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Abstract

Hexagonal nanostructures were prepared from the reaction of a phosphorus film with Sn/Snl, at 650 °C under a pressure of 250 psi to 600 psi. The hexagons are
composed of Sn and P in a proportion of 1:1 and contain cage tubes that are parallel to each other. The film temperature, pressure, and reaction time can affect the
formation of the fine hexagonal nanostructures. The SnP hexagon has a different morphology from that of the SnP reported. It also contains tubes of cage clusters,

which are 4.22 A apart.

Introduction

Several allotropic forms of phosphorus exist, including white, red,
and black. The white/yellow form of phosphorus exists as P, molecules
and is quite reactive when exposed to air due to rapid oxidation. Red
phosphorus (RP) is comprised of five different forms of covalentlybonded
phosphorus atoms, namely types I to V, all of which exhibit a reddish
color and exist as amorphous to crystalline forms. Type I is amorphous
RP while types II and III have not yet been fully characterized and there
is no information about their crystal structures in the literature. RP
types IV and V (most commonly known as fibrous phosphorus and
violet phosphorus, respectively) have been fully characterized and their
crystal structures can be found elsewhere [1-3]. Black phosphorus (BP)
is a stable, semiconducting allotrope of phosphorus [4,5] that was first
discovered by Bridgman in 1914 [6]. Recently, Lange, et al. found that
BP could be grown from red phosphorus at 873 K in a sealed ampoule
in the presence of tin and tin(IV) iodide (SnI,) at a pressure as low as
around 100 psi [7,8]. Recently, researchers are taking inspiration and
insights from graphene and applying it to new or recently rediscovered
2D black phosphorus material [9-11].

Phosphorus reacts with many metals to form phosphides that
have various structures. The simplest form of phosphides are binary
phosphides containing P** Anions. Polyphosphides include P-P bonds
and consist of clusters of phosphorus [12], such as P>, P.*, P, * so the
phosphorus atoms in polyphosphides have a range of negative charges.
Phosphides and polyphosphides are generally prepared from reactions
of metals and RP in the gas phase, or of metal salts with RP in solution
[13]. Phosphides have been shown to be more stable than phosphorus
allotropes when used in electronic or optoelectronic devices [14].
Bulk crystals of phosphides are typically obtained through the vapor
transport process with the use of evacuated ampoules. Nano- to
microscale particles of phosphides have been obtained via ionothermal
synthesis [15] or ball milling [16] methods. However, few single crystal
phosphide nanomaterials have been reported.

In this paper, we report the synthesis and characterization of a
unique hexagonal SnP nanostructures using a two-step process which
requires the deposition of a phosphorus thin film on a substrate,
followed by a high temperature and high-pressure process in a
pressure vessel.
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Experimental

Synthesis

RP powder (EMD Millipore), and tin (Fisher Scientific, 200 mesh)
were used as received; Tin(IV) iodide was prepared using standard
literature procedures [17]. Pressure vessel reactions were carried out
in attempts to grow crystals from thin films of red phosphorus. First,
amorphous red phosphorus powder was deposited on a Si/SiO, substrate
with Au predeposited pads using the chemical vapor deposition (CVD)
technique: 0.5-5 mg of amorphous red phosphorus powder was placed
in a quartz tube in the presence of the substrate, the tube was then
placed inside a tube furnace and slowly heated up to 600°C under
vacuum until all the red phosphorus sublimed and deposited on the
substrate in the colder region inside the tube (Figure 1a). In the second
step, the substrate containing the amorphous red phosphorus thin film
was allowed to cool down to room temperature and then inserted in
a 12 mL Pyrex tube or a Kimble conical-bottom glass centrifuge tube
(Fisher Scientific) containing Snl, and Sn. The Pyrex tube was placed
in a 64 mm outer diameter and 11 mm wall thickness stainless steel
pressure vessel (Pressure Product Industries) that was evacuated and
backfilled 5x with argon (Airgas) to a variety of pressures (Figure 1b).
No additional RP was added to the reaction vessel, thereby limiting the
only source of RP to the film deposited on the substrate. The vessel was
then secured in the tube furnace (Thermo Scientific) and heated up to
the desired external temperature for the reaction to take place.

