COMMUNICATION

small

Nanobelts

www.small-journal.com

Growth of Black Phosphorus Nanobelts and Microbelts

Jun Li,* Zhaoshun Gao,* Xiaoxing Ke,* Yangyang Lv, Huili Zhang, Wei Chen,
Wanghao Tian, Hancong Sun, Sai Jiang, Xianjing Zhou, Tingting Zuo, Liye Xiao,
Manling Sui, Shengfu Tong, Daiming Tang, Bo Da, Kazunari Yamaura, Xuecou Tu,
Yun Li, Yi Shi, Jian Chen, Biaobing Jin, Lin Kang, Weiwei Xu, Huabing Wang,

and Peiheng Wu

Black phosphorus nanobelts are fabricated with a one-step solid-liquid—solid
reaction method under ambient pressure, where red phosphorus is used as
the precursor instead of white phosphorus. The thickness of the as-fabricated
nanobelts ranges from micrometers to tens of nanometers as studied by
scanning electron microscopy. Energy dispersive X-ray spectroscopy and
X-ray diffraction indicate that the nanobelts have the composition and the
structure of black phosphorus, transmission electron microscopy reveals a
typical layered structure stacked along the b-axis, and scanning transmis-
sion electron microscopy with energy dispersive X-ray spectroscopy analysis
demonstrates the doping of bismuth into the black phosphorus structure.
The nanobelt can be directly measured in scanning tunneling microscopy in

ambient conditions.

2D materials have tremendous potential for electronic and
optoelectronic applications. A good example can be found in
graphene due to various novel physical properties.'3l How-
ever, graphene behaves as metallic or semimetallic due to the
absence of bandgap, and thus cannot be used as semicon-
ductor switches in computer circuits. Recently, a new 2D ele-
mental allotrope material, black phosphorus (BP), has attracted
increasing attention and is being investigated with lots of
efforts.! BP has a similarly layered structure, which allows it
to be mechanically exfoliated into ultrathin layers of atomic

thickness as well.*8] More importantly,
BP has a direct bandgap in both thin-layer
and bulk crystal, and the bandgap varies
from =0.3 eV for the bulk to 1.5-2.0 eV
for monolayer.* Particularly, the fact that
the finite bandgap of BP can be switched
between insulating and conducting states
as a semiconductor,®? whereas its 2D
structure allows fast charge flow in-plane
and hence a high mobility, promotes BP
promising for electronic applications.
On the other hand, the layer structure
dependent bandgap covers the entire spec-
tral range from visible to mid-infrared
wavelength, which makes BP a promising
candidate for the 2D broadband optoelec-
tronic applications.[10-1%]

BP has been studied for decades,/'>!3! while only from 2014
it was isolated into few layers, i.e., phosphorene, for field effect
and optoelectronic devices.*”] However, there are still three
main challenges for the development of BP.[*"%l First, the syn-
thesis condition is harsh for BP. Although BP can be grown
from white or red phosphorus directly, extremely high pressure
is necessary.'®'] For instance, the large single crystalline BP
has been fabricated from red phosphorus under high-pressure
up to few GPa.[>18] Alternatively, BP was reported to be grown
from red phosphorus under low-pressure with the assistance of
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Figure 1. SEM images of BP micro- and nanobelt. a) The size of belts ranges from few micro-
meters to few hundred nanometers. b) A thick BP belt demonstrates a stack of nanobelts. c) A
microbelt as-grown out of the Bi substrate. d) A bended individual bended nanobelt with a

width of 740 nm and a thickness of 98 nm.

gold/tin/tin-iodide catalyst.'"”) To avoid the external pressure,
BP can also be synthesized using mercury or bismuth-flux
method from white phosphorus under ambient pressure.!'7-20]
However, it should be mentioned that the white phosphorus
is extremely toxic. Second, the applications of phosphorene in
electronics and particularly microelectronics, remain difficult. It
is challenging to extract single layers and deposit on substrates,
before being patterned for the electronic devices.'™ Lastly,
BP is well known as an extremely sensitive material to air and
moisture, thus it is necessary to use in situ cleaving and sur-
face protection treatment in high vacuum condition,['-1221-23] or
encapsulation, solvents, molecules, etc.2*28 In this article, we
report on the synthesis and characterization of air-restricted BP
nanobelts grown from white phosphorus in ambient pressure.
Figure 1 shows scanning electron microscopy (SEM) images
for the BP synthesized on the Bi substrate. The BP show belt-
like morphology with high crystallinity. In Figure 1b, a BP belt

www.small-journal.com

was observed as grown directly from the bis-
muth substrate, indicating a possible growth
mechanism of epitaxy, which is typical for
1D nanomaterials,?32 particularly for the
recent report about the catalyst-assisted
growth of red phosphorus nanowires.?
Once visualized from the side, the BP belts
show a 2D structure with stacks of ultrathin
belts, resulting in a “book-like” structure as
shown in Figure 1c. The enlarged view for an
individual ultrathin belt (inset of Figure 1c)
shows a thickness as low as 73 nm. A bended
nanobelt is also given in Figure 1d, and the
nanobelt demonstrates good elasticity.

