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Abstract 

Black arsenic phosphorus single crystals are grown using a short-way transport technique that results in crystals up to 12 x 110 
microns and range from 200 nm to 2 microns thick. The reaction conditions require tin, tin(IV) iodide, grey arsenic, and red 
phosphorus placed in an evacuated quartz ampule and ramped up to a maximum temperature of 630 °C. The crystal structure 
and elemental composition were characterized using Raman spectroscopy, x-ray diffraction, and x-ray photoelectron 
spectroscopy, cross-sectional transmission microscopy and electron backscatter diffraction. The data provides valuable insight 
into the growth mechanism. A previously developed b-P thin film growth technique can be adapted to b-AsP film growth with 
slight changes to the procedure. Devices fabricated from exfoliated bulk-b-AsP grown in the same conditions as the thin film 
growth process are characterized, showing an on-off current ratio of 102, a threshold voltage of -60 V, and a peak field-effect 
hole mobility of 23 cm2/V·s at Vd=-0.9 and Vg=-60 V.  
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1. Introduction 

Two dimensional (2D) materials have seen a surge of 
interest since the initial influx of graphene literature published 
in the early 2000’s.1 This rise in 2D material interest may be 
attributed to the intriguing qualities of 2D materials for 
electronic and opto-electronic devices, such as the potential 
for van der Waals heterostructures with pristine interfaces, 
layer modulated bandgaps, quantum confined nanostructures, 
and a plethora of other exciting materials properties.2 The 
ever-expanding list of 2D materials include insulators, 
semiconductors, semimetals, and metals. The materials are 
unique in structure and possess properties that expand the 
engineer’s material toolbox. 
 
The creation of high quality, large area, uniform thin film 

2D material synthesis is a crucial materials engineering 

challenge for 2D materials to become a viable option for 
device commercialization. Differing 2D synthesis methods 
have comparative advantages and disadvantages, such as 
synthesis time-constraints, product purity, and potential for 
large-scale commercialization. In this paper, we demonstrate 
the deposition of thin film black arsenic phosphorus (b-AsP) 
single crystals on an oxidized silicon wafer. The results 
provide valuable experimental insight into how the short-way 
transport growth mechanism proceeds.  
 
Alloying black phosphorus (b-P) with As to form black 

arsenic phosphorus with varying As composition allows one 
to fine-tune the bandgap from 0.3 (b-P) to 0.15 eV (b-As) for 
bulk crystals.3 As with other 2D materials, the bandgap also 
depends on the number of layers, up to a critical thickness. 
Thereafter, the material exhibits bulk bandgap properties that 
are independent of the number of layers.4 b-P is well known 
to be susceptible to surface oxidation due to interaction with 
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H2O and UV light.5–9 In addition to changing the bandgap, the 
incorporation of As into the b-P lattice also significantly 
improves the stability.3 Thus far, literature reports of b-AsP 
thin film devices focus on the material’s electronic and optical 
properties to fabricate thin film transistors and mid-infrared 
photodetectors, however, recent publications have extended b-
AsP applications for battery and photovoltaic devices.3,10 
 
b-P is an orthorhombic crystal system with lattice 

dimensions a = 3.3133 Å, b=10.473 Å, c = 4.373 Å, and α = β 
= γ = 90°.11 Introducing arsenic into the b-P lattice increases 
the lattice parameters.12 According to computational literature 
on b-AsP, a thermodynamic shift in crystal structure stability 
from orthorhombic to trigonal occurs at an As concentration 
of x=0.83 for b-AsxP1-x.12 The b-AsP crystal lattice parameters 
are predicted to follow a linear increase up to the phase 
transition point, supported by Vegard’s Law.12 Up until 
recently, pure bulk b-As had yet to be fabricated in a 
laboratory, however naturally occurring black As, commonly 
referred to by Arsenolamprite, had been reported.13 This 
naturally-occurring bulk black arsenic can be sourced from 
Chilean mines.13 However, two recent publications have 
reported the ability to purchase b-As crystal from commercial 
vendors.14,15 
 