After various temperatures ranging from 650 °C to 900 °C were
applied in the presence of the Sn/SnI4 mixture during the second step
in our two-step process, the structures of the products formed were
investigated. The pressure vessel was placed inside a tube furnace and
the temperature was raised to 650 °C, 700 °C, 800 °C, 850 °C, and
900 °C, respectively. The pressure vessel was run to one temperature
and held for various times and then the tube furnace was turned off.
Pressure conditions were also varied based on the starting pressure
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of the added argon with ranges from 250 psi to 500 psi. The starting
point of 650 °C for the temperature range is not arbitrary, but is the
temperature at which the conversion of BP in sealed ampoule reactions
takes place [7,8,18]. Temperatures lower than this result in annealed
red phosphorus products as investigated previously in sealed ampoule
experiments [19]. Identical results were observed in our own studies as
only red phosphorus was found to form with temperatures lower than this.

Characterization

Raman spectroscopy (Renishaw Ramascope RM-1000), scanning
electron microscopy (SEM) (Hitachi TM-1000), transmission electron
microscopy (TEM) (JEOL JEM2100), and power XRD (Rigaku
SmartLab) were used for characterization of the crystalline hexagons.
Selected Area Electron Diffraction (SAED) patterns were obtained at
120 kV on a TEM/STEM (JOEL JEM2100) equipped with an LaB6
electron gun. Energy Dispersive X-ray Spectroscopy data (EDS) were
collected on the SEM instrument.

a)

Substrate
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= To vacuum

Results and discussion
Formation of fine hexagonal nanostructures

At 650 °C, fine hexagonal structures were observed. Bright field
images revealed a dense growth of nanostructures on the substrate
surface (Figure 2a). SEM shows the phosphorus structures grew in the
shape of hexagons. Figures 2b-d shows the morphological differences
between the hexagon structures and the annealed film, suggesting a
more crystalline material for the hexagons. The hexagons appeared in
various thicknesses up to a few microns and various diameters up to 9
pm. Holding the temperature at 650 °C for 18 hours brought about a
higher concentration of these hexagons (Figure 2d). The structures grew
in pressures ranging from 250-600 psi when the pressure vessel reached
650 °C. Control experiments run at 650 °C/250 psi in the absence of
Sn or Sn/Snl, showed various less-ordered shapes from annealed red
phosphorus and no hexagons (Figure 3).

b)..

Pressure
vessel

Sn/ Snl4 Substrate

Figure 1. Schematic for growth of hexagonal tin/phosphorus structures. a) CVD technique procedure for the growth of thin red P films; b) Reaction of Sn/SnI4 with red P thin film under

various pressures

e -_“-'Hm pm

Figure 2. Images of red phosphorus film converted under 650 °C/250 psi in the presence of Sn/Snl,. (a) Brightfield images of dense region of phosphorus structures that grew on top of the
film. (b-d) SEM images of several areas of red phosphorus films converted under 650 °C/250 psi in the presence of Sn/Snl,. Annealed film following 6-hour reaction in b and ¢, and 18-hour in d
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Figure 3. SEM images of control experiments run at 650 °C/250 psi in the absence of Sn,
Snl,, or Sn/Snl, showed random shapes from annealed red phosphorus

Conditions affecting the growth of hexagons

Temperature, pressure, and reaction time all play roles in the
formation and the size of the hexagonal nanostructures. The hexagonal
structures reported here only grow in a narrow T/P range (250 < P <
570 psi; 650 °C < T < 680 °C). Different structures with irregular shapes
are formed when the temperature or pressure deviate from these ranges
(Figure 4). To simplify the experiments and the number of independent
reactions, two time intervals were used for the reaction, 6h and 18h (the
time for which the reaction remained at the specified temperature). As
mentioned in the last section, holding the temperature at 650 °C for
18 hours brought about a higher concentration of these hexagons and
larger hexagons than those for 6 hours.