In order to study its initial state for the
growth of BP, we synthesized a crystal in
quite short time (20 h for cooling) intention-
ally. As shown in the SEM images of Figure 2,
short phosphorus nanowires can be found on
the surface of the bismuth substrate rather
than the micro- or nanobelts as described
above. Figure 2a shows an SEM image of a
BP nanowire on the Bi substrate, where the
distribution of Bi and P was mapped using
energy dispersive X-ray spectroscopy (EDX)
as shown in Figure 2b,c, respectively. It is interesting to note
that the phosphorous nanowire grown out of the bismuth
substrate is capped with a bismuth globular-like nanoparticle
with comparable diameter to the nanowire. We therefore pro-
pose a growth mechanic of the BP nanowire similar to that of
carbon nanostructures, where the catalyst-assisted top-growth
or bottom-growth of nanostructures is well accepted.2%3%

X-ray diffraction (XRD) is performed to an individual BP belt
for the determination of its structure. We mounted a BP belt
onto a glass subtract, and then cleaved the sample into a flat
surface with thickness down to around 100 nm. The obtained
XRD pattern is shown in Figure 3, where a layered structure
can be clearly distinguished from the strong peaks at (0 2n 0)
(n is integer), as indexed using the orthorhombic structure
of black phosphorous with the space group of Bmab(64). The
main peak for the rocking curve of (040) shows a narrow full
width at half maximum as 0.132° (see right inset of the figure),

Figure 2. SEM images of BP nanowires at the initial growth stage. a) SEM image of a nanowire-like BP. b,c) Energy dispersive X-ray (EDX) mapping
for Bi and P distributions, respectively. Here, the EDX mapping was overlapped onto the SEM image to indicate the distribution of elements referenced
to the nanowire and substrate. The capping nanoparticle of Bi is indicated by arrow in (b) whereas the presence of short nanowires is indicated by
arrows in (c).
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Figure 3. XRD pattern for an individual BP microbelt from the b-axis.
The left inset is a schematic illustration of the BP lattice viewed along the
c-axis. The right inset shows the rocking curve of (040) peak, whose full
width at half maximum (FWHM) is 0.132°.

suggesting well crystallinity for the nanobelt. This result is
consistent with previous results on black phosphorous.*”]
Moreover, the XRD pattern confirms that the cleavage plane is
parallel to the ac-plane as illustrated in the schematic drawing
of BP lattice shown in the inset of Figure 3. The layer distance
along the b-axis can be estimated as 10.48(1) A, being con-
sistent with previous work.P!

We further conducted structural characterizations on an indi-
vidual nanobelt using transmission electron microscopy (TEM)
(Figure 4). Note that an individual nanobelt has a uniform
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thickness of =27 nm (Figure 4a) as shown by bright-field TEM.
Figure 4b shows a fast Fourier transform (FFT) pattern corre-
sponding to the red-boxed area on the tip side of the nanobelt
as indicated in Figure 4a. The sharp spot perpendicular to the
stack direction of the nanobelt can be indexed as (010), corre-
sponding to the layered structure along the b-axis. High resolu-
tion TEM on the sharp tip demonstrates the single-crystalline
layered structure as shown in Figure 4c, where a multilayered
structure is clearly observed parallel to the belt axis. Conse-
quently, we can conclude that the growth direction of the belt
is along the ac-plane, and stacked along [010], namely, the
b-axis. For accurate elemental analysis on the BP, high angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) and EDX were performed using an FEI Titan
“cubed” microscope, equipped with an aberration corrector for
the probe-forming lens and a Super-X EDX detector, operated
at 200 kV. STEM-EDX analysis was carried out on two regions
as shown in Figure 4d,e. For the STEM-EDX characterization
experiments, the BP belts were first cleaved into nanobelts with
thicknesses from 10 to 100 nm, and the as-prepared nanobelts
were dispersed in ethanol before being dropped onto a carbon
film supported TEM grid. It can be seen that STEM-EDX
spectra were taken from two regions of different thickness,
where the presence of Bi is confirmed from the spectrum taken
from thicker area (region A). Nevertheless, the intensity of Bi
is much smaller from the spectrum taken from the thin area
(region B), revealing a successful doping of Bi of limited dose
in BP.