Forming bulk b-AsP crystals with varying compositions 

has been shown to be a relatively simple, albeit slow and 
inefficient process. The direct growth of bulk black arsenic 
phosphorus alloy crystals (b-AsxP1-x) under very high pressure 
was first reported by Shirotani et. al for x=0.05 and x=0.1.16 
Black As (87% As) alloyed with mercury (Hg) has also been 
synthesized by reacting grey Arsenic (g-As) and Hg at 100-
200 °C for 7 days.17 A recent report demonstrated synthesis of 
bulk b-AsP alloy using a short-way transport technique with 
the precursors tin (Sn), tin(IV) iodide (SnI4), red phosphorus 
(r-P), and g-As at a more moderate pressure compared to 
Shirotani.3,16 In this process, the vapor pressure of the 
constituent species is a first-order parameter. The pressure can 
be estimated using the Antoine equation with constants 
provided by NIST.18 At the bulk crystal growth reaction 
maximum soak temperature of 630	℃, g-As and r-P are both 
found in their tetramer vapor form, As4 and P4, respectively.19 
According to equilibrium vapor pressure calculations, As 
contributes < 2% of the combined g-As and r-P total pressure 
at 630	°𝐶.  
 
Wafer scale thin films of b-AsP have only been 

demonstrated by molecular beam deposition, providing 
synthesis of b-As.78P.22 on an InP substrate. The resultant films 
had very small (~5 nm) grains,20 which would likely lead to 
poor electrical behavior. In a previous paper we demonstrated 
that the short-way transport growth process for bulk b-P could 
be modified for thin film growth.21 There we demonstrated 

that the Sn concentration did not impact the crystal phase as 
long as there was a sufficient amount in the ampule. In 
contrast, the SnI4 concentration is the primary parameter that 
affects thin film growth, especially the crystal phase. SnI4 is 
also known to promote Sn transport since Sn is a low 
equilibrium vapor pressure material.22 We had two main 
findings regarding the b-P growth mechanism. First, there is a 
Sn in-situ passivation layer (2-5 nm) surrounding the bulk and 
thin film crystals, as determined by cross-sectionan 
transmission eletron microscopy (CS-TEM) and x-ray 
photoelectron spectroscopy (XPS).21 Second, Sn-I rich 
inclusion crystals are found to be scattered throughout the 
crystal at different crystal layer heights. These Sn-I rich 
inclusion particles form epitaxially with the b-P lattice and 
could function as nucleation centers.  
 
Here we report on the growth of b-AsP thin films on an 

oxidized silicon wafer. CS-TEM and Raman spectroscopy 
show highly crystalline materials. However, high resolution 
TEM indicates the presence of an in situ Sn passivation layer, 
As precipitates in the film, and an underlying amorphour 
layer. We also present exfoliated b-AsP thin film transistor 
device data.  

2. Methods 

2.1. Crystal Growth 
 
b-AsP growth directly onto a silicon or silicon oxide wafer 

is fabricated using the following reactants: g-As (Sigma 
Aldrich, 99.999%), r-P (Sigma Aldrich, 99.99%), SnI4 (Alfa 
Aesar, 99.998%), and Sn foil (Sigma-Aldrich, 99.8%, 0.127 
μm thickness). The r-P and SnI4 reactant mass was varied in 
order to study the effect of each reactant on the growth 
process. Each experiment is shown in Figure 1. A quartz glass 
tube (10.5 mm ID, 15.8 mm OD, and a length of 10 cm) with 
one rounded end is cleaned using a standard solvent wash and 
placed into a glass oven at 120	℃ for 5 minutes. All reactant 
material is placed into the quartz ampule inside of a nitrogen 
glove box. Wafer pieces are cleaned by solvent sonication 
wash and placed inside of the ampule with the reactant 
material. The ampule and its contents are evacuated and sealed 
under vacuum (10−5 Pa) with an oxyacetylene torch. The 
temperature profile is controlled in a Thermo Scientific 
Lindberg Blue M three-zone tube furnace with programmable 
PID controllers. The ampule is placed across the diameter of 
the furnace tube to promote a uniform temperature in the 
ampule. The thin film b-AsP reaction proceeds for a total of 
26.5 hours. The initial ramp-up process starts at room 
temperature and increases to 630	℃ (maximum soak 
temperature) at a rate of 152.5	℃/ℎ𝑟. The maximum soak 
temperature is held for 8 hours before the temperature is 
reduced to 250	℃ at a rate of 286	℃/ℎ𝑟. The furnace is set to 
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room temperature and the ampule is allowed to cool over the 
course of 1 hr.  
2.2. Characterization 
 
