its in-plane
anisotropy. Angle-resolved polarization Raman spectroscopy
measurements provide strong evidence for the anisotropy of
the phonon vibrational modes within the crystal. Photo-
luminescence measurements similarly observed significant
anisotropy in the optical properties of the material. In addition,
we have analyzed the origin of the photoluminescence and
found larger exciton binding energies. Our work introduces a
nontoxic, stable, low-symmetry layered semiconductor. The
highly anisotropic optical properties of the material show
promise for multifunctional nano- and optoelectronic devices.
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