Temperature dependence of the resistance was measured in
Physical Property Measurement System (PPMS-9, Quantum
Design Inc.). Figure 5a shows the temperature dependence of
the resistance (p) for an individual nanobelt. The p—T curve of
the BP nanobelt demonstrates a slightly upturn phenomenon

——Region A
——Region B

2 4
X-ray Energy (keV)

Figure 4. TEM image of a nanobelt. a) An individual nanobelt at low magnification, b) a corresponding FFT pattern where the (010) planes of BP are
confirmed, and c) a high resolution TEM image obtained from the boxed area in (a). The layered structure is stacked along [010] direction, i.e., b-axis
as confirmed from the TEM, and FFT. d) HAADF-STEM image of BP nanosheet at low magnification, and e) STEM-EDX analysis in two regions as
indicated in (d). Two regions have a difference in thickness, namely, Region A is thicker (as shown by higher intensity) and Region B is thinner. The
presence of Bi is confirmed in EDX spectra, where the thicker region has a higher intensity and the thinner region has a lower intensity.
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Figure 5. Transport properties of the BP nanobelts. a) Temperature dependence of the resist-
ance for an individual nanobelt (width W = 4.33 um, h = 50 nm). Inset shows an optical
microscopic image of the as-measured sample, where the Au electrodes are patterned using a
photolithography and a followed by argon ion etching. b) Two representative tunneling spectra
on a BP nanobelt. The bandgap is estimated size of 0.33 eV, being in consistent with the bulk
BP crystal (0.30 eV). Inset shows an STM image (Vpias = —0.19 V, Ise; = 1.22 nA) with a scan
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that the bandgap of bulk crystal was meas-
ured at low temperature (i.e., 80 K), which
could be less than that of room tempera-
ture as can be expected from the transport
properties.[®

In summary, single-crystalline BP nano-
belts were successfully synthesized using a
one-step fabrication method. The nanobelts
were observed to have a typical layered struc-
ture stacked along the b-axis, allowing easy
exfoliation into ultrathin layer with the thick-
ness of a few unit cells. We propose a growth
mechanism of nanobelts using the catalyst
of Bi as similar to that of 1D materials such
as carbon nanotubes. The STM/S measure-
ments can be carried out in ambient condi-
tion, suggesting the oxygen and moisture
restriction properties of BP nanobelts. This
facile one-step synthesis technique of air-
stable BP has the advantage of eco-friendly

size of 25 x 25 nm?.

at the high temperature region above 313 K, following a typ-
ical semiconductor behavior at room and low temperatures.
The p-T curve is similar to those of bulk crystal under hydro-
static pressure of 0.23 GPa, which was applied to suppress the
bandgap of the elemental semiconductor.’! The measurement
revealed that the BP nanobelt had a relatively better conduc-
tivity than the bulk single crystalline BP synthesized by high-
pressure technique.*”! It should be emphasized that the p of
BP decreases with temperatures in the range of 313 to 98 K,
exhibiting a metallic-like behavior. We assume that (limited)
amount of bismuth or holes have been doped into the lattice of
BP, while further studies on the chemical doping are essential
to understand the bandgap modification.

We also studied on the nanobelts using scanning tunneling
microscopy/spectroscopy (STM/S, MicroNano D-5A, Zhuolun
MicroNano Ltd.) to explore the semiconductor bandgap value
of the BP. We emphasize that the STM/S measurements are
surface-sensitive technique, by which only the topmost sur-
face atomic layer of the materials can be detected, as a result,
the STM can probe the local density of states for only a few
layer angstroms above the topmost surface. However, the pre-
vious BP was generally known as extremely sensitive to air
and moisture.l"% Tt is essential to using in situ cleaving and
high vacuum conditions for the surface-sensitive measure-
ments.?223] Our present STM/S measurements, however, were
carried out at ambient condition. Inset of Figure 5b shows a
typical STM topographic image of cleaved BP nanobelt with
view of 25 x 25 nm?. Although we can hardly obtain the atomic
resolution due to the nonvacuum condition, the observation of
STM image on BP indicates the incredible stabilization under
oxygen and moisture, which is of greatly important to further
researches and applications of BP. Tunneling spectroscopy of
three selected points is given in Figure 5b. The spectrums are
observed a relatively small semiconductor bandgap value of
about 0.33 eV, being slightly less than the bulk crystal (0.30 eV)
and also monolayer (2.05 eV). However, it should be mentioned

Small 2018, 14, 1702501 1702501

where toxic white phosphorus or high-pres-
sure can be avoided, and therefore has a great
potential for fabrication at a larger scale.

Experimental Section

Single-crystalline BP was prepared using direct one-step solid—liquid—
solid reaction method. The starting materials of powder red phosphorus
(3N) and bismuth (5N) were mixed by ball milling for 5 h and placed
into an h-BN cell. Here, the bismuth was used as flux. The BN cell was
put into a stainless steel tube, both ends of which were pressed and
sealed by arc welding in an Ar atmosphere. The loaded capsule was heat-
treated at 500 °C for 10 h, and then slowly cooled to 250 °C for 45 h.
Once heated at 500 °C the superfine red phosphorus can be melted.

Micro- and nanoscaled BP belts were found at the surface and within
the bismuth metallic substrate. The BP nanobelts were further mounted
onto a high resistance silicon subtract with a layer SiO, surface for
transport properties measurements. Then, the nanobelts were cleaved
and patterned with gold electrodes in an in situ fabrication system for
micro- and nanodevies (AdNaNo-Tek Ltd.), where the samples were in
inert (Ar) or high-vacuum condition (=107'° Torr).
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