Confocal Raman spectroscopy (Witec Alpha 300R) 

measurements were performed on b-AsP grown directly onto 
a silicon or silicon oxide substrate. A 514.5 nm argon laser 
was used as the excitation source, and the Ag1, B2g, and Ag2 
BP phonon modes are found at 360.5, 436.5, and 464 cm-1. A 
Keyence VHX-5000E microscope was used for optical 
microscopy imaging using depth composition imaging. AFM 
(Bruker Nanoscope V Multimode 8 with QNM) line profile 
depth analysis of b-AsP flakes is achieved using Gwyddion 
software. A JEOL 6500 field-emission scanning electron 
microscope (SEM) equipped with an EBSD detector is used to 
analyze the crystal orientation and asses epitaxial growth 
relationship of b-AsP and the wafer. A b-AsP CIF file was not 
available at the time of EBSD analysis. However, due to the 
similarities in crystal structure (i.e. orthorhombic, within 5-
10% of lattice parameters), the b-P CIF file was able to index 
the b-AsP properly.  This was validated with the CS-TEM 
experiment. The following CIF file parameters were used to 
index b-AsP: lattice parameters, a = 3.3133, b = 10.473, c = 
4.373, α = β = γ = 90°, and the space group Cmca. EBSD maps 
produced by Oxford Instruments Channel 5 software operated 
with 20 kV accelerating voltage and ∼20 nA for the e-beam.  
 
The following section details the device fabrication process. 
Heavily doped silicon substrates were placed in a Tylan 
furnace with a flow of dry oxygen for approximately 45 
minutes at 1000 °C to form a 50 nm thermal oxide on the 
surface. Device work used this thermal oxide as the gate 
insulator for all b-AsP transistors. Mechanical exfoliation of 
b-AsP was achieved using PDMS stamps formed on a glass 
slide. Bulk b-AsP crystals formed in the thin film b-AsP 
ampule are used for device formation. An electron beam 
evaporator (SEC-600) was used to deposit a Ti (10 nm)/Au 
(100 nm) metal contact stack. 
 

2. Results 

As with our previous study, the reaction parameters were 
first investigated to determine the optimal SnI4/P mass ratio 
for growing thin film b-AsP. The quartz ampule had a volume 
of 16.6 cm3. The amount of As (400 mg) and Sn (18.5 mg) 
were held constant throughout the growth parameter study. 
As/P reactant molar ratios were varied by changing the 
amount of P. The results are shown in Figure 1 and a complete 
reaction mass conditions table is depicted in S. Figure 1. The 
plot shows three distinct regions corresponding to 1:1, 1:2, and 
1:3 As/P molar ratios. There are three different AsP alloyed 
structures corresponding to violet (red diamond, v-AsP), face 
centered cubic (green triangle, FCC or c-AsP), and black 