The substrate seems to have no significant effect on the formation
and the shape of the hexagonal structures, since these hexagonal
structures were also grown on Au- or Pt-coated SiO, substrates such as
pure SiO, substrates and titanium foil. However, attempts to grow the
hexagons onto a SiO, substrate that is partially coated with Au brought
about interesting results. A Red phosphorus thin films were deposited
onto a wafer that was partially coated with Au. When these were run
under the same conditions, the hexagons were found to preferentially
grow on the gold surface (Figure 5). The presence of gold also provided
thinner hexagons when compared to performing the reaction on the
SiO, substrates. Average diameters were also larger for these samples (6
pum) with diameters reaching 10 um for some samples, suggesting that
the gold might provide a preferential surface for growth.

Characterization of the hexagons

Raman analysis of BP was first investigated experimentally by
Sugai, et al. [20] and computationally by Kaneta, et al. [21]. Raman
resonance spectroscopy quickly became a heavily used technique
for the analysis of BP and RP [22]. As an aid in understanding the
composition of these hexagons, Raman analysis was carried out on
them. The Raman spectrum for the hexagon structures is shown in
Figure 6 and the result is compared to those for BP and RP. The Raman
spectrum shows three predominant bands located at 377 cm™ and 411
cm™and 463 cm™. Type I RP is amorphous. Crystalline structures of
type II and IIT are not known so far. Both fibrous and violet forms of
RP contain an arrangement of double tubes formed from the P,-P,-P,
cages as shown in Scheme 1 [19]. Both structures have the tubes with
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the primary difference being in their arrangement. The 377 cm™ peak
is likely the transverse breathing mode of the tube structures while the
411 cm™ is likely corresponding to the longitudinal breathing modes of
cage structures [19]. The fact that the 377 cm™ is the most intense peak
suggests that the P, cages may predominantly be present. However,
the Raman spectrum of the hexagons does not match with any of the
RP forms. The Raman analysis verifies that these hexagons are not BP
and also not any type of red phosphorus from types I to V, although
P, or P.-P,-P, cage-like structures were observed. No Raman data on
tin phosphides has been reported, so we could not conclude whether
these hexagons are tin phosphides from the Raman analysis alone,
therefore other analyses were conducted in order for us to understand
the molecular structure of the hexagons.

The results from the Raman analysis are contradictory to the
reports that fibrous and violet crystalline phosphorus nanowires

@) (b)

(©) | @

Figure 4. SEM images of products formed from red phosphorus films at various
temperatures with an initial pressure of 500 psi for 6 hr. a) 700 °C; b) 800 °C; c) 850 °C;
d) 900 °C
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Figure 5. SEM images of red phosphorus films converted under 650 °C/250 psi after 18
hours. Preferential growth of the hexagons on gold (left half) compared to the SiO,
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can be synthesized by heating RP to a higher temperature in the
presence of metal halides or a metal/metal halide combination [23].
The composition analysis of the sample is critical for understanding
the molecular structure of the hexagons. Thus, SEM/EDS studies
were carried out to obtain the composition of the hexagons. The
SEM EDX analysis showed a 49.3/50.7% atom percentage ratio of
P/Sn (Figure 7), suggesting a 1:1 ratio of P:Sn. The elemental map
also indicated that the hexagons are made of P and Sn (Figure
8). This is not a surprise since phosphides can be prepared from

Scheme 1. Arrangement of the tubes in a) fibrous® and b) violet phosphorus. Both
structures are composed of the same type of cages, the only difference is that the connection
made through the P, cages is parallel in fibrous phosphorus and almost perpendicular (99°)
in violet phosphorus
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Figure 6. Raman spectrum of hexagon structures
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Figure 7. SEM/EDS data. The sample was on a SiO,/Si wafer