(black square). An image of the reaction ampule after a 
completed reaction is shown in S. Figure 1a, as well as three 
optical microscopy images of v-AsP, c-AsP, and b-AsP (S. 
Figure b-d) thin films. The growth condition indicated by a 
blue circle forms mixed c-AsP and black AsP thin films. v-
AsP is found at only one composition in our reaction 
parameter study, SnI4/P=0.05 and As/P=1/3. We believe this 
to be the first report of v-AsP growth. A third structure, c-AsP, 
is found for SnI4/P=0.08 and 0.11 and As/P=0.33. Increasing 
the As/P molar ratio to 1:2 shifts the preferred alloy structure 
to a combination of both the mixed and orthorhombic 
structures. Upon further increasing the SnI4 concentration only 
the b-AsP alloy structure forms. b-AsP forms in the 1:1 As/P 
molar ratio regime at all concentrations of SnI4. Therefore, a 
1:1 As/P molar ratio is preferred to grow b-AsP crystals.  
 

Large, ~0.5 cm long, bulk b-AsP crystals form along the 
bottom of the ampule when growing with the 1:1 As:P 
conditions. It should be noted, traces of yellow As and white 
P are also distributed along the ampule bottom. Precautions 
should be taken to avoid inhaling any fumes that arise from 
opening the ampules. All ampules in this experiment were 
opened in a glove box, transferred to a fume hood and allowed 
to vent before analysis was attempted.  
 
The total arsenic concentration in the reaction was found to 

have limited effect on the As concentration of the resulting b-
AsP crystals grown directly on the wafer. b-AsP crystals 
grown on the surface of the wafer have a wide variance in As 
composition. Figure 2 shows representative Raman spectra for 
low (20%), medium (40%), and high As (70%) compositions. 
Several experiments were conducted with longer reaction 
durations (72 hours) in an attempt to better understand the 
reaction kinetics and the concentration relationship. The 
experiments were not successful in increasing the maximum 
arsenic concentration in the flakes, however the As 

Figure 1: Mass Ratio: SnI4/P vs. Molar Ratio: As/P reaction 
parameter plot. Different AsP phases are marked for v-AsP 
(violet diamond), c-AsP (green triangle), black AsP (black 
square) and mixed c-AsP/b-AsP (blue circle) growth 
conditions.  
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concentrations in cyrstals grown on the same wafer were more 
uniform. Optimal growth conditions were found to be 
identical for thermally grown SiO2 and bare Si wafers. As 
expected for 2D material growth, the wafer does not play a 
critical role in the growth process. Electron backscatter 
diffraction (EBSD) confirmed that the resultant single crystals 
grow in random orientations on the surface of the wafer.  
 
The Raman spectra (Figure 2) for b-P and b-AsP were 

determined experimentally from thin film samples, and the b-
As spectra (Arsenolamprite, 532 nm source) was obtained 
from a mineral database.23 The three-characteristic b-P Raman 
peaks Ag1, B2g, and Ag2 BP phonon modes are found at 360.5, 
436.5, and 464 cm−1, respectively (Figure 2, blue line). b-AsP 
spectra have three regions labeled I, II, III that correlate with 
different bonding environments As-As (200-275 cm-1), P-As 

(375-475 cm-1) and P-P (300-380 cm-1). The following 
observations are experimentally verified through our work and 
agree with published Raman spectroscopy data for b-P, b-AsP, 
and b-As.12,24,25 The incorporation of a modest amount of As 
(~20%, red) in b-AsP causes the B2g, and Ag2 Raman modes to 
redshift and merge into a broad peak with a significant 
reduction in peak FWHM. Further addition of As (~40%, 
blue) into the b-P lattice results in the formation of a mid-
range (300-375 cm-1) wavenumber peak. Theoretically, this 
peak reaches its highest relative height for a 50-50 b-AsP 
alloy. For the highest As composition (~70%, yellow), regions 
I has the highest relative peak intensity while regions II and 
III are decreased sequentially, as expected. The pure b-As 
Raman spectrum was obtained from Golani et. al showing the 
complete disappearance of region II and III peaks.26 b-As 
show a Raman spectrum consisting of peaks at ~220.1 (out-
of-plane mode Ag1), ~226.3 (in-plane mode B2g), and ~253.6 
(in-plane mode Ag2) cm−1. 
 
Two other distinct AsP alloy crystal structures, c-AsP and 

v-AsP, have been characterized by Raman spectroscopy. A 
stacked Raman spectroscopy plot is presented in S. Figure 2 
for c-AsP (green), b-AsP (black), v-AsP (blue), and v-P 
(orange). The characteristic v-P Raman mode wavenumber 
range of 100-200 cm-1 is also present in the v-AsP phase.  
 
The c-AsP material is characterized by the x-ray diffraction 

pattern presented in S. Figure 3. Two potential structure 
patterns are present on the XRD pattern plot labeled FCC As 
and SC P. The FCC As pattern is closely related to the pattern 
observed with minor shifting to the right indicating that the 
lattice parameters have increased. This observation agrees 
with the decreased lattice parameter that is expected with 
increased phosphorus concentration in the c-AsP alloy.  
 

Figure 2. Raman spectroscopy of b-P (orange), b-As 
(black), and b-AsP with varying As concentrations: 20% 
(red), 40 % (blue), and 70% (yellow).  

Figure 3. a) SEM image of the b-AsP (7 x 70 micron) flake. Armchair and zig-zag orientations are labelled in the bottom 
right corner. b) CS-TEM: Pt (FIB protective layer), Sn, b-AsP, P/Sn/O, SiO2, and Si. 
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An SEM image of a thin film b-AsP flake grown on an 
oxidized Si wafer is depicted in Figure 3a. The crystal is a 
~600 nm thick. The CS-TEM image provides no indication of 
grain boundaries in the b-AsP crystal (Figure 3b). EDS results 
show that the b-AsP crystal is slightly P rich with 53.5% P and 
46.5% As. This atomic ratio does not vary dramatically with 
vertical position. Arsenic particles (Figure 4a, dotted 
rectangle) appear in an approximately horizontal line at about 
120 nm from the bottom of the crystal. Each As particle is 
roughly 8 to 10 nm in length and is found along 10 vertical b-
AsP layers.  
 
The void layer beneath the b-AsP crystal flake was 

investigated with electron diffraction spectroscopy (EDS), 
EDS mapping (S. Figure 4 a-f), and electron energy-loss 
spectroscopy (EELS) scans to determine the composition and 
depth of the voids. EDS compositional data indicates that the 
amorphous layer is homogenous with a composition of 
Sn0.07P0.20O0.71 with trace amounts of Si and As. This suggests 
that the layer may be a binary SnO2-P2O5 glass. These are 
generally found to in 50/50 (Sn0.10P0.20O0.70) to 30/70 
(Sn0.05P0.24O0.71) composition range. They are known for very 
low glass transition temperatures ranging from 246 to 
264	℃.27 The voids may represent bubbles trapped in the 
glass as it resolidified. P2O5 has a boiling point of 360	℃, so 
it is a likely candidate for bubble-forming gas. It is not clear 
why this material forms in the presence of an As-containing 
ambient but does not form without the As. A higher resolution 
image (Figure 4b) shows that the degraded layer height is 
approximately 200-220 nm with some height variation along 
the extent of the crystal. An EELS analysis of the void does 
not show a response, suggesting that the voids extend the 
entirety of the cross-section. Below the amorphous layer, the 
SiO2 is present directly above the Si layer. The SiO2 layer 

thickness is 50 nm, in good agreement with the as-grown 
thickness. Lastly, the SiO2 layer does not show any obvious 
structural degradation. The source of the oxygen may be the 
ampule walls rather than the thermal oxide.  
 