Figure 8. SEM Electron map of a hexagon on a SiO,/Si wafer
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Figure 9. XRD of the hexagons

reactions of metal or metal halides with red phosphorus [10].
These hexagons are too small for a single-crystal X-ray diffraction
analysis. Powder X-ray diffraction (XRD) experiments were conducted
and the result is shown in Figure 9. D-spacing values of the hexagons
are listed in Table 1 and compared to those of various RP allotropes
and BP. These values do not match with BP or any RP allotropes [7,19].
The d-spacing values from XRD measured from the experimental results
partially match with those of single crystal SnP reported by Gullman [24].

TEM and SAED patterns were also obtained from hexagons
on TEM grids. Hexagons were transferred onto the TEM grids
by scraping them from the substrates. Figure 10a shows the TEM
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Figure 10. Transmission electron microscopy analysis of the hexagonal SnP structures. a) TEM image of a single hexagon, b, ¢) SAED analysis of the hexagon shown in a) showing the

diffraction patterns

Table 1. X-ray powder spacing of hexagons, RP allotropes, BP, and tin phosphides. Unit: A

Type 11 Type 111 Type IV Type V BP Sn,P, SnP Hexagon
10.7
5.84 6.21
5.66 5.71 5.58 5.68 5.97 5.83
5.39 5.21 5.32 5.24
491
4.48 4.53 422
3.94
3.30 3.27 3.43 3.59 3.36 3.77
3.08 3.11 3.15 3.12 3.19
2.82 2.9 2.92 3.03 2.95 2.99 3.02
2.62 2.81 2.79 2.89 291
2.45 2.63 2.7 2.70 2.84 2.82
2.65 2.57 2.56
2.45
2.28 2.35 2.31
2.15-2.17 2.19 2.18 2.26
2.15
2.11 2.09
2.06 2.04
2.01 1.99 2.00 2.00
1.97 1.95
1.84-1.83 1.89
1.79 1.80
1.77 1.76 1.77 1.68
1.73 1.73
1.69 1.68
1.63 1.61 1.58-1.64 1.60 1.63
1.57
1.45 1.48
1.42 1.43
1.40-1.39 1.39
1.29 1.30-1.27
1.18-1.17

image of one of the hexagon samples. The hexagons are crystalline,
as is apparent from the diffraction patterns shown in the inset and
in Figure 10. Some d-spacing values were measured and included
on the SAED patterns. There exist many similarities to the values
for type fibrous and violet phosphorus, however, there are also an
equal number of spacing values that do not match up. Again, these
d-spacing values were compared to the literature values and only
partially matched with those of SnP.
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Parallel lines were observed from the high resolution TEM image of
the hexagons (Figure 11). The distance between two lines is 4.22 A. It is
well known that fibrous and violet phosphorus also show line patterns
of the PP -P, cage tubes on high resolution TEM. However, the 4.22 A
d-spacing was not observed from the P-P,-P, cage tubes and the SnP
single crystal [24]. Combining all the data observed, we hypothesize
that the SnP hexagon has a different morphology from that of the
SnP reported by Gullman [24]. It also contains tubes of cage clusters,
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Figure 11. High resolution TEM image of a hexagon

although these tubes are most likely not be composed of P,-P,-P, cages
since the d-spacing numbers do not fully match with the ones for
fibrous and violet phosphorus. Further experiments to achieve larger
hexagons for single crystal analysis are necessary to fully characterize
the molecular structure of the hexagons.

Conclusion

By using a two-step method, fine hexagonal nanostructures of tin
phosphide (SnP) were synthesized from the reaction of a RP film with
Sn/Snl, when the temperature and pressure are well controlled. The
SnP hexagons seem to have a different morphology from that of the
SnP reported. It also contains tubes of cage clusters, which are 4.22 A
apart. Some unique applications in electronic and optoelectronic fields
of these hexagon are expected.
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