The b-AsP surface interface is presented in Figure 5. The 

top-most layer is the carbon coating that is deposited during 
the FIB process to protect the b-AsP crystal. EDS provides 
evidence of gallium implantation in the Sn layer. Gallium was 
used as the ion source for creating the lamella during the cross-
section FIB process. FIB damage to the surface of the b-AsP 
crystal beneath the Sn-rich Ga implanted layer is visible by the 
loss of crystallinity. The thickness of the Sn-rich Ga implanted 
layer is 31 nm. The thickness of the Sn-rich layer is mostly 

Figure 4. CS-TEM analysis of b-AsP. a) black dotted rectangle around As deposits. The following regions are labeled: b-AsP, 
As particles, amorphous, and void. b) A higher magnification CS-TEM image of b-AsP-amorphous interface and the 
amorphous-SiO2 interface.  

Figure 5. CS-TEM analysis of the surface interface. From 
top to bottom the layers are labelled platinum (Pt), Sn-rich 
Ga implanted, ion damage, and b-AsP.  
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uniform across the sample, as can be seen in Figure 3b and 
Figure 5.  
 
Since black arsenic phosphorus exists as an alloy with 

varying As concentration, it is difficult to find files with the 
exact lattice parameters for EBSD software to match the 
Kikuchi lines. However, the Channel 5 software used here has 
the ability to match Kikuchi line patterns that have a slight 
offset from a known structure. In this case, the material was 
identified with a black phosphorus CIF file of a=3.31 Å, 
b=10.41 Å, c = 4.373 Å, α = β = γ =90°, and space group 64. 
EBSD results confirm that our b-AsP CS-TEM samples are 
single crystal. The pole figures presented in S. Figure 3b show 
that the grown b-AsP (S. Figure 3a) is textured along the c-
axis (2D stacking direction) normal to the substrate. 
Interestingly, the preferred crystal growth axis or axis with the 
longest dimension is along the zigzag, differing from the 
preferred armchair crystallographic growth axis of black 
phosphorus grown in our previous study.   
 
Thin film b-AsP devices were fabricated from 

mechanically exfoliated bulk growth material that was present 
in the ampule during thin film growth processes. Devices were 
not fabricated directly on thin film crystals due to the 
underlying amorphous void layer. To ensure the same growth 
conditions, however, b-AsP bulk crystals were taken from the 
bottom of the ampule when b-AsP was grown using optimal 
thin-film conditions. The b-AsP thin flakes were first 
mechanically exfoliated from the bulk crystals onto a 
polydimethylsiloxane (PDMS) stamp via the standard Scotch 
tape method. Optical microscopy was used to identify the 
flakes of interest which were then transferred to a 300 nm 
SiO2/Si substrate pre-patterned with identification markers. 
PDMS was used as a transfer agent as this process minimizes 

tape residue on the substrate. The substrate was then washed 
with acetone and isopropyl alcohol (IPA) to dissolve any 
existent glue residues. Electron beam lithography on PMMA 
C4 electron-beam resist was used to pattern openings for the 
source/drain electrodes. After electron-beam exposure, the 
samples were developed in a 3:1 mixture of IPA and methyl 
isobutyl ketone (MIBK) for 90 seconds followed by a short 
rinse in IPA. A 30 nm/80 nm Ti/Au stack was deposited using 
electron-beam evaporation followed by liftoff in acetone for 4 
hours. The sample was then rinsed in IPA, blown dry with dry 
nitrogen, and then immediately put inside the cryogenic probe 
station for electrical characterization. All the measurements 
were performed using a Keysight B1500A semiconductor 
parameter analyzer at 25	℃ at a pressure of 2 × 10-6 torr.  
 
 The device characterized in Figure 6 used a flake with a 

width of 6.8 μm and a source/drain spacing of 1.3 μm. The b-
As flake thickness is estimated to be 10 ± 1.5 nm. The drain 
current, Id, as a function of drain voltage, Vd, with the varying 
gate voltages, Vg, is presented in Figure 6a. The devices show 
p-type conduction with an on-state current approaching 10 
µA/µm at Vd = -0.9 V and Vg = -70 V.  Figure 6b presents the 
same device where Id is plotted vs. Vg for five values of Vd. 
The on-off current ratio is 1.66 × 102 for Vd=-0.9 with a 
threshold voltage of +60 V, confirming the p-type conduction. 
These results are comparable to p-type b-AsP thin film 
transistors made from material exfoliated from bulk crystals.8  

3. Discussion 

Before turning to b-AsP growth, we briefly summarize b-P 
thin-film growth results for sake of comparison. Ampule 
experiments conducted with Sn and r-P (excluding SnI4) in the 
source zone under otherwise optimal thin-film growth 
temperature profile results in no visible growth.21 The SnI4 

Figure 6. Black arsenic phosphorus device characteristics are plotted for drain current as a function of a) drain voltage and b) 
gate voltage.  
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reactant concentration affects the transport efficiency of Sn 
and determines the phase selectivity of the thin film 
phosphorus crystal. Two phosphorus allotropes, violet 
phosphorus (v-P) and b-P, thin films can be fabricated 
depending on the SnI4/P reactant mass ratio. In-situ 
passivation of b-P crystals, effective up to at least 70 days air 
exposure, occur due to the thin film of Sn surrounding the 
entirety of the crystal. We postulate that a Sn/I/P melt forms 
and that the free surface of the melt will cool first due to the 
high thermal mass and excellent thermal conductivity of the 
silicon wafer. This cooling reduces the solubility of the P, 
leading to b-P growth. CS-TEM images show epitaxial 
nanocrystal Sn-I rich particle inclusions that are found 
throughout the b-P crystals at different heights. These 
inclusions can function as nucleation centers for subsequent 
layer growth upon cooling of the melt.  
 
The suggested growth mechanism features aspects of both 

CVT (Chemical Vapor Transport) and VLS (Vapor Liquid 
Solid) growth.28,29 The CVT growth process is a bottom-up 
approach that uses a metal catalyst. CVT reactions can form 
single crystals with relative ease. Most CVT reactions require 
a thermal gradient, forming a vapor concentration gradient 
within a contained vessel. Volatilization occurs at the higher 
temperature zone, commonly referred to as the source. The 
crystallization zone or sink is found at the cold end of the 
growth vessel. Halogens are commonly used as transport 
agents for metals with low volatility in CVT reactions.30–32 A 
common metal-halogen transport equilibrium equation is 
expressed as28  
 

𝑀	(𝑠) 	+	
𝑛
2	𝐼!	

(𝑔) ⇌ 𝑀𝐼"	(𝑔) 

  
For b-P crystal growth Sn transport can be facilitated by I2 

or SnI4.21,22,33 SnI4 is understood to decompose into I2.33 The 
back reaction occurs continuously due to Le Chatelier’s 
principle as the 𝑀𝐼"	(𝑔) decomposes to deposit metal in the 
crystallization zone.28  
 
The VLS process can be simplified to three main processes 

that occur in order for growth to proceed.34 The first step 
requires the formation of a liquid alloy droplet on a substrate 
or preferred growth material. This can either be pre-patterned 
or occur in-situ during the VLS process. Pre-patterning 
increases control of the VLS grown material position. The 
second step requires vapor transport of atoms or molecules to 
the liquid alloy droplet. The flux of the material can be 
controlled with the temperature dependent partial pressure of 
the vapor species. The growth species will adsorb at the vapor-
liquid interface and diffuse to the liquid-solid interface. The 
last step requires that the liquid alloy reach supersaturation 
and nucleate at the liquid-solid interface to form a solid. The 
common VLS gold/silicon “whisker” growth process is grown 

axially to form high aspect ratios pillars on the substrate.35 
However, VLS growth techniques have been applied to 2D 
material to grow laterally on the surface of a substrate. For 
instance, VLS MoS2 can be grown to form lateral monolayer 
nano- and microribbons.36  
 
Similar to the CVT technique, the b-P and b-AsP growth 

process both require a transport agent, in this case SnI4, to aid 
in the transport of low equilibrium vapor pressure Sn, 
however, the crystallization process is more complex 
considering that the vapors don’t condense or crystallize 
directly from the vapors. In our current growth model, 
reactants start in the solid phase, then sublime or evaporate, or 
react with a transport species to form vapors, which condense 
into a liquid alloy. This process results in a precipitation of the 
crystals from the liquid alloy. The process shares a 
resemblance to VLS phase path. Yet, there are clear 
differences in the growth mechanism.  For instance, VLS 
growth generally occurs at the liquid-solid interface and 
requires the metal to be saturated with the growing species. In 
the b-AsP crystal there is evidence that As deposits at around 
the same vertical position in the crystal. This could be due to 
the molten alloy reaching an As solubility limit upon cooling 
of the system that causes As precipitation. The finding that the 
As concentration in the solid does not depend on the amount 
of As in the ampule supports the idea that the As concentration 
in the melt has reached its solubility limit for the conditions 
used and is not kinetically limited. VLS for 2D crystals can 
occur laterally along the substrate surface however the classic 
metal bulb at the liquid-solid interface can be seen upon 
cooling down.36  
 
The analysis techniques used here provide ample evidence to 
compare the b-P and b-AsP growth mechanisms.  We observe 
three major differences between the two growth processes: the 
preferred growth axis, nucleation process, and the presence of 
a Sn-O-P sublayer with large voids. These differences arise in 
spite of the fact that the b-AsP CVT growth technique is the 
same as the b-P growth technique except for the addition of g-
As. Both b-P and b-AsP crystal growth results in high aspect 
dimensions of ~10:1, however, the preferred (longest) growth 
axis is different for the two materials. The nucleation center 
for b-P was concluded to be the SnIx crystallites present 
vertically along the b-P crystal.  The b-AsP crystals show no 
sign of SnIx in the crystal.  Instead, there are As deposits in the 
lower region of the b-AsP crystal. The As particles do not 
appear to be a nucleation center site because they are 
contained to a small region of the overall crystal and do not 
appear to have any epitaxial interface. The void-containing 
layer beneath the b-AsP crystal, which we suggest may be a 
low-Tg binary SnO2-P2O5 glass, shows only a trace of arsenic 
when EDS is conducted. However, no void layer forms when 
b-P is grown on a similar wafer. It is not clear how the 
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presence of As leads to the formation of a Sn-O-P mixture 
with large voids. Since the thermal oxide shows no sign of 
degradation, we postulate that the oxygen for this layer comes 
from the surface of the ampule. Finally, we suggest that the 
voids may represent bubbles of gasses such as P2O5 trapped 
inside this molten glass as it solidifies. 
 

4. Conclusion 

Black arsenic phosphorus (b-AsP) single crystals are 
fabricated directly onto a silicon wafer using the b-P technique 
outline in previous work. Hero flakes are 12 x 110 microns 
single crystals that are 200 nm thick. CS-TEM has provided 
valuable insight into the crystal growth process. A Sn layer 
surrounds the entirety of the crystal and As deposits are found 
in a thin region of the cross-section. Raman spectroscopy 
determined the characteristic Raman modes for b-P and b-AsP 
that are consistent with reported literature. XPS verify that the 
composition of the grown b-AsP material is consistent with 
trends in the relative Raman peaks for the three zones of b-
AsP Raman spectra. EBSD was essential in determining the 
crystallographic axis of the material, which, found that the 
preferred axis for b-Asp is along the arm-chair axis. CS-TEM 
showed the presence of Sn at the surface of the b-AsP growth. 
Arsenic particles are present in the b-AsP crystal lattice. We 
believe that this is due to stress-induced precipitation caused 
by the introduction of As into the b-P lattice. Lastly, a Sn-O-
P layer with large voids is found between the b-AsP crystal 
and the grown SiO2 layer. Thin film transistor devices were 
fabricated from exfoliated bulk-b-AsP grown in the same 
conditions as the thin film growth process are characterized.  
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